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A B S T R A C T

A series of composite systems based on titania and growing quantities of tungstophosphoric acid are prepared
and characterized using infrared, nuclear resonance, UV–visible, photoluminescence, and photoelectron spec-
troscopies, transmission electron microscopy as well as x-ray diffraction and porosimetry techniques. These
techniques showed evolution of the tungstophosphoric acid species supported into titania while this majority
component of the system suffers minor changes. The activity and stability of the composite samples for gas phase
toluene photo-oxidation under UV and sunlight-type irradiation conditions was measured by means of the re-
action rate and the photonic efficiency parameter. The modeling of the radiation field was accomplished by
numerically solving the radiative transfer equation. The photo-activity of the composite materials showed a
significant selectivity towards the transformation of the hydrocarbon into a partially oxidized product, ben-
zaldehyde. Both the activity and selectivity of the titania are significantly affected by the presence of tung-
stophosphoric acid species. The physico-chemical characterization was able to point out to the leading role of
specific polytungstate species in driving the enhancement of the activity and selectivity of the reaction, ren-
dering stable, highly active and selective photo-catalysis.

1. Introduction

Heterogeneous photocatalysis is an advanced oxidation process that
uses semiconductors broadly applied in the degradation and transfor-
mation of organic pollutants [1,2], production of hydrogen using light
and bio-molecules [3], conversion of CO2 into high value-added in-
dustrial chemicals and hydrocarbon fuels [4,5] as well as degradation
of biological microorganisms [6].

One family of materials potentially interesting corresponds to the
Polyoxometallates (POMs). POMs correspond to a wide class of func-
tional materials consisting on nanoscale transition metal oxide clusters
[7]. The most explored POMs are the heteropolyacids (HPAs); they are
customarily classified starting from the unit “parent” polycations, being
the Keggin (XM12O40

n−), Dawson (X2M18O62
n−), Lindquist (M6O19

n−),
and Anderson (XM6O24

n−) structures among the most utilized as
functional materials in chemistry [7,8]. The Keggin anions contain a
heteroatom X (X = P, Si) as the center of a XO4

n− unit and the so-called
addenda atom, commonly W or Mo, constructing the external co-
ordination shell of the unit. In particular, the heteropolyacid
[PW12O40]3− anion displays a size of ca. 1 nm and consists on a PO4

3−

tetrahedron surrounded by four W3O9 groups formed by edge-sharing
octahedra. Heteropolyacids with Keggin structure are strongly acidic

and present significant stability when supported on high surface area
oxides [8–10].

Among Keggin heteropolyacids functional uses, homogeneous but
particularly heterogeneous photocatalysis have emerged as a field of
intense research. The combination with titanium oxide corresponds to
the most widely analyzed photo-catalytic combination [8–13]. Apart
from introducing new acidic and cationic functionalities to a titania
support, the photocatalytic properties of the composite material can be
improved (with respect to the titania or heteropolyacid single refer-
ences) not only by a simple effect of the heteropolyacid dispersion (and
thus increase of potential active sites availability to reactants) but also
as a fact that the Keggin structure can behave itself as a photocatalyst
upon light excitation of the so-called oxygen-to-metal charge transfer.
Excited Keggin polytungstate anions correspond to strong oxidant
species compared with their electronic ground state due to the higher
energy of the corresponding electronic levels. In addition, excitation of
this material allows a more efficient use of visible light with respect to
titania alone materials [8–11]. As a result of the fitness of the above
mentioned physico-chemical properties for functional use in photo-
catalytic processes, improved performance with respect to titania
counterparts in photo-degradation of organic compounds has been
frequently reported under UV and/or visible light illumination
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[8,11,14–19]. Less common is however the use of heteropolyacids-ti-
tania composites in selective photo-transformations. Nevertheless, as a
representative example we can highlight the work of García-López et al.
in 2-propanol photo-assisted (or photo-thermal) catalytic dehydration,
a reaction facilitated by the acidity of the composite system [20].

Here we presented a study of the evolution of the toluene selective
photo-oxidation to benzaldehyde through a series of samples having
different surface concentration of the heteropolyacid as a benmarch
test. Photo-catalytic production of benzaldehyde has been attempted
from benzyl alcohol [21], but the achievement of such reaction starting
from the corresponding hydrocarbon would be significantly more ap-
pealing from an economical point of view. As detailed in this con-
tribution, almost complete selectivity towards to partial oxidation can
be obtained using composite H3PW12O40–TiO2 composite catalysts. The
complete physico-chemical characterization of the materials using X-
ray diffraction, UV–visible, photoluminescence, X-ray photoelectron,
infrared and nuclear magnetic spectroscopies together with microscopy
would allow to rationalize the result as a function of the polytungstate
species present at the titania surface, their electronic and structural
effects in the support properties as well as the composite material as a
whole.

2. Experimental

2.1. Preparation of the samples

A titanium isopropoxide (Aldrich, 26.7 g) solution was prepared in
absolute ethanol (Merck, 186.6 g) under N2 atmosphere and at room
temperature, continuously stirring for 10 min. Then, 0.33 mL of a
0.28 M HCl aqueous solution was slowly added in order to catalyze the
sol–gel reaction. After 3 h, 120 g of a urea–ethanol– water (1:5:1 w/w)
solution was added, to act as a mesoporous forming agent, together
with an ethanol solution of tungstophosphoric acid (H3PW12O40.
23H2O, Fluka p.a.) under vigorous stirring. The amount of TPA was
varied with the purpose of obtaining a TPA concentration of 10, 20 and
30% by weight in the final solid (named TiO2 for the reference and TiO2

TPA10, TiO2 TPA 20, and TiO2 TPA30, respectively). The gels were
dried at room temperature and the solids were ground into powder and
extracted with distilled water for three periods of 24 h, in order to re-
move the urea. Finally, the solids were thermally treated at 500 °C for
2 h.

2.2. Characterization techniques

The Brunauer−Emmett−Teller (BET) surface areas and average
pore volumes and sizes were measured by nitrogen physisorption
(Micromeritics ASAP 2010). XRD profiles were obtained with a Seifert

D-500 diffractometer using Ni-filtered Cu Kα radiation with a 0.02° step
and fitted using the Von Dreele approach to the Le Bail method [22];
particle sizes and microstrain were measured with XRD using the
Willianson–Hall formalism. FT-IR spectra of the supports and catalysts
were obtained in the 400–4000 cm−1 wavenumber range using Bruker
IFS 66 FT-IR spectrometer and pellets in KBr. The 31P MAS-NMR
spectra were recorded using the CP/MAS 1H–31P technique with
Bruker Avance II equipment. A sample holder of 4 mm diameter and
10 mm in height was employed, using 5 μs pulses, a repetition time of
4 s and working at a frequency of 121.496 MHz for 31P at room tem-
perature. The spin rate was 8 kHz and several hundred pulse responses
were collected. Phosphoric acid 85% was employed as external re-
ference. UV–vis diffuse-reflectance spectroscopy experiments were
performed on a Shimadzu UV2100 apparatus using nylon as a re-
ference. XPS data were recorded on 4 × 4 mm2 pellets, 0.5 mm thick,
prepared by slightly pressing the powered materials which were out-
gassed in the prechamber of the instrument at room temperature up to a
pressure< 2 × 10−8 Torr remove chemisorbed water from their sur-
faces. The SPECS spectrometer main chamber, working at a pres-
sure< 10−9 Torr, was equipped with a PHOIBOS 150 multichannel
hemispherical electron analyzer with a dual X-ray source working with
Ag Kα (hv = 1486.2 eV) at 120 W, 20 mA using C 1 s as energy re-
ference (284.6 eV). Transmission electron microscopy (TEM) and X-ray
energy dispersive spectra (XEDS) were recorded on a JEOL 2100F TEM/
STEM microscope using a copper sample holder (Lacey/Carbon 200
Mesh, Copper (Cat. # LC200-CU) from Electron Microscopy Science –
emsdiasum). Photoluminescence spectra were measured at room tem-
perature on a Fluorescence Spectrophotometer (Perkin Elmer LS50B).

3. Photo-catalytic experiments

Gas-phase photo-oxidation of toluene (Aldrich, spectroscopic grade)
were carried in a continuous flow annular photoreactor (Fig. 1) and
using a set-up described elsewhere [23,38]. Table 1 shows details of
reactor configuration and experimental conditions. Activity and se-
lectivity for the gas-phase photooxidation were tested in a continuous
flow annular photoreactor containing ca. 40 mg of photocatalyst as a
thin layer coating on a pyrex tube. The corresponding amount of cat-
alyst was suspended in 1 mL of ethanol, painted on a pyrex tube (cut-off
at ca. 290 nm), and dried at RT. The reacting mixture (100 ml min−1)
was prepared by injecting toluene (≥99%; Aldrich) into a wet (ca. 75%
relative humidity) 20 vol.% O2/N2 flow before entering to the photo-
reactor, yielding an organic inlet concentration of ca. 700 ppmv. After
flowing the mixture for 6 h (control test) in the dark, the catalyst was
irradiated by four fluorescent daylight lamps (6W, Sylvania F6W/D)
with a radiation spectrum simulating sunlight (UV content of 3%; main
emission lines at 410, 440, 540, and 580 nm, symmetrically positioned

Fig. 1. Photocatalytic annular reactor. (1) gas inlet,
(2) gas outlet, (3) lamps, (4) catalyst sample.

G.R. Bertolini et al. Applied Catalysis B: Environmental 225 (2018) 100–109

101



outside the photoreactor. Similar tests were carried out using UV lamps
(Sylvania F6WBLT-65; 6 W, maximum at ca. 350 nm). Reaction rates
were evaluated under steady-state conditions, typically achieved after
10 h from the irradiation starting. The concentration of reactants and
products was analyzed using an on-line gas chromatograph (Agilent GC
6890) equipped with HP-PLOT-Q/HP-Innowax columns (0.5/0.32 mm
I.D. × 30 m) and TCD (for CO2 measurement)/FID (organic measure-
ment) detectors. Carbon balance above 95% was obtained in all ex-
periments.

4. Photonic efficiency calculation

According to the IUPAC recommendation, the photonic efficiency
(also called apparent quantum efficiency) is defined as Eq. (1) [24].

= ×

− −

− −
AppQE r(mol m s )

q (Einstein m s )
100

2 1

sup
2 1 (1)

Where: r is the reaction rate normalized by catalytic area and qsup is the
radiation flux within a defined wavelength interval inside the irradia-
tion window of the reactor. Besides, the IUPAC emphasizes that “the
incident number of photons (prior to absorption) should be used” in Eq.
(1). In this contribution we use the two most usual interpretations
considering the annular reactor here used. The first one considers qsup
as the radiation flux measurable inside the irradiation window of the
reactor (external glass). In this case, it is only necessary to know the
photon flux emitted by the lamp and the distribution of the emitted
energy together with the glass optical properties. Using this approach
we obtained values of 1.55 × 10−8 and 5.2 × 10−8 Einstein cm−2 s−1

for ultraviolet (UV) and sunlight-type (ST) irradiation conditions.
Note that, although many contributions use this value, which can be

measured experimentally, the calculation of the radiation flux im-
pinging on the catalytic film implies a complete analysis of the light-
matter interaction in the reaction system. This corresponds to an al-
ternative measurement of the apparent quantum efficiency of sig-
nificance considering our reactor geometry. The corresponding justifi-
cation of the calculation procedure and the efficiency results are
presented in the Supporting Information section.

5. Results and Discussion

5.1. Characterization results

The X-ray diffraction patterns of the composite samples (TiO2

TPA10, TiO2 TPA20, and TiO2 TPA30) and bare titania (TiO2) sample
are displayed in Fig. 2. The bare titania reference shows a diffraction
pattern dominated by the anatase phase (PDF 21-1272; space group
I41/amd). As it was reported previously, calcination below 600 °C ty-
pically renders a highly crystalline pure anatase phase for the majority
of the preparation methods used (sol-gel, microemulsion, chemical
vapor deposition, etc.) [25]. Here, we obtained the anatase polymorph

with a crystallyte size of 14–16 nm. The modification of titania with
tungstophosphoric acid, retarded the crystallization and stabilized TiO2

in anatase phase, as can be inferred by the larger broadening of the
titania oxide peaks in TiO2-TPA XRD patterns. The XRD patterns of TiO2

TPA10, TiO2 TPA 20, and TiO2 TPA 30 samples (Fig. 2) show the in-
fluence of TPA content on the crystallinity of the samples. The crys-
tallinity increases in parallel with the decrease of the TPA content. It
can be clearly see, for example, that as result of the TPA content de-
crement, the wide peak at 54.6° splits into two peaks at 53.8° (105) and
54.9° (211). The same behavior is shown by the peak at 69.5° that split
into two peaks at 68.7° (116) and 70.1° (220). The corresponding
anatase crystal size decreases by ca. 2 nm with respect to the parent
material (see Table 2).

The stabilization effect by the surface deposition of the poly-
tungstate has been previously mentioned in the literature [26,27]. On
the other hand, the XRD profiles do not show diffraction lines assigned
to crystalline heteropolyacid species. The surface area of titania re-
ference presents a value of 33.2 m2 g−1 while the subsequent addition
of tungstophosphoric acid for the binary samples does not significantly
modify it. This result suggests that the surface area is dominated by the
major (by weight) titania component. This conclusion is also valid for
interpreting other morphological properties summarized in Table 2, in
which only limited variation(s) of pore volume and pore size are ob-
served through the series.

The structural properties of composite materials were also analyzed
with the help of microscopy. TEM micrographs for the four samples
studied are presented in Fig. 3. The figure presents low magnification
views of the catalysts and high-resolution micrographs for each sample.
The micrographs allow visualizing the TiO2 crystallinity without sig-
nificant differences throughout the sample series. Even though identi-
fication of keggin structure is rather complex in Fig. 3, the contact
between the heteropolyacid and TiO2 have been confirmed by XEDS
(Fig. S7 and Table S1 of the SI summarize the information concerning
the XEDS analysis). Fig. S8 shows the elemental composition of com-
posite materials and Table S1 the average atomic weight % obtained at

Table 1
Geometrical parameters of the reactor and experimental Operating
Conditions.

Parameter (unit) Value

No. of lamps 4
Lamp length (cm) 19
Lamp radius (cm) 0.8
Reactor length (cm) 15
Reactor Inner radius (cm) 0.8
Reactor Outer radius (cm) 1.2
Feed flow rate (cm3 min−1) 100
Temperature (°C) 30
Pressure (atm) 1
Toluene concentration (ppm) 700
Relative humidity (%) 90

Fig. 2. XRD patterns for the TiO2 TPA (X) samples and Ti reference.

Table 2
Morphological properties for the Ti reference and the samples.a

Sample BET surface
area (m2/g)

Pore volume
(cm3/g)

Pore
size
(nm)

Anatase
particle size
(nm)

Band
Gap (eV)

TiO2 33.2 0.065 6.42 16.1 3.25
TiO2TPA10 28.4 0.048 5.85 14.7 3.1
TiO2TPA20 29.9 0.050 4.91 14.7 3.1
TiO2TPA30 35.5 0.069 5.92 14.1 3.1

a Average Standard error: BET area: 1.5 m2 g−1; pore size 7%, band gap: 0.03 eV.
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several (ca. 50 per sample) positions of the catalytic solids. XEDS
analysis is in rough agreement with the theoretical weight % of the
composite materials and provides evidence of the heterogeneity of the
surface deposition of the heteropolyacid species onto the titania sur-
face.

To obtain more information of the polytungstate surface species of

the composite materials we carried out a multitechnique, spectroscopic
examination of the catalysts. Starting from UV-visible spectroscopy, we
can obtain information on both the titania and polytungstate compo-
nents of the catalysts. The UV-visible spectra (Fig. 4) are dominated by
the titania counterpart as a result of its larger (in fact dominant) molar
contribution of this component in the materials. Considering that

Fig. 3. TEM images of the TiO2 reference (A-B), TiO2-TPA10 (C-D), TiO2-
TPA20 (E-F) and TiO2-TPA30 (G-H) samples.
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titania is an indirect band gap semiconductor [28], we obtained the
band gap values included in Table 2. A modest decrease of ca. 0.1 eV is
observed for all composite samples with respect to the bare anatase.
The rough constancy of the band gap energy among composite samples
is evident, indicating that the electronic properties of the support do not
suffer a significant modification by the presence of the tungstopho-
sphoric component. At higher wavelengths of the titania sigmoidal
decay, characteristic of the band gap, we observed a broad shoulder
extending from ca. 400 to 520 nm. This is characteristic of the poly-
tungstate, which has optical transitions assigned to the charge transfer
from bridging (W-O-W) or terminal (W-Od) O 2p to W 5d electronic
states [29]. The latter, terminal species may contribute to the shoulder
mentioned, although it appears also related to the interaction of W and
Ti species, as previously claimed [30].

The electronic information about the catalystś components was
completed with the help of X-ray photoelectron spectroscopy. Fig. 5
summarizes results concerning the W 5d, Ti 2p and P 1 s XPS peaks. W
and Ti peaks do not show significant alteration among the samples and
correspond in both cases to single oxidation states. These oxidation
states are W(VI) and Ti(IV) according to their binding energies of, re-
spectively, 247.2 and 458.3 eV [31–33]. The P 1s peak shows a main
contribution at ca. 133.0 eV with a significant broadening which ap-
pears to grow as the content of the polytungstate content of the mate-
rials grows. Although the important noise of the spectra does not allow
a detailed analysis of the P 1s peak, it is clear that the peak width of P
increases significantly with polytunsgtate content, reflecting some
heterogeneity in the local environment of the atom. Such heterogeneity
grows, as mentioned, with the polytunsgtate content of the catalyst and
would be a consequence of the UV-visible-detected interaction between
the two components of the materials.

To further progress on the study of such heterogeneity of the sam-
ples, they were analyzed with infrared and 31P NMR spectroscopies.
Infrared spectra are collected in Fig. 6 for the relevant region between
1400 and 400 cm−1. The plot includes results from the composite
samples as well as the bare TiO2, polytungstate and the sodium salt of
the lacunary anion. The [PW12O40]3− spectra displays bands at at 1081,
982, 888, 793, 595, and 524 cm−1, assigned to the stretching vibrations
PeOa (a subindex indicating oxygen bridging W and P atoms), WeOd (d
subindex indicating terminal atoms), WeObeW (b subindex indicating
corner sharing atoms), WeOceW (c subindex indicating edge sharing
atoms), and to the bending vibration OaePeOa, respectively. The so-
dium salt of the lacunary ion [PW11O39]7− shows bands at 1100, 1046,
958, 904, 812, and 742 cm−1, in agreement with the literature [34].
Anatase (titania reference) presents increasing absorbance in the wa-
venumber region below 800 cm−1, a fact related to the activation of
lattice collective vibrations [35]. The IR spectra of the composite
samples present the same peaks in the 400–1400 cm−1 region but with

intensity clearly correlated with the polytungstate concentration. We
can distinguish the most intense 1081, 982, and 888 contributions of
the [PW12O40]3− reference spectrum in all composite sample infrared
spectra. In addition we can observe a series of peaks correlated with the
1100, 1046, 958, and 812 cm−1 contributions of the lacunary ions but
with a red shift of ca. 20 cm−1. The latter contribution appears of more
importance as the polytungstate content grows in the composite ma-
terials. The IR study thus suggests that the contact with the anatase
phase alters significantly a fraction of the surface polytungstate anions.

Finally, 31P MAS-NMR spectra of the composite samples are dis-
played in Fig. 7. For the lower content of the polytungstate at the
composites two lines at −14.5 and 12.1 ppm are detected. These cor-
respond to the [PW12O40]3− and the dimeric [P2W21O71]6− species,
respectively [36]. They display a downfield shift and slight line width
increase as compared with the bulk contributions; both facts attributed
to the interaction with the anatase support [37]. The 31P MAS-NMR
spectra of the remaining composite samples showed an additional
contribution at 10.7–10.8 ppm assigned to the [PW11O39]7− anion
[36,37]. As may be expected by the polytungstate content of the ma-
terials, the [PW12O40]3− is the dominant species for all cases.

In summary, the multitecnique approach indicates that the hetero-
geneity of the polytungstate species grows with its content at the
composite materials, as described previously [29]. The unperturbed (or
minimally modified by effect of the titania) [PW12O40]3− anion is the
dominant species at the anatase surface, with the dimeric
[P2W21O71]6− species accompanying to the unperturbed one. For
loadings above 10 wt. %, the additional presence of the [PW11O39]7−

anion is detected. The evolution of the anion at the surface is likely due
to the limited stability of the [PW12O40]3− anion in solution. On pas-
sing we note that the main FT-IR bands of the dimer [P2W21O71]6−,
assigned to the stretching vibrations PeO, WeO, WeOeW appear at
wavenumber values similar to those characteristic of the [PW12O40]3−

anion, so their presence cannot be confirmed based on FT-IR results
only [29], but are clearly observed in the NMR spectra. In contrast to
the polytungstate species, anatase displays limited evolution; only a
stabilization of the primary particle size of the oxide becomes evident.

5.2. Catalytic results

The reaction rates measured for toluene photo-oxidation reaction
are presented in Fig. 8. The pure anatase (titania) sample shows results
comparable with previous ones corresponding to anatase-dominated
samples [29]. The presence of the polytungstate at the surface renders a
positive effect over the reaction rate in all conditions tested, i.e. for all
polytungstate loadings and under all illumination conditions measured.
The maximum of activity is obtained for the sample having a 20 wt. %
of the polytungstate component, presenting an enhancement ratio with
respect to the bare titania of 2.6 and 3.5 for, respectively, UV and
sunlight-type illumination conditions. This pure titania is also more
active than the commercial P25 reference reported previously using the
same setup of this work [33]. From the activity level shown by the
sample with a 20 wt. %, there is a decay of activity although such decay
is less marked than the one observed at the other side of the volcano-
type plot presented by the activity.

In this work, we also carry out a stability test for the most active
sample (TiO2 TPA 20). The results presented in Fig. 9 show that no
significant catalyst deactivation occurred after 3 cycles reaction (1 cy-
cle = 24 h of reaction). This stability in the photochemical process is
consistent with the characterization results for the spent sample, carried
out using UV–vis, XRD, TEM-EDX and XPS (data presented in Figs.
S8–S10 and Table S2 of the supporting information). According to the
XRD results (Fig. S9A), the anatase TiO2 dominant phase does not suffer
significant modifications. Likewise, no modification of the band gap
energy was detected with respect to the fresh sample. The small mod-
ifications of the UV–vis spectra (Fig. S8A) could correspond to carbon
deposition during the photocatalytic reaction. Moreover and according

Fig. 4. UV–vis for the TiO2 TPA (X) samples and Ti reference.
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to both TEM and EDX analysis (Fig. S9 and Table S2), the TiO2 and TPA
components do not suffer significant structural modifications.

Additional information concerning the chemical oxidation state can be
obtained from the XPS study displayed in Fig. S10. Rather similar Ti 2p,
W4d and P 2p spectra were obtained from fresh and used TiO2 TPA20
sample.

In Fig. 8 we present also the photonic (apparent quantum) efficiency
calculated using Eq. (1) and following the methodology described
above. The photonic efficiency renders maximum values of the ap-
parent quantum efficiency of ca. 8.8 × 10−4 and 2.3 × 10−4 upon UV
and sunlight-type illumination, respectively. The lower values are
usually obtained (mainly under sunlight-type irradiation), as i) some
visible photons do not have enough energy to create electron-hole pairs
(due to the electronic of the systems which, in our case, display near
null absorption above ca. 550 nm, see Fig. 4) and/or ii) a fraction of the
charge carrier pairs generated have not enough energy to activate ef-
ficiently the toluene molecule. The photonic efficiencies are relatively
inferior to those presented, for example, by chemically-related, com-
posite binary samples containing tungsten as (oxide-type) surface spe-
cies or doping cations of the anatase phase in the photo-oxidation of
toluene [23,33,38].

Selectivity of toluene photo-oxidation is presented in Fig. 10. The
photo-oxidation of toluene render typically benzaldehyde as partial
oxidation product and carbon dioxide as total oxidation one
[23,33,39,40,41]. Interesting to remark is the fact that the hydrocarbon
photo-oxidation is carried out here within a continuous (experiment
presented consider 24 h of contact time), gas-phase scheme at room
temperature and pressure and using oxygen from air (20% concentra-
tion) as oxidant species. This together with the facile separation/re-
generation/reutilization of the catalysts (not usually accomplished in

Fig. 5. W 4d XPS spectra of the TiO2 TPA10 (A), TiO2 TPA20 (B) and TiO2

TPA30 (C) sample, respectively. (D) Ti 2p XPS spectra of the TiO2 TPA(X)
samples and Ti references. (E) P 2p XPS spectra of the TiO2 TPA(X) sam-
ples.

Fig. 6. Infrared spectra of the composite and reference materials (bulk TPA and
Na7[PW11O39]).
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liquid phase processes, particularly if titania P25 is used as photo-cat-
alyst) would provide an optimum base for the applicability of a selec-
tive photo-oxidation process if high selectivity is reached. Fig. 10 dis-
plays that the titania reference shows significant contributions of both
products. The production of the partial oxidation product increases

under sunlight-type illumination as the production of the total oxida-
tion product, carbon dioxide, requires a significantly larger number of
charge carriers (in fact a factor of 9, see Ref. [42] for details), which are
likely less available upon illumination with less energetic photons.
Additionally, in presence of the tungstate component, the opening of

Fig. 7. 31P MAS–NMR spectra of the TiO2 TPA (X)
samples. Fitting results of the different P-containing
species are presented.

Fig. 8. Reaction rate (columns) and apparent quantum efficiency (circles)
under UV (A) and sunlight-type (B) irradiation conditions.
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the oxygen capture channel (previously discussed upon absorption of
visible photons) may alter the role of the oxidant species at the reaction,
favoring not only activity but also (and to a moderate degree) the
production of the partial oxidation product. Note that the selectivity of
benzaldehyde is as higher as 96% for the catalyst showing optimum
activity upon all illumination conditions. This selectivity is higher than
those previously reported in the literature for W-promoted anatase
materials [23,33,38], and provides evidence of the goodness of the
composite catalysts in the selective oxidation of toluene to benzalde-
hyde.

An important point to discuss is, nevertheless, the enhancement of
the activity with respect to a highly active anatase reference, which is
attributed to the different beneficial effects of the interface contacts
between the two components of the materials. The interface contact
mentioned has been demonstrated by the previous phyico-chemical
characterization. Specifically and under UV illumination, previous
works indicated that the contact between components of the catalysts
can withdraw electrons generated from conduction band of the anatase
phase after light absorption, being these carriers involved in an anihi-
lation process with holes created at the tungstate component [8,43,44].
This de-excitation channel evidences a “Z enhancement scheme” mi-
micking nature photo synthesis and leaves holes at the highly active
anatase surface to generate chemistry. This UV-triggered channel could
be responsible of decreasing charge carrier recombination rendering an
enhancement ratio of 2.6. We also detect an enhancement ratio of 3.5
upon sunlight-type illumination.

The electron capture hypothesis by the heteropolytungstate species

and the subsequent influence in charge handling can be sustained by
photoluminescence experiments. The Fig. 11 displays the photo-
luminescence results under UV and sunlight-type irradiation conditions.
All samples show similar spectra, which are dominated by a band
around 450 nm under UV excitation and a decay feature under visible
light excitation. Both facts are typical of samples dominated by titania
[45,46]. A qualitative correlation between maximum activity (max-
imum photonic efficiency) and lower photoluminescence becomes
evident form Fig. 11, regardless of the nature of illumination, indicating
a positive effect on charge carrier recombination.

As discussed earlier, the improvement of the activity is lower under
UV than sunlight-type irradiation. This suggests that in addition to a
positive effect from UV photons of sunlight, a specific, visible-light
related contribution generated by interface effects is playing an im-
portant role in boosting the photo-catalytic performance of the samples.
According to previous results [17,18,44], this is done by the larger
oxidation power (leading to a most efficient oxygen capture at the
surface) of the visible-excited polytungstenate anion. This new channel,
which may be also operative under UV illumination, seems in any case
to provide the basis for the “excess” enhancement at sunlight vs. UV
illumination. The enhancement factors upon UV and visible light illu-
mination (2.6 and 3.5) are clearly competitive with W-containing oxide
species supporting in titania [23,33,38], indicating the goodness of
these materials and their potential to improve the performance of any
bare anatase catalyst.

On the other hand, both UV and visible light enhancement channels
render maximum activity enhancement for the 20 wt. % sample. An
activity maximum for a relatively high load of the heteropolytungstate
has been also observed in the liquid phase photo-degradation of phenol

Fig. 9. Toluene photo-oxidation reaction rate for the most active sample (TiO2 TPA 20)
during 3 cycles of reaction. See details in the main text.

Fig. 10. Selectivity to CO2 and Benzaldehyde (Bz) for the Ti reference and TiO2 TPA(X)
samples.

Fig. 11. Photoluminescence spectra of the samples under UV (A) and Visible (B) ex-
citation.
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[18]. The trade off between the beneficial and detrimental effects
leading to an activity maximum in our composite systems has been
shown to be optimized for a concentration close to the one here ob-
tained in the case of partial photo-oxidation of 2-propanol [20]. This
optimum interaction between components would optimize charge se-
paration and minimize recombination effects in activity. For the case of
sunlight-type illumination, although as described previously the ac-
tivity enhancement is a combination of at least two different positive
effects, the differences in oxygen activation by the different poly-
tungstate anions presented at the anatase surface may play a key role by
facilitating the attack to the different intermediates produced during
the oxidation process. This reasoning has been summarized in Scheme 1
which provides a graphical representation of the main light excitation
channels and the corresponding charge carrier species formed and
leading to high activity in the composite system. Note that both phases
generate active charge species attacking the organic molecule.

To further analyze the photo-activity evolution through the com-
posite sample series, in Fig. 12 (and Fig. S11) we presented a com-
parison between two different NMR factors that can be correlated with
the activity, more specifically with the apparent quantum efficiency
ratio between the composite sample and the TiO2 reference. First of all,
Fig. 12A presents a comparison between the fraction of the
[PW11O39]7− species (over total polytungstate concentration) esti-
mated from NMR vs. the above mentioned apparent quantum efficiency
ratio obtained under UV excitation. A strong correlation in the behavior
showed by these two observables becomes evident from the plot. The
absence of the [PW11O39]7− species (sample TiO2 TPA10) produces a
rather mild effect on photo-activity (the apparent quantum efficiency
ratio has a rather close to unit value in Fig. 12A) while maximum ac-
tivity is associated with maximum relative content of such species at the
surface of titania.

On the other hand, under UV-visible irradiation (sunlight-type)
conditions and according with previous studies in which tungstopho-
sphoric acid have been immobilized on Y and ZSM5 ammonium zeolites
(non-photocatalytic support), the activity of samples can be correlated
with the [PW12O40]3−/([PW12O40]3− +[P2W21O71]6− ratio [47]. This
ratio takes accounts the relative fraction of one species among the two
present in all samples of the study (including TiO2 TPA10). The poly-
tungstate role could be generically most relevant under sunlight than
UV illumination due to the heteropolyacid excitation by visible light (a
fact explained in the introduction section and graphically described in
Scheme 1). Indeed, in Fig. 12B we observed (contrarily to Fig. 12A) an

enhancement of activity for all samples with respect to the bare titania
reference. We can thus suggest a pivotal catalytic role of one of two
species present in all catalysts under sunlight-type illumination. For
such reason, in Fig. 12B we present a relative good correlation between
the above mentioned factor and the increase over the apparent
quantum efficiency of the TiO2 reference. The similar trends of the two
observables displayed in Fig. 12B indicate that maximum activity can
be associated with the maximum relative content of [PW12O40]3−anion
in contact with titania.

We note, in any case, that although the above UV and sunlight-type
mentioned correlations point out the importance of specific species
polytungstate species in driving to an optimum activity in the de-
gradation of toluene, this does not mean that activity is exclusively
associated to one of such species. In fact, the existence at the titania
surface of tungstophosphoric acid species provides the basis for a more
efficient toluene photo-oxidation, irrespective of the excitation wave-
length, as clearly demonstrated by the photoluminescence
experiments.The interaction between the two components of the solids
seems at the origin of both physical phenomena previously mentioned;
the charge separation leading to a lowering of the recombination and
the formation of the reduced polytungstate species. All polytungstate
species seems to contribute to such effects, although likely with dif-
ferences in their importance, as shown by the catalytic and spectro-
scopic results summarized in Fig. 12.

6. Conclusions

A series of H3PW12O40–TiO2 composite catalysts were synthesized
by a sol-gel method and subjected to physico-chemical examination
using a multitechnique approach. This study indicated the presence of
three different polytungstate species at the surface of the titania oxide.

Scheme 1. Schematic representation of the main electronic events occurring after light
irradiation (UV and Sunligth-type) and having an impact in the photodegradation of
toluene.

Fig. 12. Fraction of [PW11O39]7− and [PW12O40]3−/([PW12O40]3− + [P2W21O71]6−) vs
increase over the TiO2 reference of apparent quantum efficiency, for A: under UV irra-
diation and B: under sunlight-type irradiation, respectively, as a function of the poly-
tunstate content of the materials.
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The unmodified [PW12O40]3− anion is the dominant species with little
interaction with anatase. The dimeric [P2W21O71]6− species is detected
accompanying the unperturbed one from the initial concentration
tested. For loadings above 10 wt. %, the additional presence of the
[PW11O39]7−anion is detected.

The photo-activity of the composite and bare titania materials was
evaluated for toluene photo-oxidation under UV and sunlight-type il-
lumination. The physico-chemical characterization of the samples
provides evidence that the activity enhancement observed is closely
associated to the presence of different species at the titania surface,
being especially relevant; the [PW11O39]7− and [PW12O40]3− anions,
for respectively UV and sunlight type irradiation conditions. The effect
of such species in charge handling and oxidant species appears critical
to enhance both the activity and selectivity to the partial oxidation
product presented by the bare anatase. In such way, the system con-
taining a 20 wt. % of the polytungstate renders a highly activity and
selective material in toluene photo-transformation.
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