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Abstract
The interaction and photoreactivity of catechol with both anatase and WO3 nanoparticulate samples have been investigated by applying

different experimental techniques. Infrared and Raman spectroscopies have been combined to study catechol adsorption from acidic aqueous

solutions. Adsorbed (chelating) catecholate is detected on both oxides together with molecularly adsorbed catechol in the case of anatase. The

adsorptive behavior in the dark is completed with a parallel study with a quartz crystal microbalance, showing that upon catechol adsorption the

hydrophilic–hydrophobic properties of the oxide nanoporous film vary. Adsorbed catecholate behaves as a charge transfer complex, which can be

excited with visible light, as evidenced by Raman Spectroscopy, making possible photocatalytic activity under visible illumination. The time

evolution of the Raman spectra shows an increasing fluorescence indicating that, upon electron injection, polymerization of catechol takes place at

the semiconductor surface. The polymerization rate is found to be orders of magnitude larger for sintered nanoparticulate thin films than for

slurries. Laterally resolved photoelectrochemical experiments evidence that electrons photoinjected by the adsorbed catecholate are highly

delocalized through the nanoporous matrix. The advantages of employing a multi-technique approach for investigating adsorptive and

photocatalytic events from a physicochemical point of view are outlined. Particular attention is paid to both hydrophobic and electron

delocalization effects as they contribute to confer to the nanoparticulate sintered films specific properties not found in suspensions to the same

extent.

# 2007 Elsevier B.V. All rights reserved.

Keywords: Photocatalytic behavior; Semiconductor; Aqueous media; Catechol
1. Introduction

Heterogeneous photocatalysis is one of the most promising

oxidation technologies for wastewater treatment. An increasing

attention has been devoted to this issue since the appearance of

the first related publication in 1976 [1]. Nowadays several

reviews are available regarding both fundamental and

technological aspects [2–8]. Most of them focus on TiO2 as

photocatalyst, being used either suspended in solution or

supported on a solid substrate. Often the immobilization of

TiO2 particles reduces their photocatalytic efficiency due to a

diminution of active surface area [9] and to mass transport
* Corresponding author. Fax: +34 965903537.

E-mail addresses: Teresa.Lana@ua.es (T. Lana-Villarreal),

Roberto.Gomez@ua.es (R. Gómez).
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limitations [9,10]. However, this strategy shows several

advantages from a practical viewpoint. First, photocatalysts

can be used in continuous processes avoiding the filtration step

for removal of the semiconductor particles after water

purification. Secondly, it is feasible to work with configurations

in which all the catalyst particles are illuminated [11].

Heterogeneous photocatalytic reactions are complex pro-

cesses far from being fully understood. Not only oxidation and

reduction reactions take place in the same particle surface (in

the absence of an applied potential) but adsorption/desorption

of reactants, intermediates and/or products may lead to

different oxidation pathways. Therefore, it is advisable to

independently study the different factors that determine the

global process efficiency. Within this context, we believe that a

multifaceted physicochemical investigation of model systems

in heterogeneous photocatalysis is a valid approach that

can contribute to improve both our understanding of the
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photocatalytic events and our ability to design in a rational way

new photocatalysts. The oxidation and reduction processes can

be separately studied by electrochemical methods [12], while

the adsorption (and reactivity under illumination) can be

measured by different methods such as the quartz crystal

microbalance (QCM) [13] or by monitoring changes in the

solution concentration [9–10,13]. In addition, it is highly

desirable to complete these macroscopic measurements, which

lack of chemical specificity, with microscopic approaches to the

semiconductor-solution interface. In this sense, in situ

vibrational spectroscopy techniques, such as infrared and

Raman spectroscopies, provide valuable and unique informa-

tion on the interface under both reactive and non-reactive

conditions. Infrared spectroscopy is a mature technique well-

known by its high sensitivity and broad applicability [14]. On

the other hand, laser Raman scattering techniques present some

advantages, being particularly important the low scattering

cross section of water molecules, which allows the acquisition

of single beam absolute spectra. Although its sensibility is low,

it can be enhanced by resonance and surface enhanced

scattering mechanisms [15].

Along these lines, we have chosen catechol as a model

molecule for heterogeneous photocatalysis studies motivated

by several reasons. First, it has been considered in the literature

as a model contaminant by itself [16]. It is also an intermediate

in the well-studied photocatalytic degradation of phenol [17].

Moreover it is known to form upon adsorption on oxide

surfaces, surface charge-transfer complexes (SCTC) excitable

with visible light [18], which makes possible its study by

visible-laser resonance Raman spectroscopy (RRS). It is worth

noting that although we have used the expression ‘‘hetero-

geneous photocatalysis’’ for the SCTC reaction (photosensi-

tized reaction), the mechanism of the corresponding photo-

oxidation under visible illumination differs from that of typical

heterogeneously photocatalyzed reactions. In the latter, what

gets excited is the photocatalyst itself rather than a SCTC.

The article is organized as follows. Initially, the adsorption

of catechol in the dark is studied on porous TiO2 and WO3 thin

films by attenuated total reflection infrared (ATR-IR) and RRS,

identifying the adsorbates present on both oxides. A parallel

study with a QCM reveals changes in the hydrophobic/

hydrophilic properties of the semiconductor films during the

adsorption process. Finally, the system is studied under reactive

conditions (visible illumination) by Raman spectroscopy and

by a laterally resolved photoelectrochemical method. The

practical implications of these results are discussed in detail,

paying particular attention to the reasons underlying the

different photocatalytic behavior of suspensions and sintered

nanoparticulate thin films.

2. Experimental

2.1. Chemicals and materials

Commercial titanium dioxide (anatase, Alfa-Aesar, APS

32 nm) and monoclinic tungsten trioxide (PI-KEM, APS

50 nm) nanopowders were used. All solutions were prepared
using catechol (Aldrich, +99%), HClO4 (Merck, p.a. 60%) and

Millipore Elix3 water.

2.2. Infrared spectroscopy

The ATR-IR measurements were carried out with a Nicolet

Magna 850 spectrometer equipped with a MCT detector and a

variable angle Veemax specular accessory (Pike Technologies).

All the experiments were done in a cell provided with a

semicylindrical ZnSe prism onto which the semiconductor

films were coated by applying a small volume of oxide aqueous

suspension and drying overnight in air at 50–60 8C. The ATR-

IR spectra for adsorbed catechol on TiO2 and WO3 are

presented as �log(R/R0), where R0 corresponds to the single

beam spectrum obtained for each semiconductor film in a

catechol-free solution.

2.3. Raman spectroscopy

Raman spectra were recorded with a confocal LabRam

spectrometer from Jobin-Yvon Horiba with a Peltier cooled

charge-couple detector. The excitation line was provided by a

50 mW Ar+ laser (514.5 nm), focused through a 50x objective

on the sample surface. RRS was performed on WO3 and TiO2

slurries and thin films. Slurries with a concentration of

0.16 g ml�1 in 0.1 M HClO4 and 14.5 mM catechol were

placed in an 80-mm thin layer cell equipped with a fused silica

window. The thin films were prepared on F-doped SnO2 (FTO,

Asahi Glass Co, Japan) by electrophoresis [19] or by doctor

blading a WO3 concentrated suspension [20]. The films were

allowed to dry before thermal treatment at 450 8C in air.

2.4. Quartz crystal microbalance

A quartz crystal microbalance model QCM100 from

Stanford Research System (SRS) was used with commercial

chrome/gold-coated 5 MHz quartz crystals (SRS). A suspen-

sion (0.6 g ml�1) of anatase containing acetylacetone and

TritonX-100 was spread over the quartz crystals. The samples

were dried at ambient temperature before sintering at 350 8C
for 30 min in air. The resonant frequency was measured in the

presence of 0.1 M HClO4, while the concentration of catechol

was modified by successive additions of small volumes of a

concentrated solution in 0.1 M HClO4. The plotted resonant

frequency shifts correspond to stationary conditions. In fact, the

values were taken once the frequency stabilized, which took at

least 8 min after each solution addition.

2.5. Laterally resolved photopotential measurements

A detailed description of the experimental setup can be

found elsewhere [21]. Briefly, a mechanically modulated laser

is focalized on the semiconductor thin film by means of an

inverted optical microscope, which is equipped with a

computer-controlled motorized x–y stage. As the platform

moves, the illuminated spot at the semiconductor film

is displaced, making possible to relate the measured
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photopotential with the spot position. In these experiments, the

anatase thin films were prepared on FTO substrates with two

electrically isolated areas by spreading an anatase concentrated

suspension as in the QCM experiments. A 514.5 nm Ar+ laser

(Melles Griot) was focused on the surface sample, defining a

40 mm diameter spot. The counter and reference electrodes

were a platinum wire and a Ag/AgCl/KCl (3.5 M) electrode,

respectively.

3. Results and discussion

3.1. Adsorption studies by means of vibrational

spectroscopies

In this section we present results on the adsorption of

catechol from acidic aqueous solutions on both TiO2 and WO3.

In addition to the identification of the reactant adsorption

geometry by a combination of Raman and IR spectroscopies,

we illustrate the use of the latter to study the adsorption

kinetics. In principle, both types of studies are relevant steps

toward understanding and eventually improving the behavior of

photocatalysts. On the other hand, as far as we know and apart

from a very recent report by us [20], this is the first in situ

vibrational adsorption study at the WO3/solution interface.
Fig. 1. (a) ATR-IR spectra for catechol adsorbed on TiO2 and WO3 in contact

with 0.1 M HClO4 solutions containing 25 mM and 20 mM of catechol,

respectively and (b) Raman spectra obtained for TiO2 and WO3 slurries in

contact with 0.1 M HClO4 and 14.5 mM catechol solutions. The excitation line

was provided by an Ar+ laser at 514.5 nm.
Fig. 1(a) shows the ATR-IR spectra obtained for TiO2 and

WO3 nanoporous thin films in contact with a 0.1 M

HClO4 + 20 mM catechol solution. Both spectra show intense

bands at 1262 and 1483 cm�1 together with a weaker feature at

1330 cm�1. Very similar spectra have recently been observed for

catechol adsorption on Degussa P-25 at pH 6.2 [22].

Furthermore, in the case of anatase, additional bands can be

distinguished (see below). All the bands correspond to adsorbates

because, at this concentration and in the absence of the

semiconductor thin films, no comparable bands coming from the

solution species could be detected. The intensity of the bands is

significantly higher in the case of the anatase film, indicating that

the number of active adsorption sites being probed is also larger

for this sample. Note that WO3 and TiO2 thin films are composed

of particles of different size (see Section 2).

The stoichiometry and configuration of the adsorbate

species can be determined by contrasting the recorded spectra

with those of catechol aqueous solutions at different pH values

and those of dissolved catechol complexes, such as

[Ti(cat)2]2
2� or [Ti(cat)3]2� [19]. A comparison between the

spectra of the adsorbate and catechol dissolved in alkaline

solutions indicates that catecholate is the main adsorbed species

on both semiconductors. In addition, the similarity of spectra in

Fig. 1a with those for [Ti(cat)2]2
2� and [Ti(cat)3]2� complexes

indicates that the adsorbate adopts a chelating configuration on

both oxides, forming a five-atom ring in which both oxygen

atoms of catecholate bind a Ti(IV) or W(VI) adsorption site.

The alternative bridging structure, where the adsorbed

catecholate binds two neighboring metallic sites does not

seem to be energetically favored [23], at least in the case of

TiO2. Importantly, several W(VI) complexes with chelating

catechol ligands have also been described [24,25].

The adsorption geometry in this particular case provides key

information for the design of photocatalysts. In fact, the

formation of adsorbed chelating species on both oxides can

only be explained if each Ti(IV) or W(VI) surface atom has two

available dangling bonds, which will occur at coordinatively

unsaturated sites (CUS). Hence, photocatalysts with significant

amounts of CUS would be desirable for catechol adsorption. As

these sites are located frequently at kinks and steps, small

quasi-spherical nanoparticles would be particularly indicated as

photocatalysts, not only because they have a higher specific

surface area but also because the fraction of CUS is maximized.

It should be kept in mind, however, that the overall

photocatalyst efficiency could be low, as these defects could

also play the role of recombination centers. In addition, such

small nanoparticles could be unstable in the long term.

As mentioned above, in the spectrum of catechol adsorbed

on anatase, additional bands appear at 1202, 1380 and

1504 cm�1, which are absent in dilute (<1 mM) catechol

solutions as previously reported [19,22,26]. The bands at 1202

and 1380 cm�1 correspond to dOH modes, while the band at

1504 cm�1 has been attributed to a combination of nCC + dCH,

typical of undissociated catechol [19]. Importantly, these bands

are significantly different from those of a catechol solution in

0.1 M HClO4 [19], thus excluding that they are simply due to

solution species. Therefore, we can conclude that, on TiO2, two



Fig. 2. Adsorption kinetics for catechol in 0.1 M HClO4 on TiO2 and WO3

nanostructured films. At time 0 min a concentrated solution was added increas-

ing the solution concentration up to 13 mM.
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adsorbates are present: a chelate species and molecularly

adsorbed catechol (at high enough solution concentrations). The

existence of physisorbed species for concentrated solutions

(>0.05 M) was also evidenced, on the basis of ATR-IR

measurements, in the case of the 4-chlorocatechol/anatase

system [27]. Significantly, under the same experimental

conditions (Fig. 1a), only the chelating species was detected

in the case of WO3. In principle, the highly acidic character of

WO3 can explain this behavior. Contrarily to TiO2, WO3 surface

is electrically neutral or even negatively charged in contact with

0.1 M HClO4 solutions [28], which would not favor the

adsorption of Lewis bases. Only if the adsorbate could interact

strong enough with the acidic surface sites, adsorption would

take place, as probably occurs in the chelating configuration.

More importantly, as W(VI) is a strong Lewis acid, it should

interact strongly with terminal OH groups. Catechol molecules

may not be able to displace them from the surface, precluding the

formation of a van der Waals bond between an oxygen atom of

catechol and the W(VI) surface site [19,23].

It is worth noting that the aqueous suspensions of both

oxides slightly darken in the presence of dissolved catechol, i.e.

upon catechol adsorption both semiconductor samples absorb

visible light [18,29]. In such a case, we can take advantage of

the Raman spectroscopy to confirm the nature of the adsorbate

and, more importantly, to identify the adspecies that is

responsible for the photocatalytic activity in the visible

(SCTC), as it will be the only probed by RRS. This is

particularly useful in the case of anatase, where two adsorbates

were identified by ATR-IR.

The Raman spectra for catechol adsorbed on TiO2 and WO3

are nearly identical (see Fig. 1(b)). They are dominated by four

bands, which can be assigned to the ring stretching (1483 cm�1)

and nCO (1261, 1329, 1584 cm�1) vibration modes. A less

intense band at 1155 cm�1 can be ascribed to an in-plane CH

bending mode. From the similarities with the spectra for

alkaline catechol solutions and for the [Ti(cat)3]2� complex, as

well as from the absence of OH vibration modes, it can be

concluded that the species monitored by RRS is the chelating

catecholate dianion [19]. Therefore, this is the species

originating the SCTC on both oxides. The spectral features

related to catechol molecularly adsorbed on TiO2 do not appear,

meaning that it does not absorb the 514.5-nm laser light and it is

thus not responsible for the photoactivity in the visible.

On the other hand, to assess the performance of a certain

photocatalyst according to its adsorptive behavior, it is not only

important to evaluate its equilibrium adsorption properties but

also its kinetic adsorptive properties. In this respect, it has

recently been proposed that kinetic limitations in the adsorption

process could be at the origin of the dependence of the

Langmuir–Hinshelwood model constants on light intensity

[30,31]. Time-resolved ATR-IR experiments constitute a

powerful tool for analyzing the adsorption kinetics on oxide

nanoparticulate layers, although it has only been employed on a

few occasions [32].

Fig. 2 shows the temporal evolution of the integrated

intensity of the IR band at 1262 cm�1 for nanoporous films of

TiO2 (AbsTiO2) and WO3 (AbsWO3). At low coverage, i.e. at
small time values, the adsorption is very rapid, but as the

coverage increases the number of available sites diminishes,

and the rate decreases until the equilibrium is attained.

One of the most used models for studies of chemisorption

reactions, especially at the solid/solution interface, is based on

the Elovich equation:

dq

dt
¼ a expð�aqÞ (1)

where q is the amount of solute adsorbed at time t, and a and a

are constants. This equation has been applied to studies on the

adsorption of several gases [33], metal ions [34] and anions [35]

on porous systems. The constant a can be regarded as the initial

adsorption rate since dq
dt ! a when q! 0. On the other hand, as

initially (for t = 0) no catechol molecules are adsorbed (q = 0),

Eq. (1) can be integrated, yielding:

q ¼
�

1

a

�
ln ðt þ t0Þ �

�
1

a

�
ln t0 (2)

where t0 = 1/a a. If t� t0 Eq. (2) can be simplified to:

q ¼
�

1

a

�
ln ðtÞ þ

�
1

a

�
ln aa (3)

The inset in Fig. 2 shows plots for AbsTiO2 versus ln (t) and

AbsWO3 versus ln (t). Acceptable linear relations are obtained

in both cases. Fitting the experimental data to Eq. (2) the values

of a and a for both oxides were obtained. Interestingly, a, the

initial adsorption rate is 156 cm�1 min�1 for WO3 while for

TiO2 the value decreases to 2 cm�1 min�1. a is also larger for

WO3 (128 cm) than for TiO2 (23 cm), meaning that, as the

catechol coverage increases, the adsorption rate drops much

faster for WO3 than for TiO2. Note that from the values of a and

a, t0 varies from 5 � 10�5 min for WO3 to 2 � 10�2 min for

TiO2. Hence, the assumption t� t0 made in Eq. (3) is justified

in the time scale of our measurements. Although a has been

related to the number of sites available for adsorption [34], the

experimental data contradicts this hypothesis. The ATR-IR

band intensity is smaller for WO3, which can be associated to a

smaller number of adsorbed molecules, i.e. a smaller number of

adsorption sites available under our working conditions.



Fig. 3. (a) QCM frequency shift as a function of catechol concentration in

aqueous solution (&) and in isobutanol (*), in the presence of 0.1 M HClO4

together with estimated (Dfh + Dfpore) and (b) QCM corrected frequency shift

(Dfm) as a function of catechol concentration.
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Importantly, such a constant has also been related to the

adsorption energy distribution, which seems compatible with

our results [36]. Nonetheless, it is important to note that

mathematical expressions akin to Eq. (1) can be obtained by

assuming different adsorption rate-controlling processes,

including bulk and surface diffusion.

In any case, the rate of adsorption in the inner part of the film

(in the ATR-IR experiment using a ZnSe prism only a few

hundreds of nanometers in the inner part of the film are probed)

can be estimated, thus providing information useful to design

supported photocatalyst reactors. For instance, the thickness of

the film is expected to affect the kinetics/extent of adsorption as

the distance to be traveled by the organic species through the

nanoporous channels increases.

In the same way, guidelines for the rational design of

composite photocatalysts can also be derived from this type of

experiments. For instance, results presented above, show that

the initial adsorption rate of catechol on WO3 is faster than on

anatase. Therefore, mixing anatase and WO3 in a composite

photocatalyst would be beneficial because of the creation of

bifunctional sites at the junctions between both materials that

could share the higher reactivity of anatase and the faster

adsorption kinetics on WO3. This effect would add up to the

charge separation enhancement at the junctions caused by band

edge energy offsets. We may then substantiate, even

quantitatively, the rationale given for explaining the increase

in the photocatalytic activity observed upon coupling titania

with WO3 [37].

As mentioned before, one of our goals in writing this article

is to emphasize the main differences that could appear between

immobilized and suspended photocatalyst particles. In addition

to the frequently invoked mass transfer limitations, diminution

in the surface active area or higher tendency to poisoning, we

will give evidence for further physicochemical effects that

should also be taken into account. Quartz crystal microbalance

and fluorescence measurements will serve to this aim.

3.2. Quartz crystal microbalance measurements

In principle, the quartz crystal microbalance is also a very

sensitive tool to study surface reaction processes. QCM

provides a simple way to measure changes in mass as the

quartz crystal resonant frequency can be associated to them by

means of the Sauerbrey equation:

D f ¼ � 2 f 2
0

A
ffiffiffiffiffiffiffiffiffiffi
rqmq
p Dm (4)

where Df is the resonant frequency change, f0 is the funda-

mental frequency of the QCM device, A is the electrode area, rq

is the quartz density, mq is the shear modulus of quartz and Dm

is the mass change. However, only in few publications this

technique has been employed to study adsorption and photo-

catalytic reactions on nanoporous TiO2 layers [13,38–40]. Such

a scarcity of papers is probably motivated by the difficulties,

both experimental and interpretative, inherent to its use with

nanoporous layers in contact with aqueous solutions [41].
Fig. 3a shows the resonant frequency shift for a quartz

crystal coated with TiO2 particles upon the stepwise addition of

different concentrations of catechol (&) in aqueous

0.1M HClO4. Interestingly, at low concentrations the resonant

frequency shifts to larger values with increasing catechol

concentration while at high concentrations the opposite is

observed.

For our particular system (nanoporous layer in contact with a

liquid solution), the measured shift in frequency associated to

the increase in catechol concentration should correspond to:

D f ¼ D f m þ D f h þ D f pore (5)

where Dfm reflects the change in mass due to the adsorption on

the TiO2 matrix, Dfh represents the viscosity effect (in the outer

film surface) [42] and Dfpore is the frequency shift associated to

the change in mass of the liquid in the pores [43]. Both Dfh and

Dfpore can be estimated a priori. In a first approximation, the

latter contribution will be proportional to the change in solution

density and can be expressed as:

D f pore ¼
�KVporeD’sol

A
(6)
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where K is the QCM constant (in Hz cm2 mg�1), A is the probe

geometric surface area, Vpore is the volume of the pores in the

oxide film and Dwsol is the change in solution density. Eq. (6) is

valid as long as the solution in the pores has the same

composition than in the bulk. In our particular case, we will

assume a porosity of 50%, and we will take into account the

solution density values [44].

On the other hand, Dfh can be calculated, as proposed by

Kanazawa et al. [42], according to:

D f h ¼ �K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DhD’sol

p f 0

s
(7)

where Dh is the change in viscosity caused by the introduction

of catechol. It can be estimated from literature viscosity data

[44].

In Fig. 3a, the calculated values for (Dfh + Dfpore) in water

have been included. As observed, both contributions are

negative. In Fig. 3b, Dfm, calculated as Df � (Dfh + Dfpore), is

plotted against the added catechol concentration. One could

think that Dfm should also be negative, as an increase in mass

should accompany catechol adsorption. Interestingly, the

observed behavior is at odds with this expectation and three

regions can be distinguished. For catechol concentrations lower

than 0.02 M, Dfm is rather small although adsorption is known to

have occurred from the spectroscopic experiments and also from

the darkening of the oxide films associated to the formation of the

SCTC. The behavior is even more striking in the intermediate

catechol concentration range (0.02–0.13 M) as successive

additions of the organic substrate lead to increases in the

frequency that cannot be explained in a straightforward way. For

high enough concentrations (above 0.13 M), further additions of

catechol lead to the expected decrease in frequency.

Two main factors with important implications in hetero-

geneous photocatalysis reactions can account for the unex-

pected behavior at low and intermediate concentrations: (a) the

adsorbate may replace a certain number of solvent molecules

from the interface, (b) the repulsion of water, mainly inside the

pores, but also at the outer surface of the TiO2 film. The latter

effect would be induced by the hydrophobic character imparted

by catechol adsorbed molecules to the inner and outer TiO2

surface. As shown above, the adsorption of catechol leaves the

highly hydrophobic aromatic ring directed towards the solution

phase, which would explain the observed hydrophobic effect.

Several authors have previously demonstrated that despite

adsorption occurring on the film surface, apparent decreases in

mass, associated with the adsorbent-imparted hydrophobicity

can be measured for porous but also for non-porous substrates

[40,45,46].

The behavior in the low concentration region would be

dominated by the substitution of interfacial water by adsorbed

catechol. The region of intermediate coverage is characterized

by a significant frequency increase that should be interpreted as

a decrease of the overall mass contained in the total volume of

the nanoporous film. The increasingly hydrophobic character

found inside the pores and particularly at their walls provokes

that the pores of the film may become enriched in molecular
catechol, inducing finally the diminution in the QCM frequency

experimentally observed.

To further support our explanation, we repeated the same

experiment in isobutanol (instead of water) in the presence of

0.1 M HClO4. In this case, the hydrophobic interactions should

be minimized. A constant increase in mass is now detected in

the whole concentration range (see Fig. 3, *) together with the

typical darkening of the nanoporous layer associated to the

formation of the SCTC. The difference between the measured

frequency shift and (Dfh + Dfpore) calculated for isobutanol

solutions shown in Fig. 3b can be ascribed to catechol

adsorption.

The hydrophobic character imparted to TiO2 surface by the

organic substrate to be oxidized (or as a consequence of a

deliberate surface modification) may have important con-

sequences in its photocatalytic degradation. Such effects will be

particularly important in the case of nanocrystalline films since

their pores would tend to have a composition rather different

from that found in the solution bulk. The change in the local

environment can modify both the efficiency and the selectivity

of the photocatalytic process. Photocatalytic reactions not

requiring water/hydrophilic species to proceed and being

favored by a high concentration of active species (direct hole

transfers) would be more efficient and their selectivity

increased. This would be the case of oxidative polymerizations

initiated by direct electron transfer between the adsorbed

compound and the oxide, as is the case of catechol photo-

oxidation under visible light illumination (see below). To take

advantage of such a possible improved selectivity, several

approaches have been used. For example, it is possible to

employ substrates with different hydrophilic/hydrophobic

character [47,48] or modify the semiconductor surface with

a surfactant [49,50]. The hydrophobic/hydrophilic effects could

also occur in suspensions but they are expected to be less

important. In the case of films, they should also depend on their

porosity. Interestingly, Serpone and co-workers [51] did not

found these effects when working with less porous TiO2 layers.

In any case, their presence should be considered as one of the

main driving forces explaining the different behavior of

suspensions and immobilized nanoparticles.

In the following we evidence and discuss another effect

appearing under reactive conditions that can be at the origin of

the different behavior of suspensions and sintered films:

electron delocalization.

3.3. Raman/fluorescence measurements

As previously mentioned, the adsorption of catechol on TiO2

and WO3 leads to the formation of a SCTC. These complexes

are able to absorb visible light, inducing interfacial reactivity: it

has been demonstrated for TiO2 that upon light absorption there

is an almost instantaneous charge separation [52]. An electron

is injected into the semiconductor conduction band leaving

behind a positively charged radical at the interface. Most of the

electron-hole pairs recombine, but a fraction of them may have

long enough lifetimes to react with other species present in

solution. As in our Raman spectrometer the excitation line is in



Fig. 4. Raman spectra for a WO3 nanoporous film on FTO conducting glass in

contact with aqueous 14.5 mM catechol and 0.1 M HClO4 solution for different

illumination times. The excitation line was provided by an Ar+ laser at

514.5 nm.
Fig. 5. Time dependence of the fluorescence at 1000 cm�1 (a) obtained for an

anatase nanostructured film deposited on FTO and for an anatase slurry and (b)

obtained for a WO3 and TiO2 nanostructured thin films deposited on FTO and

for a WO3 slurry, in contact with a 14.5 mM catechol and 0.1 M HClO4. The

excitation line was provided by an Ar+ laser at 514.5 nm.
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the range of the STSC absorption, it can be employed to both

induce the reactivity and monitor the possible formation of

products. Fig. 4 shows the temporal evolution of the Raman

spectra for a WO3 nanoporous layer. An increasing fluores-

cence is recorded from the illumination onset, indicating that a

reaction occurs and that the product fluoresces. Hence, the rate

of fluorescence increase can be associated directly to the

product formation rate. Apparently, under illumination the

photogenerated cationic radicals react with other catechol

molecules located near the surface, giving rise to an oxidative

polymerization process, which yields a humic acid-type

polymer [19]. Obviously, the reaction rate is limited by the

recombination between the photogenerated electrons and

adsorbed radicals. An increase in the electron lifetime would

induce an increment in the polymerization rate, as the positively

charged complex would have more time to react with the

surrounding catechol molecules.

Fig. 5(a) shows the time dependence of the fluorescence at

Dv̄ ¼ 1000 cm�1 obtained for a sintered anatase film and a

slurry. Fig. 5(b) shows the corresponding measurements for

akin WO3 samples. For the sake of comparison, the response of

the anatase film has also been included. Two major observations

should be highlighted: on the one hand for both oxides the rate

of fluorescence is orders of magnitude larger for the thin films

than for the concentrated suspensions; on the other hand, such a

rate is larger for TiO2 than for WO3.

As regards the second observation, one expects the electron

photoinjection in the semiconductor to be proportional to the
number of catechol molecules adsorbed as catecholate. From

the intensity relation of the ATR-IR peaks at 1262 cm�1 of

Fig. 1, we can estimate that it is about 5.5 times larger for TiO2.

However, the relative difference in the initial slope of both

semiconductor films in Fig. 5(b) is considerably larger, i.e.

about 50 times. Thus, we can assert that catechol condensation

is faster in TiO2 than in WO3. This is expected because

conduction band electrons are more reductant in the case of

TiO2, favoring its reaction with the oxidant (dissolved oxygen).

As photogenerated electrons in WO3 are not easily consumed in

the reduction of oxygen, their recombination is enhanced and

consequently the polymerization rate diminishes.

We discuss in the following the first observation: the

fluorescence response is highly dependent on the sample

nature, increasing faster in the case of thin films. The

fluorescence intensity is proportional to the number of

fluorophore groups being sampled and can therefore be

considered as a relative measure of the amount of polymer

formed. Obviously, the amount of oxidized catechol or

generated polymer depends on both the reaction rate and the

exposed area of the semiconductor in contact with the solution.

In our experiment, the film thickness and the slurry

concentration were chosen in such a way that the interfacial

area sampled by the laser probe was the same in both cases.



Fig. 6. Photopotential vs. laser spot position in N2-purged 0.1 M HClO4 and

13.5 mM catechol, together with the reflectance profile showing the location of

the groove. Inset: Sketch of the sample.
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Hence, from Fig. 5(a), we can conclude that the photocatalyzed

catechol condensation is faster in the case of thin films. If we

compare the initial slopes for the slurry and the film, we can

estimate that the reaction rate is around 300 times faster for the

film. The case WO3 is even more paradigmatic as no significant

fluorescence build-up could be detected for the slurry, whereas

the film exhibits an evident and continuous fluorescence

growth.

One could link these observations with the results presented

in previous sections. First, catechol enrichment due to

hydrophobic effects in the pores can partially explain the

enhanced photoreactivity of the films. Secondly, in the case of a

nanoporous structure with sintered oxide particles, the electron,

once injected, can be delocalized throughout the nanoparticle

network, thus increasing the distance with the corresponding

positively charged radicals. The recombination rate between

photogenerated electrons and positively charged residues

(holes) would diminish and consequently, the polymerization

reaction rate should increase. In the case of particle slurries, the

electrons would be restricted to the particle or aggregate of

particles, being the average distance between charge carriers

much smaller, leading to a higher recombination rate.

In this section we have shown that the behavior of the films

can differ from that of the suspensions. Both hydrophobic and

electron delocalization effects could underlie these observa-

tions. Whereas the existence of the first has been supported by

QCM measurements, experimental evidence for the latter is

given in the following section on the basis of laterally resolved

photoelectrochemical measurements.

3.4. Laterally resolved photoelectrochemical

measurements

The electron delocalization can be evidenced using the so-

called scanning microscope for semiconductor characterization

(SMSC) [21,53], which is a scanning-spot technique. It can

provide images of different photoeffects by associating the

measured response to the laser location. We have employed a

TiO2 thin film deposited on a conducting glass platewith a groove

cut in it of around 0.3 mm in width. As a result, two electrically

isolated areas were defined (see sketch in Fig. 6). Briefly, the idea

is that if the electrons are able to delocalize inside the porous

films, it should be possible to illuminate one of this two areas and

detect an increase in the electron concentration in the other

(probe electrode). Such a change in free electron concentration is

obtained from measurements of the shift in the open circuit

potential caused by local illumination. We refer in the following

to this shift as photopotential.

Fig. 6 shows the photopotential as a function of the laser-

spot position along a line perpendicular to the groove cut in the

conducting glass and that crosses it, together with a reflectance

profile along the same line. The later allows us to locate the

groove as a decrease in reflectance. Only one of the isolated

FTO regions separated by the groove (that with x0 > 0) was

connected as to measure its open circuit potential (probe

electrode). As observed, at x0 � 0 the photopotential does not

decay sharply to 0, but it slowly diminishes with the distance to
the probe electrode. Obviously, the photopotential spatial

extension depends on the diffusion length (L) of the electrons.

In fact, this type of measurement can be employed to determine

L [21]. A value as high as 0.4 mm has been found under our

experimental conditions. More importantly in the present

context, the SMSC experiment shows in a rather direct way that

electron delocalization actually occurs in the nanoparticulate

layer. Therefore such an effect should also be taken into account

when contrasting the behavior of suspensions and immobilized

films in photocatalysis. However, it should be noted that under

the typical conditions of heterogeneous photocatalysis, which

imply the generation of intrinsic electron-hole pairs, the

electron diffusion length could be significantly shorter.

4. Conclusions

In this work we have tried to evidence the utility of

combining different techniques to study photoinduced reactions

using a typical model molecule such as catechol and typical

photocatalysts as WO3 and TiO2 employed as slurries and thin

porous films. We have taken advantage of the complementarity

of the different experimental techniques employed, namely

ATR-IR and resonance Raman spectroscopies, quartz crystal

microbalance and laterally resolved photopotential measure-

ments (SMSC).

ATR-IR and Raman spectroscopies provide vibrational

information about the species present at the solution-

semiconductor interface. Their high sensitivity (ATR-IR) and

high specificity (RRS) furnish a detailed microscopic picture of

it. On the other hand, quartz crystal microbalance and

photovoltage measurements provide macroscopic information

on events happening at the photocatalyst, such as changes in the

electron concentration in the porous film or changes in its mass.

Our results show that catechol adsorbs from acidic aqueous

solutions on the cationic sites of TiO2 and WO3, as a

catecholate in a chelating configuration, coexisting in the case

of anatase with molecularly adsorbed catechol when its solution

concentration is high enough (>1 mM). The chelate is the
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species that forms the surface charge complex, as evidenced by

resonance Raman spectroscopy, and therefore it is responsible

for the visible light photocatalysis. A microscopic detailed

understanding of the semiconductor–solution interface is of

crucial importance and may prove useful even for the molecular

design of photocatalysts. But under working conditions, in

addition to the vibrational information obtained at equilibrium

(in the dark), information on the adsorption kinetics can also be

critical. Interestingly, the adsorption kinetics on nanoporous

films can be studied by means of time-resolved ATR-IR

measurements. The adsorption of catechol on both oxides can

be fitted by the Elovich equation and, significantly, it is initially

faster on WO3 than on TiO2, which is also a useful piece of

information for the design of composite or doped photo-

catalysts.

Other factors such as mass transport limitations and changes

in the hydrophobic–hydrophilic properties might also play an

important role in the performance of immobilized photo-

catalysts. In fact, depending on the catechol solution

concentration a significant diminution in mass was detected

with the QCM, which can be linked to an increase in pore

hydrophobicity imparted by the adsorbed catechol. This type of

interaction may provoke important local changes in solution

composition inside the nanopores, which may deeply affect

both the efficiency and selectivity of the immobilized

photocatalyst. Such effects would only be minor in the case

of oxide suspensions.

On the other hand, the reactivity under visible light

illumination has been studied by Raman spectroscopy, mainly

as a way of both photoexciting the sample and measuring the

fluorescence associated with the catechol condensation

product. Striking differences are found in the rate of the

fluorescence development (and thus reaction rate) for suspen-

sions and immobilized thin films, being much larger for the

latter. These results constitute a clear example of the different

behavior that immobilized and suspended photocatalysts could

have even when submitted to equivalent conditions. The

hydrophobic effect could be at the origin of the enhanced

reactivity of the films, but the possibility of electron

delocalization should also be envisaged. In fact, in a sintered

nanoparticle network, the electrons photoinjected by the SCTC

can delocalize through the film whereas such a delocalization is

limited to the aggregate size in the case of suspensions. This

delocalization would lead to a lower recombination rate,

increasing reactivity. We believe that both hydrophobic–

hydrophilic effects and electron delocalization effects should

be taken into account when comparing the behavior of

immobilized and suspended photocatalysts.
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