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A B S T R A C T

Operando FTIR spectroscopy has been used to study the photocatalytic oxidation of acetone vapors over

semiconductors films containing TiO2 and ZrO2. Preparation of these coatings was carried out by dipping

a silicon wafer in stable sols containing particles of TiO2, Ti1�xZrxO2, or a mixture of ZrO2 and TiO2. These

differences in chemical composition and phase homogeneity were selected in order to determine their

effect on the photocatalytic performance. A transmission cell specifically designed for in situ studies of

photocatalytic coatings was utilized for the FTIR experiments under reaction conditions. In contrast with

investigations with powdered photocatalysts, the use of thin films guarantees that the whole

semiconductor is irradiated, and for that reason purely photochemical reactions are monitored. Acetone

adsorption takes place molecularly and is higher on the Ti1�xZrxO2 coating. This fact is very likely related

to the higher specific surface of the samples containing Zr. However, the maximum photocatalytic rate

for acetone degradation corresponds to the films composed by a binary mixture of TiO2 and ZrO2. On the

other hand, remarkable differences on the type and concentration of intermediates appearing as a result

of the photocatalytic oxidation of acetone are found for the coatings studied. A simple kinetic model was

applied to analyze the evolution of both gas phase and surface species. The parameters obtained indicate

that each specific surface process is affected in a different way by the variation in the composition of the

photoactive films.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis with TiO2 is becoming a well-
established technology for pollution remediation. In this way, a
growing number of devices and materials are commercially
available in Japan and other countries [1,2]. Surprisingly, a detailed
understanding of the mechanisms of photocatalytic processes is far
from being complete, and several aspects, like the interpretation of
the kinetic data, or the molecular details of self-cleaning surfaces,
are still subject of an intense debate [3,4]. Nevertheless, in the last
few years a significant deal of information has been gathered from
molecular level studies of the degradation of different chemicals
over irradiated TiO2. In situ spectroscopic techniques like ESR [5,6],
FTIR [7–13] and NMR [14,15] have been utilized to identify
reaction intermediates, and to monitor the progress of the
photocatalytic processes on the semiconductor surface. In
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particular, FTIR is a very powerful technique for mechanistic
studies because it provides a high sensitivity and a relative rapid
response, which allows the tracking of variations in the composi-
tion occurring in seconds. However, most of these studies have
been carried out under idealized conditions in order to reduce
interferences and facilitate the analysis of key chemical species
generated during the reaction. Such simplification of the photo-
catalytic process may result in the loss of relevant information
concerning reaction mechanisms. In fact, the possible distortions
of the reaction pathways caused by unrealistic experimental
parameters (i.e. reduced pressures, high concentration of reagents,
etc.) is a general concern of catalytic studies, and consequently a
rising number of the studies of catalytic reactions are performed
under operando conditions [16]. This methodology employs the
simultaneous analysis of the products of the reaction as well as the
catalytic surface, and it can make possible a better understanding
of the correlation between structure and activity of the catalysts.
Interestingly, investigation of photocatalytic reactions has scarcely
adopted an operando approach [7,11], very likely due to the
difficulties of bringing together photocatalysts, reagents, light and
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analytical equipment. In fact, an efficient illumination of the
portion of the photocatalysts sampled by the IR beam may be
difficult, and consequently the possible contribution of chemical
reactions in the dark areas of the solid could complicate the
interpretation of the results. This problem can be circumvented by
deposing the photocatalysts as thin film on ATR sampling devices
[17], or an IR transparent substrate for spectra acquisition in the
transmittance mode [18]. This last approach is very attractive for
both, air purification systems and self-cleaning materials, because
such applications require supported photocatalysts, which fre-
quently are deposited as thin films.

Incorporation of heteroatoms in either cationic [19–21] or
anionic [22] sites of the TiO2 lattice, along with the formation of
junctions with a second semiconductor [23,24], are among the most
widely used strategies for improving the photoactivity of TiO2. An
interesting example of this approach is the synthesis of ZrO2–TiO2

photocatalysts with different compositions and phase distributions
[24–27]. Although Zr does not modify significantly the optical
properties of TiO2, most of these studies report that by incorporating
this element, one obtains superior photocatalytic performance. This
has been related to the increment of either surface area, acidity or the
density of active sites [24–27], but a more complete understanding
of the photoactivity of these composite materials is required in order
to take full advantage of their potential.

The aim of the present work is to determine the influence of the
structural characteristics of ZrO2–TiO2 samples on the photodegra-
dation of acetone at the molecular level. For this purpose, thin films of
TiO2, Ti1�xZrxO2 and ZrO2/TiO2 were deposited on Si wafers and their
photocatalytic activity for the degradation of acetone vapors were
investigated by transmission FTIR under operando conditions [16].
Acetone was chosen because it has widely been used as a model
pollutant in other studies [8,11,12] and it is frequently detected in
indoor air analysis [28]. The simultaneous analysis of surface and gas
phase species allows one to measure kinetic parameters that can be
used to ascertain the mechanism of acetone photodegradation, as
well as to determine the structural and surface features which dictate
the different performance of the studied samples.

2. Experimental

2.1. Preparation of the thin films

The TiO2–ZrO2 coatings used in this study were synthesized by
sol–gel methods, as detailed described elsewhere [24,26], using
Ti(OPri)4 and Zr(OPrn)4 (Aldrich) as precursors. The sols were
prepared by adding the corresponding alkoxides to water (ratio
M(OPr)4/H2O � 0.083, v/v) acidified with nitric acid (ratio HNO3/
H2O � 0.020, v/v for Zr-containing materials). In all cases, the
corresponding oxide was initially precipitated. However, following
2 days of stirring complete peptisation was achieved, yielding
homogeneous translucent sols. Subsequently, these acidic sols
Fig. 1. Scheme of the setup for FTIR operando studies of photocatalytic reactions, which co

surfaces, respectively. The photograph shows a view of the transmission cell designed f

operates as a recirculation photo-reactor as the gas flow is impelled by the pump. The
were dialyzed to a final pH in the range of 2.8–3.1. A mixed oxide
having a nominal composition Ti0.90Zr0.10O2 (labelled SS) was
synthesized from the simultaneous hydrolysis of both metal
alkoxides first in n-propanol solution and subsequently in excess
water, while TiO2 was obtained by direct hydrolysis of the alkoxide
in water. On the other hand, 10%ZrO2/TiO2 coupled metal oxides
(denoted Z/T) were obtained using TiO2 and ZrO2 sols prepared
separately before blending them in the adequate proportions.
Silicon wafers discs (Silicon Quest International) having 5 cm in
diameter and about 615 mm in thickness were used as substrate.
Three layers of the photocatalyst were deposited onto the washed
substrate using a dip-coating technique at a withdrawal rate of
4 mm/s. An adequate wetting of the Si wafer was attained by
adding to the sols a small amount of a perfluorinated surfactant
(FC-4430, 3 M). After applying each layer, the discs were dried in
air at 100 8C for 1 h and following the deposition of the third layer,
the samples were fired at 350 8C for 2 h at a heating rate of
10 8C min�1. Xerogels obtained from the same sols were used to
estimate some of the structural properties of these thin films.

2.2. Physicochemical characterization

The pore size distribution and specific surface area of xerogels
fired at 350 8C were determined from the N2 isotherm analysis at
77 K in a Micromeritics ASAP 2010 analyzer. XRD patterns of
ground xerogels were recorded on a Seifert XRD 3000P diffract-
ometer using nickel-filtered Cu Ka radiation. The thickness of each
photoactive layer was measured in Gaertner ellipsometer using
light of l = 632.8 nm and an incident angle of 708. The refraction
index and the thickness were calculated with the software
provided by Gaertner Scientific Corporation.

2.3. Photocatalytic reactor for operando studies

A schematic representation of the system used for the
simultaneous analysis of surface and gas composition during
photocatalytic reactions is displayed in Fig. 1. The experimental
setup consisted of a gas line loop which goes through the sampling
space of two coupled FTIR spectrometers (Nicolet Nexus 670 and
Magna 750 Series II, Madison, WI) both provided with MCT-A
detectors cooled by liquid N2. One of these spectrometers was
equipped with a 4.8-m permanently aligned FTIR multiple-
reflection gas sample cell (Model 4.8-PA, Infrared Analysis Inc.,
Anaheim, CA), while the other is endowed with a home-made
transmission cell, which contains the Si wafer coated with the
photocatalyst. Gas analysis was carried out by accumulating 64
scans at 1 cm�1 of resolution, while the transmission spectra of the
photocatalytic layer were recorded after 200 scans at 4 cm�1 of
resolution. The internal configuration of the cell for the photo-
catalytic thin films can be appreciated in the cross-section view
shown in Fig. 2. The design is akin to that used in previous studies
mprises the gas line loop and the two spectrometers for the analysis of gas and solid

or the study of thin films of photocatalysts. After dosing the pollutant, this system

vent and the dry air inlet are used to flush the system once the assay is finished.



Fig. 2. Cross-section view of the cell used to test the photocatalytic activity of the

thin films showing the path followed by the gas stream inside this device and the

materials used for manufacturing the different components.
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[18], although some modifications are introduced in order to
maximize the contact between the photocatalysts and the gas
phase. In particular the gas stream was forced to flow on the two
sides of the wafer, following the path depicted with arrows in
Fig. 2, which allows to increase the contact time. The casing of the
cell was constructed of two threaded aluminium pieces with
Teflon1 gaskets and spacers to drive the gas streams into the
required directions. Quartz windows ensure a good illumination of
the coated wafer due to their transparency in the UVA range, while
BaF2 windows (9.5 mm of internal diameter, Harrick) allow FTIR
sampling and they are moisture resistant. This cell acts as a
photocatalytic reactor when it is irradiated with the four UV lamps
(F4T5BL, 4 W, Black light, WIKO, Bulb Direct Co.), which are
externally placed in an aluminium frame, as it is shown in Fig. 1. It
is important to note that although the use of a second FTIR
spectrometer can be necessary to detect gas phase intermediates
formed at very low concentration (in the ppb range), information
about the variations in the concentration of main products could be
obtained with sufficient accuracy in a single FTIR instrument
providing that interferences with the bands of the solid are not
significant and, if the cell for ‘‘in situ’’ studies is designed with a
longer optical path. On the other hand, some reference Attenuated
Total Reflection (ATR) experiments were carried out using a single
bounce Avatar1 cell provided with a ZnSe optical element.

The photoreaction system for operando studies is provided with
a pump having an internal ceramic body (Model Qd, Fluid Metering
Inc.) that deliver the gas at a flow rate of 75 cm3 min�1. An
injection port with a septum for acetone dosing with a micro-
syringe (Aldrich, HPLC grade) and two three-way valves to allow
recirculation of the gas during photocatalytic experiments, or
flushing with air free of CO2 and moisture for cleaning, complete
the system. The total volume of the system was about 0.55 L.

3. Results

3.1. Characterization of the photocatalytic films

ZrO2–TiO2 materials prepared by the same sol–gel procedure
have been extensively characterized in a previous work [26].
Table 1
Textural and structural characteristics of the photocatalysts.

Sample Cell volumea (Å3) Crystallite

sizeb (nm)

SBET
c (m2 g�1) Me

siz

TiO2 136.0 6.5 172 5.4

Ti0.90Zr0.10O2–SS 137.1 6.4 269 5.3

10%ZrO2/TiO2–Z/T 136.4 4.3 249 4.0

a Calculated from a least square fit of the XRD data of the corresponding xerogels.
b Calculated from XRD data of the xerogels using the Scherrer equation.
c Obtained from the N2 adsorption isotherm of the xerogels.
d Measured in the thin films by ellipsometry.
e Estimated from the ellipsometric data.
f Calculated from anatase density, and the thickness and porosity of the films.
g Corresponding to six layers.
Table 1 summarizes the main structural and morphological
properties of the samples used in the present study. These data
were estimated either from analysing the corresponding xerogels,
or directly from the film by ellipsometry. XRD analysis indicates
that all the samples contained nanocrystalline anatase with a small
proportion of brookite. These results have been independently
confirmed by Raman scattering of the coatings [26]. In the case of
sample SS, Zr incorporation seems to expand slightly the volume of
the anatase unit cell (see Table 1), as can be expected for the partial
substitution of Ti4+ by Zr4+, which presents a larger ionic radius
[25–27]. In contrast, the sample Z/T shows a minor increment of
the cell volume, which reveals a lower degree of Zr insertion into
the anatase phase.

In accordance with previous reports, Zr incorporation leads to a
considerable increment of surface area with regards to unmodified
TiO2 [24,26]. On the other hand, both Zr-containing photocatalysts
show comparable surface area, although the mean pore size is
slightly narrower for sample Z/T. The thickness of the coatings
varies from 410 to 540 nm due to differences in the number of
layers and the viscosity of the sols employed to produce the
coatings. Similarly, porosity roughly estimated from the refractive
index measurements, and taking as reference the optical proper-
ties of bulk TiO2–ZrO2 materials [29,30], is higher than 44% for all
the films, as is shown in Table 1.

3.2. Acetone adsorption

Fig. 3 displays the FTIR spectra of the photoactive coatings
flushed with dry air for 5 min, and subsequently exposed to
12.2 mmol L�1 of acetone for 40 min. The spectra of the solid films
before adsorption, as well as the gas phase contribution, have been
subtracted in order to highlight the features of adsorbed species.
The spectra of the three studied samples are overall, rather similar
although the intensity of the bands varies broadly for each
material. The positions and assignments of the bands are listed in
Table 2 [11,12]. According to the literature, most of these bands can
be assigned to different vibration modes of acetone molecularly
adsorbed on the photocatalytic coatings. In fact, these spectra
resemble closely those measured by ATR for acetone–water
mixtures (see Fig. 4Af), as discussed below. On the other hand,
the negative band at 1639 cm�1 is due to the displacement of
weakly adsorbed water molecules, while the sharper negative
bands in the 3692–3635 cm�1 range can be attributed to the
perturbation of the vibration of surface hydroxyls which interact
with acetone molecules. Differences between samples in this
spectral region reveal slightly dissimilar surfaces. This can be
related to modifications of the morphology of the nanocrystals (i.e.
crystallographic faces exposed) [31] and/or to the formation of
distinct hydroxyls induced by Zr incorporation [27]. Such
interactions between acetone and hydroxyls are as well respon-
sible for the very broad and positive bands appearing between
an pore

ec (nm)

Film thicknessd

(nm)

Refractive

indexd

Porositye (%) Film mass

(mg cm�2)f

470 1.82 47 97

540g 1.79 47 111

410 1.84 44 89



Fig. 3. FTIR spectra in the (A) 4000–2500 cm�1 and (B) 2000–1100 cm�1 range of the

samples SS, Z/T and TiO2 following exposure to acetone vapor (0.5 mL) and

equilibrated for 40 min in the recirculation loop. Spectra of the solid before

adsorption have been subtracted in order to highlight the bands corresponding to

surface species.

Table 2
Assignment of the bands of adsorbed acetone and the surface intermediate species

formed during its photocatalytic degradation.

Surface species Vibration mode Frequency (cm�1)

Observeda Literatureb

Acetone n (C–H) 2975–80, 2927–29 2973, 2931

n (C O) 1701–1685 1702–1689

das (CH3) 1425–23 1422

ds (CH3) 1370–68 1366

n (C–C) 1241–35 1240

Formate n (CH) 2870 2877

nas (COO) 1571 1575

ns (COO) 1358 1358

Acetate nas (COO) 1584 1582

ns (COO) 1420 1415

Formaldehyde n (C O) 1744–42 1746

Bicarbonate nas (COO) 1447 1444

a Frequencies vary in the intervals given as a function of coverage.
b Refs. [8,9,11,12,32].
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3460 and 3360 cm�1. Similar features have been also observed
after adsorption of other organic molecules on TiO2, and they have
been attributed to the modification of the hydrogen bonding of the
hydroxylated surfaces of the solid by the adsorbate [7–9,11,13].

The intensity of adsorbed acetone bands increases with
increasing surface area, and it reaches a maximum for sample
SS. Considering the thickness of the films and the surface area of
the samples, it can be concluded that while TiO2 and Z/T basically
adsorb the same amount of acetone on a surface area basis, sample
SS adsorbs about 1.7 times more acetone per surface area unit than
pure TiO2. Fig. 4A displays the variation of the spectra of sample Z/T
with increasing acetone concentration, compared to the ATR
spectra of an acetone–water mixture (ca. 40/60, v/v). Although a
gradual shift of the bands is observed with increasing vapor
pressure, the bands of adsorbed acetone are nearly coincident to
that of the solution. These slight modifications of the spectra can be
explained as a consequence of the increment of the interaction
between acetone molecules in the adsorbed layer, in such a way
that the spectra progressively approach that of neat liquid acetone.
Such observations are in accordance with previous studies that
indicate that acetone molecules do not experience any transfor-
mation after adsorption on hydrated TiO2 surfaces [8,11,12].
Nevertheless, as mentioned above, the negative band at 1639 cm�1

reveals that acetone displaces water molecules weakly bonded to
the oxide surface. Therefore, it is proposed that acetone molecules
are attached to the solid surface by interacting the C O group with
hydroxyl groups, rather than by coordination to unsaturated
surface cations, as it has been previously suggested [8]. Fig. 4B
shows the corresponding adsorption isotherm of acetone on Z/T,
with the equilibrium pressure obtained from the FTIR analysis of
the gas phase and the adsorbed amount estimated from spectra of
Fig. 4A taking the intensity of the band at about 1700 cm�1

(integrated between 1730 and 1660 cm�1). Although the actual
amount of adsorbed acetone cannot be quantified because the
response factor of the surface species is unknown, it can be
assumed that approaches to the monolayer at high acetone
concentration. Thus, the variation of the coverage can be
approximately reproduced using the Langmuir adsorption equa-
tion:

uA ¼
KPA

1þ KPA
(1)

where uA represents the acetone coverage, K the adsorption
constant and PA the acetone partial pressure. From the least square
fitting of the data to the Langmuir expression a value of
K = 3.7 � 106 L mol�1 is obtained for Z/T. Adsorption results are
qualitatively similar to those obtained by El-Maazawi et al. using
TiO2 Degussa P25 [12]. However, in contrast with previous studies
with TiO2 coatings on glass [11], multilayer adsorption does not
seem to be significant under the conditions employed in the
present study.



Fig. 4. (A) FTIR spectra of the sample Z/T exposed to increasing pressure of acetone

vapor (a–e) along with (f) the ATR spectrum of a water–acetone mixture and (B)

acetone adsorption isotherm which plots the coverage of acetone, u, estimated from

the intensity of spectra as a function of the equilibrium concentration obtained

from FTIR analysis of the gas phase. The dashed line represents the least square fit of

the data to the Langmuir equation, as explained in the text.
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3.3. Operando study of the photocatalytic oxidation of acetone:

surface analysis by FTIR

Upon UV illumination in air, the spectra of the films previously
equilibrated with acetone are remarkably modified. These transfor-
mations can be observed in Fig. 5, which shows the evolution of the
spectra of the different coatings with irradiation time. In the case of
sample SS (see Fig. 5A and B) acetone bands decrease progressively
after turning on the lamp, while new features at about 2870, 1742,
1571 (broad), 1452 and 1358 cm�1 develop. Significant overlapping
of the peaks complicates precise identification of the intermediate
species but, on the basis of previous studies, bands generated upon
illumination can be related to distinct vibrational modes of formate,
bicarbonate,and formaldehydespeciesadsorbed onthesurfaceof the
photocatalysts [7,9,11–13]. Theses bands and their assignments are
summarized in Table 2. Initially the spectra are dominated by the
band at 1571 cm�1 associated to the nas (COO) mode of formates,
which are similar to those detected in previous studies in TiO2

powders [9,11,12]. Theintensityof this band grows progressively and
reaches a maximum at about 40 min of irradiation. Few minutes
before, the presence of formaldehyde becomes evident as the band at
1742 cm�1, which corresponds to the n (C O) mode, starts to grow
[12,32]. Following irradiation for more than 180 min, the overall
intensity of the spectra of SS sample decreases significantly and the
bands of acetone disappear almost completely. At this stage the
proportion of formates drops with respect to formaldehyde, as
indicated by the ratio between the corresponding bands. Further
irradiation of the SS sample levels off the spectra (not shown). These
results indicate that adsorbed species are fully removed at this stage.
Consequently the initial state of the fresh photocatalytic surface can
be recovered following prolonged irradiation, since even adsorbed
water can be replenished with the molecules generated during the
oxidation of acetone. In these regards, spectra of the sample SS in the
4000–2500 cm�1 range (Fig. 5A) show that, although during the
initial stages of the reaction hydroxyl groups appear as relatively
sharp negative bands at 3691 and 3674 cm�1 (see Fig. 5A), these
signals progressively disappear as organic molecules are removed
from the photoactive surface. In addition, the slight increment of the
intensity at 3550 cm�1 observed after 180 min of irradiation suggests
the adsorption of a smallexcess of water. Inthe case of sampleZ/T, the
spectra obtained (see Fig. 5C) are rather similar to those of SS, apart
from minor variations in the frequencies of the bands. However, after
120 min of irradiation, formates have been almost completely
removed, and the spectra of the SS coating show bands at 1744, 1540
and 1447 cm�1. This last band can be assigned to the nas (COO) mode
of bicarbonate, while the band at 1540 cm�1 very likely has
contributions of the residual formates and the ns (COO) mode of
bicarbonate [9,12]. On the other hand, the band at 1744 cm�1 can be
attributed to the formation of formaldehyde, as in the case of Z/T
[8,11,32]. In contrast, for TiO2 coatings, the build-up of adsorbed
intermediates is remarkably lower (see Fig. 5D), and the indication of
the presence of formates is observed. The most intense bands
following prolonged irradiation appears at 1371 and 1752 cm�1. This
last vibration is tentatively assigned to the C O stretching mode of
adsorbed aldehyde molecules. However, as this band is significantly
blue-shifted with respect to those attributed to formaldehyde, it may
correspond to other carbonyl species like formic acid [11].

Variation of the integrated intensity of adsorbed acetone
(integrated between 1720 and 1660 cm�1), along with the changes
in the background intensity at 1020 cm�1 (integrated between 1000
and 1060 cm�1) are shown in Fig. 6. In addition, the evolution of the
intensity of formate (integrated between 1635 and 1500 cm�1) is
plotted for samples Z/T and SS, while the changes in aldehyde
concentration (integrated between 1790 and 1730 cm�1) is repre-
sented for TiO2. Furthermore, this graph plots the evolution of CO2 to
facilitate comparison with gas phase data. Both photoactive coatings
show comparable trends, which define three different stages
(marked in Fig. 6 by dotted vertical lines) according to the coverage
of intermediate species. In the first and shortest period, a rapid
decrease of the amount of adsorbed acetone takes place in parallel to
the rise of a formate species for the Zr-containing samples. In the case
of TiO2, this stage is characterized by a sharp increment of the band at
1750 cm�1, while the acetone concentration remains basically
constant. In the case of samples SS and Z/T, during the second stage
the coverage of these adsorbed species can be considered roughly
constant, although the concentration of formate slightly increases
and acetone coverage progressively decays. In the case of TiO2,
although the amount of aldehyde remains basically constant in this
period, the concentration of adsorbed acetone progressively
decreases. Finally, in the last period the concentration of all adsorbed
species began to decrease, while CO2 concentration reaches its
maximum value. These tendencies are comparable with those
observed over TiO2 and Nb-doped films [8], although differing from



Fig. 5. FTIR spectra in the (A) 4000–2500 cm�1 and (B–D) 2000–1150 cm�1 range of the sample (A and B) SS, (C) Z/T and (D) TiO2 contacted with acetone vapor (0.5 mL of

liquid) and subsequently UV-irradiated for increasing periods of time as indicated in graphs. Spectra of the photocatalytic coating before acetone adsorption have been

subtracted in order to highlight the bands corresponding to surface species.
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the results obtained with TiO2 powders, which does not show the
removal of adsorbed intermediates [11,12]. These differences are
very likely due to the inefficient illumination of thicker layers of
photocatalyst, which causes the accumulation of intermediates in
shaded areas.

Photogenerated conduction band electrons can be detected upon
UV irradiation of TiO2 by FTIR because they cause an increment in the
otherwise featureless spectral intensity, which is more marked at
lower wavenumber [4,33]. As shown in Fig. 6, this effect is also
clearly detected during photocatalytic degradation of acetone in the
studied coatings. Here the increment in background intensity at ca.
1020 cm�1 as a function of irradiation time has been plotted. The
shape of these curves is similar to those obtained with TiO2 powder
in vacuum at sub-ambient temperatures [33], although the period
for reaching a steady intensity is considerably longer in the present
case. This difference is very likely related to the presence of
molecular oxygen, which being an electron acceptor, should
contribute to reduce the density of photogenerated electrons.
Uncoated silicon wafers also show this behaviour due to their
semiconductor character. In fact, silicon wafer presents the highest
intensity of the IR background signal (not shown). Among coated
samples the highest electronic density is achieved by TiO2 followed
by SS and finally Z/T samples. On the other hand, it is also worth
noting that the accumulation of free electrons can be also detected
by the increment of the interference fringes of the films, which also
gain amplitude as it can be appreciated in Fig. 5D. Although these
fringes are almost undetectable for the coatings studied, they can be
very intense when using thinner Si wafers as substrates. This
observation suggests that the refractive index of these coatings
increases under UV-irradiation due to the formation of photo-
generated electrons, and therefore these coatings behave as
photorefractive materials, in a similar way to other metal oxide
thin films deposited on Si [34].

3.4. Operando study of the photocatalytic oxidation of acetone:

evolution of gas phase composition

Results of the photocatalytic degradation of acetone over the
different coatings are displayed in Fig. 7, as obtained by gas phase
analysis. This graph represents the variation of the fractional



Fig. 6. Variation of the normalized intensities of adsorbed acetone (squares) and

formate (up-triangles) and aldehydes (down-triangles) detected during UV-

irradiation of the (A) SS, (B) Z/T and (C) TiO2 samples. Evolution of CO2

production (circles) along with the relative concentration of photogenerated

electrons (diamonds) is also plotted for comparison. Vertical lines mark the

different stages of the photocatalytic processes. The proposed kinetic model (see

main text for a detailed discussion) has been used in (A) and (B) to establish the end

of the initial period (vertical dotted and dashed line) and to model the variation of

formate coverage (dotted line). The remaining lines are solid lines are only visual

guides.

Fig. 7. (A) Variation of the fractional conversions of acetone vapor, fA, and (B) CO2

production, f CO2
, with irradiation time in the presence of TiO2 (square), Z/T (circle)

or SS (triangle) photocatalytic coatings. The solid lines plotted in (A) represents the

least square fit of the data to the Langmuir–Hinshelwood model, as explained in the

text.
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conversions of acetone (Fig. 7A) and CO2 (Fig. 7B), defined as

f A ¼
1� CAðgÞ

C0
AðgÞ

(2)

f CO2
¼

CCO2ðgÞ

3C0
AðgÞ

(3)

where C0
AðgÞ and CA(g) are acetone concentration, just before turning

on the UV-lamps and after a certain period of irradiation,
respectively, while CCO2ðgÞ refers to CO2 concentration. In accor-
dance with previous studies [8,11,12], no products apart from CO2,
H2O and minor amounts of CO were detected in the gas phase.
These data clearly indicate that the oxidation rate is significantly
larger for sample Z/T, while TiO2 and SS show almost coincident
rates, although the plot of CO2 production (see Fig. 7B) clearly
shows that the sample SS presents a lower rate. Furthermore, if
differences in mass are estimated from the thickness and porosity
of the films, the normalized rate for the SS coating becomes the
lowest, as indicated in Table 3. On the other hand, it is worth noting



Table 3
Kinetic parameter obtained from the models for the evolution of surface and gas phase species as described in the text.

Sample Initial rate Surface species Gas phase (LH)

rAcet (mol s�1 m�2)a rAcet (mol s�1 g�1)b rCO2
(mol s�1 g�1)b k1 (s�1) k2 (s�1) K0 (L mol�1) k0 (mol s�1)

TiO2 1.77 � 10�9 3.045 � 10�7 2.704 � 10�7 – – 780,269 1.30 � 10�9

SS 1.07 � 10�9 2.891 � 10�7 1.999 � 10�7 1.08 � 10�3 8.20 � 10�5 725,887 1.38 � 10�9

Z/T 1.65 � 10�9 4.115 � 10�7 3.437 � 10�7 2.05 � 10�3 5.43 � 10�4 955,886 1.60 � 10�9

a Normalized by the surface area.
b Normalized by mass of photoactive coating.
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that, for all the samples, the CO2 production rate is slightly lower
than that of acetone removal (see Table 3). In the absence of any
volatile intermediates, this observation indicates that partial
oxidation products are building up in the photoactive layers, in
agreement with the simultaneous FTIR analysis of the films
surface. This is particularly evident in the case of the SS coating,
which shows a significant difference between the acetone
degradation and the CO2 production rates.

4. Discussion

4.1. Mechanism of acetone photocatalytic oxidation

Surface science investigations using single-crystal rutile (1 1 0)
reveal that acetone degradation proceeds with the formation of
surface acetate and the simultaneous release of methyl radicals in a
two-step process [35]. On the other hand, based on the ESR analysis
of acetone photocatalytic degradation on polycrystalline TiO2,
Attwood et al. [6] proposed that the reaction initiates by the
surface trapped holes, O�, according to the following processes:

CH3COCH3þO� ! CH3COCH2
� þ OH� (4)

CH3COCH2
� þ O2 ! CH3COCH2OO� (5)

These peroxyl radicals are rather unstable and they decompose
easily. This process can take place according to several routes but
eventually they drive the breakage of a C–C bond. In this respect, a
plausible reaction pathway is the following:

CH3COCH2OO� þ O� ! CH3CHO þ CO2þOH� (6)

that very likely implies several elementary steps of molecular
rearrangement. The formation of adsorbed acetaldehyde on the
TiO2–ZrO2 coatings during photocatalytic oxidation of acetone has
not been confirmed because the corresponding C O stretching
band at 1718 cm�1 could be masked by the vibrations of other
species. In any case, considering that in accordance with previous
reports [8,10–12], only CO2, H2O and a small amount of CO are
detected in the gas phase, it can be concluded that acetaldehyde
transformation occurs at a higher rate that its desorption.
Photocatalytic oxidation of acetaldehyde could yield acetic acid
that remains adsorbed on the surface as the acetate complexes
detected by FTIR in previous reports [8,10–12]. Further oxidation
of these species could yield formate, which is clearly detected in
the case of the Zr-containing coatings, and eventually CO2. In
addition, formation of formaldehyde from acetaldehyde has been
also judged possible [36,37]. Results obtained in the present work
are consistent with these two simultaneous degradation routes,
which can be schematically depicted as follows:

CH3CHO ! CH3COO� þHþ ! HCOO� þHþ ! CO2 (7)

CH3CHO ! HCHO ! HCOO� þHþ ! CO2 (8)

The existence of these parallel routes is consistent with the
observation of aldehydes, very likely formaldehyde, following the
complete removal of formates for ZrO2–TiO2 coatings (see Fig. 5A–
C) [38]. This experimental fact most likely implies that the route (7)
is faster, leading to the initial increment of formates. In contrast,
degradation of acetaldehyde seems to take place according to
reaction (8) for TiO2 (see Fig. 5D). Formation of bicarbonate, which
is particularly evident for sample Z/T, can be explained as a result
of the interaction of either CO2 or formate with the surface of these
hydroxylated oxides [9]. On the other hand, the results obtained in
the case of the TiO2 film could be justified accepting that
formaldehyde oxidation to formic acid is the rate limiting step
in the (8) pathway. Finally, it is worth noting that, on the contrary
to the results obtained with TiO2 powders, an almost total
regeneration of the film surface can be achieved. In contrast, in the
case of the experiments performed with TiO2 powders, inter-
mediates can diffuse and accumulate in dark areas [10–12], when
the semiconductor is deposited as a thin film the whole layer is
activated and participates in the photocatalytic degradation
process.

4.2. Kinetic aspects of acetone photocatalytic oxidation

Considering the remarkable differences in the evolution of the
surface composition of the ZrO2–TiO2 samples, a kinetic analysis
may provide further insight on the influence of these variations in
photoactivity. However, due to the complexity of the acetone
photo-oxidation mechanism, as it has been described in the
previous section, a detailed model of this process can be
unapproachable without complex calculations. Alternatively, the
following simplified reaction scheme for the photocatalytic
oxidation of acetone can be proposed in order to account for the
key aspects of surface photoactivity:

CH3COCH3ðgÞ$CH3COCH3ðadsÞ�!k1

O2

2HCOO� þHþ

þ CO2�!
k2

O2

2CO2 (9)

This pathway contains three main steps, first acetone adsorption
equilibrium, which is achieved rapidly, then the oxidation of
adsorbed acetone to yield CO2 and formate, which occurs with a
kinetic constant of k1, and, finally, the formate oxidation to CO2,
whose rate is defined by the kinetic constant, k2. This brief scheme
can justify the major features observed experimentally in Fig. 6A
and B, and it allows an easy analysis of the data, considering the
following approximations: (i) oxygen molecules are in excess and
they do not compete for adsorption sites with organics, (ii) acetone
and formate are adsorbed on the same centres, and (iii) oxidation
of formaldehyde, which is also detected on the photocatalytic
surface, is quicker than that of the formate [38], and consequently
this process is not a rate-determining step. This last condition
implies that the route described in Eq. (7) is the main one. This
seems to be the case for the coating modified with Zr, but it is not
true for TiO2 which consequently cannot be analyzed by this
model. In any case, the persistence of aldehyde bands following
prolonged irradiation suggests that the last mineralization step
surely includes additional stages which will not be considered in
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this oversimplified model. Keeping in mind these assumptions, the
initial stage upon UV-irradiation will imply the transformation of
the adsorbed acetone to formate according to the following kinetic
equation:

duA

dt
¼ �k1uA (10)

where uA stands for the acetone coverage. On the other hand, the
variation of formate coverage, uF, is given by

duF

dt
¼ 2k1uA � k2uF (11)

Assuming that during this initial period the surface is saturated
and consequently the concentration of vacancies is nil, then:

uF þ uA ¼ 1 (12)

Substitution of the expression (12) in Eq. (11) leads to

duF

dt
¼ 2k1 � ð2k1 þ k2ÞuF (13)

Eq. (13), once integrated, yields the following expression for the
variation of formate coverage:

uF ¼ a=b½1� e�b� (14)

where a = 2k1 and b = (2k1 + k2). This equation was used to
estimate k1 and k2 from the fitting of experimental data obtained
just after irradiation (see dotted line in Fig. 6A and B), and the
values of these parameters are collected in Table 3. These results
indicate that the higher value of k1 is obtained for Z/T, which is
about double than in the case of SS. However, the most remarkable
differences correspond to k2, which is one order of magnitude
lower for SS than for Z/T. From Eq. (14) it can be deduced that the
coverage at the end of this stage should be proportional to 2k1/
(2k1 + k2), and accordingly the concentration of formate is about a
9% larger for SS than for Z/T. On the other hand, the time required to
achieve the steady state coverage, tst, can be correlated to 1/
(2k1 + k2), as it can be derived from Eq. (14). In this way the first
vertical dashed line in Fig. 6A and B marks the time at which a 90%
of the final coverage is reached.After this initial period of sharp
decay, acetone coverage remains basically constant until the
depletion of acetone vapor is almost complete. Similarly, the
surface concentration of adsorbed intermediates does not vary
significantly during this period (i.e. duF/dt � 0). Therefore, using
the steady state approximation the following equivalences are
obtained:

KPAð1� uA � uFÞ � uA ¼ 0 (15)

2k1uA � k2uF ¼ 0 (16)

where K is the acetone adsorption constant, and PA the acetone
partial pressure. Combining these two equations yields:

uA ¼
KPA

ð1þ K 0PAÞ
(17)

where K0 = K(1 + 2k1/k2). This equation is equivalent to the
expression (1) used for fitting the adsorption data. Finally, during
the last period, the partial pressure of acetone approaches to zero,
and both uA and uF start to decrease. In the case of TiO2 films similar
considerations could be made by assuming that in the steady state
the rate of aldehyde formation equals that of the adsorbed acetone
decomposition. However, for this sample after a short initial
period, the acetone coverage decreases steadily first and steeply
after about 100 min of irradiation. This fact indicates that a more
direct correlation between acetone coverage and gas phase exits
for this photocatalytic film. This fact can be related to the lower
competition between acetone and intermediate species for
adsorption sites.

Several studies have proposed the use of Langmuir–Hinshel-
wood model (hereafter denoted as LH) as a convenient kinetic
description of the photocatalytic degradation of gas phase
pollutants [39,40]. In the present case, as mentioned above, the
study of surface species evolution indicates that, except for a short
initial period, the steady state approximation can be applied to
these processes. Therefore, considering that adsorption is a very
rapid process, the degradation of adsorbed acetone is the rate
determining step for gas phase removal of this molecule, and
therefore Eqs. (10) and (17) can be combined to yield:

dPA

dt
¼ k0PA

ð1þ K 0PAÞ
(18)

where k0 is the apparent kinetic constant. An equivalent equation
can be obtained for TiO2 just considering not-competitive acetone
adsorption [40]. Gas phase data have been fitted using the
integrated equation and the kinetic parameters obtained are
collected in Table 3. As it is shown in Fig. 7A, this model reproduces
perfectly the experimental data. As expected, the higher kinetic
constant corresponds to the sample Z/T, while for the other
samples differences are small, although this parameter is slightly
higher for the doped catalyst, consistently with the slopes of the
curves of Fig. 7A. Nevertheless, if both surface area and mass are
considered, the specific activity of the sample SS becomes slightly
lower than that of TiO2. However, it is important noting that when
the initial rates are normalized by the specific surface, the value for
TiO2 is slightly higher than for Z/T. On the other hand, adsorption
constants can be ranked as follows: Z/T� SS > TiO2. This
parameter does not follow the same tendency found in the FTIR
spectra. However, considering that K0 is not only related to the
adsorption capacity of the photocatalytic films, but it also
participates of kinetic parameters, this ranking of the samples
seems to be related alt least partly to the photoactivity of the films.
Anyhow, discrepancies between the adsorption constant mea-
sured directly in the dark and obtained from kinetic data under
illumination have been frequently reported [40,41]. In this
particular case the adsorption constant in the dark, K, for Z/T is
about four times larger than that K0, as obtained from the kinetic
model. Leaving apart the limitation of the model, this fact can be
related to the rapid modification of the surface upon UV-
irradiation, as revealed by FTIR spectra. Thus, the formation of
surfaces complexes like formates modifies the interaction of
acetone molecules with the surface and reduces the number of
sites available for adsorption.

4.3. Influence of the chemical composition and phase distribution of

ZrO2–TiO2 photocatalyst on photoactivity

Zirconium incorporation has been found to enhance the
photoactivity of TiO2 in samples prepared either by sol–gel
methods [24] or microemulsions [27]. Furthermore, previous
studies have shown that mixed oxides Ti1�xZrxO2 are more efficient
for the photocatalytic degradation of airborne methylcyclohexane
than binary ZrO2/TiO2 oxide [27]. However, in case of coatings on
glass, it has been reported that zirconium is slightly detrimental for
the photoactivity [26]. The origin of this difference is not clear, but
it is very likely related to the diffusion of alkaline or alkaline earth
ions (Na+, Ca2+, etc.) from the glass substrate, which slightly
deactivate the catalysts [42]. Incorporation of Zr may favor this
process, turning the doped coating more sensitive to the nature of
the substrate. In this respect, the present results suggest that when
silicon is used as support, and consequently, diffusion of Na+

cannot occur, incorporation of Zr can improve the photoactivity of
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the TiO2 coating about 25%. In this case an increment can be related
mainly to the higher specific surface, as suggested by the specific
activities by surface area, but an influence of the new active surface
sites in the oxide interface can be also envisaged [27]. In contrast
with the samples prepared from microemulsions, the crystalline
size of the particles contained in these coatings is lower and,
accordingly, the specific surface area is larger [26,27]. This low
crystallinity, along with the relatively high Zr content, could justify
why the performance of the SS coating is similar to that of TiO2,
despite its high surface area and in contrast with previous reports
on the beneficial effect of Zr-doping [24,27].

The operando FTIR study reveals that variations in coating
composition lead to rather distinct concentration of adsorbed
intermediates. Thus, the presence of Zr centers seems to favor the
build-up of formates, while in the case of the TiO2 coating only a
small amount of aldehydes is present. These variations can be
explained not only by differences in adsorption capacity caused by
Zr incorporation, but also by changes in the rate of the different
surface reactions. Thus, it is worth noting that although sample SS
presents the highest acetone adsorption capacity, its photoactivity
is the lowest. The simplified kinetic analysis shows that the rate for
formate decomposition is remarkable lower on the SS coating than
for Z/T and consequently a higher coverage is achieve on this
sample. Considering the absence of these carboxylates on the TiO2

film, it seems that these species are preferential adsorbed on either
Zr cations or sites located in its close vicinity. Consequently, it can
be hypothesized that on the Z/T coatings the patchy distribution of
ZrO2 leaves TiO2 areas available for the formation of oxidant
radicals. In contrast, due to the most homogenous distribution of
the dopant in the SS coating, formation of active radicals like O�

may be hindered over the whole surface when the formate
concentration is high. In any case, the present results indicate that
not only the electronic properties of the film but also the surface
characteristics of the semiconductor are crucial for photocatalysis.
These two variables exert a paramount influence on the photo-
catalytic reaction rate of these different materials. Furthermore,
variation of surface features has a different effect on each
elemental process of the acetone degradation mechanism.

5. Conclusions

The results obtained in this study indicate that operando FTIR
spectroscopy is a very powerful tool to study molecular details of
photocatalytic reactions over semiconductors films. Furthermore,
the use of thin films ensures a completed irradiation of the whole
semiconductor, and consequently information about photoche-
mical reactions can be obtained without the interference of dark
processes. In absence of UV-light acetone adsorbs molecularly on
the films composed of TiO2, Ti1�xZrxO2 or mixtures of ZrO2 and
TiO2. The higher absorption capacity corresponds to the Ti1�xZrxO2

coating, as expected due to its higher specific surface. However, the
maximum photocatalytic rate for acetone degradation corre-
sponds to the films formed by a binary mixture of TiO2 and ZrO2.
The analysis of the surface species reveals notable differences on
the type and concentration of adsorbed intermediates on the
coatings studied. Thus, formate accumulates on both films
containing Zr, but they are removed at a considerable lower rate
on the Ti1�xZrxO2 coating, and this fact contributes to the reduced
photoactivity of this sample. On the other hand, the better
performance of the film containing both ZrO2 and TiO2 is due not
only to efficiency on the oxidation of adsorbed acetone but also to
the higher rate for the decomposition of formates. In the case of the
TiO2 film, formaldehyde is the only intermediate detected in a
significant concentration. Langmuir–Hinshelwood kinetic equa-
tion reproduces reasonably the evolution of the gas phase acetone
and it is also compatible with the observed evolution of adsorbed
species as the proposed kinetic model indicates.
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