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The application of titania materials to gas sensing devices based on thin films are of limited utility

because they only operate at a high working temperature and exhibit in general a low sensitivity. To

overcome these constraints, a new type of oxygen sensor based on mesoporous titania thin films
working at room temperature under UV irradiation has been developed. The increased density of charge
carriers induced by the photoconductive effect, has been used to enhance the sensitivity of the thin
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oxide layers. Mesostructured titania films have been prepared via self-assembly and thermal processing
to remove the organic template obtaining anatase nanocrystals. The mesoporous films show a striking
decrease of the current in the presence of oxygen that acts as an electron scavenger. Mesoporous

samples exhibit a much higher response with respect to dense titania, due to the higher surface area

rsc.li/materials-c

Introduction

Semiconductive nanocrystalline titania films have been exten-
sively used as resistive," capacitive®> and optical® sensors for a
large variety of gases and volatile compounds.*” Differences in
crystalline structure, crystalline dimension and surface defects®
have been observed to affect the titania sensing capability
in terms of sensitivity and detection rate. These traditional
sensing systems, however, have some drawbacks which are the
high cost for optical systems or the high operation temperature
for resistive titania sensors.”® The prospect for obtaining
sensing titania as thin layers is also important because it can
be easily integrated into a Micro-Electro-Mechanical System
with respect to thick films.'*!*

More recently the well-known photocatalytic properties of
titania have been used to produce better performing sensing
devices.* The absorption of photons generated by an external UV
excitation source increases, in fact, the population of electrons in
the titania conduction band causing an enhancement of the
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and the larger number of surface defects.

electronic conduction in the materials. This is reflected by an
increased ability to detect small differences in the environment
close to the sensing layer.

Among the different techniques used to fabricate titania
films, the deposition of thin layers by the liquid phase offers a
better control of the crystallites at the nanoscale.*"* One of the
simplest synthesis routes is self-assembly of a colloidal disper-
sion of anatase and rutile nanoparticles. This strategy allows for
controlling the size, shape and relative concentration of the two
phases, however the nanocrystals should be pre-formed in the
solution before preparing the coatings.

An interesting possibility for further improvement of the
sensing properties is offered by mesoporous thin films.'*
Titania dense films, in fact, are in general not very efficient
sensors because of the limited sensing surface area'® and
limited control of the crystalline structure. The mesoporous
structure offers several advantages in sensing applications®™®
in comparison to dense films because the ordered pores allow
for a more efficient diffusion. Moreover, the smaller size of the
anatase crystallites increases the oxidizing and reducing
capability while separation of the photogenerated hole/electron
pairs becomes also more efficient. The organization at the
mesoscale can be easily achieved through the self-assembly of
supramolecular templates that produces an organized arrays of
organic micelles into the as-deposited titania films. The organic
template is removed by a mild temperature thermal calcination
that leaves an organized mesoporosity of monodispersed pores
with an average size of ~5 nm. The growth of nanocrystalline
titania in such a highly porous organized structure is sterically
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limited by the thickness of the TiO, pore walls, so that, until the
porosity is preserved, the crystallite size is homogeneously
controlled throughout the matrix.'"> The heat treatment con-
trols the crystal growth and the mesoporosity, temperatures
higher than 400 °C produce collapsing of the pores and
coarsening of the titania nanocrystals.

In this work we have developed an oxygen chemosensor
stimulated by UV light using a nanocrystalline mesoporous
titania film as the sensing layer.>*>* Recently, the growing
demand for low oxygen concentration sensors has been pro-
moted by their biological research, clinical and medical appli-
cations, and process control in the chemical industry.>® Titania
based sensors can take advantage of the high electronic current
generated by the photoconductive effect of titania that is
quenched by the adsorbed oxygen. Titania, and more generally
oxide materials, require a high temperature to activate their
detection capability (300-1000 °C) which is reflected in the large
energy consumption necessary to heat the semiconductor. More-
over the high working temperature poses safety issues when the
sensor is used in environments containing explosive gases. Our
sensor has therefore been developed to offer a possible solution
to these main issues. The UV-stimulated titania mesoporous
sensors have, in fact, intrinsic advantages for working at room
temperature and for fabrication as thin film.

Experimental section

Chemicals

TiCl, (Sigma, >99%), ethanol (Sigma-Aldrich, >99%), water
(milli-Q), triblock copolymer Pluronic F-127 (PEO106-PPO70-
PEO106, Aldrich) were used as received without further purification.

Preparation of the interdigitated electrodes

Interdigitated electrodes (IDE) consisting of electrodes with a
gap of 20 pm, 100 nm thickness and 20 pm width, were prepared
by the physical vapour deposition of platinum on passivated
silicon substrates (8 x 9 x 0.4 mm).

Synthesis of mesoporous titania films

TiCl, was dissolved under stirring in anhydrous ethanol using
the molar ratio: TiCl, : EtOH = 1:10. This solution was further
diluted with ethanol, Pluronic F127 and H,O and left under
stirring for 2 hours with the molar ratio TiCl,:EtOH:H,O:
F127 =1:69.7:15.5:4 x 10 >, A similar precursor sol, without
the addition of the surfactant, was used to prepare the dense
titania samples. Thin films were deposited by dip-coating
maintaining the relative humidity (RH) constantly below 26%
and the temperature at 25 °C in the deposition chamber over
the whole process. Each IDE substrate was initially immersed
in the precursor solution for 30 s paying attention to not dip the
two large contacts on top of the electrode; then it was with-
drawn at a rate of 15 cm min~'. After the drying process, the
films were aged at RH & 50% and room temperature for 24 h.
The samples were firstly dried in air at 60 °C in an oven for 1
hour and then annealed at two different temperatures (200 or

2 | J Mater. Chem. C, 2017, 00, 1-9
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350 °C) for 3 hours in air. Titania powders, both dense and
mesoporous, were prepared for measuring the porosity and
surface area. At first the precursor sols were cast on Petri dishes
to obtain thick films by slow evaporation of the solvent at 25 °C
and 30% RH. The materials were then transferred into
crucibles, dried for 1 hour in an oven in air and annealed in
an oven for 3 hours at 200 or 350 °C, respectively.

Material characterization

FTIR. Fourier-transform infrared (FTIR) analysis was per-
formed with an interferometer Bruker infrared Vertex 70v.
Spectra were recorded using thin films deposited on silicon
in transmission mode between 4000 and 400 cm ™" by averaging
128 scans with 4 cm™* resolution. The background was mea-
sured on a clean silicon wafer substrate; the baseline was fitted
by a concave rubber band with OPUS 7.0 software.

Spectroscopic ellipsometry. A Wollam-o. spectroscopic
ellipsometer with fixed angle geometry was used for the thick-
ness measurements of the thin films deposited on silicon
substrates. The thickness was estimated by fitting the experi-
mental data with a Cauchy model for transparent films on Si
substrates. The Cauchy parameters were at first calculated
using dense titania films deposited on silicon, then the thick-
ness and porosity were adjusted to achieve the best fit.

Porosimetry. Adsorption and desorption isotherms were
recorded by using a Quantachrome Autosorb iQ-MP automated
gas sorption analyser and nitrogen as the probe gas at a
temperature of 77 K. Analyses were performed on titania
powders, mesoporous and dense samples. Before the gas sorp-
tion analysis, powders treated at 350 °C were outgassed at
300 °C for 3 hours while powders treated at 200 °C were
outgassed at 150 °C for 12 hours.

X-ray diffraction. X-ray diffraction (XRD) patterns were
recorded using a standard Bragg Brentano (w/20) configuration
on a Panalytical Empyrean diffractometer equipped with
a graphite monochromator on the diffracted beam and an
X’Celerator linear detector using Cu-K,, 2 = 0.15418 nm. Crys-
talline phases were identified using the JCPDS Powder Diffrac-
tion File database PDF-2 (International Centre for Diffraction
Data, Swarthmore, PA). The average crystallite size was calcu-
lated using the Scherrer formula corrected from instrumental
broadening determined using a LaBs standard.

Transmission electron microscopy. Transmission electron
microscopy (TEM) images were obtained by using a FEI TECNAI
200 operating at 200 kV working with a field emission electron
gun. Before analysis, the films were detached from the sub-
strates using a scalpel blade and the resulting fragments were
dispersed in ethanol by ultrasonication for 5 minutes. After-
wards, the ethanol solution was dropped onto silicon copper
grids and the solvent was left to evaporate for 3 minutes before
the measurements. We have used lacey reinforced grids made
by silicon monoxide (Formar stabilized) on copper (Nanovision
supplier).

Gas sensing assessment. Samples were inserted into a
measurement chamber and connected to a Keithley Model
595 Quasistatic CV Meter to monitor changes in flowing current

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the experimental set-up used for the evaluation of
the gas sensing properties.
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while keeping a fixed voltage polarization. An ultraviolet light
emitting diode (UV LED, LZ1-00U600, 2 = 365 nm, power
density = 8 mW cm ™%, by LED ENGIN) was set to irradiate the
system over all the measurements. Different oxygen concentra-
tions in a mix of air in a nitrogen carrier (purified gas cylinders
by Rivoira) were delivered inside the system by using a gas
delivery device consisting of a set of mass flow controllers MKS
147B. Measurements were performed under dry conditions at
25 °C and 200 sccm (standard cubic centimetres per minute),
equal to 209 ppm, of total gas flow. The experimental set-up is
shown in Fig. 1. A UV emitting LED was placed above an
interdigitated electrode covered by a thin titania film and the
current was measured by using the E1 and E2 electrical contacts.

Results and discussion

A careful characterization of the titania mesoporous layers has
been performed to correlate the sensing response with the
physical-chemical properties. The properties of not-templated
titania films with those of the block-copolymer-templated
samples (hereinafter called ‘“dense” and “mesoporous” in spite
of the thermal treatment and the pore accessibility) have been
also compared to get a better insight into the material struc-
ture-sensing performance relationship.

The thickness of the mesoporous and dense titania films after
thermal treatment at 60, 200 and 350 °C is shown in Fig. 2.
Mesoporous films treated at 350 °C have a thickness, 202 nm,
which is double that with respect to the dense samples, 104 nm.
This effect is due to the micelles formed during the template self-
assembly. The thermal treatment after drying, which is necessary to
remove the surfactant in the mesoporous samples and stabilize the
oxide structure by promoting densification, induces a significant
shrinkage of the films by reducing their thickness by around 50%,
both in the mesoporous and dense films. The thickness shrinkage
in mesoporous films shows a linear trend; the linear correlation
between the firing temperature and the shrinkage, as previously
described,** is an indication of the stability of the porous structure
within the considered firing range. Collapsing of the porous
structure would result in a deviation from linear shrinkage.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Thickness of mesostructured and dense titania samples (patterned
and black bars, respectively) treated at 60, 200 and 350 °C.

FTIR spectroscopy has been used to evaluate the removal of
the organic template by thermal treatment of the surface state
of the titania films. Drying (60 °C) and densification thermal
stages (200 and 350 °C) are expected to remove the residual
water and organic template and to condensate the oxide
structure. Fig. 3a and b show the FTIR absorption spectra, in
the 3650-2800 cm ™' range, of dense and mesoporous samples
after the different thermal treatments. The wide absorption
band peaking around 3300 cm ', observed in the mesoporous
and dense samples after drying, is assigned to —OH stretching.
This band shows overlapped signals around 3200 cm ™" due to
—OH stretching in water. After the first thermal treatment, the
samples are not yet condensed, as shown by the intense signal
of —OH in the oxide structure while the highly hydrophilic
structure absorbs a large amount of water.

The mesoporous samples show further absorption bands
between 3000 and 2800 cm ™', which are the signature of the
templating surfactant. These bands are assigned to the stretch-
ing of the surfactant methylene bridge —CH,— and the methyl
group CH;. To elaborate, the methyl group of the isopropylene
block has two characteristic absorption bands at 2970 and 2875
em~ ' due to, respectively, the asymmetrical and symmetrical
stretching of the methyl groups. The two absorptions at 2925
and 2855 cm ™" are related to the asymmetrical and symmetrical
stretching of the methylene. The spectra show the complete
removal of the template after firing at 350 °C. On the other
hand, with respect to the dense titania samples, a small
amount of —OH groups is still present because of the incom-
plete condensation of the films. The shift of the —OH absorp-
tion bands to higher wavenumbers in the films treated at
higher temperatures indicates that the surface hydroxyls form
chains of smaller length in the process of condensation.

The surface area of the sample has been studied by N,
physisorption (Fig. 4). In general, the isotherms can be classi-
fied as Type IV, featured by the hysteresis loop due to the
capillary condensation in mesopores and the limiting uptake
over a range of high P/P,.>> In the intermedium range of the
isotherm, the hysteresis loops of the mesoporous samples
treated at 200 °C and 350 °C (Fig. 4a and b) show branches
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Fig. 3 (a) FTIR absorption spectra of titania films treated at increasing temperatures (black line 60 °C, red dash line 200 °C and blue dot line 350 °C). (b)

FTIR spectra of mesostructured titania films treated at increasing temperatures (black 60 °C, red dash line 200 °C and blue dot line 350 °C).

almost vertical and nearly parallel, typical of a Type H1 hyster-
esis and characteristic of a material with a narrow pore size
distribution. In contrast, the hysteresis loop of the dense
sample treated at 350 °C can be classified as Type H2, due to
being a structure with not well-defined pore size and shape.
Surface area measurements have been done according to the
Brunauer-Emmett-Teller theory. The surface area of the meso-
porous sample treated at 350 °C, as calculated in the 0.05-0.3 P/
P, range, is 2.5 times larger than that of the dense sample
treated at the same temperature, 223 m> g~ (R* = 0.999) vs. 89
m? g~ ' (R* = 0.999). On the other hand, the templated sample
treated at 200 °C shows a surface area of 45 m”> g~ (R* = 0.999)
which is half that of the dense film at 350 °C. Thus, the pore
size distribution was calculated using the method of Barrett-
Joyner-Halenda (BJH). The total pore volume of the dense
sample treated at 350 °C is similar to the one of the meso-
porous film treated at 200 °C; however it is due to a completely
different pore structure (Fig. 4a and b). In the first case, the
pore volume can be attributed to the random packing of the
neighbouring nanocrystals nucleated during the film proces-
sing; the resultant material is characterized by small channels
with a volume of 0.10 cm® g ' and a pore radius of approxi-
mately 2.2 nm. In the second case, the porous structure is
produced by the partial exposure of the ordered mesopores
templated in the titania matrix by the block-copolymers. The
so-obtained pores have a radius of ~4.8 nm and a pore volume
of around 0.1 cm® g~ '. Despite the difference in pore radius,
both samples share a similar pore volume since the channels in
the templated one are still partially filled with micelles after the
thermal treatment at 200 °C, according to previous results.””
The effect of the residual templates in the mesopores is also
clearly observed considering the BJH pore size distribution of
the mesoporous sample treated at 350 °C (Fig. 4c), where the
organic surfactant is completely thermally removed from the
pores. The resulting material is characterized by a pore volume
which is 3.2 times higher than the previous ones, and an
average pore radius of 4.8 nm. Further analysis of the pore
radius distribution of this sample (Fig. 4c inset), taken from the
desorption branch, supports the presence of a broad polydis-
persion of pore size which has been already observed in locally
ordered mesoporous materials and can be attributed to a not
completely organized pore structures. The H2 type hysteresis of

4 | J Mater. Chem. C, 2017, 00, 1-9

the adsorption/desorption isotherm curve, however, does not
provide a clear indication about the pore structure as it can be
due either to a wide distribution of independent pores with the
same or similar neck or a network where the neck size dis-
tribution is much more narrow than the size distribution of the
main cavities.>® It has to be underlined that the porosity of
dried powders obtained through evaporation induced self-
assembly exhibits a strong dependence on the processing
conditions, such as temperature, atmosphere, RH%, drying
rate’” and in general is not affected by the uniaxial shrinkage
under thermal treatment which is typical of mesoporous thin
films. The present samples have been however prepared under
the same conditions and a comparison of the different poros-
ities and surface areas gives a good indication of the correlated
differences in the thin film samples. The surface area, pore
volume and radius of the three samples are reported in Table 1.

The TEM images in Fig. 5, highlight the different pore struc-
tures as a function of thermal processing and template removal.
The top-view TEM micrograph of the dense sample treated at
350 °C (Fig. 5a) reveals a high degree of porosity homogeneously
dispersed throughout the whole material. These pores have a lower
electron density with respect to the pore walls and therefore result
in being almost transparent to the electrons.”® The lack of
structure directing agents has induced the formation of a porous
network characterized by the prevailing asymmetrical arrange-
ments. Differently, the porous array of the templated thin film
treated at 200 °C (Fig. 5b) can be described as a so-called
“modulated channel pattern”. This specific pattern derives from
the projection of superimposed pores of [110] planes orthogonally
oriented to the surface.”® The resulting architecture consists of a
body centered cubic structure with /m3m ordered domains in the z
direction. Finally, the TEM image of the templated thin film
treated at 350 °C (Fig. 5¢) shows an arrangement of pores which
are homogeneously distributed within the matrix and have a
similar size although the long-range pore order distinctive of the
“modulated channel pattern” appears to be replaced by a short-
range order because of the higher temperature processing.

The XRD patterns of the mesoporous and dense films
treated at 350 °C show a diffraction peak at 25.7°, which has
been considered as consistent with the (101) reflection of the
TiO, anatase, and a faint broad peak around 38.5°, which has
been attributed to the merging of the triplet at 37.5° (103), 38.4°

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 N, physisorption isotherms and pore size distribution plots for the
mesoporous titania samples treated at 200 °C (a), the dense and meso-
porous samples treated at 350 °C (b and c). The pore size distributions
calculated from the physisorption isotherms are reported as insets.

(004) and 39.2° (112) of the same phase. The diffraction
patterns of the different samples show that nanocrystalline
titania is detectable only in the films treated at 350 °C and the
peak broadening is larger for the mesoporous titania with
respect to the not-templated sample, indicating the occurrence
of smaller crystalline domains. The Scherrer formula applied to
the (101) peak has allowed estimating the crystallite average
sizes at 11 £ 2 and 21 + 2 nm for the mesoporous and dense
films, respectively. The Scherrer formula provides an indicative
value of the average crystalline domain size although it is well
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Table1l BET (Brunauer, Emmett, Teller) surface area, BJH (Barrett, Joyner,
Halenda) pore volume and radius of the titania samples

BJH
BET surface d

Samples area (m> g~') Pore volume (cm® g7') Pore radius (nm)
200 °C meso 45 0.09 4.8
350 °C dense 89 0.10 2.2
350 °C meso 223 0.32 4.8

known that there might be additional factors, such as strain
effects, which can affect the diffraction profile.

The photoconductive response of the titania films has been
measured by irradiating the samples with a UV lamp and
simultaneously recording the electrical current variations (4)
at a fixed voltage (V4 = 100 mV) while changing the oxygen
concentration in the experimental chamber. An example of the
current variation as a function of UV irradiation time (4 =
365 nm, PUV = 8 mW cm *) and under a dry nitrogen atmo-
sphere is shown in Fig. 6. The current exponentially increases
to ~0.55 pA and reaches a steady value after ~25000 s of UV
irradiation. The rise of the electric charge flow is due to the
photoconductive effect.’® This phenomenon, because of the
electromagnetic radiation absorption by a semiconductor,
increases the number of free electrons and holes, raising the
electrical conductivity of the material. On the other hand,
different dynamics associated with this carrier photogeneration
and the processes of recombination or trapping for instance
can decrease the electrical conductivity in the material over
time. Candidates for electron trapping include the superficial
hydroxylated Ti sites, easily reduced to ~Ti(m)—OH.*"

The electrical response of the titania films has been explored
by changing the voltage of the flowing current. Fig. 7 shows the
response of the mesostructured sample treated at 350 °C. These
experiments have been realized under a stream of dry nitrogen
(209 ppm) and constant UV irradiation. The electrical steady
state current versus voltage curve has a linear response, suggest-
ing the presence of an ohmic contact between the metallic
electrode and the sensing layer.

Afterwards, the interactions between gaseous oxygen and
titania thin films have been evaluated within the measurement
chamber, at room temperature, dry atmosphere and under UV
irradiation. The device bias voltage has been kept under con-
stant control at the set value of 100 mV to avoid possible
material degradation.

The electrical device response has been assessed in terms of
relative current I/I,, with I as the electrical current registered at a
specific time and oxygen concentration and I, as the value regis-
tered under a nitrogen atmosphere at the beginning of the experi-
ment, when the system and the voltage are considered to be in
equilibrium. Fig. 8 shows the dynamic response of the different
titania samples measured over increasing steps of oxygen injection.

The adsorption and desorption response times (evaluated
between 10% to 90% of the signal) are 180 s for oxygen
concentrations lower than 500 ppm. For higher concentrations
the response times increase up to 600 s. The response is not
linear in the range 50 to 1100 ppm, therefore we have calculated

J. Mater. Chem. C, 2017, 00, 1-9 | 5

10

\-]
o

w
92}

40

50

(93]
w1



10

20

[\
921

30

40

45

50

Paper

Journal of Materials Chemistry C

350 °C dense

350 °C meso

Intensity (a. u.)

PDF CARD # 21-1272 I

15 20 25 30 35 40
28

Fig. 5 TEM pictures of a dense sample treated at 350 °C (a); a templated titania film thermally treated at 200 °C (b) and a mesoporous titania film treated
at 350 °C (c). (d) XRD patterns of the titania films and silicon substrate: dark grey bars indicate the TiO, anatase peaks as from PDF cards 21-1272.
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Fig. 6 Current variation as a function of UV irradiation for the mesos-
tructured sample treated at 350 °C. Electrical current variation was
recorded at a fixed voltage (V4 = 100 mV).

the sensitivity for concentrations higher than 400 ppm where
the response shows a linear behaviour. The sensitivity value,
calculated as d(I/I,)/dC with C indicating the oxygen concen-
tration in ppm, was about 0.12 x 10 * ppm ' with a resolution
of 180 ppm. The limit of detection was about 5 ppm using a
signal to noise ratio equal to 3.

The electrical response due to the reaction of a semicon-
ducting metal oxide with gaseous species is due to several
parameters, pre-treatment of the sample and its reduction
state, degree of surface hydroxylation, and the presence of

different acceptor or donor species. In the titania samples,

[~
29

because the measures have been performed under an inert
nitrogen atmosphere the reactions can be correlated only to the

6 | J Mater. Chem. C, 2017, 00, 1-9

Under UV irradiation

W)

40 05 0.0 0.5 10
VALY

Fig. 7 Electrical current vs. voltage under constant UV radiation and a dry

nitrogen atmosphere for a mesostructured thin film treated at 350 °C.

constituent transducer and the benchmark gaseous molecules.
In the specific case of molecularly adsorbed oxygen molecules,
they generally act as electron scavengers,”’* depleting the
electric current flowing through the semiconducting oxide
and causing a decrease of the ratio I/I,. This depletion effect
can be recognized by an initial and sudden drop in the current
flowing through the sample. The injection of oxygen at fixed
concentrations causes a decrease of current flow up to a
minimum and then the current restarts flowing linearly but
at a lower intensity. Further injections of oxygen should cause
similar and additive results. However, as shown in Fig. 4 and 5,
the structure of the sensing material and the surface area affect
the electrical signal changes in a different way (Fig. 8).

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Dynamic response of mesoporous titania films treated at 200 and
350 °C. The samples have been exposed to UV radiation and growing O,
concentrations while under a dry nitrogen atmosphere. The 350 °C dense
titania sample is used as reference. The concentration steps were 209 ppm
at 500 s, 400 ppm at 3700 s and 600 pm at 6300 s.

Mesoporous titania samples thermally treated at 350 °C
show a remarkable response while interacting with oxygen that
is due to their specific structure and surface area. Despite both
mesoporous and dense titania thin films at 350 °C being
characterised by a nano-crystalline anatase structure, the meso-
porous sample shows a decrease in electrical current of nearly
90% after being exposed to 209 ppm of oxygen; in contrast, the
dense sample has a reduction in electrical current of only 7%
under the same conditions. Additional and controlled injec-
tions of oxygen cause minimal decrements of 4-3% at each step
in dense samples, and a decrease of 10% in the mesoporous
titania. On the other hand, the films treated at 200 °C have a
higher sensitivity to oxygen than the dense sample treated at
350 °C. I/, falls to 57% when exposed to 209 ppm of oxygen, in
spite of its lower crystallinity and specific surface area. Further-
more, both mesoporous samples show a similar reaction pro-
file, with a sudden decrease after the first flow of oxygen.
Additional oxygen injections cause a drop of the electrical
current with a decreasing effect as the gas concentration
increases. It has been proposed that the chemisorbed oxygen
molecules transform into various anion species by scavenging
electrons from the titanium dioxide structure according to the
following processes (eqn (1)):**

Osgas) < Os(ad) < Ozaa) <> Oaa) < Opa)” < Oflattice)

(1)

In bulk titania, at temperatures higher than 180 °C, the
chemisorbed oxygen molecules are predominantly in the form
of O~ and O®7, causing the formation of a depletion layer on
the film surface that enhances the electrical resistance. The
remarkable sensitivity shown by the mesoporous titania sam-
ples at room temperature, however, cannot be explained with-
out considering the structure at the nanoscale. The dense and
mesoporous films, as previously underlined, exhibit an anatase
nanocrystalline structure but the dense sample is more crystal-
line and has a larger crystallite size. This is not reflected,
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however, in better sensing performances for several reasons,
one is that disorder in general provides more favorable photo-
catalytic performances and the other is that a predominant role
in the present case is played by the surface area. In fact, the
high surface area provided by the organized mesoporosity
accounts for the increased number of defects such as oxygen
vacancies or interstitial positions which provide a large number
of local donor energy levels.>* This produces an enhancement
of the material conductivity by increasing the number of charge
carriers and enhancing the intrinsic sensitivity of the meso-
porous titania as a consequence of the higher dynamic ranges
of the conductivity. The different responses between the meso-
porous films treated at 200 °C and the dense sample at 350 °C,
therefore, can be justified by considering that, although the
accessible surface area of the samples is similar, the number of
local donor energy levels is higher in the mesoporous film
because of the defects at the micelle/titania interface. The
presence of residual and partially decomposed block-
copolymers in the pores affects the sensing properties causing
a very high electrical noise in the detection which is not
observed for the samples treated at 350 °C (Fig. 8).

The best sensing performances provided by the mesoporous
film at 350 °C, therefore, should be ascribed both to an early
crystallization of the matrix, which has been observed in previous
studies by using Raman and far infrared spectroscopies,”**> and to
the higher surface area accessibility due to the complete surfactant
removal. It should be underlined that even in titania samples
defined as amorphous small anatase-like domains can be found
at temperatures as low as 200 °C which justify the weak photo-
catalytic performance.*® The combined effect of the crystalline
structure (dense sample treated at 350 °C) and the organized
mesoporosity (mesoporous sample at 200 °C) are responsible for
a dramatic enhancement of the detection sensitivity as clearly
observed by comparing the /I, fall of the three samples. The
similar slope of the I/I, fall observed in the mesoporous sample
at 200 and 350 °C suggests that the mechanism controlling the
detection properties, that is the number of surface defects, does not
change as a consequence of the higher temperature treatment,
even if competing effects cannot be completely ruled out. The
different range of I/I, is, therefore, mainly attributed to the
improved accessibility of the surface area.

Fig. 9 summarizes how the organization at the mesoscale
triggers a different electrical response. The dense film at 350 °C,
despite the partially crystallized structure, has a limited con-
ductivity and the smallest /I, dynamic range. The organization
of the micelle in the mesoporous sample treated at 200 °C
accounts for the higher interface of the inorganic matrix,
although not completely accessible, leading to a higher number
of donor levels and therefore both a higher I, and I/I, range.
Finally, the mesoporous titania film fired at 350 °C has the
highest I, and I/I, range because of the improved crystallinity.
The large number of donor levels®” strongly interact with the
environment through the completely accessible surface area.

The dynamic response of the mesoporous sample treated at
350 °C has been also tested as a function of oxygen concen-
tration in the range between 0 ppm to 1100 ppm (Fig. 10).
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Fig. 9 Schematic of the different conducting properties of titania films as
a function of the thermal treatment and the morphology at the mesoscale:
(a) dense film treated at 350 °C; (b) mesoporous film treated at 200 °C, (c)
mesoporous film treated at 350 °C. The corresponding density of charge
carriers is shown in the right column (E., Eq and E, are the energy levels of
the conduction, donor and valence bands, respectively).
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Fig. 10 Dynamic response curve of the mesoporous titania sample trea-

ted at 350 °C as a function of the oxygen concentration.
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Oxygen, by interacting with the material surface, acts as an
electron scavenger and is responsible for the electric conduc-
tivity. This phenomenon leads to a current decrease (at fixed
bias voltage) by increasing oxygen concentrations producing
quite a fast and reproducible oxygen detection. On the other
hand, when the oxygen concentration decreases, the current
rises again. The material exhibits a negligible hysteresis and
recovers the initial current value when the oxygen concen-
tration reaches the zero threshold.

Conclusions

The material structure at the mesoscale is a critical parameter
to enhance the sensitivity of mesoporous titania films towards
atmospheric oxygen, when irradiated by UV-light. Under UV
irradiation nanocrystalline anatase produces a high current
flow because of the photoconductive effect. As compared to

8 | J Mater. Chem. C, 2017, 00, 1-9
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dense titania films, the presence of the mesostructure pro-
motes an effective diffusion of the oxygen molecules. At the
same time the associated larger number of surface defects has a
pivotal role in increasing the fall of the current (7/I,) quenched
by the adsorbed oxygen molecules.

Overall, mesoporous titania films treated at 350 °C exhibit a
strong increase in sensitivity with a negligible hysteresis effect
and a fast sensing response which can be ascribed to an
optimal combination of high surface area and anatase crystal-
lites in the nanoscale. The peculiar properties of the titania
mesoporous films open the route to the development of meso-
porous titania-based sensors performing at room temperature
and which can be fabricated as thin films to be integrated into
microelectronic devices.
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