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Hydrogen has been widely suggested
vector that could contribute to the replac
fraction of the fossil fuels [1–3], even if in a complex scenario that production since it is nontoxic, relatively cheap, widely av
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In view of the sustainable H2 production, development of more efficient catalysts for photocatalytic
reforming of oxygenated compounds is required. In this study, we report the preparation of TiO2

nanocomposite with anatase/brookite composition prepared by hydrothermal treatments of Na-titanate
precursor. The anatase/brookite ratio can be modulated changing the synthetic parameters, i.e. precursor/
water mass-to volume ratio and hydrothermal treatment duration. The obtained materials present well
crystallized particles with polyhedral morphology. The anatase/brookite ratio in the nanocomposite
affects the mean size of Pt nanoparticles grown by photodeposition and the photocatalytic activity in
Photocatalytic hydrogen production
Brookite
Anatase
Titania
Photodehydrogenation

1. Introduction
H2 production by photodehydrogenation of ethanol, with multiphasic materials presenting smaller Pt
nanoparticles and higher H2 production. The present anatase/brookite nanocomposites show higher H2

production normalized to the surface area with respect a reference TiO2 prepared by conventional sol–
gel synthesis, suggesting that the present materials might expose a higher fraction of highly reactive
facets instead of the most thermodynamically stable.

as a promising energy
ement of a significant

the oxygenates molecules with respect to the more challenging
water molecule makes the process more favorable, even if less sus-
tainable with respect to the dreaming pure water splitting.

Titanium dioxide is the most investigated photocatalyst for H2
ailable

foresee a large pool of renewable biofuels [4]. Moreover, the large
amount of H2 required by the chemical industry to produce ammo-

and have an excellent stability under the reaction conditions
[10,11]. Unfortunately, the bare TiO2 work only under UV irra-
nia and fertilizers or to perform hydrodesulfurization (HDS),
hydrodenitrogenation (HDN) and hydrogenation processes is
nowadays mostly produced from fossil feedstocks, mainly by
steam reforming of methane [5–7]. It is therefore mandatory to
develop sustainable ways of hydrogen production. Among them,
one of the most interesting medium-long term technologies is
the photocatalytic reforming of aqueous solutions containing oxy-
genate compounds derived from biomasses [8,9]. This approach
combines various positive aspects, such as sustainability of the pri-
mary energy source (the solar light), the renewability of the start-
ing feedstock and the possible production of by-products with a
high added value [8]. In addition, the easier oxidation pathway of
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diation (band-gap = 3.0–3.2 eV) and presents a relatively fast elec-
tron–hole recombination rate. An increase of the TiO2

photoresponse under visible light has been obtained by doping
with metal [12–21] and non-metal elements [22–30] that can
reduce the band gap or introduce intra band gap states [31]. Alter-
natively, some photoactivity was observed in the visible range
after coupling TiO2 with other semiconductors [32–36] or plas-
monic metal nanoparticles [37–39]. The presence of metal
nanoparticles can significantly increase the lifetime of the photo-
generated electron–hole pairs [40–43]. This effect strongly
depends on the type of TiO2 polymorphs [44]. In fact, multiphasic
TiO2 materials demonstrated higher performances with respect to
the correspondent monophasic systems in many photocatalytic
processes, such as abatement and mineralization of pollutant
compounds [16,24,45] or H2 production by photoreforming/pho-
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todehydrogenation [46,47]. In this context, the use of composite
materials comprising brookite is particularly interesting, since this
polymorph is much less investigated with respect to anatase and
rutile, although it demonstrated promising performances in photo-
catalytic applications [36,48,49]. Nowadays, a careful control of the

A reference sol–gel TiO2 was prepared accordingly to Gombac
et al. [24]. Briefly, TiO2-SG was prepared by hydrolysis of titanium
butoxide in ethanol using HNO3 as catalyst [24]. The gel was aged
at room temperature for 24 h, dried at 80 �C overnight and finally
calcined in air at 450 �C for 6 h.

in the range 10� < 2h < 100� and data were analyzed by using the

Table 1
Synthesis conditions of prepared samples.

Sample Na-titanate/water
mass-to-volume ratio (mg/mL)

Time (h) Heating method

A1 3.8 24 Convection
A2 7.7 24 Convection
A3 13.9 24 Convection
B1 3.8 24 Irradiation
B2* 7.7 24 Irradiation
B3 13.9 24 Irradiation
C1 7.7 12 Irradiation
C2 7.7 18 Irradiation
C3* 7.7 24 Irradiation
C4 7.7 30 Irradiation
C5 7.7 36 Irradiation
C6 7.7 42 Irradiation
C7 7.7 48 Irradiation

* B2 and C3 are the same sample.
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material morphology at nanoscale level can significantly con-
tribute to the understanding of the reactivity and bust the reac-
tivity by exposing preferentially more reactive facets [50–54].
This approach has been widely applied to the anatase phase allow-
ing its preparation in many different shapes [50–53,55–58]. Exam-
ples of the preparation of brookite and rutile with a controlled
morphology are significantly less frequent in the literature
[49,59–65]. Generally speaking, the production of preferential
facets can be achieved by the addition of adequate controlling
agents that adsorb on specific facets during the hydrothermal
treatments employed in the preparation of anatase TiO2

[51,52,58]. The adsorption of different controlling agents, such as
F� or Cl�, modify the relative stability of the different facets and
their growth rate, finally altering the ratio of the exposed facets
and the shape of the obtained nanocrystals [52]. The obtainment
of TiO2 nanocrystals with controlled morphology favors the elec-
tron–hole separation since electrons and holes are accumulated
on different facets [56,62,66]. Inspired from the synthesis of ana-
tase nanorods reported by Li et al. [57], we prepared anatase/
brookite nanocomposites by hydrothermal treatment performed
under different conditions, i.e. by changing the precursor/water
ratio, the heating method and the reaction time. The characterization
of the obtained materials allowed us to correlate the parameters
employed during the synthesis with the morphological and struc-
tural characteristics and the photocatalytic performances in hydro-
gen production.

2. Experimental

2.1. Synthesis of the photocatalysts
In this work, anatase/brookite nanocomposites were synthe-

equipped with a 150 W Xe lamp and an Atmospheric Edge Filter
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sized from Na-titanate adapting the procedure reported by Li
et al. for the preparation of anatase nanorods [57].

Briefly, the Na-titanate precursor was synthesized by
hydrothermal treatment of the commercial Degussa P25 TiO2

(750 mg) at 120 �C for 24 h in a 45 mL Teflon-lined autoclave con-
taining a NaOH 10 M solution (30 mL). The white precipitate was
collected by centrifugation, washed several times with bidistilled
water until the solution pH decreases below 11 and subsequently
dried at 80 �C overnight.

Anatase/brookite nanocomposites were then synthesized by
hydrothermal transformation of the dry Na-titanate precursor.
Specifically, a 45 mL Teflon-lined autoclave was charged with
30 mL of bidistilled water and a selected amount of Na-titanate,
magnetically stirring for 1 h. The hydrothermal process was per-
formed putting the autoclave into a pre-heated oven at 200 �C
for the desired time. The effect of the following parameter on the
synthesis was studied: (i) the Na-titanate/water mass-to-volume
ratio employed (adjusting the amount of dry Na-titanate), (ii) the
heating method and (iii) the reaction time. In order to change
the heating method, two different ovens were employed: a labora-
tory oven heating the autoclave by convection or a furnace heating
the autoclave by irradiation. The conditions employed to synthe-
size the different samples are summarized in Table 1. After the
hydrothermal treatment, the white precipitate was collected by
centrifugation, washed several times with deionized water to
remove the Na+ and finally dried at 60 �C overnight. These materi-
als were then used for the characterization and the photocatalytic
tests.
0.2 wt% of Pt was loaded over these materials by photodeposi-
tion during the first photocatalytic catalytic test (see Section 2.3 for
details).

2.2. Characterization techniques

X-ray diffraction (XRD) patterns were collected by a Philips
X’Pert diffractometer using a Cu Ka (k = 0.154 nm) X-ray source
PowderCell 2.0 software. Mean crystallite sizes were calculated
applying the Scherrer’s equation to the principal reflection of each
phase [(101) for anatase and (210) for brookite].

The morphology of the composite materials and the distribution
of the supported Pt nanoparticles were evaluated by High Resolu-
tion Transmission Electron Microscopy (HR-TEM) and High Angle
Annular Dark Field-Scanning Transmission Electron Microscopy
(HAADF-STEM) images recorded by a JEOL 2010-FEG microscope
operating at the acceleration voltage of 200 kV. The microscope
has 0.19 nm spatial resolution at Scherzer defocus conditions in
HR-TEM mode and a probe of 0.5 nm was used in HAADF-STEM
mode.

Raman spectra were recorded with a Renishaw inVia
microspectrometer equipped with a Nd:YAG laser using an excita-
tion wavelength of 532 nm. The samples were dispersed onto a Si
wafer and analyzed using a laser power of 1 mW in the range
100 < cm�1 < 1500.

Kr physisorption at the liquid nitrogen temperature using a
Micromeritics ASAP 2020 automatic analyser. The samples were
previously degassed under vacuum at 120 �C for 12 h. The surface
area was calculated applying the Brunauer-Emmett-Teller (BET)
equation to the physisorption isotherm in the range 0.1 < p/
p0 < 0.34.

2.3. Catalytic activity

Photocatalytic hydrogen production was studied using a Teflon-
lined flow-photoreactor irradiated with a Lot-Oriel Solar Simulator
with a cut-off at 300 nm [47]. 50 mg of dried TiO2 powder were
suspended into EtOH 96% (80 mL) and 20 lL of an aqueous solution
of Pt(NO3)2 (5 mg Pt mL�1) were added in order to obtain a final



metal loading of 0.2 wt%. The system was purged with Ar for
30 min to remove the air before switching-on the lamp. During
the photocatalytic experiments, the reactor was continuously
flushed with Ar (15 mL min�1) to transfer the volatile products to
the analytical apparatus. All the experiments were performed
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maintaining the reactor temperature at 25 �C using a thermostatic
bath. The incident irradiance, measured by a Delta Ohm HD 2302.0
LightMeter radiometer, was 25 mW cm�2 in the UV-A and
180 mW cm�2 in the Vis–NIR range, respectively.

On-line detection of the products in the Ar flow was carried out
by an Agilent 7890A Gas Chromatograph equipped with two analy-
tical lines. A 10 way-two loops injection valve was employed for
injection during on-line analysis of the gaseous products. A Car-
boxen 1010 PLOT (Supelco, 30 m � 0.53 mm ID, 30 lm film) col-
umn followed by a Thermal Conductivity Detector (TCD) was
used for hydrogen quantification using Ar as carrier. A DB-
225 ms column (J&W, 60 m � 0.32 mm ID, 20 lm film) using He
as carrier followed by a mass spectrometer (MS) HP 5975C was
employed for the detection of the volatile organic compounds.
The liquid phase after photocatalytic activity was collected by fil-
tration on a 0.45 lm PVDF Millipore membrane and analyzed by
GC/MS using 1-butanol as internal standard.

3. Results and discussion
3.1. Structural and textural characterization: XRD and physisorption
analysis

The Raman spectra (Fig. 2), which are sensitive also to the pres-
ence of small amount of amorphous surface phases, further con-
firm the trends observed by means of the XRD measurements.

Fig. 1. Powder XRD pattern of all the prepared samples. Insets show magnification
of the region where the major reflections of brookite are present, in order to
appreciate the evolution of the brookite content.

Table 2
Results from XRD analysis and Kr physisorption.

Phase composition
(%)

Average crystallite
size (nm)

Surface
area (m2 g�1)

Anatase Brookite Anatase Brookite

A1 100 – 61 – 7.2
A2 83 17 55 120 6.2
A3 73 27 72 117 8.5
B1 92 8 50 64 10.3
B2 69 31 64 89 5.7
B3 73 28 63 155 8.4
C1 88 12 61 253 74.4
C2 75 25 64 107 21.5
C3 69 31 64 89 5.7
C4 68 32 65 77 5.2
C5 71 29 66 85 6.1
C6 74 26 62 143 4.9
C7 77 23 63 275 5.0
The structure of the synthesized materials was investigated by
means of powder XRD and microRaman spectroscopy. The XRD
pattern of the Na-titanate precursor obtained after the hydrother-
mal treatment of Degussa P25 in NaOH 10 M (data not shown) pre-
sents weak and broad reflections which indicates the formation of
nanocrystalline Na2Ti2O5. Notably, the presence of considerable
amounts of amorphous material cannot be excluded. Zhao et al.
[67] reported the formation of Na2Ti2O5 and Na2Ti3O7 by hydroly-
sis and hydrothermal treatment at 180 �C for 24 h of Ti(nBuO)4 in
NaOH 6 M and 10 M, respectively. Considering that in this work
TiO2 has reacted with NaOH at a lower temperature (120 �C), it is
reasonable to expect that a higher NaOH concentration is required
to obtain the Na2Ti2O5.

The XRD patterns of the products obtained after the various
hydrothermal transformation of Na2Ti2O5 are presented in Fig. 1.
All the samples present well defined and resolved reflections relat-
ed to anatase and brookite polymorphs, indicating a high degree of
crystallization. No reflections of the Na-titanate precursor and of
the rutile phase were detected: the possible presence of un-reacted
Na2Ti2O5 is hardly detected by XRD considering the amor-
phous/nanocrystalline nature of this material while the formation
of rutile phase is usually observed during hydrolysis/hydrothermal
treatments at lower pH values [67]. The phase composition
(obtained by the Rietveld analysis of the XRD patterns) and the
mean crystallite sizes of each phase are summarized in Table 2.

Independently on the heating method, the XRD data obtained
from both A- and B-series indicate that the amount of the brookite
phase and its average crystallite size increase as the Na-titanate/
water ratio increases. Expanding the hydrothermal time from 12
to 24–30 h (C-series), it is possible to observe an increase in the
amount of the brookite phase and a decrease of its crystallites size.
Longer hydrothermal times cause a slight decrease in the content
of brookite, with an increase of its mean crystallite size. Vice versa,
the mean crystallite size of the anatase phase is only marginally
influenced by the heating method, the Na-titanate/water ratio or
the hydrothermal time.

3



The presence of anatase can be revealed by the bands at 143, 195,
395, 515 and 639 cm�1 while the bands at 213, 245, 282, 320, 365,
456, 502, 545 and 584 cm�1 are characteristic of brookite [46]. All
the collected spectra are dominated by the very intense band of
anatase at 143 cm�1, which has been removed from the spectra

The Na-titanate precursor consists of negatively charged layers
made of TiO6 octahedrons linked through the edges and spaced by
Na+ ions. In the first step of the transformation, the exfoliation of
the layers takes place releasing NaOH and increasing the pH of
the solution as the hydrothermal treatment proceeds. Condensa-

Fig. 2. Raman spectra of all the prepared samples. The anatase band at 143 cm�1 is omitted for clarity. Spectra are normalized with respect to the intensity of the anatase
band at 639 cm�1.
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of Fig. 2 to better appreciate the contribution of the less intense
bands of the brookite.

The BET surface area of the anatase/brookite composites are
summarized in Table 2. Notably, the Na2Ti2O5 precursor used for
the synthesis of these materials presents a relatively high surface
area of 84 m2 g�1. Vice-versa, despite the different anatase/broo-
kite composition, the surface area of the samples in the A- and
B-series are always very low (5–10 m2 g�1). The samples of the
C-series show that the surface area of the materials decreases dur-
ing the first 24 h of reaction, settling below 10 m2 g�1 for longer
hydrothermal treatments. These data suggest that the most impor-
tant modifications in the composite take place during the first 24 h
of the hydrothermal conversion of the Na titanate into TiO2.

The observed evolution in anatase/brookite composition can be
interpreted on the base of the transformation that the Na2Ti2O5

precursor undergoes during the hydrothermal treatment as pro-
posed in Scheme 1.
Scheme 1. Proposed transformations taking place during the hydrothermal treat-
ment of Na2Ti2O5.
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tion of the exfoliated layers through the octahedrons vertices leads
to formation of the brookite phase following the ‘‘Ostwald’s step
rule’’ [67,68]: in fact, brookite is the phase having the most similar
structure and, therefore, the nearest free energy compared to the
precursor (the exfoliated titanate layers). On the other hand, the
formation of anatase requires the complete hydrolysis in the TiO6

octahedrons and their subsequent condensation since, in the ana-
tase phase, the octahedrons are linked through the edges. In this
case, the transformation of the Na-titanate follows the Ostwald’s
ripening, providing the most stable product.

The data of the C-series suggest that, during the first 24 h of the
hydrothermal treatment, Na2Ti2O5 is preferentially converted into
anatase. After 12 h of reaction, the pH of the solution is around 11,
ideal conditions for the slow growth of brookite forming large crys-
tallites. As the hydrothermal treatment proceeds, more NaOH is
released in solution increasing the pH and further favoring the for-
mation of the brookite phase, in agreement with the results report-
ed by Zhao et al. [67]. Notably, TEM data and surface area measures
indicate that the conversion of Na2Ti2O5 is complete only after 24 h
of reaction. The maximum amount of brookite is obtained for the
samples recovered after 24–30 h of hydrothermal treatment. In
these samples, the mean crystallite sizes of brookite is rather small,
in agreement with the fast formation of the brookite phase. After
longer treatments, the slightly increase in the anatase content indi-
cates that brookite is slowly converted into anatase through hydro-
lysis and re-condensation. Although rutile is known as the
thermodynamically stable TiO2 polymorph, the relative stability
of brookite and anatase still remains an open topic. The data
obtained in this study suggest that anatase is more stable than
brookite at least under the employed synthetic conditions (high
pH, temperature, presence of Na+). In fact, it is reasonable that
the relative stability of the two metastable polymorphs depends
on numerous factors, including the crystallite size, the exposed
faces and the presence of adsorbates on the surface [50]. Moreover,
the increase in the mean crystallite size of brookite for hydrother-
mal treatments longer than 24 h suggests that the brookite
nanocrystals with the smallest dimensions are involved in the re-
dissolution, leading to the growth of larger brookite crystallites
and/or to their partial hydrolysis and conversion into anatase.

3.2. Morphological characterization: TEM studies
The catalysts were collected after the photocatalytic tests in
order to morphologically characterize both the TiO2 substrate
and the photodeposited Pt nanoparticles. To this purpose, both a

HR-TEM and HAADF-STEM techniques were employed.



The morphology of the TiO2 substrates were analyzed in order
to evidence the possible effects of the preparation conditions on
it. All samples present a high crystallinity degree and large particle
size, in agreement with the well defined XRD reflections, the mean
crystallite sizes calculated from XRD analysis and the low surface

the different morphologies observed and the crystal phases cannot
be defined.

Analyzing the samples of the C-series, an interesting morpho-
logical change from the Na-titanate to the anatase/brookite com-
posites was observed due to the different time of hydrothermal

Fig. 4. Image of a selected portion of the sample C1, evidencing the presence of
nanotube morphology. The EDX spectrum taken in this area shows an amount of Na
significantly higher than in the rest on the material (see Fig. 3).
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areas. In the anatase/brookite nanocomposites, two different kinds
of TiO2 particles can be observed: polycrystalline elongated parti-
cles and polycrystalline and polyhedral clusters. The ratio of the
two structures changes depending on phase composition of the
materials. Fig. 3 shows representative images of selected samples
prepared under different hydrothermal conditions. The sample
A1, prepared using the lower titanate/water ratio, presents only
polycrystalline elongated particles that have an average crystallite
size in excellent agreement with the size measured by XRD. Nota-
bly, adopting similar preparation conditions, Li et al. [57] reported
the preparation of anatase nanorods formed by single crystalline
particles. Although pure anatase was obtained also in our case,
the polycrystalline nature of the sample A1 can be ascribed to
the slightly different experimental conditions. Increasing the tita-
nate/water ratio, some polycrystalline and polyhedral clusters
(100 nm–1.5 lm) appear in the sample A2, becoming preponder-
ant in the sample with the higher titanate/water ratio (sample
A3). All the samples of the B-series present polycrystalline and
polyhedral clusters (100 nm – 1 lm) independently of the tita-
nate/water ratio employed. The EDX analysis of the samples of
the series A and B did not detect significant amounts of sodium
(EDS spectrum in Fig. 3), as a possible residue of the Na-titanate
precursor. With the aim to clearly attribute the crystallographic
phase to the different types of observed nanoparticles by TEM,
Digital Diffraction Patterns (DDP) have been analyzed. Unfortu-
nately, only in a limited number of cases, the particles have been
univocally identified as anatase or brookite by the comparison of
the experimental DDP with the theoretical diffraction patterns of
both phases and considering different axis zones. In the most part
of the analyzed DDP, reasonable fits with features typical of both
the phases were possible, probably because of the overlapping of
crystallites in the nanocomposite material and the similar spacing
present in both phases. Due to this, a clear relationship between
Fig. 3. Representative HAADF-STEM images of selected samples to highlight the
evolution of the morphology of the TiO2 nanocomposite materials. A typical EDX
spectrum taken on the well-defined nanocrystals shows the absence of clear peaks
related to Na.
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treatment. Samples C1 and C2 (12 and 18 h of hydrothermal treat-
ment) clearly show the presence of particles with nanotube
morphology (see Fig. 4). The EDX analysis performed on these
structures show the presence of a considerable amount of Na, sig-
nificantly higher with respect to the other portions of the samples.
Similar structures were reported in several works as the result of
NaOH-based hydrothermal treatment of TiO2 [69–72]. Therefore,
this peculiar structures can be reasonably related to the Na-ti-
tanate precursor unconverted during the hydrothermal treatment.
Consistently a higher surface area is observed for the samples C1
and C2. Notably, in the samples hydrothermally treated for more
than 24 h, particles with nanotube morphology were not observed,
evidencing the presence only of polycrystalline and polyhedral
clusters (100 nm – 2 lm). Moreover, the EDX analysis performed
on the samples C3 – C7 reveals a significantly lower amounts of
Na or its absence (below detection limits). These results confirm
that the Na-titanate needs more than 24 h to be completely con-
verted into TiO2.

The HR-TEM analysis of the samples evidence the presence of a
large number of Pt nanoparticles deposited on the surface of the
TiO2 substrates. The Pt nanoparticles over the TiO2 surface are sin-
gle crystals, as suggested by the presence of the lattice fringes in
HR-TEM analysis (see Fig. 5).

Fig. 6 shows some representative HAADF-STEM images of the
dispersion of Pt nanoparticles on the surface of the TiO2 support.
Analyzing the position of the Pt nanoparticles detectable as bright
spots in Fig. 6, it is possible to observe that they are concentrated
on particular regions of the samples. In fact, TiO2 particles homoge-
nously covered by Pt nanoparticles have been observed together
with other TiO2 particles on which Pt nanoparticles are almost
absent (i.e., samples A1, A3, C4). Moreover, in some cases, Pt
nanoparticles concentrated on grain boundaries and/or on corners
of the TiO2 crystals have been observed (i.e., samples B2/C3 and
C1). Considering that electrons are necessary to reduce Pt ions
and to grow the metal nanoparticles, the position of Pt nanoparti-
cles can be used to identify the regions of the photoactive TiO2



support where electrons are preferentially accumulated [62,73].
The distribution of the Pt nanoparticles on the surface of the ana-
tase/brookite prepared in this work suggests that the morpho-
logical and structural characteristics on the supports favor a deep
electron–hole separation thanks to the well-defined surfaces.

of different TiO2 phases favor the electron–hole separation after
irradiation of the semiconductor material, increasing the number
of nucleation sites on which Pt ions can be reduced and Pt
nanoparticles can growth. Similarly, Cu nanoparticles prepared
by photodeposition on a polycrystalline TiO2 support present a

nanocomposites was evaluated studying the sustainable H2 pro-

Fig. 5. Representative HR-TEM images showing the crystalline nature of the Pt nanoparticles.

Fig. 6. Representative HAADF-STEM images collected on selected samples, showing
the Pt nanoparticles after photodeposition on the TiO2 supports.

202 I. Romero Ocaña et al. / Inorganica Chimica Acta 431 (2015) 197–205
The analysis of the size distribution of the Pt nanoparticles is
summarized in Fig. 7. Small Pt nanoparticles, with mean size of
2.0 – 2.5 nm, were observed for the samples prepared using a
TiO2 support composed by a mixture of anatase and brookite. Con-
versely, larger Pt nanoparticles, with mean size of 4 – 6 nm, were
observed in the samples presenting low or zero brookite content
(samples A1, A2) or residual Na-titanate (samples C1, C2). This is
in agreement with the fact that the junctions between crystallites
Fig. 7. Size distribution of the Pt nanopa
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smaller mean size with respect to those grown on pure anatase
[47].

3.3. Functional characterization: H2 production by ethanol
photodehydrogenation

The photocatalytic activity of the synthesized anatase/brookite
duction from ethanol aqueous solution under irradiation with
simulated sunlight. Commercial azeotropic ethanol/water solu-
tions (containing �96% by volume of ethanol) was used as feed-
stock to avoid changing in the composition during photocatalytic
experiments due to selective evaporation in the inert gas flow. Pre-
liminary experiments performed on the A1 sample revealed that
the H2 production using EtOH 96% is comparable to that obtained
using EtOH/H2O 50/50 mixture [19,47,74], while it is significantly
higher than the H2 obtained using pure EtOH. These results indi-
cate that a very low amount of water is sufficient to effectively pro-
mote the photocatalytic production of H2 using EtOH as sacrificial
agent, in agreement with previous studies on the dependence of H2

productivity on the composition of EtOH/H2O solutions [75,76].
Blank experiments were performed without irradiation and no
H2 evolution was observed.

The on-line analysis of the volatile products revealed that H2

was the major product in the gas stream, together with minor
amounts of acetaldehyde and 1,1-diethoxyethane. Any other by-
products, such as CH4, CO2, CO or ethylene, were observed. Irre-
rticles for the synthesised samples.



spectively from the different activities demonstrated by the sam-
ples (see below), the analysis of the liquid phases, collected at
the end of the photocatalytic experiments, evidenced the presence
of acetaldehyde and 1,1-diethoxyethane, accordingly to the results
of the on-line analysis. Heaviest products, such as 2,3-butanediol,

indication that the completeness of the Na-titanate/TiO2 transfor-
mation is necessary to obtain a high photocatalytic activity in the
photodehydrogenation of ethanol, although the surface area of
the photoactive material is significantly reduced. A photocatalytic
activity experiment performed using bare Na-titanate showed an

Fig. 8. H2 evolution during ethanol photodehydrogenation under simulated sunlight irradiation of the catalysts of the A- and B-series. The insets show the H2 production
rates.
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were not detected, in agreement with the fact that these products
are formed when highly energetic UV photons are used for the irra-
diation [77].

Fig. 8 presents the H2 evolution for the samples of the A- and B-
series as a function of the irradiation time. It evidences that the
heating method for the hydrothermal conversion of Na-titanate
precursor into TiO2 nanocomposite plays an important role to drive
the final photocatalytic performances. For all the samples, the H2

production rate progressively increases during the first 4 – 5 h in
concomitance with the occurrence of photodeposition of Pt
nanoparticles on the surface of the TiO2. After this activation peri-
od, the observed activities remain constant for all the materials,
without appreciable deactivation. The obtained results evidenced
that the hydrogen production rate significantly enhances for sam-
ples of the A-series as the Na-titanate/water ratio increases where-
as it is only marginally influenced by the irradiation heating
method (B-series).

Fig. 9 shows the H2 production for the samples of the C-series,
prepared by varying only the hydrothermal reaction time. As
already observed, the H2 production rate increases during the first
4 – 6 h due to the occurrence of the concomitant deposition of the
Pt nanoparticles. The photocatalytic H2 production increases as the
time of hydrothermal treatment increases up 30 h while, for longer
reaction times, no significant changes were observed. This is an
Fig. 9. H2 evolution during ethanol photodehydrogenation under simulated sun-
light using the catalysts of the C-series. The inset shows the H2 production rates.
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H2 production rate that is � 10 time lower than that obtained using
the anatase/brookite nanocomposites produced by hydrothermal
treatment longer than 24 h (samples C4 – C7).

To better understand these results, it is necessary to focus on
the mechanism of the ethanol photoreforming. In a mixture of
ethanol and water, the stoichiometric reaction for H2 photoreform-
ing is:

CH3CH2OHþ 3H2O! 6H2 þ 2CO2 ð1Þ

In our case, the complete oxidation of ethanol is not achieved
since CO2 evolution is not observed during the photocatalysis.
Therefore, the main process is the photocatalytic dehydrogenation
of the ethanol leading to acetaldehyde and H2. Due to the low
adsorption capability of acetaldehyde and to the high concentra-
tion of ethanol, subsequent oxidation of acetaldehyde is highly
unfavorable. The oxidation mechanism of ethanol over TiO2 surface
starts with the formation of surface ethoxide and OH groups by
dissociative adsorption on the surface of TiO2 [8]. This process
competes with H2O adsorption. The photooxidation process
involves the direct electron transfer from the ethoxide to photo-
generated holes of TiO2 meanwhile hydrogen of OH groups are
reduced by photogenerated electrons trapped in the Pt nanoparti-
cles. The produced acetaldehyde could be further oxidized to acetic
acid if adsorbed on the surface or in solution by free OH� radical.
Otherwise acetaldehyde is accumulated in solution providing a less
volatile compound. The high concentration of 1,1-diethoxyethane
found in the liquid phase confirms that acetaldehyde react with
ethanol.

In the literature it is well reported that the nanocomposite of
different TiO2 polymorphs are more active than the single phases
both in oxidation [78,79] and in reduction [46,47,80–82] processes
due to the formation of heterojunctions between the crystallites of
the different phases and the capability of photogenerated electrons
and holes to transfer from phase to phase. Kandiel et al. [83]
reported that flatband potential and quasi-Fermi level of brookite
nanorods and of brookite/anatase nanocomposites are shifted to
a more negative potential with respect to pure anatase. This
reflects in a higher driving force for proton reduction in brookite-
containing materials, favoring interfacial electron transfer while
the resulting energy barrier would suppress back electron transfer
[83].

Fig. 10 clearly demonstrates that the sample containing both
brookite and anatase phases are significantly more active than



the sample containing only anatase. The heating method mainly
influence the amount of brookite and, accordingly, the activity of
the materials. On the other hand, there is no relations between
the amount of brookite and the activity of the samples prepared
via irradiation heating.

of about 2.5 nm were obtained as confirmed by means HAADF-
STEM. The photocatalytic hydrogen production of this material,
normalized per gram of catalyst, is significantly higher with
respect to those obtained here. However, normalizing the perfor-
mances on the bases of the surface area of the samples (Fig. 11),

tion can be tuned by changing the Na-titanate/water mass-to-

Fig. 10. Stationary H2 production rates as a function of brookite content in the
studied materials. Samples C1 and C2 are omitted since the brookite content is
warped by the amount of unconverted Na-titanate precursor, hardly detected by
XRD.
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The obtained results suggest that the photocatalytic activity of
the Pt-anatase/brookite nanocomposites studied in this work can-
not be simply correlated with the structural properties but
requires to fully involve also morphological aspects, and in par-
ticular the surface area and the exposed faces of each sample. In
particular, the most important differences observed between the
A- and B-series could be ascribed to potential different interac-
tion/contact between the anatase and brookite crystallites, as a
result of the different heating method adopted during the
synthesis.

To better understand the relative influence of these parameters,
it is necessary to compare the present performances with those of a
well-known reference TiO2-based material. To this aim, we consid-
ered a TiO2 obtained by sol–gel after hydrolysis of Ti(i-PrO)4 in a
solution of H2O and HNO3 in ethanol [47,84]. After calcination at
420 �C for 6 h, the XRD pattern of this material presents anatase
(64%), brookite (28%) and rutile (8%) phases and a surface area of
69 m2 g�1. After photodeposition of 0.2 wt% Pt, Pt nanoparticles
Fig. 11. H2 production during EtOH photodehydrogenation of a suspension of the
prepared samples and the TiO2 prepared via sol–gel (TiO2-SG), normalized per
surface area.
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the materials prepared in this study shows interesting/superior
performance. Notably, the normalization by surface area is sig-
nificant as the ethanol photodehydrogenation requires ethanol
adsorption on the surface.

This result suggests that the hydrothermal treatment used for
the preparation of the samples studied allows the crystals to grow
exposing crystallographic facets that are more actives than the
facets exposed by the TiO2 prepared via sol–gel. This material is
synthesized in the absence of template agents and is subsequently
calcined, so it is reasonable to assume that it exposes the more
thermodynamically stable facets instead of the more actives. This
important aspect requires further investigation, and will be the
subject of a more in depth HR-TEM investigation.

4. Conclusions

In this study, anatase/brookite nanocomposite were prepared
by hydrothermal treatment of Na-titanate precursor. The composi-
volume ratio and the duration of the hydrothermal treatment, as
confirmed by XRD and Raman analysis. Under the adopted condi-
tions, a hydrothermal treatment longer than 24 h is required for
the complete conversion of the Na2Ti2O5 precursor into TiO2 mate-
rials. The products are well crystallized materials with polyhedral
and polycrystalline morphologies, resulting in quite low surface
area (lower than 10 m2 g�1). The size distribution of Pt nanoparti-
cles prepared by photodeposition is strongly influenced by the ana-
tase/brookite ratio. Larger Pt nanoparticles (> 4 nm) were observed
in the samples with incomplete conversion of the Na2Ti2O5 precur-
sor and/or with the lower amounts of brookite. High H2 photocat-
alytic production rates were observed for samples with
multiphasic anatase/brookite supports and small Pt nanoparticles
(� 2 nm). These results are related with the favored electron/hole
separation obtained with the use of multiphasic TiO2 materials.
Comparing the activity of these materials prepared by hydrother-
mal treatment with that of a reference TiO2 prepared by conven-
tional sol–gel followed by calcination in air, the present anatase/
brookite nanocomposites showed a higher H2 production normal-
ized to the surface area. This indicates that the present anatase/
brookite nanocomposites expose the more reactive facets. Future
developments of this work include the modification of the
hydrothermal conditions by addition of templating and/or direct-
ing agents to control the growth of the particles with the aim to
reduce the crystallite size of anatase and brookite phases and
improve the specific surface area.
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