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The effect of the crystalline phase of TiO, (anatase, rutile and brookite) on its photocatalytic activity in
hydrogen production from methanol-water vapours has been investigated by testing a series of both
home-made and commercial TiO, photocatalysts, either bare or surface-modified by deposition of a
fixed amount, i.e. 1 wt%, of platinum as co-catalyst. For all of the TiO, samples the rate of hydrogen
production increased by one order of magnitude upon Pt deposition, because of the ability of Pt to
enhance the separation of photoproduced electron—hole pairs. Under irradiation in the 350-450 nm
wavelength range, brookite and anatase showed similar photoactivities, both superior to that of rutile.
By contrast, rutile, possessing a narrower band gap, was active also under visible light (A > 400 nm),
whereas no hydrogen evolution was observed with anatase and brookite under such conditions. Surface
area proved to be a key parameter, strongly influencing photoactivity. However, as the particle size
became ultra-small, the semiconductor absorption edge was blue-shifted because of size quantisation
effects, with a consequent decrease in hydrogen production rate due to the smaller portion of incident

photons absorbed by the photocatalyst.

1. Introduction

Titanium dioxide, the most widely studied photocatalyst in
consideration of its high activity, chemical inertness, low cost and
non-toxicity,' mainly exists in the three different crystalline forms:
rutile, anatase and brookite. All of them consist of deformed TiOq
octahedra connected differently by corners and edges.*> At room
temperature rutile is more stable than anatase and brookite, but
anatase becomes the thermodynamically most stable polymorph
when the particle size decreases below 15 nm.?

TiO, is generally prepared by thermolysis, hydrothermal syn-
thesis and sol-gel processes. Titania nanotubes can be prepared
by electrochemical anodization.*> Anatase and rutile are the
forms more frequently studied because pure brookite is quite
difficult to synthesise. Brookite has been prevalently prepared
from titanium(1v) compounds via hydrothermal treatments at
high temperature,*® but recently brookite nanoparticles have been
synthesised under mild temperature and pressure conditions,*™
also by employing titanium(ir) compounds as TiO, precursors.'

Anatase is generally considered the most efficient TiO, poly-
morph in photocatalytic reactions, whereas the activity of the rutile
phase can be strongly affected by the preparation conditions.”
Only a very limited number of studies examined the photo-
catalytic behaviour of brookite so far. For example, brookite
revealed good photocatalytic capacity for the photodegradation
of 4-nitrophenol' and 4-chlorophenol.’ Thin films of brookite
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showed a good efficiency for the gas-phase photo-oxidation of
2-propanol,"* and brookite powders were employed for the
selective photocatalytic oxidation of an aromatic alcohol to alde-
hyde in an organic-free water suspension.'® Recently, brookite has
been also successfully employed in the photocatalytic production
of hydrogen.' Generally, anatase/brookite mixtures and pure
brookite were found to be more photoactive than pure anatase or
rutile. Thus, the photocatalytic performance of brookite deserves
a more in depth investigation.

The photocatalytic activity in hydrogen production, either
from direct water splitting or from reforming of organics,* 2
these latter acting as sacrificial agents able to combine with
photo-produced holes more efficiently than water itself, has been
recently investigated by some of us, employing methanol as
sacrificial agent and a series of differently prepared rutile- and/or
anatase-containing photocatalysts, also modified by addition of
noble metal nanoparticles.®** A remarkable increase in the
reaction rate was attained by feeding the photocatalyst with
methanol-water vapours instead of working in liquid suspension,
due to the elimination of mass transfer effects in hydrogen
evolution.”

In the present work the effect of the crystal structure of TiO, has
been systematically investigated in relation to its photoactivity in
hydrogen production from methanol photo-steam reforming. In
particular, besides home-made and commercial anatase samples,
a home-made rutile and a pure brookite sample have been tested
as photocatalysts in this reaction, together with a series of rutile
samples with different particles size and surface area, in order
to get information on the effects of such structural features
on the photocatalytic performance. Different cut-off filters were
also employed to ascertain the visible light photoactivity of the
investigated samples. The results have been interpreted mainly
on the basis of band gap energies and of conduction flat-band
potentials.
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2. Experimental
2.1 Photocatalyst preparation

Anatase (A), brookite (B) and rutile (R) titanium dioxide were
synthesised by thermo-hydrolysis, starting from titanium tetra-
chloride as precursor.®® Anatase was prepared by boiling an
aqueous solution of TiCl, (TiCl, : H,O volume ratio 1 : 50) for 2 h.
After removal of the supernatant liquid, the solid was dried under
vacuum at 55 °C. Brookite and rutile were obtained by adding
TiCl, dropwise to an aqueous HCI solution at room temperature
and the obtained solution was heated in a closed bottle and aged
at 100 °C also in oven for 48 h. The resultant precipitate contained
a mixture of brookite and rutile. Pure brookite was separated by
peptisation, through several cycles of surnatant removal followed
by water addition up to the initial volume. When the pH was
higher than 0.8, a dispersion of brookite particles formed, whereas
the rutile phase remained as precipitate. The sol containing the
brookite particles and the rutile precipitate were separately dried
under vacuum at 55 °C.

Commercial pure anatase (A-C) and rutile (R1-C and R2-C)
TiO, purchased from Sigma-Aldrich were also investigated as
received, for comparison.

Preformed platinum nanoparticles stabilized by n-dodecyl
trimethylammonium chloride were deposited on all the above
mentioned TiO, samples by means of the already described
reverse micelles method,* using aliquots of the same Pt colloidal
suspension. Briefly, the proper amount of the Pt precursor (chloro-
platinic acid) was dissolved in an aqueous solution containing
the surfactant (40: 1 surfactant to Pt molar ratio). Pt colloidal
suspensions were then obtained by adding NaBH, aqueous
solution (4:1 NaBH, to Pt molar ratio) under vigorous stirring.
An aliquot of the colloidal suspension was added to the required
amount of TiO, powder pre-dispersed in water, under vigorous
stirring. Finally, the obtained powder was recovered, washed and
dried in an oven at 70 °C. The advantages of this deposition
method are: (i) ensuring the same Pt particles size distribution for
all of the photocatalysts; (if) avoiding any structure modification
of the TiO, support, because Pt deposition is carried out in water
at room temperature. Well-dispersed Pt particles, ca. 5-6 nm in
size, are obtained by the here adopted deposition procedure.*

2.2 Photocatalyst characterisation

BET specific surface area was measured by N, adsorp-
tion/desorption at 77 K in a Micromeritics ASAP 2010 apparatus,
after out-gassing in vacuo at 300 °C for at least 6 h.

X-Ray diffraction (XRD) patterns were recorded on a Philips
PW3020 powder diffractometer, by using the Cu-Ka radiation (A=
1.54056 A). Quantitative phase analysis was made by the Rietveld
refinement method,” using the “Quanto” software.?®

UV-Vis diffuse reflectance (DR) spectra were recorded by a
Perkin-Elmer Lambda 35 apparatus equipped with an integration
sphere (Labsphere RSA-PE-20).

Scanning electron microscopy (SEM) analysis was carried out
on a LEICA LEO 1430 instrument.

2.3 Photocatalytic tests

The peculiar structural features of the investigated photocatalyst
in hydrogen production from methanol photo-steam reforming:

hv, TiOy

CH,OH + H,0 CO, +3H, (1)
was tested in the expressly set up, closed recirculation laboratory
scale apparatus sketched in Fig. 1, similar to that employed in
previous studies.***

Fig. 1 Sketch of the experimental setup for photocatalytic activity tests:
(A) cross section of the Plexiglas photoreactor; (B) photocatalyst bed;
(C) Pyrex glass window; (GC) gas chromatograph; (E) six ways sampling
valve; (D) bellow pump; (F) thermostatted bubbler; (FC) gas flow meter;
(TT) temperature indicator; (PI) pressure indicator.

The photocatalyst powder was deposited on 20-40 mesh (0.85-
0.42 mm) quartz beads by mixing 14 mg of it with 3 g of
quartz beads and 1.2 mL of distilled water, followed by drying
in oven at 70 °C for 6 h. The so-obtained photocatalyst bed
was inserted in the photoreactor consisting in a flat cylindrical
Plexiglas cell, having a central 2 mm thick and 50 mm in diameter
round hollow, frontally closed by a Pyrex glass optical window
(irradiation surface ca. 20 cm?). The photoreactor was connected
to a closed stainless steel system (see Fig. 1), where the gas
phase was recirculated at a constant rate by means of a metal
bellow pump. The system was preliminarily purged with nitrogen
in order to remove any oxygen trace. During the photocatalytic
tests, the photocatalyst bed was continuously fed with a stream
of 40 mL min™ of N, saturated with the vapour of a 20 vol%
methanol-water solution thermostatted at 30 °C, corresponding
to a methanol molar fraction x of 0.10 in the liquid phase.
The reactor temperature during irradiation was 55 £ 5 °C, as
monitored by a thermocouple placed inside the cell. The absolute
pressure was 1.2 bar at the beginning of the runs and slightly
increased during irradiation, as a consequence of the accumulation
of products in the gas phase. During the runs, typically lasting
6 h, the recirculating gas was analysed on-line by sampling it
every 20 min by means of a pneumatic sampling valve placed
at the exit of the photoreactor. Gas samples were automatically
injected into an Agilent 6890 N gas-chromatograph, equipped
with two columns (HP-PlotU and Molesive 5A), two detectors
(thermoconductivity and flame ionisation) and a Ni-catalyst kit
for CO and CO, methanation. N, was used as carrier gas. The
GC response was calibrated by injecting known volumes of H,,
CO and CO, into the recirculation system through the loop of a
six ways sampling valve. When testing Pt-modified photocatalysts,
purging by nitrogen in the dark was required every 2 h, due to the
high products accumulation in the recirculating gas phase.
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Table 1 BET surface area (SA), phase composition and average crystal-
lite diameter Dxgp, from XRD analysis, and band gap energy (E,) from
DR spectra of the investigated TiO, photocatalysts

Anatase Rutile Brookite
Sample SA/m?>g”'  (wt%) (Wt%)  (wWt%) Dyrp/nm  E,/eV
A 180 82 — 18 3.5 3.00
B 80 — — 100 8.1 3.10
R 25 — 88 12 5.6 2.95
A-C? 142 100 — — 9.4 3.15
RI1-C* 139 — 100 — 3.5 3.05
R2-C* 22 5 95 — 58.9 2.95

“ Synthesised by thermo-hydrolysis. > Commercial sample.

The irradiation source was an iron halogenide mercury arc lamp
(Jelosil, 250 W), placed at 20 cm from the reactor, emitting in the
350-450 nm wavelength range with a full irradiation intensity
of 1.67 x 1077 einstein s™' cm™ on the reactor, determined by
ferrioxalate actinometry.® Its constancy was checked daily by
means of a UVA lux-metre.

3. Results and discussion
3.1 Photocatalysts characterisation

The structural features of the investigated TiO, photocatalysts are
summarised in Table 1. The results of XRD analysis, reported in
Fig. 2, evidence that the home-made B sample consisted of pure
brookite, whereas the two other home-made A and R samples
mainly consisted of anatase and rutile, respectively, but also
contained a significant amount of brookite. Commercial TiO,
samples consisted of pure phases, apart from low surface area
R2-C rutile, which also contained a non-negligible amount of
anatase. As expected, we found that both the BET surface area
and the crystalline phase composition did not significantly change
upon Pt deposition by the here adopted procedure.

MLWA\M;%
Aoy \ R1-C

l L L. ) R2-C

Brookite

Normalised counts

Rutile
L

| . . Anatase
20 30 40 50 60 70 80
20 /degree

Fig.2 XRD patterns of the investigated bare TiO, samples and position
of the diffraction peaks of the TiO, crystalline phases.

The average crystallite diameter Dygp values reported in Table
1 were calculated, by applying the Scherrer equation, from the
integral XRD peak width calculated as the ratio between peak area
and peak intensity obtained by fitting with a Gaussian function
the profile of the most intense reflections at 20 = 25.4° for anatase,
27.5° for rutile and 30.7° for brookite.

The UV-Vis absorption spectra of pure and Pt-deposited TiO,
samples are shown in Fig. 3. Bulk rutile notoriously has a narrower
band gap than anatase and brookite. Indeed, samples R and R2-C
exhibit an absorption onset threshold located at ca. 420 nm, i.e.
red-shifted with respect to those of A, A-C and B, which are located
below 400 nm (Fig. 3a). By contrast, the absorption edge of R1-C
is blue-shifted with respect to that of the other rutile samples. This
can reasonably be attributed to the so-called “size quantisation
effect” observed with ultra-small semiconductor particles,®* which
is known to lead to a widening of the band gap. In fact, R1-C
possesses a surface area much larger than those of the R and
R2-C rutile samples (139 vs. 25 and 2.2 m? g!, respectively) and
consequently it is expectedly constituted of smaller size particles,
as confirmed by the average crystallite diameter Dygp (Table 1)
and also by the SEM micrographs reported in Fig. 4. Indeed, this
figure shows that sample R1-C, as well as samples A, A-C and B,
essentially consist of agglomerates of nanoparticles. On the other

0.8

0.6

0.4

= -

0 nm filter

Absorbance

0.0 T ; T T T r T
300 325 350 375 400 425 450 475 500
Alnm

Fig.3 UV-Visabsorption spectra of (a) unmodified TiO, samples labelled
as in Table 1 (continuous lines) and of the employed 385 nm and 400 nm
band pass filters (dashed lines); (b) the same TiO, samples modified by
1 wt% Pt deposition.

200nm ? &1 2000m
’ —_— “ = ==

Fig.4 SEM micrographs of the investigated bare TiO, samples.
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hand, sample R2-C is formed by much larger crystallites, whereas
sample R exhibits a sort of sponge-like morphology.

As shown in Fig. 3b, the grey Pt-containing TiO, powders
exhibit broad and structureless absorption in the visible region due
to the plasmon resonance of the noble metal nanoparticles on the
TiO, surface, together with the onset of semiconductor band gap
absorption located at the same wavelength of the corresponding
unmodified TiO, samples (see Fig. 3a).

3.2 Photocatalytic tests

A recent, systematic investigation on the photocatalytic steam re-
forming reaction of methanol evidenced that methanol undergoes
oxidation up to CO, through the formation of formaldehyde and
formic acid as intermediate species; carbon monoxide, methane,
methyl formate, dimethyl ether and acetaldehyde were also identi-
fied as side products.®*

The products distribution and their selectivity can be tuned by
changing the methanol molar fraction x in the liquid solution,
thus changing the ratio of the methanol to water partial pressure
in the feeding mixture. In particular, H, and CO, evolution close to
the molar ratio expected from overall methanol steam reforming
(reaction (1)) is achieved only for very low x values (x < 0.01)
and formaldehyde becomes the main product detected in the gas
phase, for higher x values. Furthermore, the rate of hydrogen
production ry, follows a bell-shaped curve when plotted vs. x,
with a maximum at x = 0.4, and the rate of CO, production rco,
exhibits a hyperbolic decay curve vs. x. Hence, we adopted x =
0.1 as standard reaction condition in the present study, because
it represents a good compromise between a high ry, value and
high selectivity in hydrogen production to CO,, Sco,, defined as
Sco, = (3rco,/1u,) X 100. The selectivity to CO is defined as Sco =
(2rco/ry,) % 100.

In all photocatalytic tests H,, CO, and CO evolution occurred at
constant rate during irradiation, as in previous studies.* The rates
of H,, CO, and CO production obtained with the investigated
photocatalysts are reported in Table 2, together with the Sco,
and Sco selectivity values. It is worth recalling that the rate of
CO production is very important when considering photocatalytic

Table 2 Rates of H,, CO, and CO production (r) and percent selectivity
to CO, and CO in hydrogen production on bare and on 1 wt% Pt-modified
TiO, photocatalysts

r/mmol h™' g, % Selectivity

Sample H, CO, CO Cco, CO
A“ 1.14 0.098 0.034 26 6.0
A-Ct 0.97 0.044 0.040 14 8.2
B 0.95 0.070 0.017 22 3.6
R« 0.55 0.110 0.026 60 9.5
R1-C? 0.27 0.033 0.009 37 6.7
R2-C? 0.05 0.015 0.001 90 5.6
Pt/A 12.8 1.20 0.041 28 0.6
Pt/A-C 11.7 1.01 0.150 26 2.6
Pt/B 13 1.83 0.076 42 1.2
Pt/R 5.7 0.81 0.030 43 1.1
Pt/R1-C 3.44 0.27 0.028 24 1.6
Pt/R2-C 0.66 0.036 0.004 16 1.3

“ Synthesised by thermo-hydrolysis. > Commercial sample.

hydrogen as a feedstock for fuel cells. In fact, CO would certainly
be the most undesired by-product, being a well-known poison for
Pt-based catalysts in fuel cells.

Among the unmodified oxides, anatase (A and A-C samples)
confirmed to be the most photoactive photocatalysts under UV-
Vis irradiation (Table 2 and Fig. 5). However, brookite showed
an activity in hydrogen production almost comparable to that of
anatase, whereas rutile was the less photoactive TiO, polymorph,
though displaying the desired highest selectivity to CO,, Sco, -

14

mH2
mCO2

=N =N
o N
L

[}

rate / mmol h! gm’1

OO ON PR R, PP
v SRR N R P
S TY & &

Fig. 5 Comparison of the rates of H,, CO, and CO production (r) on
bare and on 1 wt% Pt-deposited TiO, samples under UV-Vis irradiation
(350 < A < 450 nm).

On Pt-deposited TiO, samples the rate of hydrogen production
was systematically more than ten-fold higher in comparison to
the values obtained with the corresponding bare oxides. Indeed,
noble metal nanoparticles on the semiconductor surface are able
to capture photopromoted conduction band electrons, due to the
electronic potential barrier generated by the band alignment at
the metal/semiconductor heterojunction (Schottky barrier). This
phenomenon favours interface electron transfer, thus increasing
the efficiency of charge separation of the electron—hole pairs
photo-generated on the semiconductor upon light absorption. In
this case methanol photo-oxidation occurs at the semiconductor
surface, acting as photo-anode, whereas hydrogen evolution takes
place on the Pt surface, acting as photo-cathode.

Upon 1 wt% Pt deposition on TiO,, also the rates of CO,
production increased, though by different extents for the different
types of photocatalysts, and at the same time the selectivity to
carbon monoxide significantly decreased, for all of the investigated
photocatalysts (Table 2). Pt-modified brookite was even slightly
more active than anatase, in terms of both ry;, and rco, values, and
rutile remained the less photoactive polymorph. This trend can be
in part explained by taking into account the potential values of the
conduction band edges (Ecp) of the three polymorphs. According
to a previous work,* anatase and brookite have similar Ec values,
i.e. —=0.45 and —0.46 V vs. NHE at pH 7, respectively. It is worth
noting that more cathodic Ey values, i.e. —0.51 V for anatase
nanoparticles and —0.65 V for brookite nanorods were recently
reported.'® The difference among these values might be attributed
to differences in the nature of the materials (powders, nanorods,
films) or to the different methods of estimating E¢;. A less negative
Eg value, i.e. —0.37 V vs. NHE at pH 7, has been estimated for
rutile.®
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Hence, the electrons photopromoted in anatase and brookite
conduction bands have a similar potential suitable to promote
hydrogen formation, which is greater with respect to that of rutile.
However, possibly due to the presence of brookite, the flat band
potential of the R sample is sufficiently negative to allow hydrogen
evolution in the vapour phase.

Of course, not only bulk properties should be invoked to account
for the results reported in Table 2, but also the different surface
adsorption properties and reactivity must be considered. Several
infrared spectroscopy investigations and theoretical calculations
carried out on methanol and water adsorption on both anatase
and rutile surfaces indicate that methanol and water adsorb
competitively at the surface Ti** sites of TiO,, both molecularly
and dissociatively, with methoxy and hydroxyl groups formation
on both anatase and rutile.’"35 In gas-phase reactions, methanol
surface photo-oxidation is expected to proceed through C—H bond
breaking and H-transfer to neighbour bridged oxygen atoms (Ti—
O-Ti) or surface-bound hydroxyl groups (Ti~OH). The three TiO,
polymorphs are characterised by slightly different Ti-Ti surface
distances and thus different activation energies are expected for the
surface reaction transition states on the three crystalline phases,
affecting their photoactivity.

The specific surface area of the photocatalyst powders is also
a key factor governing their photocatalytic performance. Indeed,
sample R1-C (139 m? g') was much more active than sample
R2-C (2.2 m* g"). However, sample R (25 m? g), also mainly
consisting of rutile, was found to be more active than sample
R1-C, despite of the lower surface area. Such behaviour might
be related to the presence of 12 wt% brookite and also to the
narrower band gap, which allowed sample R to absorb a larger
portion of the incident photons (Fig. 2). Indeed, as shown in
Fig. 6, 1 wt% Pt/R was the only photocatalyst active under visible
light (1 > 400 nm), whereas no hydrogen evolution was detected
under such conditions with all the other photocatalysts, including
1 wt% Pt/R1-C, in full agreement with their UV-Vis absorption
spectra in relation to the cut off properties of the 400 nm filter
(Fig. 2). Furthermore, under visible light irradiation of 1 wt%
Pt/R, a stoichiometric H,/CO, evolution was obtained, without
any CO production. On the other hand, Fig. 6 also shows that all
investigated photocatalysts maintained a residual photo-activity
when a 385 nm cut-off filter was employed. However, also in this
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Fig. 6 Comparison of the rates of H, and CO, production on 1 wt%
Pt-deposited TiO, samples under irradiation in the 385 < A < 450 nm
range (385 nm filter) and in the 400 < A < 450 nm range (400 nm filter).

case 1 wt% Pt/R was the most active photocatalyst and no CO
evolution occurred under such conditions.

4. Conclusions

Pure brookite in powder form, modified by deposition of Pt
nanoparticles, proved to be a very good photocatalyst for hy-
drogen production from methanol-water vapours under UV-Vis
irradiation, also in consideration of its high selectivity to CO,
formation and low CO production. Home-made photocatalyst
R, mainly consisting of rutile and also containing a brookite
fraction, maintained a good photoactivity also under visible light
irradiation, thanks to its ability to absorb longer wavelength light.
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