Structure-activity relationship in Ti phosphate-derived photocatalysts for H, evolution.
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Abstract

Photocatalytic H, production has emerged as one of the most clean and promising renewable energy
sources. In spite of the efforts to obtain efficient photocatalysts able to produce H, from Sun light and
water, there is still the need to prepare cheaper and environmental friendlier photocatalysts.
Phosphate-based materials could be good candidates to fulfill these requirements. In this manuscript we
have prepared a set of mixed Ti**/Ti*" valence, open-framework titanium phosphates (of-TiPO,) and
mixed titanium oxide/phosphate derivatives (cr-TiP), correlating their structure and composition with the
photocatalytic activity for H, production. We determined that mixed titanium oxide/phosphate crystalline
phases produced enhanced H, evolution under Sun simulated light irradiation than mixed Ti**/Ti*

valence, open-framework titanium phosphates and titanium oxide phases.
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1. Introduction

The photocatalytic conversion of Sunlight into chemical energy has attracted great interest in the last

decades due to the need of energy sources alternative to fossil fuels in order to satisfy the increasing
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global energy demand, while at the same time reducing CO, emission. [1, 2] Since the seminal paper of
Fujishima and Honda[3] numerous semiconductor metal oxides have been evaluated as photocatalysts
for hydrogen production (TiO,, ZnO, SnO,, Fe,03, SrTiO3,etc),[4] but above all, TiO, has been the most
employed. [5, 6] Although metal oxide-based photocatalysts have shown high photocatalytic efficiency
and stability under UV light illumination and they are Earth abundant and non-toxic, they present some
important limitations. One of the most difficult to overcome has been the large band gap normally
occurring in metal oxides, which determines that absorbed photons having energy larger than the band
gap corresponds to the UV zone, which represents less than 5% of the solar irradiance spectrum. [7]
Moreover, semiconductors based on metal oxides exhibit large degree of charge recombination, which

produces significant losses, reducing drastically the quantum efficiency for hydrogen production. [8]

Different approaches have been developed to overcome these disadvantages, among which
modification of the semiconductor with co-catalysts and light harvesters such as noble metals, dyes or
different semiconductors have been the most widely studied. [9-12] However, the most efficient
co-catalyst are based in expensive noble metals such as Pt, Au, Ag, Ru, Ir, Ni, etc or highly toxic
materials (CdS, CdTe or PbS, among others). [13-15] In addition, the incorporation of co-catalysts in
metal oxides is carried out with methods based on the chemical reduction of the metal salts, some of
them wasting a certain amount of expensive noble metal precursors and limiting photocatalyst
production to small batches. For these reasons there is a continued interest in developing new less
expensive semiconductor photocatalysts with tunable bandgaps (nitrides, borides, carbides,
chalcogenides, etc),[16] able to absorb in the visible region of the solar spectrum, that could be easy to

prepare in multigram scale, are non-toxic and are environmentally tolerable.

Phosphate-based materials have recently emerged as good candidates for photocatalytic reactions.
[17, 18] Phosphates of first-raw transition metals are widely available and relatively inexpensive
materials. In addition, transition metal phosphates present good chemical stability and their band gaps
are easy to tune when compared with typical metal oxides. Transition metal phosphates has been already
reported as photo(electro)-catalysts for water splitting, pollutant degradation and for some photocatalytic
oxidation reactions.[19-21] More recently, Nocera and Kanan described the use of cobalt phosphate
decorated electrodes for catalytic oxygen evolution reaction in neutral water [22] and it could be

anticipated that their photoexcitation could also lead to interesting activity. Related to the present work,



we have recently reported the visible-light photocatalytic hydrogen production from water methanol
mixtures of V-doped, mixed Ti**/Ti* valence, open-framework phosphate and Cr-doped
open-framework iron phosphate [23, 24] and further studies on the photoactivity of these materials are

necessary to fully establish their potential as visible-light photocatalysts.

Besides their use as photoresponsive materials, phosphates can also be the starting precursors of
mixed metal oxide/phosphate and other compounds such as phosphides with interesting semiconducting
properties. Thus, Schaak and co-workers developed Ni,P nanoparticles for electrocatalytic hydrogen
evolution reaction in acidic media.[25] However, as far as we know there are not yet reports on the
photocatalytic activity of materials derived from the thermal chemical reduction of transition metal

phosphates.

In the present work, we have prepared and characterized a set of mixed valence (Ti**/Ti**),
open-framework phosphates and mixed titanium oxide/phosphate derived photocatalysts with the
purpose of optimize their activity for hydrogen generation under simulated sun light irradiation in the
presence of sacrificial electron donors. Determination of the activity under these optimal conditions will
serve to evaluate the potential of these phosphorous containing materials in water splitting by
determining the maximum possible efficiency under conditions in which oxygen generation does not
limit the process. In fact, continuous H, evolution during 24h has been observed for optimized
compositions, demonstrating the long-term stability of these mixed materials under reactions conditions.
Hydrothermal crystallization has been found a convenient procedure to synthesize open-framework
transition metal phosphates in multigram scale. The method also allows doping by adding in the mixture
some dopant metal.[23, 24] Chemical reduction of metal phosphates can render some mixed metal
oxide/phosphate derivates that could also exhibit interesting photocatalytic activity. Variation of the
synthetic conditions in hydrothermal preparation and in the reduction treatment should result in
differences in composition and different crystalline phases which should also be reflected in changes in
band structure energy and, therefore, in their photocatalytic properties. Herein, the relationship between
the different synthetic conditions, structures, compositions of titanium-containing photocatalyst and their

activity for hydrogen evolution will be presented.



2. Experimental

2.1. Photocatalyst preparation

Open-framework mixed valence Ti**/Ti** phosphate

Titanium metal (Alfa—Aesar, 325 mesh) was mixed with 150 mL of an aqueous solution of
1,3-diaminopropane and phosphoric acid (molar proportion Ti 2: 1,3-diaminopropane 2.21: H3PO,
13.65: H,0 500). The resulting mixture was stirred to achieve a homogeneous suspension and was sealed
in a Teflon-lined autoclave. The autoclave was heated in an oven at 170 °C during a period varying from
3 to 7 h rendering the materials named of-TiPO,-3 and of-TiPO,4-7, respectively. After the corresponding
time, the suspension was cooled down to room temperature and the solid was filtered and exhaustively
washed with water, ethanol and acetone. The samples were dried in vacuum at ambient temperature, and

stored under inert atmosphere.

Mixed titanium oxide/phosphate synthesis

2.2 mL of TiCl, (Sigma-Aldrich) was added dropwise to 50 mL of ice/water mixture previously acidified
with HCI (pH 2). This solution was added to a solution containing 4.296 g of Na,HPO, (Sigma-Aldrich)
dissolved in 50 mL of water. The white slurry obtained was stirred for 10 min, washed with water and

centrifuged several times. Finally the precipitates were dried overnight at 100 °C.

0.467 g of the above obtained titanium phosphate was grinded with 0.10 g of KBH, using an agate
mortar until a homogeneous powder was obtained. After that, the mixture was annealed under argon
atmosphere at a heating rate of 5 °C/min and a hold time of 2 h at 550, 700, 850, 1000 and 1200 °C
getting the materials named as cr-TiP-X (cr meaning chemically reduced, cr-TiP-1, cr-TiP-2, cr-TiP-3,
cr-TiP-4, cr-TiOy e, respectively). (TiO)PO, was prepared by mixing under magnetic stirring 10 ml
0.01 M solutions of (NH,),(Ti=0)C,0, and Na,HPO, and collecting the solid precipitate that was

washed with abundant H,O until the complete absence of HPO,* and dried at 60 °C overnight.

2.2. Photocatalyst characterization

XRD patterns were acquired with a Philips Xpert Pro diffractometer in the 20 range from 5 to 70 ° using
the Cu K, radiation (A=1.415 nm) at a rate of 0.5 %/min. HRTEM images were recorded with a JEM

2100F JEOL 200kV electron microscope. UV-visible absorption spectra were recorded with a Jasco



V-650 spectrophotometer.
2.3. Photocatalytic tests for H, production

A suspension of the catalyst (25 mL, 1 gxL™) was sonicated for 1.5 h and placed in a closed reactor
(50 ml) with an irradiation window of 12.56 cm®. Triethanolamine (TEOA) (15% wi/v) (Sigma-Aldrich)
was used as sacrificial electron donor. The reactor was placed in a thermostatic bath with a temperature
set point of 25 °C. The suspension was purged with an argon flow of 2 psi for 15 min prior to irradiation
to remove oxygen. The photoreaction was performed from the top of the photoreactor by using a solar
simulator (Thermo Oriel 1000 W) with an irradiation spot of 100 cm? placed at a distance of 10 cm from
the top of the photoreactor. The light of the solar simulator was filtered through an Air Mass 1.5 filter
and contains approximately 4 % of UV light. The amount of hydrogen collected in the headspace of the
reactor was analysed by injecting 100 uL in a gas chromatograph having a MolSieve column, using

argon as carrier gas and a TC detector.

3. Results and discussion
3.1. Preparation of titanium-containing photocatalysts

Mixed valence (Ti**/Ti**), open framework titanium phosphates (of-TiPO,) having different
particle size were prepared as described before [23] by hydrothermal crystallization using different
synthesis times (of-TiPO4-3 and of-TiPO,4-7). Ti Mixed oxide/phosphate (cr-TiP) were prepared starting
from titanium phosphate obtained by precipitation and subsequent reduction with KBH, at different
temperatures (550 °C = cr-TiP-1, 700 °C = cr-TiP-2, 850 °C = cr-TiP-3, 1000 °C = cr-TiP-4 and 1200 °C
= cr-TiOyuile) (See experimental section for further details). Scheme 1 summarizes the preparation
procedure of the two set of titanium-based phosphorous containing photocatalysts and the list of samples

under study.
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Scheme 1. Preparation procedures titanium based phosphorous containing photocatalyst and list

of samples under study.

The as-prepared materials were characterized by X-ray diffraction (XRD), and the diffraction
patterns are presented in Figure 1. As can be observed in Figure 1a, the diffraction peaks of samples
of-TiPO,-3 and of-TiPO,-7 agree with those that have been previously reported for mixed Ti**/Ti*"
valence, open-framework phosphates with empirical formula Ti,(PO4)(HPO,)2(H,0), X
(NH,CH,CH,CH,NH;)05.[23] Crystallization time shorter than 3 h resulted in no formation of
open-framework formation and the diffraction peaks of the resulting material correspond basically to the
unreacted metallic Ti. Even in the case of of-TiPO,-3 prepared in 3 h reaction time showed in XRD the
presence of residual metallic Ti from the starting reagents, indicating that this reaction time is still not
sufficient to allow the complete reaction of all metallic Ti. In contrast, 7 h hydrothermal crystallization
ensures the complete oxidation of metallic Ti. In summary, of-TiPO4-7 presented pure mixed valence
(Ti**Ti™), open-framework crystalline phase, while of-TiPO,-3 corresponds to a mixture of mixed
valence (Ti"*/Ti**), open-framework of-TiPO, and metallic Ti with diffraction peaks of similar intensity

and for this reason its photocatalytic activity was not studied.

cr-TiP-X samples were prepared by chemical reduction of titanium phosphate by an excess of
KBH, at high temperatures ranging from 700 to 1200 °C (see experimental section). The corresponding

XRD patterns are shown in Figure 1b. As it can be observed at temperatures below 700 °C no crystalline



phases were detected (cr-TiP-1). However, between 700 and 1000 °C a mix of orthorhombic potassium
titanium oxide phosphate (KTiOPOy; Ref. pattern 00-035-0802) and tetragonal potassium titanium oxide
(KTigOs5; Ref. Pattern 00-041-1098) were obtained. Interestingly, potassium incorporation in the solids
should occur by reaction with KBH, employed as reagent for the chemical reduction procedure. At 700
°C the intensity of the main peaks of both phases K(TiO)PO, and KTigO1s5 located at 28.6° and 27.7°,
respectively, were approximately equivalent, being K(TiO)PO, phase the one with the highest peak
intensity. However, when the temperature was increased to 850 °C, the K(TiO)PO, peak at 28.6°
decreased at expense of the increase of the peak at 27.7° corresponding to KTigO1s, indicating that
potassium titanium oxide phosphate phase is progressively converted into the potassium titanium oxide
phase under reductive treatment. At 1000 °C K(TiO)PO, phase practically disappeared and only the
KTigO165 phase was present. Higher temperatures (1200 °C) showed only rutile TiO, phase. In order to
confirm the presence of the different elements in cr-TiP samples, XPS measurements were carried out.
Thus, the presence of K, Ti, P and O was detected in cr-TiP-700 containing 9.95, 34.2, 6.4 and 49.4
atom%, respectively. In addition, the presence of Ti**/Ti** was confirmed as can be observed in Figure
2. In this, the Ti 2ps;, XP spectra shows a main peak located at 459 eV, which has been attributed to
Ti(IV), while a small shoulder can be observed at 455 eV, indicating the presence of a small amount of
Ti(l1) as reported before [26]. Actually, the XPS analysis showed that the contribution of Ti(lll) is only
of 0.7 %. In conclusion, cr-TiP samples prepared by chemical reduction of titanium phosphate renders
upon heating a mixture of two phases, namely K(TiO)PO, and KTigO.s5 in various proportions
depending on the reduction temperature. At 700 °C and 850 °C, the temperature is not enough for
complete removal of phosphate. Higher temperatures promote the formation of pure titanium oxide
crystalline phases. Therefore, intermediate temperatures in the range of 700 - 850 °C render interesting
samples with a presence of two phases strongly interacting forming heterojunctions. There are in the
literature examples showing that heterojunctions between different titanium materials and phases renders

photocatalysts with enhanced H, generation activity [23, 27-29].

As a summary of the material synthesis, sufficiently long hydrothermal crystallization provides
high quality mixed Ti**/Ti*" valence, open-framework titanium phosphate crystalline phase and chemical
reduction renders a mixture of titanium oxide phosphate and potassium titanate phases when the

temperature of the treatment ranges between 700 °C and 850 °C. Further reduction temperature induces



complete reduction of phosphates and the conversion of the material into titanium oxide phases, rutile

becoming the only detectable crystalline phase at the highest reduction temperature.

3h
()]
-+
=
oD
(@]
@)
7h
0 20 30 40
3) 2 theta (°©)
i “ ok 1200°c
£ |
5 i ,_;L_;_L_.L_J_A..Lmowc
3
l.l .L_.J..l,..l Ll o esoec
IR e 700 °C
550 °C
10 20 30 40 50 60 70
(o]
b) 2 theta ("O)

Figure 1. XRD patterns of (a) of-TiPO,4-3 (red) and of-TiPO,-7 (black) samples and (b) cr-TiP-1

(black), cr-TiP-2 (red), cr-TiP-3 (blue), cr-TiP-4 (pink) and cr-TiOx il (Qreen).
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Figure 2. XPS spectra of Ti 2pz, of cr-TiP-700 sample.

Transmission electron microscopy (TEM) images of the titanium-containing samples are presented in
Figure 3. Very different morphology was found for the two of-TiPO,4 samples. Surprisingly, of-TiPO4-3
sample, with shorter crystallization time, presented bigger sizes than the of-TiPO4-7 corresponding to the
largest crystallization time. In both cases the presence of small particles forming large agglomerates of 2
and 0.5 um size approximately for of-TiPO,4-3 and of-TiPO,4-7, respectively, was observed. On the other
hand, sample cr-TiP-1 shows aggregates of approximately 2 pm size lacking defined diffraction
electrons, in good agreement with the absence of peaks in XRD. Samples cr-TiP-2 and cr-TiP-3 present
polycrystalline rod-shape particles of 50 - 100 nm width and 1 and 4 um length for cr-TiP-2 and
cr-TiP-3, respectively. However, cr-TiP-4 TEM images showed a completely different morphology
constituted by layered particles with a wide range of size distribution, indicating deep structural changes

probably reflecting the drastic changes in the composition as consequence of the chemical reduction.



Figure 3. TEM images of samples of of-TiPO,4-3 (a), of-TiPO,4-7 (b), cr-TiP-1 (c), cr-TiP-2 (d), cr-TiP-3

(e) and cr-TiP-4 (f).

Diffuse reflectance absorption spectra were recorded for all samples and they are presented in Figure 4.
of-TiPO,4-3 and of-TiPO,-7 exhibited intense absorption bands in the UV region with two main peaks
located at 209 and 269 nm, and 219 and 281 nm, respectively, and a broad band spanning the whole
visible range centered at 550 nm. The characteristic feature in the visible region has been previously
attributed to the presence of Ti®* ions in the crystalline lattice as consequence of the mixed (Ti**/Ti*")
valence of titanium ions in of-TiPO,4.[23] cr-TiP-X samples also presented absorption bands in the UV
part of the spectra accompanied with broad visible bands. In the case of cr-TiP-3 sample a sharp peak

centered at 310 nm was present and although cr-TiP-2 and cr-TiP-4 showed broad shoulders in the same
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region a defined band was not recorded. In addition, samples annealed between 700 and 1000 °C
exhibited an increasing broad absorption band which grows in intensity from the visible towards the near
infra-red (NIR) (see Figure 4b). This feature could also be a consequence of the presence of some Ti**
ions doping or oxygen vacancies in the existing titanium oxide phase, as it has been reported before. [30,
31] The sample treated at 1200 °C showed a considerable decrease in the relatively intensity of the
visible-NIR absorption, indicating that Ti*" ions or defects in the crystalline framework have disappeared
in good agreement with the well crystallized rutile phase. The direct optical band gaps could be
calculated from the Tauc plots (see insets Figure 4). of-TiPO, prepared through the hydrothermal
method presented direct optical band gaps of 3.57 and 3.45 eV for of-TiPO4-3 and of-TiPO,-7,
respectively. Samples prepared by chemical reduction and annealed at temperatures in the range between
700 and 1000 °C, the optical band gap decreased from 3.3 to 3.0 eV, for cr-TiP-2 and cr-TiP-4,
respectively, being of 3.27 eV for cr-TiP-3. Finally, cr-TiO, i presented optical band gap of 3.17 eV,

which is close to reported values for rutile TiO, band gap.[32]
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Figure 4. Diffuse reflectance UV-Vis absorption spectra of (a) of-TiPO4 and (b) cr-TiP samples. The
insets show the Tauc’s plots obtained from the UV-Vis spectra of the of-TiPO4and cr-TiP samples and

direct band gap determination.

Emission spectra of the different samples were also recorded, and they are shown in Figure 5.
of-TiPO4-3 and of-TiPO,-7 were excited at 275 nm and both samples showed a main emission band
centered at 329 nm and a small shoulder at 466 nm. However, of-TiPO,-7 presented two additional
shoulders at 390 and 418 nm. The previously commented incorporation of Ti** in the open-framework
structures could have as consequence the appearance of different emission bands at energies lower than
those arising from the transition between the edge of the conduction and the valence bands due to the
presence of intraband gap states. Emission from trap states in titanium semiconductors has been widely
studied and similar emissive properties have been attributed to transition of electrons from the

conduction band edge to holes in trapping state located in the band gap.[33]

In the case of cr-TiP-1 the emission spectrum was very similar to the sample prepared with hydrothermal
method (of-TiPO,-3), with a main emission band at 329 nm and a small shoulder located at 460 nm.
However, the main photoluminescence bands shifts gradually towards the red depending on the
annealing temperatures, being located at 336, 338 and 342 nm for cr-TiP-2, cr-TiP-3 and cr-TiP-4,
respectively. Moreover, a second less intense peak at 392 nm starts to develop with temperature. This

peak increases in intensity with temperature and it is similar to the one observed in of-TiPOy4-7 .
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Figure 5. Normalized emission spectra of (a) of-TiPO, and (b) cr-TiP samples. Excitation wavelength

275 nm.

Samples exhibiting absorption bands in the visible and NIR region were also excited both at 500 and 600
nm with the aim to detect possible long-wavelength emissions. However, no detectable
photoluminescence properties were observed in the range of wavelength available to our equipment

(A<1100 nm).

3.2. Photocatalytic hydrogen generation

The photocatalytic activity of mixed Ti**/Ti** valence of-TiPO, for H, evolution has been previously
reported.[23] Herein we have focused in the comparison of the photocatalytic activity of titanium and
phosphorous containing materials prepared at different crystallization times and after chemical reduction
affording samples with different composition and crystalline phases, having strong interaction as
heterojunctions and therefore, different electronic structures and photocatalytic properties. The proposed
mechanism for H, production is depicted in Scheme 2. The samples were exposed to sun simulated light
irradiation at 1 sun in water/TEOA (15% w:v) at 25 mg/ml concentration and purged with Ar gas for 15
min prior irradiation and the H, evolution monitored along time. Figure 6 shows H, evolution using
samples cr-TiP-2, cr-TiP-3, cr-TiP-4 and of-TiPO,-7 as photocatalyst. Samples cr-TiP-1 and cr-TiOg ryile
have not been included since they did not present any crystalline phase or does not contain phosphorous.
of-TiPO,4-3 was not included in the study due to the presence of metallic Ti. Control experiments using

non-reduced cr-TiP were performed, but no detectable amounts of H, were measured.
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Figure 6. (a) Photocatalytic hydrogen production from water/TEOA mixtures using cr-TiP-2 (red),

cr-TiP-3 (orange), cr-TiP-4 (blue) and of-TiPO4-7 (black) as photocatalyst under 1 sun simulated light
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irradiation. (b) Initial production rate. Experimental conditions 25 ml H,O/TEOA (15% w:v) and 25 mg

of photocatalyst.

As can be observed in Figure 6a, the hydrogen production of cr-TiP-2 after 24 h irradiation was
approximately twice of cr-TiP-4 and of-TiPO,-7 at the same time, while cr-TiP-3 exhibited the lowest
photocatalytic H, evolution activity. The quantum efficiencies of the different photocatalyst were
calculated and values of 8-10, 3.7-10, 3.2:10* and 1.6-10™ for cr-TiP-2, cr-TiP-4, of-TiPO,-7 and
cr-TiP-3, respectively, were obtained. The lowest photocatalytic activity of cr-TiP-3 could probably be
attributed to its large particle size and the high NIR absorption as consequence of the incorporation of
Ti** in its structure. The increase in particle size usually leads to decrease in catalytic activity as
consequence of the decrease in specific surface area. Moreover, the XRD of cr-TiP-3 obtained by
reduction at 850 °C showed that the predominant crystalline phase was KTigO165 Without any phosphate,
and therefore, we could conclude that the contribution of K(TiO)PO, in the photocatalytic H, evolution
could be more relevant than the KTigOs65 Since the photocatalytic activity of cr-TiP-2 containing
K(TiO)PO, is significantly higher than that of cr-TiP-4. On the other hand, cr-TiP-2 is also more
efficient as photocatalyst for H, generation than mixed (Ti®*/Ti*) valence of-TiPO,7 with
open-framework structure. Although both preparation methods (hydrothermal and chemical reduction)
allowed the obtention of phosphate like materials, the different band structures derived from the different
compositions promoted improved H, production using the cr-TiP-2 sample rather than the of-TiPO,4-7.
Nevertheless, as can be seen in Figure 5b, the initial production rate of of-TiPO4-7 was even higher than
that of cr-TiP-2, but after this initial period the of-TiPO,-7 production rate decreases significantly. It
could be that the fresh open-framework mixed Ti**/Ti** valence phosphate evolves H, with a
contribution that is not catalytic, but probably stoichiometric. It is suggested that initial stages of the
photocatalytic H, evolution should contain a contribution that probably consumes some lower Ti valence
until the photocatalyst reaches a stationary state. In contrast, the temporal evolution of H, for cr-TiP-2
was linear over the full time of the experiment, indicating that its photocatalytic activity is constant and
the material is stable under operation conditions. This linear temporal evolution of H, is also found for
cr-TiP-4, but the slope is lower than that observed for cr-TiP-2. We can therefore conclude that the

heterojunction between K(TiO)PO, and KTigO155 present in cr-TiP-2 should be responsible for the
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activity and stability of this photocatalyst that performs better than the open-framework (Ti**/Ti*")
of-TiPO, phosphate. In a further control (TiO)PO, was prepared by precipitation of TiO** with HPO,?,
but the resulting pure phosphate did not exhibit photocatalytic activity for H, generation. For comparison
purposes, the sample cr-TiOy i, basically composed by TiO, in rutile phase and P25 photocatalysts
were tested under sun simulated light irradiation, but in both cases negligible photocatalytic activity was
demonstrated under this conditions due to the lack of activity in the visible region, as it has been

reported before. [20]

4. Conclusions

A series of phosphorous containing titanium photocatalysts have been prepared in a reproducible
manner following two different synthetic methods. Hydrothermal crystallization renders pure
open-framework TiP crystalline phases after 7 h reaction. Shorter crystallization times resulted in
incomplete phosphate formation, the material containing some metallic Ti. Chemical reduction method
at high temperature with KBH, produced mixed titanium oxide/phosphate that is present in various
proportions after annealing at temperatures between 700 °C and 1000 °C. Lower annealing temperatures
did not produce any crystalline phases while, temperatures higher than 1000 °C resulted in the formation
of titanium oxide. At temperatures above 1000 °C only titanium oxide crystalline phase was found. It
was observed that mixed titanium oxide/phosphate obtained with the chemical reduction method from

titanium phosphate at 700 °C produced a stable photocatalyst that exhibits the highest H,.
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