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Abstract 

Iron- and/or titanium-containing microporous silicoaluminophosphate catalysts have been 

synthesized, under hydrothermal conditions, using triethylamine structure directing, to obtain 

the aluminophosphate five phase (AFI). These solids were characterized by X-ray diffraction 

(XRD), Fourier transformed infrared spectroscopy (FTIR), scanning electron microscopy 

(SEM), nitrogen adsorption measurements, UV-visible diffuse reflectance spectroscopy (UV-

Vis-DRS) and X-ray photoelectron spectroscopy (XPS). The physico-chemical analyses have 

revealed that Fe- and/or Ti-containing materials have significant photocatalytic properties. 

Thus, they have been valorized in the photocatalytic hydrogen production from water. The 

reaction has been conducted, under visible radiations, and the process has been followed by 

photo-electrochemical characterization (PEC). Hydrogen is the only produced gas and the 

reaction takes place in the conduction band where water is reduced to hydrogen while the holes 

are entrapped using hole scavengers. The results show that our catalysts exhibit a remarkably 

high hydrogen evolution rate and remain stable during reuse up to at least five cycles.  

Keywords: SAPO-5, Substitution, , Photocatalysis, H2 generation. 
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1. Introduction  

Fossil fuels in the form of coal, oil and natural gas have been used for fuel industrial technology 

and transportation since the industrial revolution of the 18th century. Demand for fossil fuels has 

increased over the years, and global energy demand is expected to double by 2050, reflecting 

intended  population growth and industrialization in developing countries [1]. 

Fossil fuels, as hydrocarbons when used, emit particulate pollutants, carbon dioxide and other 

greenhouse gases. Pollution increases risks to human health and greenhouse gases cause global 

warming that threatens the stability of the Earth's climate [2]. In this context, hydrogen has 

proved to be a potential carrier of clean and sustainable energy to replace fossil fuels [3–5]. 

Hydrogen gas is almost absent in our atmosphere. It must therefore be extracted from the 

molecules that contain it, such as water or organic compounds. Traditional hydrogen production 

methods using organic compounds, currently account for more than 90% of hydrogen 

production but require high pressures and temperatures and the use of nonrenewable raw 

materials [6, 7]. Therefore, the development of clean technologies to produce hydrogen from 

renewable sources is very important. One of these technologies is heterogeneous photocatalysis, 

which has proved to be effective for producing hydrogen from water. Since Fujishima and 

Honda works that show the possibility to produce hydrogen from water using TiO2 as 

photocatalyst [8], titanium dioxide has remained the most widely used material for a long period 

because of its stability, efficiency and non-toxicity [9–11] and has been proved to be an active 

catalyst for hydrogen production from water-methanol solutions [12]. 

Photocatalysts are active either under UV or visible light. TiO2 (Eg = 3.2 eV) [13] has been the 

first UV active photocatalyst.  Since the UV represent about 4% of solar radiation and in order 

to exploit the maximum amount of solar radiation which is ensured by visible radiation (45%), 

researchers have made modifications to TiO2 to shift its absorption spectrum to the visible light 

for an optimum Eg value between 1.1 and 1.7 eV [14]. These modifications have been carried 
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out  by combining TiO2 with other semiconductors, by doping or impregnation to obtain novel 

materials such as GO-TiO2 [15], Pt-N-TiO2-graphene nanocomposites [16], CuInS2 sensitized 

TiO2 [17], CNHs/TiO2 nanohybrid [18], Ce3+-TiO2 [19], Rh and Nb co-doped TiO2 [20], H-

doped TiO2 [21], Ti3+ in anatase TiO2 [22]. Several semiconductors have also been used for the 

production of hydrogen from water such as VO2 [12], CdS [23], Fe2O3 [24] and transition metal 

containing aluminophosphates [25]. Among these photocatalysts, iron oxide (Fe2O3) has 

received a great interest due to its band gap that can absorb approximately 60% of the solar 

energy, its chemical stability, its low cost and its ecological and economic interest [26–29]. 

Nevertheless, complex transition metal catalysts tend to fuse or agglomerate and even to deform 

during reactions, due to their high surface energy, thus losing their initial selectivity and 

activity, which reduces the possibility to be reused. The challenge now is to obtain photo-

catalysts containing transition metals with improved selectivity, durability, stability and 

longevity (recyclability). The most suitable is to combine all these properties, in addition to the 

catalytic and adsorbent performance, by inserting the active metals into porous solids in order 

to obtain hybrid and multifunctional catalysts joining both the activity and selectivity of the 

transition metal with high stability and easy separation of the support. Thus, and in this context 

of idea, the substituted microporous aluminophosphates meet well these requirements [25, 30, 

31]. 

The microporous silicoaluminophosphate materials in the AFI (aluminophosphate five) 

structure phase (SAPO4-5) present the advantage to be synthesized with high reproducibility. 

Besides, the materials have many benefits in catalysis through their achieved high order, high 

surface area and ability to interact with atoms, ions and molecules not only at their surfaces, but 

throughout the bulk giving then, satisfactory performances for species selectivity [31]. Doping 

SAPO4-5 with Ti(IV) allows to tune the optoelectronic properties of the resulting material. 

Furthermore, the presence of Fe in the SAPO4-5 or TAPSO4-5 framework improves the redox 

properties of the catalysts and can shift their absorption spectra to the visible range, offering 
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then an optimum band gap energy [29].  Moreover, it has been shown that the presence of Fe 

in photo-catalysts, significantly boosts their activity by suppressing the rapid recombination of 

photo-generated charge carriers [32]. 

The aim of this study is to combine the high surface area of SAPO4-5 with the optoelectronic 

and redox properties of titanium dioxide and iron, respectively, by doping the microporous 

framework with photoactive Ti(IV) and Fe (III) species. Thus, we report new iron- and/or-

titanium containing microporous silicoaluminophosphates as highly efficient and stable photo-

catalysts for hydrogen production from water. To prevent oxidation of water to oxygen at the 

valence band, several hole scavengers have been employed and, in this work, benzoic acid is 

used as a hole inhibitor to ensure exclusively H2 production. On the basis of cyclic voltammetry 

experiments, a reaction mechanism is proposed and discussed. 

2. Experimental 

2.1 Catalysts synthesis 

The studied materials, silicoaluminophosphate (SAPO4-5), titanium-containing 

silicoaluminophosphate (TAPSO4-5), iron-containing silicoaluminophosphate (FAPSO4-5) and 

both iron- and titanium-containing silicoaluminophosphate (FTSAPO4-5) have been 

hydrothermally synthesized according to the literature [33–35]. Aluminum isopropoxide 

(Fluka, 98%), phosphoric acid (Prolabo, 85%) and silica gel (Aldrich, 99%) have been used as 

sources of aluminum, phosphorus and silicon, respectively. Titanium isopropoxide (Alfa Aesar, 

97%) and iron (III) chloride (MERCK, 99%) have been used as sources of metals. 

Triethylamine (TEA) (98%, Fluka) has been used as a templating agent. The reaction mixture 

has been obtained by bringing together and under stirring the different sources of elements 

necessary for the formation of the expected structure for few hours before adding the templating 

agent (scheme 1) and maintaining the stirring for 2 h. Then, the resulting gel has been 

transferred to a Teflon-coated autoclave for crystallization at 200°C for 24 h. The Fe containing 
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SAPO4-5 have been heat pre-treated for 72 h under 90°C before to promote germination and 

ensure good crystallization. The volume of the mixture was 60 ml which represents the 2/3 of 

the volume of the Teflon cup.  The resultant product has been filtered and washed with distilled 

water then dried at 353°C overnight before being calcinated under air atmosphere at 550°C for 

4 h to remove the organic matter.  The gel compositions and synthesis conditions are given in 

Table 1 

Table 1. Gel composition and preparation conditions of the materials 

* R: the structure directing (triethylamine)  

 

Scheme 1. Synthesis process of the catalysts 

Sample 

 

Synthesis gel ratios (mole) Pre-treatment Crystallization 

Al2O3 P2O5 SiO2 Fe2O3 TiO2 R* H2O Temp. Time Temp. Time 

SAPO4-5 1 1 0.2 0 0 1.4 70 - - 200°C 24h 

FAPSO4-5 0.9 1 0.2 0.1 0 1.4 70 90°C 96h 200°C 24h 

TAPSO4-5 0.9 1 0.2 0 0.1 1.4 70 - - 200°C 24h 

FTSAPO4-5 0.8 1 0.2 0.2 0.2 1.4 70 90°C 96h 200°C 24h 
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2.2. Catalysts Characterization 

The synthesized photocatalysts has been characterized by different methods to determine their 

structural, textural and morphological properties. X-ray diffraction (XRD) analyses have been 

performed with a Philips X’PERT powder diffractometer in the 2θ range [2 - 90°], using 

monochromatic X-ray radiation provided by a copper anticathode (λ = 1.54056 Å). The 

measurements have been recorded with a 2θ step of 0.01° and an exposure time of 0.5 s. The 

Fourier transform infrared (FTIR) spectra has been recorded with an IRTF Bruker alpha 

spectrometer over the range 400 - 4000 cm-1. The samples morphology has been observed by 

scanning electron microscope (SEM) using a Hitachi S4500 field effect scanning electron 

microscope and elemental analyses of the samples have been conducted in an attached X-ray 

micro analyzer. Experiments giving the adsorption-desorption isotherms of nitrogen have been 

carried out in a Tristar 3000 (Micromeritics. USA). Adsorption measurements require a well 

degassed surface. For this, the calcined sample has been placed in a Pyrex cell and out gazed at 

a reduced pressure (< 10-4 torr) at 300°C for 10 h. The cell has been then connected to the device 

for measurements. Isotherms has been used to calculate the BET specific surface area, 

microporous volume and external surface using the t-plot method. The UV-Vis diffuse 

reflectance spectroscopy (DRS) spectra have been obtained with a V-650 UV-VIS double-beam 

spectrophotometer from Jasco with integrated sphere in the 200-800 nm region. X-ray 

photoelectron spectroscopy (XPS) spectra have been obtained from a thermo-electron 

spectrometer ESCALAB 250 using a monochromatic source of Al Kα radiation (1486.6 eV) 

calibrated with respect to the C1s binding energy at 284.8 eV. 

The electrochemical and photo-electrochemical (PEC) characterizations have been carried out 

at room temperature in a three-electrode cell: an auxiliary platinum electrode (Tacussel, 1 cm2) 

used as a counter electrode, a saturated calomel electrode (SCE) and a working electrode (WE). 

The WE has first been prepared with the compressed catalyst powder in the form of pellets with 
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a diameter of 13 mm and a thickness of 1 mm, sintered at 200°C and then, brought into electrical 

contact by bonding a copper wire on its back side using silver lacquer and insulated in a glass 

tube with epoxy glue resin. Irradiation has been ensured by a tungsten lamp (200 W) and the 

PEC measurements have been performed in a Na2SO4 solution (0.5 M) and conducted using a 

potentiostat/galvanostat PGSTAT302N. The current-potential curves J(E) have been plotted at 

a scan rate of 0.1 V.s-1 in the potential range (-2, +2 V) using Autolab equipment, the 

capacitance-2 vs. potential plot (C-2 vs.V) has been obtained at 10 kHz. 

2.3 Photocatalytic hydrogen evolution   

The photocatalytic experiments have been performed in a 500 mL Pyrex double-walled reactor, 

maintained at 50°C by a temperature-controlled bath. The solution containing Na2SO4 (0.5 M), 

benzoic acid (0.25 M) and 50 mg of catalyst has been splashed for 30 min with pure nitrogen. 

Afterwards the solution has been irradiated also with 3 tungsten lamps (200 W) under 

continuous stirring for the catalyst activation. The benzoic acid has been used as a hole 

scavenger preventing then the oxidation of water to oxygen. The hydrogen produced quantity 

has been volumetrically measured by a water manometer. 

All the chemicals are analytical grade and solutions are prepared with double-distilled water.  

3. Results and discussion 

3.1. Characterization 

3.1.1 Structural and textural properties 

The XRD patterns of the four materials considered in this work are similar and the narrow line 

width clearly shows the high crystallinity of the samples (Fig. 1). The synthesized materials are 

identified to be principally in the AFI phase with a hexagonal structure and present high purity. 

The absence of peaks characterizing possible crystallized impurities, like silicon, titanium or 

iron oxides may be due to the good incorporation of those elements into the AlPO4 framework 
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or to the formation of nanoparticles that are too small to be detected by XRD. However, there 

is no evidence of bulk remnant materials and impurities. There are small peak shifts to higher 

2 positions when iron and/or titanium are introduced in the SAPO4-5 framework that can be 

related to weak variations of the cell parameters and volume although they fall within the 

uncertainty range of our measurements (Table 2). 

Table 2. Cell parameters (standard deviations in parentheses) and average crystallite size of 

synthesized aluminophosphate solids. 

Samples a (Å) c (Å) c/a   

Cell 

volume 

(Å3) 

Average 

crystallite 

size (nm) 

SAPO4-5 13.77(6) 8.44(1) 0.61 90 90 120 1386 85 

TAPSO4-5 13.71(2) 8.43(6) 0.61 90 90 120 1372 90 

FAPSO4-5 13.72(1) 8.48(9) 0.62 90 90 120 1382 99 

FTAPSO4-5 13.74(1) 8.42(2) 0.61 90 90 120 1376 110 

 

The Scherrer’s formula is employed to evaluate the crystallinity level of the synthesized 

materials. Crystalline sizes (t) are calculated for the five first-order reflections and the obtained 

values are collected in table 2. The results show that the inserted titanium and/or iron atoms 

increase the average crystalline size, suggesting that changes in crystallisation mechanism 

depend on the nature of the inserted metal.  
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Fig. 1. Powder XRD patterns of SAPO4-5, TAPSO4-5, FAPSO4-5 and FTAPSO4-5 samples 

 

The electron micrographs (Fig.2) show that the synthesized catalysts are well crystallized and 

present different morphologies when transition metals are incorporated into the 

silicoaluminophosphate framework. The crystals present a small size and agglomerate in 

various forms according to different orientations. This indicates the heterogeneous 

crystallization of the prepared solids during which germination takes precedence over growth. 

The SAPO4-5 sample presents two crystalline shapes: lamellar forms aggregated into 

intertwined spherical clusters and hexagons agglomerated into rosebuds. The hexagonal 

crystallites are more flattened for the TAPSO4-5 sample and agglomerate into rosettes. For the 

FAPSO4-5 catalyst, the crystallites with hexagonal forms are oriented randomly and the 

composition contrast is well observed, indicating the presence of iron on the crystalline surface. 

The same observation is made when both iron and titanium are inserted into the SAPO4-5 

structure but the crystals present different morphologies taking needle forms agglomerated into 

bundles with different orientations. 
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Fig.2. Electron scanning micrographs and average compositions of the prepared catalysts. 

Table 3. Textural characteristics of the catalysts (standard deviations in parentheses)  

Solids 

BET surface  

area 

m².g-1 

External surface 

area 

m².g-1 

Microporous surface 

area 

m².g-1 

Micropore 

volume 

cm3.g-1 

SAPO4-5 207(2) 14(2) 193(2) 0.075(1) 

TAPSO4-5 264(3) 21(3) 243(3) 0.094(1) 

FAPSO4-5 163(2) 24(2) 139(2) 0.055(1) 

FTASPO4-5 149(2) 63(2) 86(2) 0.036(1) 



11 
 

The N2 adsorption-desorption isotherms, displayed in Fig. S1, reveal that the four synthesized 

solids present a microporous texture in accordance with the type I isotherm referred to the 

IUPAC classification. In fact, at lower relative pressures, we notice a fast increase of the N2 

adsorbed volume which characterizes monolayer adsorption. A very slight inclination is 

observed on the landing, indicating a multilayer adsorption over an external surface area. At 

higher relative pressures, an adsorption stair is observed for the SAPO4-5 and TAPSO4-5 solids. 

The obtained isotherms have a H4 hysteresis type for SAPO4-5 and TAPSO4-5 and a H3 type 

for FAPSO4-5 and FTAPSO4-5, characteristic of capillary condensation through the 

intergranular space. From the results of table 3, we note an increase of the specific surface area 

and micropore volume in the case where titanium is incorporated into the SAPO4-5 framework, 

and a decrease when iron or both iron and titanium are introduced into the framework. This 

evolution can be explained by the relationship between the specific surface area and the 

adsorption energy of the solids, which depends on the insertion rate of the metallic species in 

the aluminophosphate framework and their surface distribution. For iron containing catalysts, 

it can be predicted that the structure with the highest specific surface area can offer more 

catalytically active sites and, therefore, presents the best efficiency. 

The bulk and surface chemical compositions of the different samples were determined by EDX 

and XPS, respectively (Table 4). All the expected elements were detected but there are some 

differences with the expected composition based on the molecular amounts of precursors used 

for the syntheses as reported in Table 1. The relative amount of Al evaluated by EDX is higher 

than expected while the P amount is lower, suggesting lower cationic charge and eventual 

existence of O vacancies, especially in Fe-based catalysts. The relative amount of Fe is higher 

than expected, which can be beneficial for catalyst properties. The amount of Si is as expected 

in bulk but higher at surface, while the evaluation of the weak amounts of Ti is not reliable.   
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Table 4. Chemical compositions obtained by XPS and EDX compared with the expected 

chemical formulae of the synthesized materials. 

Samples 
Chemical composition from XPS Chemical composition from EDX 

Cationic 

charge* Expected formula** 

Al P Si Ti Fe Al P Si Ti Fe  

SAPO4-5 0.45 0.42 0.13 - - 0.52 0.45 0.04 - - 4.0 Si0.048Al0.476P0.476O2 

TAPSO4-5 0.49 0.40 0.08 0.02 - 0.52 0.44 0.04 0.003 - 3.9 Si0.048Ti0.024Al0.434P0.482O2 

FAPSO4-5 0.52 0.38 0.07 - 0.04 0.49 0.37 0.03 - 0.11 3.8 Si0.048Fe0.048Al0.428P0.476O2 

FTASPO4-5 0.48 0.42 0.05 0.003 0.05 0.40 0.35 0.04 0.05 0.16 3.8 Si0.046Fe0.09Ti0.046Al0.364P0.455O2 

*Cationic charge obtained by considering Al3+, P5+, Si4+, Ti4+ and Fe3+ 

**Deduced from the gel composition (Table 1) 

The binding energies of the 2p core levels of Al, P, Si, Ti and Fe obtained by XPS are similar 

for all the catalysts and are typical of Al3+, P5+, Si4+, Ti4+ and Fe3+ bonded to O atoms in 

tetrahedral environments (Table S1) [36–42]. The observed broadened peaks for these spectra 

can be related to the distribution of different types of cations in the second coordination shells 

(Fig. S2).  

The FTIR spectra of the studied catalysts, given in Fig. 3, allow us to ensure that the organic 

matter is totally evacuated from the solids after calcination. Indeed, the branches at 2800-3000 

cm-1 and 1300-1400 cm-1, characteristic of C-H bonds, are non-existent. In the obtained spectra, 

the wide absorption band, observed at approximately 3441-3610 cm-1 is assigned to the surface 

hydroxyl groups that may be bonded to Ti, Fe, Al and P atoms [43–45]. A slight increase in the 

intensity of this band is observed with the insertion of Ti and Fe in the SAPO4-5 framework. 

However, this band can also be ascribed to the silanol groups (SiOH) [46]. Wide and low-

absorbent band observed at 1637-1662 cm-1 is attributed to the O-H stretching mode [25] and 

can reveal the existence of adsorbed water molecules [44]. The intense band at 1100-1128 cm-

1, present in all the samples, is due to the symmetrical and asymmetrical vibrations of the triple 

degenerated phosphate (P–O) bonds and the band observed at 475 cm-1 is attributed to the triple 

degenerated bending vibration of the O–P–O bond in the PO4
3- tetrahedron [47–49]. All the 

prepared catalysts show an absorption band at approximately 711 cm-1 due to the stretching 
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vibrations of the Al–O and P–O bonds, and possibly Me–O bonds for the MeSAPO samples 

[47, 50, 51]. Thus, the FTIR spectra of the prepared solids indicate clearly that the bending 

vibrations of hydroxyl and phosphate groups in the above-mentioned range are influenced by 

the nature of the transition metal. These bands shift to lower wavenumbers when the atomic 

number of the metal increases. 

 
Fig. 3. FTIR spectra of the prepared catalysts and attribution of the main peaks with 

wavenumbers in cm-1. 

The UV-visible DRS is used to determine the coordination of incorporated iron and titanium 

atoms in the SAPO framework. The spectra of the titanium and/or iron containing 

silicoaluminophosphates (Fig. 4) have a common band at 220 nm, usually assigned to 

tetrahedral aluminium atoms, arising from Al ̶ O charge transfer transitions [52, 53]. The 

position and the intensity of this band are related to different parameters such as aluminium and 

oxygen charge density, Al-O distances and the crystallographic position of aluminium atoms in 

the structure. For the titanium containing solids (TAPSO4-5 and FTAPSO4-5), the spectra show 

a band absorption at 260 nm assigned to charge transfer between Ti4+ and O ligands, indicating 

the presence of isolated tetrahedral titanium. This allows us to confirm the incorporation of 

titanium in the SAPO4-5 framework  [43, 54,55]. Moreover, the absence of band at 300-350 nm 

in the spectra of titanium containing solids suggests there is no anatase-like titanium oxide extra 
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framework [45]. Iron containing catalysts spectra show an absorption band at 260 nm assigned 

to charge transfer between O ligands and metal Fe3+ involving isolated Fe(III) framework [56–

58]. In addition, the bands observed at 290 and 340 nm, showing higher intensity for the 

FTAPSO4-5 solid, are assigned to forbidden d-d transitions of Fe(III) in distorted tetrahedral 

coordination [59], confirming the introduction of Fe(III) in the synthesised FAPSO4-5 and 

FTAPSO4-5 solids. Beside these intense bands, a slight shoulder is observed at 470 nm, 

suggesting the presence of a minor portion of octahedral Fe (III). In this case, octahedral 

symmetry can be achieved only if the Fe3+ ions are present in the lattice defect sites that are 

coordinated to both the bridging lattice oxygen atoms and the terminal oxygen atoms resulting 

from bond rupture and ligand coordination [35]. However, the presence of nanoscopic extra-

framework iron species cannot be excluded, forming Fe2O3-like domains originating from the 

migration of four-coordination iron atoms from the framework when calcined in air at high 

temperature [59]. 

Fig. 4. UV-Vis absorption spectra of the photocatalyst samples. 

3.1.2 Optical and photo-electrochemical properties 

The optical properties of the catalysts are studied by UV–Vis DRS spectra. It is clearly observed 

from Fig. 4 that only iron containing catalysts exhibit visible range absorption. 

The absorption coefficient (α) is obtained from reflectance using the Kubelka-Munk (K-M) 

equation [60]. Thus, data of diffuse reflectance are related to both the energy of incident photon 
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(h) and the band-gap energy, Eg, according to the following equation [61,62]: 

    𝐹(𝑅). ℎ𝜈 =
𝐴

𝑆
(ℎ𝜈 − 𝐸𝑔)𝑛     (1) 

where A is a constant depending on the properties of the studied solid and the (e-/h+) mobility, 

and n represents the transition type (n = 2 for a direct transition and n = 0.5 for an indirect 

transition). It is demonstrated (supplementary data) that TAPSO4-5 presents a direct gap and Fe 

containing SAPO4-5 presents an indirect gap. The curves (αhυ)2 and (αhυ)0.5 vs. hυ are shown 

in Fig. S6. The band gap energy for the catalysts is evaluated from the intersection of the linear 

region of the plot with the x-axis. Thus, the Eg values for TAPSO4-5, FAPSO4-5 and FTAPSO4-

5 are 4.05, 2.08 and 1.65 eV respectively. The decrease of the band gap value compared to bulk 

AlPO4-5 (Eg = 5.7 eV) [63] is probably due to the presence of impurity bands induced by the 

partial substitution of Fe, Al and Si for Al and/or P. The band gap values of the iron containing 

materials suggest strong photocatalytic efficiency under visible radiations. 

Fig. 5 shows the cyclic voltammogram (CV) of FAPSO4-5 and FTAPSO4-5 recorded at a scan 

rate 10 mV/s in the range [–2V, +2V]. A good electrochemical stability of the material is 

observed with a dark current (Jd) less than 2 mA/cm2. The voltammogram exhibits two 

reversible redox peaks at -0.98 and +0.53 V vs. SCE for FAPSO4-5, and at -0.80 and +0.66V 

for FTAPSO4-5, assigned to the Fe+2/Fe+3redox process [64]. For FTAPSO4-5, other reversible 

redox peaks are observed at -0.43 and +0.86 V vs. SCE probably due to the Ti4+/Ti3+ couple 

[65]. The increase of the photo-current (Jph), along the anodic region, indicates a n-type 

conductivity where the electrons are the majority carriers (Fig. 5). Furthermore, the sharp 

increase in the current below -1 V is associated with the reduction of water to hydrogen 

(appearance of gas bubbles on the electrode) according to the following reaction [27]: 

2 H2O + 2 e-   → H2 +2 OH-        E= -0.14 V (-0.16 V) vs. SCE for FAPSO4-5 (FTAPSO4-5) 
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Fig. 5. Photocurrent-potential curves of FAPSO4-5 and FTAPSO4-5photocatalysts in the dark 

and under illumination. 

Moreover, we can see from the CV curves that FAPSO4-5 presents a lower onset potential Von 

(-0.36 V) compared with FTAPSO4-5(-0.08 V), which allows us to predict a better 

photocatalytic activity for FAPSO4-5 [66]. 

To discuss the semiconducting properties of the studied solids, the Mott-Schottky spectra were 

investigated (Figure 6): 

1

𝐶2
=  

2

𝜀𝜀0𝑒𝑁D

(𝑉 − 𝑉fb −
𝐾𝑇

𝑒
) 

The plots of C-2 against potential V (Fig. 6) present a linear evolution with a positive slope 

indicating n-type conductivity [67]. The flat band potentials, Vfb= -0.28 and -0.73 V for 

FAPSO4-5 and FTAPSO4-5, respectively, were determined from the abscissa at the origin of 

the Mott-Schottky plots. The difference between the values of Vfb and Von indicates the 

existence of surface states within the band gap and indirect transitions, which is in accordance 

with the DRS results. 
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Fig. 6. Mott-Schottky curves of FAPSO4-5 and FTAPSO4-5 catalysts. 

3.2 Photocatalytic performance of the prepared catalysts 

The photocatalytic efficiency of iron and/or titanium-based silico-aluminophosphates in water 

splitting experiments was studied under visible light in Na2SO4 electrolyte with benzoic acid 

(BA) as a hole scavenger. When the experiments were conducted in dark, no reaction was 

observed and no gas was emitted, which proves that the process is indeed photocatalytic. 

Because of its large band gap, the TAPSO4-5 solid is inefficient under visible radiation. Thus, 

the reaction is conducted under UV radiations at 245 and 365 nm. The best performance of the 

catalyst is obtained under 365 nm (Fig. 7 (a)) and this shows the dependence of the process 

upon the radiation wavelength. According to the data obtained for FAPSO4-5 and FTAPSO4-5 

catalysts in Fig. 7 (b), we can note that H2 generation starts immediately upon light irradiation 

of the system and the produced H2 quantity increases very significantly to reach 65 mmol.gcat
-1 

with FAPSO4-5 and 16.8 mmol.gcat
-1 with FTAPSO4-5 after 1 h. For FAPSO4-5, the H2 

evolution rate increases rapidly during the first 5 min and the stabilisation at 71 mmol.g-1.h-1 is 

observed after 10 min reaction (Fig. 7 (c)). The same observation can be made for the 

FTAPSO4-5 photocatalyst where the rate achieves 38 mmol.g-1.h-1 after 5 min reaction and then 

decreases slightly until stabilisation at 20 mmol.g-1.h-1 after 45 min of reaction process. 
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Hole scavenger process prevents the (e−/h+) recombination permitting exclusively hydrogen 

production in the water splitting reaction and protects the photo-catalysts against photo-

corrosion [68]. The effect of the nature of the hole scavenger on hydrogen production is 

investigated by conducting the reactions in the presence of Na2SO3, BA and methanol. The 

obtained results are presented in Fig. 7(d) and show that the highest hydrogen production is 

obtained in the presence of BA for iron-containing catalysts, which is probably due to the 

COOH functional groups. The efficiency of BA as a hole scavenger has been shown in previous 

studies [68, 69] and is probably due to the partial dissociation of BA, which can give the ability 

enhancement of electron donation to scavenge the photo-generated holes and also for providing 

more quantity of protons in the solution to perform the proton reduction reaction for hydrogen 

production [70]. On the other hand, the pH of the solution has an important role during the 

photocatalytic process since it affects the surface of the photocatalyst and the charge of the 

subtract while the formation of benzoates under herein employed concentrations decreases the 

pH value of the aqueous solution to 3.2. It has been reported that pH values close to 3 are the 

best to promote transfer of charge from ligand to transition metal atoms (Fe or Ti) enhancing 

thus, the holes trapping effect [71, 72].    

The stability and the recycling capacity were investigated for the FAPSO4-5 photocatalyst that 

exhibits the best efficiency in H2 production. Thus, the reaction was repeatedly conducted for 

five cycles by renewing the aqueous solution of BA, and hydrogen production was measured 

during one hour cycle under illumination. The evolved H2 amount reaches 65 mmol.g-1 in the 

first cycle, eventually slightly increases to 70 mmol.g-1 in the third cycle and then decreases to 

63 mmol.g-1 in the fifth cycle, indicating that the activity of the studied photocatalyst does not 

show significant decrease within five cycles (Fig. 8). These results confirm the high activity 

and robustness of the FAPSO4-5 photo-catalysts compared with the other catalysts of the 

present work under the same conditions. To the best of our knowledge, the obtained hydrogen 
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evolution rate observed for FAPSO4-5 is the highest reported value. As shown in Table S5, with 

the lowest catalyst concentration, our material gives the best performance in term of activity 

and stability.   

 

Fig. 7. (a) Hydrogen emission in the presence of TAPSO4-5 catalyst under UV radiation; (b) 

hydrogen evolution amount in the presence of FAPSO4-5 and FTAPSO4-5 catalysts under 

visible radiation; (c) hydrogen evolution rate in the presence of FAPSO4-5 and FTAPSO4-5 

catalysts under visible radiation; (d) effect of the nature of the hole scavenger (1h reaction time) 

 

Fig. 8. Recycled performance of FAPSO4-5 for hydrogen evolution (1h reaction time, BA as 

hole scavenger) 
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To explain the catalyst efficiency and the reaction mechanism, the band structures of the iron-

containing catalysts are examined using our observed values of the flat band potential (Ef) 

obtained from the Schottky plot (Figure 6) and the band gap energy values (Eg) deduced from 

the Tauc plot (Figure S6). Principally, for n-type semiconductors, the Fermi level, Ef, is within 

the impurity band located just under the bottom of the conduction band, Ec, and the difference 

E= Ec-Ef is assumed to be 0.1 eV for iron oxide complexes when the conductivity is lower 

than 10 -1.cm-1 [73], which is generally the case for iron-containing microporous zeolites [74]. 

Therefore, the conduction band potential of FAPSO4-5 and FTAPSO4-5 can be estimated at -

0.38 and -0.83 V vs. SCE respectively. Associating the band gap values, the valence band 

potentials are estimated at 1.7 and 0.82 V vs. SCE for FAPSO4-5 and FTAPSO4-5, respectively. 

 

Scheme 2. Charge transfer mechanism for hydrogen evolution under visible radiation with 

FAPSO4-5 and FTAPSO4-5 photocatalysts. EV, EC, EF, Eg denote the energies of the top of the 

valence band, the bottom of the conduction band, the Fermi level and the band gap, respectively. 

Based on the mentioned results, the proposed photo-evolution hydrogen mechanism is 

elucidated in scheme 2 for FAPSO4-5 and FTAPSO4-5. Electron-hole pairs are photogenerated 

once the photocatalyst is excited with visible light. At the top of the valence band, the holes are 

inhibited with BA (as hole scavenger) to avoid oxygen formation from water oxidation while 

at the bottom of the conduction band the electrons react either with H+ or H2O to form hydrogen 
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(H2). The redox ability of the catalyst can be improved when the potential vs. SCE of its 

conduction band minimum is more negative and that of the valence band maximum is more 

positive, but an excessively large band gap will reduce the light absorption [66]. Thus, the 

highest light energy conversion efficiency can be obtained only when a reasonable balance 

between the band gap and the position of the energy band edges is achieved. Moreover, in the 

photoelectrochemical H2 production, low photoelectrode potential, Von, promotes an efficient 

kinetic of the redox reaction on the electrode surface. Besides, an increase in the surface area 

could provide more active sites. All these factors explain the better efficiency of FAPSO4-5 

compared to FTAPSO4-5.  

 

4. Conclusion 

In this study, we have proposed iron- and/or titanium-containing silico-aluminophosphates as 

novel and efficient catalysts for H2 produced by water splitting process with visible light. A  

hydrogen evolution rate up to 71 mmol.g-1.h-1 was obtained, which is, as far as we know, the 

highest reported value in the literature. By combining different physico-chemical 

characterization methods, we have explained the high H2 production in the presence of the 

FAPSO4-5 catalyst. Investigations based on a photo-electrochemical analysis have contributed 

to describe the semiconducting properties of the catalysts and the charge transfer mechanism 

over its surface. This work also reveals the stability of the FAPSO4-5 catalyst that can be reused 

up to 5 times. 
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