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Abstract 

Hydrogen, the cleanest and most promising energy vector, can be produced by solar into chemical 

energy conversion, either by the photocatalytic direct splitting of water into H2 and O2, or, more 

efficiently, in the presence of sacrificial reagents, e.g., in the so-called photoreforming of organics. 

Efficient photocatalytic materials should not only be able to exploit solar radiation to produce 

electron-hole pairs, but also ensure enough charge separation to allow electron transfer reactions, 

leading to solar energy driven thermodynamically up-hill processes. Recent achievements of our 

research group in the development and testing of innovative TiO2-based photocatalytic materials are 

presented here, together with an overview on the mechanistic aspects of water photosplitting and 

photoreforming of organics. Photocatalytic materials were either i) obtained by surface modification 

of commercial photocatalysts, or produced ii) in powder form by different techniques, including 

traditional sol gel synthesis, aiming at engineering their electronic structure, and flame spray 

pyrolysis starting from organic solutions of the precursors, or iii) in integrated form, to produce 

photoelectrodes within devices, by radio frequency magnetron sputtering or by electrochemical 

growth of nanotube architectures, or photocatalytic membranes, by supersonic cluster beam 

deposition. 
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1.       Introduction 

Hydrogen is widely considered the clean energy vector of the future and technologies of energy 

production from hydrogen, e.g. fuel cells and internal hydrogen combustion engines, are already 

mature. However, hydrogen production and storage remain the main problems. In fact, hydrogen 

production is still based on fossil raw materials, its most important industrial production route 

consisting in the catalytic steam reforming of hydrocarbons, with water electrolysis contributing to 

only a few percent of the global production. Steam reforming implies gaseous hydrocarbons 

treatment with steam at high pressure and high temperature and is highly endothermic, i.e. heat 

must be supplied for the reaction to proceed, which is usually provided by the combustion of part of 

the feed stock, with a consequent decrease of the net yield of the whole process. 

The great concern about global climate changes, related to the exploitation of fossil fuels, and the 

urgent need for alternative, environmentally friendly energy sources, led renewed, extensive 

attention to the photocatalytic production of hydrogen, either by the direct splitting of water into 

hydrogen and oxygen or by reforming of organic compounds, and in particular of biomass, on metal 

oxide semiconductors [1–4]. This latter process represents a sustainable option for the future energy 

economy. 

Although a large number of materials potentially suitable for photocatalytic hydrogen production 

have been explored in recent years, including a variety of semiconductor oxides [5] and mixed 

metal oxide semiconductors, also with rather complex structure [6–10], as well as sulphides [11], 

nitrides [12], oxysulphides [13], and oxynitrides [14], titanium dioxide still remains the benchmark 

photocatalytic material [15–17], due to its peculiar intrinsic properties, particularly for hydrogen 

production, if its surface is modified by noble metal nanoparticles (NPs) deposition [18,19] or by 

grafting of metals [20,21]. Indeed, by this way one of the main issues concerning the use of 

semiconductors as photocatalysts, i.e. the separation of photogenerated charge carriers, can be 

overcome, the Fermi level of noble metals usually being lower in energy than the semiconductor 

conduction band energy. Thus, electrons photopromoted in the semiconductor conduction band can 

migrate to the noble metal NPs, whereas photoproduced holes remain in the semiconductor valence 

band. The other important issue related to the use of TiO2 as photocatalyst in solar energy 

conversion, i.e. the fact that it absorbs only a limited fraction of the most energetic portion of the 

solar spectrum, is still far from being overcome, though several different approaches have been 

attempted to increase TiO2 photoactivity in the visible region, e.g. by doping it with p-block 

elements [22], but the solution might possibly be found only by employing different semiconductor 

oxides. 
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Besides by noble metal nanoparticles deposition on TiO2, the rate of photocatalytic hydrogen 

production is further increased in the presence of compounds (e.g. methanol [23–26], ethanol and 

glycerol) able to act as efficient hole scavengers and to fill them more readily than water itself in the 

photocatalytic splitting of pure water. Of course, also organics deriving from renewable sources, 

such as biomasses, may be profitably employed as hole scavengers. Furthermore, photocatalytic 

hydrogen production has been mainly investigated in water suspension, with rare examples of 

investigation of the vapour phase photo-steam reforming reaction [23,27,28]. 

In recent years we performed a systematic investigation on hydrogen production by 

photocatalytic steam reforming, mainly employing methanol as a volatile and simple organic 

electron donor acting as a sacrificial reagent able to combine with photoproduced holes, in a model 

reaction of photocatalytic hydrogen formation from renewable sources. Photocatalysts home 

prepared by different techniques, also containing noble metal nanoparticles, were employed in this 

type of investigation and a systematic analysis of the methanol content-dependent mechanistic 

aspects of the reaction has been performed. TiO2-based materials constituting the photoactive layer 

of the photoelectrodes employed in a two compartment cell for separate hydrogen and oxygen 

evolution from water solutions have also been successfully prepared and tested under different 

conditions. A critical overview of our main results is presented here. 

2. Testing photocatalysts in powder form 

2.1. Photocatalytic reactor for hydrogen production tests 

We first performed photocatalytic activity tests in hydrogen evolution employing TiO2-based 

photocatalyst powders dispersed in illuminated aqueous suspensions [29]. The photoreactor 

consisted in a magnetically stirred cylindrical quartz vessel, inserted in a closed stainless steel 

circulating system, in which an inert gas (nitrogen) was continuously fluxed by means of a bellow 

pump. The analysis of the species evolved from the aqueous suspension under irradiation and 

accumulated in the gas phase was performed by gas chromatographic analysis, after calibration. 

Hydrogen evolved at almost constant rate, except for a slight initial lower rate within the first 2 h. 

The light was an iron halide mercury arc lamp, emitting in the 330–450 nm wavelength range. 

However, when investigating the effects of magnetic stirring and bubbling of the recirculating gas, 

the existence of mass transfer effects was established. In fact, the rate of hydrogen production 

increased when the system was stirred, as expected, and almost doubled when the recirculating gas 

was bubbled through the gas porous septum, as a consequence of the fact that hydrogen 

photoproduced on the photocatalyst surface has to desorb and diffuse through the liquid phase 

before reaching the gas phase. Therefore all preliminary photocatalytic tests were carried out under 
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strictly controlled, constant rate magnetic stirring and gas phase bubbling into the irradiated 

suspension. Furthermore, difficulties were encountered in the repetition of the photocatalytic runs 

employing an already used photocatalyst suspension, because the photocatalyst powder partially 

deposited on the reactor walls from the stirred suspension during the run and could not be fully 

recovered and exploited in subsequent runs. 

For these main reasons the irradiated photoreactor containing the stirred photocatalyst suspension 

was substituted with a vapour phase reactor consisting of Plexiglas cell, hosting the same amount of 

photocatalyst contained in the suspensions, deposited on fine quartz grains. A sketch of the 

laboratory scale apparatus and of the automated sampling and detector system employed in all our 

subsequent test studies is shown in Fig. 1; a full description of the apparatus can be found elsewhere 

[30]. 

 

Fig. 1. Sketch of the experimental set up for vapour phase photocatalytic activity measurements. (A) 

Plexigas photoreactor; (B) photocatalysts bed; (C) Pyrex-glass window; (D) detector (gas 

chromatograph or quadrupolar mass spectrometer); (E1, E2) six ways sampling valves; (F) bellow 

pump; (G) thermostated bubbler; (H) refrigerator-condenser; (M) four ways ball valve (dotted line: 

position for pre-flushing with inert gas; solid line: position for gas-phase recirculation; (L) 

thermostat; (N) gas flow meter; TI and PI: temperature and pressure indicators. Reprinted from 

Ref. [30], Copyright (2009), with permission from Elsevier. 
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During irradiation the reactor temperature slightly increased above room temperature. Also the 

pressure, ca. 1.2 bar at the beginning of the test, increased during irradiation, as a consequence of 

hydrogen accumulation in the gas phase. The bubbler reservoir was filled with water, in water 

photosplitting tests, or with a methanol in water solution, containing 20 vol% methanol, 

corresponding to a methanol molar fraction x = 0.1, under standard photo steam reforming 

conditions. The gas phase generated by bubbling nitrogen in the reservoir, kept at 30 °C, was then 

fed to the catalyst bed in the photoreactor and continuously recirculated at constant rate. Any trace 

of oxygen was removed prior to the runs by thoroughly flushing the whole set up with saturated 

nitrogen, in the absence of irradiation. The original iron halide mercury arc lamp was later 

substituted with a 300 W Xe arc lamp, also operated with different cut off filters. The irradiation 

intensity on the reactor was frequently measured with an optical power meter equipped with a 

thermal power sensor. 

2.2. Photocatalytic hydrogen production over flame spray pyrolysis synthesised TiO2 

The photocatalytic hydrogen production from water splitting and methanol reforming was first 

investigated employing a set of titanium dioxide and gold-modified titanium dioxide photocatalysts 

prepared by flame spray pyrolysis (FP) in a single step [29], a technique which proved to be very 

effective for the synthesis of nanosized and noble-metal modified materials, characterized by high 

surface area and crystallinity, and excellent noble metal dispersion [31–33]. The tested materials 

were home prepared through an optimized FP synthesis, which is based on the solvent evaporation 

and burning of an organic solution containing the titanium precursor and eventually the noble metal 

precursor, followed by nucleation, condensation and aggregation of flame-made oxide 

nanoparticles. In particular we focused on the effects that the organic solvent and operating 

conditions may have on the physicochemical properties of the produced powders in relation to their 

photocatalytic activity in water splitting and methanol reforming.  

All FP-made photocatalysts consisted of a mixture of anatase and rutile crystal phases, in 

different percent amounts. Their specific surface area (SSA) was found to linearly decrease with 

increasing the combustion heat of the organic solvent/fuel employed in their synthesis [29]. When a 

xylene/pyridine mixture was employed as solvent, the highest anatase content, crystallinity and SSA 

were attained, which were not affected by the presence of 1% gold NPs. HRTEM analysis showed a 

bimodal distribution of crystalline particles, with a majority of smaller (5-10 nm sized) particles 

accompanied by some bigger (100-500 nm) particles. Very small and well dispersed, 1-2 nm sized 

gold or platinum NPs [34] can be evidenced in Au- or Pt-containing FP-TiO2, as shown in the 

images reported in Fig. 2. 
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Fig. 2. (a) STEM-HAADF image of flame-made TiO2 containing 1% Au nanoparticles, appearing 

as bright dots.  (b) HRTEM image of FP-0.5%Pt/TiO2; the arrows point to a noble metal 

nanoparticle. Adapted from Ref. [29], Copyright (2008), and from Ref. [34], Copyright (2010), with 

permission from Elsevier. 

 

With all investigated materials hydrogen was found to evolve from water suspensions at constant 

rate under irradiation, with a slight initial decrease in rate usually occurring within the first 2 h. This 

may be ascribed to the presence of some residual carbon-containing species on the photocatalysts, 

acting as more efficient hole scavengers with respect to water molecules, and thus ensuring higher 

initial hydrogen production up to their complete oxidation.  

Bare TiO2 photocatalysts exhibited low activity in water photosplitting, with FP-made TiO2 

samples performing better than benchmark commercial P25 TiO2 [29]. Much better results were 

(a) 

(b) 
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obtained over gold-containing photocatalysts, due to the beneficial effect of noble metal NPs, able 

to capture the electrons photopromoted in the semiconductor conduction band. In particular, a FP-

made sample containing 1% gold NPs proved to be the most active photocatalyst, with a 

photocatalytic activity in hydrogen evolution higher with respect to that of a photocatalyst prepared 

from P25 by 1% gold NPs deposition from a tetrakis(hydroxymethyl) phosphonium chloride-

stabilized gold NPs solution [35]. The rate of hydrogen production, rH2, obtained with both FP and 

commercial photocatalysts increased by one order of magnitude upon 1% gold NPs addition, and 

the more active was the bare photocatalyst, the more active was the gold-modified photocatalyst 

obtained through the same production route [29]. 

A significantly higher hydrogen production rate was attained from water suspensions containing 6 

vol% methanol. Methanol acts as an efficient hole scavenger, thus decreasing the electron-hole 

recombination rate and making conduction band electrons more readily available for H
+
 reduction. 

The rate of hydrogen production also increased with increasing the anatase content of the materials, 

with pure commercial rutile being by far the less performing material, and with increasing the SSA 

of the photocatalytic materials, as expected. Also the amount of surface defects were found to play a 

role, possibly acting as recombination centres of the photogenerated electron-hole pairs. 

Finally, an outstanding increase in the rate of hydrogen production (rH2) was attained in methanol 

reforming with a Au-containing FP-made photocatalyst. The activity was so high that purging with 

N2 was required every 2 h, to prevent overpressure. Successive irradiation cycles were thus 

performed with the same photocatalyst bed, with N2 purging in the dark after each irradiation cycle. 

No induction period in hydrogen evolution was observed in this case, but only a slight decrease in 

hydrogen production rate in successive cycles, as shown in Fig. 3, and a rH2 value ca. 30 times 

higher than with the Au-free FP-photocatalyst. The so obtained high rH2 values are a direct 

consequence of the simultaneous beneficial effects of segregation of photopromoted electrons by 

gold NPs and scavenging of photoproduced holes by methanol [29]. A further 30% higher reaction 

rate was attained with the vapour phase reactor, i.e. in the absence of liquid-phase mass transfer rate 

limitations [30], up to an apparent photon efficiency of 6.3%. 
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Fig. 3. Hydrogen production from photocatalytic methanol reforming on a FP-made (red) and a 

gold-containing FP-made (black) TiO2 photocatalyst. Adapted from Ref. [29], Copyright (2008), 

with permission from Elsevier. 

 

2.3. Effects of noble metal NPs on TiO2 and of the TiO2 phase composition 

A systematic investigation was then performed on hydrogen production from photocatalytic 

steam reforming of methanol, employing a series of noble metal (NM) containing TiO2 

photocatalysts, either synthesized by FP, or obtained by the deposition of preformed NM NPs on 

TiO2 [34,36]. The overview, reported in Fig. 4, of the hydrogen production rate and selectivity 

values to CO and CO2 obtained with the investigated photocatalysts in contact with vapours 

produced from a 20 vol% methanol in water solution outlines that silver is the less effective co-

catalyst, with only a four-fold rH2 increase with respect to rH2 on bare P25 TiO2, whereas rH2 

increased by 37 and 52 times when the same amount of gold or platinum NPs, respectively, were 

present on TiO2. 



9 

 

 

Fig. 4. Rate of hydrogen production, rH2, in photocatalytic methanol reforming and percent 

selectivity to CO2 and to CO obtained with a series of metal containing TiO2 photocatalysts. Those 

prepared by flame spray pyrolysis are indicated by FP. Reprinted from Ref. [34], Copyright (2010), 

with permission from Elsevier. 

 

The difference in the photocatalytic performance of the three metal co-catalysts was related to 

their work function values (Φ), i.e. the energy required to promote an electron from the Fermi 

energy level into vacuum. The larger is the difference between the metal work function and that of 

the TiO2 support, the higher is the Schottky barrier [18], the electronic potential barrier generated 

by the band alignment at the metal–semiconductor heterojunction, with consequent increased 

efficiency of photopromoted electrons transfer and trapping by the metal, resulting in a higher rH2 

value. For the 111 crystal plane of Ag, Au and Pt, Φ = 4.74 eV, 5.31 eV and 5.93 eV, respectively, 

whereas Φ = 4.6–4.7 eV for TiO2 [34]. Consequently, Pt is a more efficient electron trapper than 

gold, in line with the higher photoactivity of Pt-modified TiO2. By contrast, the Φ value of Ag, very 

close to that of TiO2, suggests scarce electron transfer, resulting in less efficient charge separation 

and thus little improvement in the photocatalytic performance upon Ag addition to TiO2. 

The same trend was reflected by the selectivity to CO2, SCO2, in the series of photocatalysts 

containing 1% metal on P25 TiO2 (see Fig. 4), 1%Pt/TiO2 being the most selective photocatalyst, 

followed by 1%Au/TiO2 and 1%Ag/TiO2. Moreover, when considering the use of hydrogen to feed 

fuel cells, CO, being a well-known poison for the Pt-based catalysts in fuel cells, is the most 

undesired by-product. From the point of view of selectivity to CO, SCO, bare TiO2 is the less 
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performing photocatalyst, while NM deposition on TiO2 was found to significantly increase SCO2 

and decrease SCO. Thus, a more efficient separation between photoproduced charge carriers in the 

photocatalyst leads to both more efficient reduction paths, mainly leading to H2 production, and 

complete CH3OH oxidation to CO2 by valence band holes. Furthermore, a more than doubled rH2 

value was attained by doubling the amount of Pt deposited on TiO2 P25, from 0.5% and 1% (Fig. 

4), and even more remarkable was the effect observed in SCO2 values, increasing from 17.5% to 

46.4% [34]. 

The 0.5 wt%Pt-containing photocatalysts prepared either by deposition of preformed metal NPs 

on P25 TiO2 (0.5%Pt/TiO2) or on FP-TiO2 (0.5%Pt/FP-TiO2) exhibit very close photoactivity in 

hydrogen production, whereas the Pt-containing photocatalyst prepared by FP in one step (FP-

0.5%Pt/TiO2) exhibited an exceptionally higher performance, with an extremely low selectivity to 

CO (Fig. 4), possibly due to the lower Pt particle size and higher Pt dispersion on the TiO2 surface, 

typical of flame made catalysts [29,34]. 

Concerning the possible effects on photoactivity of the different phases of titanium dioxide, our 

flame-made materials mainly consisted of a anatase phase, with a ca. 10% rutile content. Titanium 

dioxide notoriously may exist in the three main polymorphs anatase, rutile and brookite, displaying 

rather different physico-chemical properties. Anatase and rutile are the most easily encountered and 

investigated forms, because pure brookite is quite difficult to synthesize.  

A systematic investigation was performed by us on the photocatalytic activity of the three TiO2 

polymorphs employing almost pure phase crystalline oxides in powder form, both naked and after 

deposition of fine platinum NPs on their surface from a colloidal solution [37]. In this study pure 

rutile was found to perform even better than anatase in hydrogen production from photocatalytic 

steam reforming, both in the presence and in the absence of Pt NPs on the photocatalyst surface, 

possibly due to the smaller band gap of rutile, which makes it able to absorb a larger fraction of the 

emission spectrum of the xenon lamp employed as irradiation source in the photocatalytic tests. 

Pure brookite modified by deposition of Pt NPs also proved to be an excellent photocatalyst for 

hydrogen production from methanol-water vapors [37]. 

The effect of noble metal nanoparticles deposition was investigated also with a series of fluorine-

doped materials prepared by the sol-gel method in the presence of different amounts of NH4F, used 

as a dopant source [38,39], and then calcined at 700 °C. The nominal dopant/titanium percent molar 

ratios were 5, 7 and 12; doped materials were labelled as D_X, with X referring to the nominal 

dopant/titanium percent molar ratio. A reference undoped material, labelled as R/TiO2, was 

prepared by exactly the same synthetic route, in the absence of dopant. XPS analysis confirmed the 
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presence of both N and F, mainly in substitutional and surface forms, respectively, both increasing 

with increasing nominal dopant amount [39]. All bare photocatalysts, though calcined at 700 °C, 

consisted of almost pure anatase phase [40], confirming that doping inhibits the anatase into rutile 

phase transition, which is typically observed after annealing undoped titania at temperature above 

600 °C. These doped materials were modified by 0.5 wt% gold or platinum NPs photodeposition, 

which was performed by irradiating aqueous suspensions containing HAuCl4 or H2PtCl6 with a low 

pressure mercury arc lamp under nitrogen atmosphere [40]. 

As shown in Fig. 5, almost identical bell shaped photoactivity trends in photocatalytic hydrogen 

production were obtained for the naked, reference (R/TiO2), Au- and Pt-modified doped titania 

photocatalysts series with increasing dopant content, with 5% NH4F-doped TiO2 always being the 

best photocatalysts within each series. This demonstrates that the electronic structure of the doped 

materials has a crucial role in determining the absorption features and the photoproduced charge 

separation and mobility within the doped photocatalyst oxide. 

 

Fig. 5. Zero order rate constants of hydrogen photocatalytic production and selectivity to CO2 and 

to CO in the photocatalytic methanol reforming on naked and reference NH4F-doped TiO2 (DX 

series, upper inset) and on 0.5 wt% Au- or Pt-modified NH4F-doped TiO2. X indicates the nominal 

dopant/titanium percent molar ratio. 
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On the other hand, the main role of the NM deposited on the doped TiO2 material is limited to an 

increased efficiency of electron-hole separation by “capturing” the electrons photopromoted in the 

CB, platinum always being a more efficient co-catalyst than gold in ensuring this. However, the 

intrinsic efficiency in charge carrier photoproduction and separation is exclusively determined by 

the peculiar, intrinsic electronic features of these doped TiO2 photocatalytic materials [40,41]. 

Most importantly, very intriguing synergistic effects in photoactivity induced by the simultaneous 

bulk and surface TiO2 modification were outlined in hydrogen production for these NM-modified, 

doped TiO2 materials, the increase of hydrogen production rate obtained with such materials with 

respect to that measured with the undoped naked material always being larger than the sum of the 

increases in hydrogen production rate obtained upon NM NPs deposition and upon doping TiO2. 

This indicates that the peculiar electronic structure of TiO2 obtained by doping it with fluorine, 

followed by calcination at 700 °C, contributes in increasing the electron transfer and charge 

separation effect occurring in the presence of surface NM NPs [40]. 

Fluorinated, nanostructured Pt-containing titania photocatalysts very effective in hydrogen 

production from methanol photocatalytic steam reforming were obtained also by FP in single step 

[42]. The introduction of fluoride in the solution to be burned during the synthesis, together with the 

short residence time of the growing oxide particles in the hottest zone of the flame, led to the 

formation of nanocrystals undergoing an anatase into rutile transformation shifted to slightly lower 

temperature as well as to a smaller anatase and rutile unit cell volume with respect to FP-made F-

free TiO2. As shown in Fig. 6, the highest hydrogen production rate (and highest carbon dioxide 

production from methanol reforming) was attained also in this case for a 5% nominal fluorine 

substitution for oxygen, whereas excessive fluorination was found to produce detrimental effects in 

both the surface and the bulk properties of FP-made TiO2. 
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Fig. 6. Effect of fluorine nominal content on the rates of H2 and CO2 production during 

photocatalytic methanol reforming over one step flame-made fluorinated Pt/TiO2. Reprinted from 

Ref. [42], Copyright (2014), with permission from Elsevier. 

 

2.4. Mechanism of photocatalytic hydrogen production from methanol reforming 

Besides the two main photoreaction products, i.e. hydrogen and carbon dioxide, also 

formaldehyde, carbon monoxide, dimethyl ether, methyl formate, acetaldehyde and traces of 

methane and ethane, as by-products, were detected during the photocatalytic steam reforming of 

methanol [34].  

Fig. 7 displays the typical composition vs. time profiles of the recirculating gas during irradiation. 

The concentration of water and methanol (Fig. 7a) did not significantly vary under steady state 

conditions, due to their low percent conversion. The concentration of H2, CO2, CO and CH4 (Fig. 

7b) increased linearly with time because they accumulated in the recirculating gas phase, according 

to a pseudo-zero order rate law, whereas the concentration of formaldehyde, methyl formate, 

acetaldehyde and dimethyl ether (Fig. 7a and 7c) rapidly increased at the beginning of the runs and 

then remained almost constant in the gas phase, because they accumulated in the methanol-water 

liquid solution when the gas phase bubbled into it. Formic acid was never detected in the gas phase, 

very likely because its amount was below the detection limit, but it accumulated in the liquid 

solution, as confirmed by ionic chromatographic analysis at the end of the runs [34]. 
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Fig. 7. Typical gas phase composition during the photocatalytic methanol reforming tests. 

Reprinted from Ref. [34], Copyright (2010), with permission from Elsevier. 

 

In order to ascertain how the rates of products formation are influenced by the methanol/water 

molar ratio in the recirculating gas phase under irradiation and to discern the role of water in 

hydrogen production and methanol oxidation, a systematic investigation was performed by varying 

the methanol and water partial pressures. The rate of formation of the main reaction products was 

thus investigated with both the FP-0.5%Pt/TiO2 (flame-made in a single step) photocatalyst and a 

1.0 wt% gold NPs containing TiO2 photocatalyst (labelled 1%Au/TiO2), which was prepared by 

deposition of preformed, surfactant stabilized Au NPs on commercial P25 TiO2, according to the 

reverse micelle method [43]. These two photocatalysts were fed with vapours in equilibrium with 

water/methanol liquid solutions, kept at 30 °C, containing different methanol molar fractions x 

   

0.000

0.001

0.002

0.003

0.0 0.5 1.0 1.5 2.0

Irradiation time / h

C
H

4
 c

o
n
c
e
n
tr

a
ti
o
n
 /
 %

C
0

4

8

12

16

C
o
n
c
e
n
tr

a
ti
o
n
 /

 %

H2

CO2

CH4

CO

A

B
0

1

2

3

4
C

o
n

c
e

n
tr

a
ti

o
n

 /
 %

0.00

0.04

0.08

0.12

0.16

0.20

H
2
C

O
 c

o
n

c
e

n
tr

a
ti

o
n

 /
 %

 

H2O

CH3OH

H2CO

0

1

2

3

4

C
o

n
c

e
n

tr
a

ti
o

n
 /

 %

0.00

0.04

0.08

0.12

0.16

0.20

H
2
C

O
 c

o
n

c
e

n
tr

a
ti

o
n

 /
 %

 

H2O

CH3OH

H2CO

0.00

0.05

0.10

0.15

0.20

0.0 0.5 1.0 1.5 2.0

Irradiation time / h

c
o

n
c
e
n

tr
a
ti

o
n

 /
 %

0.000

0.005

0.010

0.015

CH3OCH3

HCO2CH3

CH3CHO

0.000

0.001

0.002

0.003

0.0 0.5 1.0 1.5 2.0

Irradiation time / h

C
H

4
 c

o
n
c
e
n
tr

a
ti
o
n
 /
 %

C
0

4

8

12

16

C
o
n
c
e
n
tr

a
ti
o
n
 /

 %

H2

CO2

CH4

CO

A

B
0

1

2

3

4
C

o
n

c
e

n
tr

a
ti

o
n

 /
 %

0.00

0.04

0.08

0.12

0.16

0.20

H
2
C

O
 c

o
n

c
e

n
tr

a
ti

o
n

 /
 %

 

H2O

CH3OH

H2CO

0

1

2

3

4

C
o

n
c

e
n

tr
a

ti
o

n
 /

 %

0.00

0.04

0.08

0.12

0.16

0.20

H
2
C

O
 c

o
n

c
e

n
tr

a
ti

o
n

 /
 %

 

H2O

CH3OH

H2CO

0.00

0.05

0.10

0.15

0.20

0.0 0.5 1.0 1.5 2.0

Irradiation time / h

c
o

n
c
e
n

tr
a
ti

o
n

 /
 %

0.000

0.005

0.010

0.015

CH3OCH3

HCO2CH3

CH3CHO



15 

 

(0.0045  x  1) [44]. The rates of hydrogen production, rH2, and the selectivities to CO and to 

formic acid, SCO and SHCOOH, respectively, determined with the two photocatalysts as a function of 

the molar fraction x of methanol in the liquid phase are shown in Fig. 8. 

 

Fig. 8. Hydrogen production rate (rH2) and selectivity to CO2 (SCO2) and to formic acid (SHCOOH) as 

a function of the methanol molar fraction x in the liquid solution in equilibrium with the gas mixture 

fed to the photoreactor. Reprinted from Ref. [44], Copyright (2011), with permission from Elsevier. 

 

At low x values the rate of hydrogen production rH2 was found to be lower than at high x values 

and both rH2 and SHCOOH exhibit an asymmetric bell-shaped trend with a maximum located at 0.2 < 

x < 0.65. Furthermore, the rate of CO2 production and also SCO2 display a hyperbolic decay trend 

with increasing x, the maximum rate of carbon dioxide production being attained at high water to 

methanol molar ratios. Thus, as the partial pressure of methanol in the vapor phase increases, SCO2 

decreases and formaldehyde becomes the main product of methanol oxidation. These results clearly 

evidence the crucial role of water in guaranteeing the attainment of complete oxidation in the vapor 

phase photoreforming of methanol under anaerobic conditions. 

The sequence of photoinduced oxidation reactions occurring on the photocatalyst surface under 

steady state conditions is schematically represented in Fig. 9. Methanol and water adsorb 

competitively on the oxide surface, with the formation of surface hydroxyl and methoxy groups 
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[42]. Adsorbed methanol is then oxidized up to CO2 on the photocatalyst surface, through 

formaldehyde and formic acid formation, as intermediate species. Under steady state conditions, the 

surface concentration of the intermediates is constant and a competition is established at each step 

between further oxidation of the adsorbed intermediate species and their desorption into the vapor 

phase. The higher is the desorption rate with respect to the oxidation rate, the higher is the 

accumulation rate of that intermediate in the gas phase and consequently the lower is the selectivity 

to CO2. 

 

Fig. 9. Reaction scheme of the photocatalytic vapour phase oxidation of methanol on the TiO2 

surface under steady state conditions. Reprinted from Ref. [44], Copyright (2011), with permission 

from Elsevier. 

 

Each oxidation step may proceed on the photocatalyst surface either by the direct interaction of 

the adsorbed organic species with valence band holes, or by an indirect path involving hydroxyl 

radical attack. Any 

OH radical-mediated path implies water adsorption, which reacts with valence 

band holes, producing protons and reactive 

OH radicals adsorbed on the photocatalyst surface. 

Each hole mediated oxidation step also produces H
+
, and crucial is the diffusion of the so-produced 

protons over the titania surface towards the NM NPs, where photopromoted electrons accumulate 

under irradiation. Also note that formaldehyde oxidation can only proceed through hydroxyl radical 

attack, because H2CO transformation into HCOOH requires an extra oxygen atom, which can only 

be provided by water, through a hydroxyl radical. 

With this reaction scheme, which takes into account both the direct and the 

OH radical mediated 

path at each oxidation step occurring on the photocatalyst surface, a final rate expression was 

obtained which was able to account for the CO2 production rate decaying with increasing methanol 

molar fraction x (see Fig. 10), but not for the bell-shaped curves of formaldehyde and formic acid 

production rate vs. x. We thus concluded that water does not simply act as a source of 

OH radicals, 
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but acts as a diffusion medium for protons produced on the titania surface at each oxidation step, 

which have to reach the NM where proton reduction yielding hydrogen occurs. By taking into 

account a third parallel reaction path, a so called water assisted path, with a rate increasing with 

increasing both methanol and water concentration, the bell-shaped behavior vs. x of formaldehyde 

and formic acid production rates could perfectly be accounted for [44]. 

 

Fig. 10. Rates of formaldehyde, formic acid and carbon dioxide production measured with the FP-

0.5%Pt/TiO2 (left panels) and 1%Au/TiO2 (right panels) photocatalysts at different methanol molar 

fractions x in the liquid phase in equilibrium with the gas mixture fed to the photoreactor. 

Contributions of the oxidation paths: indirect path (dotted line); direct path (dashed-dotted lines) 

and water assisted path (dashed line). Reprinted from Ref. [44], Copyright (2011), with permission 

from Elsevier. 

 

Thus, as shown in Fig. 10, the rate results obtained in the vapor phase photocatalytic methanol 

reforming on noble metal modified TiO2 at different methanol molar fractions were found to 

adequately fit a reaction scheme implying three parallel oxidation paths [44]: i) an indirect 

OH 

radical-mediated path; ii) a direct path, implying the reaction of valence band holes with adsorbed 

methanol and iii) a water-assisted path. 
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3. Testing TiO2-based photoelectrodes and membranes 

The great majority of photocatalytic water splitting systems implies the evolution of a mixture of 

hydrogen and oxygen in only one reactor; of course a separation step would be required prior to any 

use of the hydrogen produced by this way. For this reason we set up and tested a two compartment 

Plexiglas cell for separate hydrogen and oxygen production from photocatalytic water splitting [45]. 

The two compartments of this cell are separated by a photoactive electrode surmounting a proton 

exchange Nafion membrane. As better detailed in Fig. 11, the photoelectrode consists in a thin 

titanium dioxide layer, acting as photoanode, deposited on one side of a titanium disk and a 

platinum layer, acting as cathode, deposited on the opposite side [46]. One of the two compartments 

of the cell is filled with a NaOH solution (side A, in contact with the TiO2 film), the other one with 

a H2SO4 water solution (side B, in contact with the Pt film), in order to attain a small chemical bias. 

When side A of the cell is illuminated, water splitting into molecular oxygen (from side A) and 

hydrogen (from side B) occurs at constant rate. The evolved gases are collected in the two upside 

down graduated burettes surmounting the two cell compartments and their volume is determined. 

 

Fig. 11. Detail of the photoelectrode placed in the wall separating the two compartments of the 

water photosplitting cell. Reprinted with permission from Ref. [46]. Copyright © 2010, Eureka 

Science Ltd. 

 

The first photoelectrodes for the cell were obtained by depositing the TiO2 film by RF magnetron 

sputtering. When the titanium disk was kept at 450 °C during deposition, the so obtained films 

consisted of almost pure anatase, whereas the deposited TiO2 mainly consisted of rutile, when the 

RF magnetron sputtering deposition was carried out with the titanium disk kept at 600 °C. Also in 

this case, rutile was found to be more active in hydrogen production, with respect to the anatase 
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phase [45], most probably as a consequence of the already mentioned superior ability of rutile to 

absorb longer wavelength light. More recent studies on the optimization of the photoanode for 

hydrogen production within the cell were carried out in comparison with incident photon to current 

efficiency measurements and revealed that the optimal TiO2 film thickness was reached by a 6 h 

long RF magnetron sputtering deposition under our deposition conditions [47]. Longer deposition 

times produce thicker films with an increased probability of electron-hole recombination along the 

more extended electron path. 

Electrochemical anodization followed by annealing was found to be an alternative, effective and 

easily tunable route to produce TiO2 nanotubes (NTs) layers supported on large surface 

photoelectrodes (see Fig. 12), to be also employed as active materials in our two compartment 

photosplitting cell [48]. The anodization time length was found to be the key factor to produce well 

aligned and top-open NT arrays with an optimal aspect ratio. The photocatalytic activity of such 

TiO2 NT arrays was perfectly paralleled by their performance in photocurrent measurements, 

indicating that both their photocatalytic and photoelectrochemical behavior largely depends on the 

NTs length and morphology.  

 

Fig. 12. Sketch of the TiO2 NTs photoelectrode showing the mechanism of separate H2 and O2 

production through photocatalytic water splitting. Reprinted from Ref. [48], Copyright (2013), with 

permission from Elsevier. 

 

Such technique was further explored to produce Ta-doped [49] and Au-decorated TiO2 NTs [50] 

or to produce self-organized arrays of single metal catalyst particles in TiO2 cavities for highly 
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efficient photocatalytic systems [51]. All these systems were found to be effective for producing 

tailored photoelectrodes, to be employed for photocatalytic hydrogen production. 

It is finally worth mentioning that photocatalytic hydrogen production by ethanol photo steam 

reforming was obtained also employing TiO2-based photoactive membranes fabricated by 

supersonic cluster beam deposition on glass fiber filters [52]. The nanostructured TiO2 and Pt/TiO2 

coatings produced by expanding flame-made powders in a supersonic beam consisted of crystalline 

nanoparticles (mainly anatase), without any need of post-deposition annealing. The rate of hydrogen 

production was found to increase with increasing Pt content in the photoactive material, up to 1.5 

wt% Pt, with a better performance with respect to more conventional compact photocatalyst thin 

films tested in a flowing photoreactor. 

4. Perspectives 

In spite of the enormous efforts carried out all over the world in the last decade, the photocatalytic 

production of hydrogen seems to be still quite far from real large-scale production applications, 

essentially because the efficiency in light harvesting and charge separation of the up to now 

developed photocatalytic materials, in particular the TiO2-based ones, is still too low. The main 

achievements attained so far consist in a quite extensive understanding of the processes at the basis 

of photocatalysis, which have been mainly obtained employing TiO2-based photocatalysts, and in 

the continuous development of innovative semiconductor materials and technologies to produce 

them. Novel composite or functionalized photoactive materials, also containing efficient electron- 

or hole-trapping co-catalysts, as well as organic/inorganic hybrid systems and chemically different, 

low band gap, coupled new materials, are presently regarded as promising ways to achieve full solar 

light exploitation for hydrogen production from water. Sophisticated preparation techniques, able to 

control and tune the electronic properties of photocatalytic materials, would certainly also play a 

relevant role in the near future, together with time-resolved and space-resolved spectroscopic 

techniques in connection with computational investigations, which will provide more in depth 

information on electronic properties of photocatalytic materials, for their better tailored engineering. 
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