
I. Introduction

There has been an inevitable trend towards decline in

readily accessible high-quality fossil fuel resources,

which are basic to the functioning of the fuel and

energy complex in the developed countries. Hence

there is a great demand for the development of alter-

native and first of all renewable energy sources. In the

USSR, the strategy of research into renewable energy

sources was substantiated in the 1970s by Academician

N.N.Semenov awarded the 1956 Nobel Prize in Chem-

istry, who showed that only thermonuclear power

engineering provides an actually inexhaustible energy

source.1 However, realization of controlled thermonu-

clear fusion is still a long way in the future; therefore,

it is critical to learn how to use the available, almost

perpetual natural thermonuclear reactor, viz., the Sun.

At present, main R&D avenues in the field of solar

energy engineering are as follows:

Ð design of solar cells for direct conversion of solar

energy to electricity and

Ð development of methods for direct conversion of

solar energy to energy of chemical carriers using

thermochemical and quantum systems.

The most interesting way of utilizing quantum con-

verters of solar energy to chemical energy is to produce

hydrogen via photocatalytic processes mimicking natu-

ral bacterial photosynthesis and, which is more pref-

erable, photosynthesis of green plants or cyanobacte-

ria.2 ± 4

Recently, there has been rapid progress in helio-

energetics based on semiconductor solar cells owing to

radical reduction of their cost. As a result, a record
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147 GW of renewable generating capacity was installed

worldwide in 2015, which is higher than conventional

generating capacity installed worldwide that year.5 The

development of novel technologies for direct conversion

of solar energy to electricity faces severe problems

related to electron-storage capacity and electron trans-

port rate.6 Therefore, the most promising line of

development of helioenergetics is direct conversion of

solar energy to energy of chemical compounds, as was

done by Nature, which began with invention of bacte-

rial photosynthesis and then modified it to photosyn-

thesis of cyanobacteria and, finally, to that of green

plants. One of the most efficient methods for conver-

sion of solar energy to energy of chemical bonds is to

design photocatalytic systems reproducing functions of

all types of natural photosynthesis. The ultimate, hard-

to-reach goal of this approach is the splitting of water

into hydrogen and oxygen.7

Unique properties of hydrogen make it a versatile,

green chemical energy carrier suitable for all types of

heat engines and other generating facilities. Taking into

account this fact, the development of novel efficient

hydrogen production technologies based on systems

mimicking natural photosynthesis seems to be topical

in order to solve at least local problems in hydrogen

energy engineering.6, 8

Indeed, there are various industrial technologies for

hydrogen production;9 usually they are energy-consum-

ing and become cost-efficient only at high hydrogen

production volumes as in, e.g., nitrogen industry and

petroleum refining. Local generating facilities require

cost-efficient, moderate-performance hydrogen genera-

tors operating at low temperatures. Such systems rep-

resent an alternative to systems used for high-

temperature reforming (conversion) of organic com-

pounds (main method for commercial production of

hydrogen).2 From the standpoint of energy production

based on renewable energy sources, the most attractive

method is visible light-driven photocatalytic production

of hydrogen.

The possibility for photocatalytic water splitting

into hydrogen and oxygen to occur was for the first

time reported by researchers from Japan.10 This gave a

powerful impetus to the worldwide development of

studies on photocatalytic production of hydrogen. A

number of relevant reviews and monographs were

reported in the USSR before 1990.11 ± 14 Then, after

long time of inactivity, a trend emerged towards resto-

ration of interest of domestic researchers in the photo-

catalytic production of hydrogen. Namely, a review

devoted to water splitting into hydrogen and oxygen

in aqueous suspensions of complex-oxide photocata-

lysts was reported.15

As early as the first publications on photocatalytic

splitting of water, mention was made that recombina-

tion of hydrogen and oxygen atoms produced in the

same volume can significantly reduce the quantum

efficiency of the process. In this connection, here we

pay particular attention to photocatalytic production

of hydrogen by reduction of water using aqueous

solutions of organic and inorganic electron donors

rather than splitting of water.2, 16 ± 23 The trend towards

the use of inorganic sulfides and organic compounds

(e.g., glycerol available in large amounts 24) as electron

donors is quite attractive practically because this

approach allows one to combine the production of H2

with solution of severe environmental problems related

to purification of water from various pollutants.25

Thus, photocatalysis provides both purification of

water and production of hydrogen.

There is considerable literature on photocatalytic

hydrogen production combined with the oxidation of

carboxylic acids,21 ± 26 organochlorine and organophos-

phorus compounds,25, 27 as well as azo dyes.28, 29 The
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Figure 1. Annual number of scientific publications devoted to photocatalytic hydrogen production and reported between 1997 and 2016.
Data analysis was performed using the Web of Science database with the terms `photocatalytic hydrogen production' (a) and
`photocatalytic hydrogen production AND visible light' (b).
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use of biomass-derived oxygen-containing compounds

(ethanol,30 methanol,31 glycerol,30 ± 33 isopropyl alco-

hol 34 and saccharides 30) as electron donors seems to

be very promising because in this case hydrogen can be

produced using three renewable (or inexhaustible) sour-

ces of raw materials, namely, biomass, solar light and

water.

The development of highly efficient systems for

hydrogen production via photocatalytic reduction of

water has been carried out intensively since the early

1980s.2 Since then, a number of systems (mainly semi-

conductor ones) suitable for implementation of the

process in question were prepared; however, none of

them was put into practice.35 There has been steady

interest in the synthesis and studies of visible-light-

sensitive photocatalysts for production of hydrogen;

this is of particular importance from the standpoint of

utilization of solar energy in the future.36, 37 Recently,

a number of new heterogeneous photocatalysts for

visible light-driven hydrogen production were discov-

ered,38 including BiVO4,39 Ta3N5,40 TaON,41

GaN ± ZnO solid solution,42 CoO,43 Ag3PO4 (Ref. 44)

and polymeric graphitic carbon nitride g-C3N4.45 Pub-

lications concerning various types of photocatalysts

include original articles and reviews.6, 15, 46 ± 51 The dia-

grams in Fig. 1 illustrate the dynamics of the number

of publications on various aspects of photocatalytic

hydrogen production, especially, the visible light-driven

process.

A distinctive feature of this review consists in

analysis of interrelations between the photocatalytic

activity of various materials and not only their struc-

ture and optical properties, but also the nature of the

substrate (irreversible electron donor). Thus is due to

the fact that the mechanisms and thermodynamics of

photocatalytic hydrogen production from aqueous sol-

utions of organic compounds and, e.g., the best studied

inorganic electron donor (S27± SO2ÿ
3 mixture) are sig-

nificantly different and moreover differ from the mech-

anism and thermodynamics of complete photoinduced

splitting of water into oxygen and hydrogen.

This review summarizes information on the main

groups of semiconductor photocatalysts for visible

light-driven production of hydrogen, including aqueous

suspensions of solid solutions of transition metal sul-

fides, metal- and nonmetal-doped titanium dioxide, as

well as materials based on polymeric g-C3N4, nitrides,

oxynitrides and oxysilfides. We will also consider

methods for increasing the quantum efficiency of the

processes in question via the design of systems with

semiconductor/semiconductor and metal/semiconductor

heterojunctions, establishment of optimal porous struc-

ture and dimensions of photocatalyst particles. The

review begins with a brief outline of the mechanisms

of photocatalytic splitting of water and hydrogen pro-

duction via the oxidation of various types of electron

donors. A particular Section is devoted to in situ

activation of photocatalysts for hydrogen production

under illumination of systems under study. The final

Section summarizes the advances in the synthesis of

photocatalysts for hydrogen production reactions and

prospects for improvement of these systems.

II. Semiconductor photocatalysts for hydrogen
production: the action principle

In accordance with the laws of quantum mechanics,

electrons in isolated atoms and molecules can have

only particular, discrete energies. The electron energy

spectrum in a solid consists of bands, namely, the

conduction band (CB) and the valence band (VB)

separated by the band gap (BG).52 The bands corre-

spond to the allowed electron energy states. The band

gap equals the energy difference between the bottom of

the conduction band and the top of the valence band.

There is a particular class of solids, viz., semiconduc-

tors representing crystalline substances with a band gap

of the order of 1 eV.

Absorption of a photon by a semiconductor is

associated with electronic transitions between different

states in the energy band structure. Since in an ideal

semiconductor all states in the valence band are full

while all states in the conduction band are empty,

transition can only occur by electron transfer from

the valence band to the conduction band. For a

transition to occur, the energy absorbed by an electron

should exceed the band gap value. Photons with lower

energies cause no transitions between the electronic

states of the semiconductor; therefore, such semicon-

ductors are transparent at n< EBG/h, where h is the

Planck constant.52 Actual semiconductor structures

contain defects, dopant atoms and other features that

can cause the formation of so-called impurity (usually,

discrete) energy levels in the band gap.53

A photo-excited electron that arrived at the con-

duction band becomes mobile and has a high reduction

potential. If this electron reaches the semiconductor

surface, it can be treated as strong one-electron chem-

ical reducing agent. The `hole' formed in the valence

band upon electron transfer is also mobile and can act

as one-electron oxidizing agent on the semiconductor

surface.

The action principle of a typical semiconductor

photocatalyst (disperse particle) is illustrated in Fig. 2.

Photo-excitation of an electron is followed by its trans-

fer from the valence band to the conduction band of

the semiconductor. The process is accompanied by the

E

h+

O2

H2O

H2O

H2

hn
EH2/H2O

EO2/H2O

1.23 eV

VB

CB e7

Figure 2. Energy diagram of the overall reaction for splitting of
water into hydrogen and oxygen over disperse semiconductor
photocatalysts.
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formation of a mobile hole h+ in the valence band.

Mobile electrons and holes generated in the primary

photophysical process can then recombine in the bulk

of the semiconductor or migrate towards the surface of

the catalyst and participate in complex dark redox

reactions with external substrates, in particular,

water.54

II.1. The mechanism of photocatalytic water splitting over
semiconductor photocatalysts
A liquid-phase reaction of complete photocatalytic

water splitting into hydrogen and oxygen over semi-

conductor photocatalysts

H2O(liq) H2(gas)+
1

2
O2(gas) (1)

is usually described using two overall redox reactions,

namely, hydrogen production via two-electron reduc-

tion of protons

2H++2 e7 H2(gas) (2)

and oxygen production via four-electron oxidation of

water

2H2O(liq)7 4 e7 O2(gas)+4H+ (3)

Thermodynamically, the reaction of complete water

splitting under normal conditions is a highly endother-

mic process because the change in the standard Gibbs

energy in reaction (1) is very large (237.2 kJ, see

Ref. 6).

It should be noted that the primary photophysical

event involves transfer of a single electron only. If the

electron energy is sufficiently high, next events can also

occur with no photo-excitation of subsequent electrons.

At the same time, the lowest necessary photon energy

assumes that the reduction of protons to molecular

hydrogen [reaction (2)] is a two-electron process, while

water oxidation to oxygen [reaction (3)] is a four-

electron process without formation of energetic inter-

mediates, such as free radicals, radical ions, etc. (see,

e.g., Ref. 11). Taking into account this fact and based

on the general principles of thermodynamics of the

process in hand and on the maximum efficiency of

solar energy conversion, the band gap of an efficient

catalyst for photocatalytic water splitting into hydro-

gen and oxygen should lie between 1.23 and 3.0 eV,

which corresponds to near-IR radiation (l=1000 nm)

and a blue photon (l=420 nm), respectively. The

energy levels of the bottom of the conduction band

and the top of the valence band should satisfy the

energy requirements specified by the electrochemical

potentials for two-electron reduction and four-electron

oxidation of water, respectively.47 In particular, reduc-

tion of protons to produce hydrogen requires that the

electrode potential of the bottom of the conduction

band be more negative than the reduction potential of

H+ to H2 [EH�=H2
= 0 V vs. normal hydrogen electrode

(NHE) at pH 0]. At the same time, the formation of

oxygen requires that the electrode potential of the top

of the valence band be higher than the potential of

water oxidation to oxygen (EO2/H2O= 1.23 V vs. NHE)

at pH 0.

It should be noted that unavoidable energy loss

during electron transfer in the reactions of hydrogen

and oxygen production on the surface of a heteroge-

neous photocatalyst causes a noticeable kinetic over-

potential. As a consequence, efficient photocatalytic

splitting of water can occur if the band gaps of the

semiconductor materials in hand are close to or greater

than *2 eV.22, 55, 56

The electrode potential of the bottom of the con-

duction band in semiconductors (ECB /V vs. NHE)

depends strongly on the pH of the reaction solution 6

ECB=E �CB7 0.059 pH (4)

where E �CB is the standard electrode potential at pH 0

and the slope (0.059) is expressed in V per pH.

The reduction potential of water is also a linear

function of pH with the same slope equal to 0.059.

This provides an explanation for the fact that the

overpotential on the functioning semiconductor varies

insignificantly as the medium pH changes.6

II.2. Improving spatial charge separation to increase the
quantum efficiency of hydrogen production over
semiconductor materials
A key problem in photocatalytic water splitting over

disperse semiconductor photocatalysts is useless recom-

bination of electron ± hole pairs in the bulk or on the

surface of semiconductors. Nevertheless, improved spa-

tial separation of photogenerated charges allows one to

significantly increase the quantum efficiency of hydro-

gen production.

To this end, specific composite semiconductor mate-

rials are engineered,6, 57 e.g., semiconductor-1/semicon-

ductor-2 and semiconductor/cocatalyst heterojunctions

where charge carriers are transferred across the inter-

face.58 These types of heterojunctions provide energy

band bending and, therefore, significantly enhance the

activity of photocatalysts.59 There are phase junctions

between different structure modifications of same-type

semiconductors (Fig. 3 a), type-1 semiconductor/type-2

semiconductor heterojunctions (Fig. 3 b,c), and the

Schottky junction between the metal and semiconduc-

tor (Fig. 3 d ).

II.2.a. Phase junctions

Phase junctions imply separation of electron ± hole

pairs between two different structure modifications

(phases) of the same semiconductor compound. A

typical example is provided by commercially available

Degussa P25 titanium dioxide containing an anatase

phase (80%) and a rutile phase (20%). Photocatalysts

based on this material demonstrate enhanced activity in

the photocatalytic production of hydrogen as compared

to the activity of 100% anatase.60

A method was proposed for the synthesis of tita-

nium dioxide, which allows one to obtain different bulk

and surface TiO2 phases by varying the calcination

temperature.61 The photocatalytic activity was shown

to be directly related to the phase composition of the

surface. A tentative activity enhancement mechanism is

shown in Fig. 3 a: photogenerated electrons in the

conduction band of rutile are transferred to anatase

particles, which leads to charge separation and, corre-
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spondingly, to an increase in the quantum efficiency

and activity of the photocatalyst.61 The existence of

heterojunctions between a-Ga2O3 and b-Ga2O3 was

proved. Gallium oxide samples containing both phases

also exhibit higher photocatalytic activity in hydrogen

production compared to single-phase samples of

Ga2O3.62

II.2.b. Semiconductor/semiconductor heterojunctions

The main route to preparation of active semiconductor

photocatalysts for hydrogen production is to design

materials with p ± n or n ± n heterojunctions (see

Fig. 3 b,c). This gives rise to local electric fields respon-

sible for Fermi level bending in both semiconductors.

Internal electric field favours separation of photogen-

erated charges and thus an increase in the quantum

efficiency of subsequent chemical processes including

production of hydrogen.

Systems based on CdS/TiO2 heterojunction belong

to the best studied systems with n ± n heterojunctions.6

Visible light-driven photocatalytic water splitting into

oxygen and hydrogen was also studied using

other representatives of this family, namely, Sr2TiO4/

SrTiO3(La,Cr),63 CdS/C3N4 (Ref. 64) and CdS/CeOx .65

Systems with p ± n-heterojunctions can also be used

for photocatalytic splitting of water. For instance,

efficient photocatalytic water splitting was achieved

using CaFe2O/PbBi2Nb1.9W0.1O9 (Ref. 66) and

CaFe2O4/TaON.67

II.3. Evaluation of photocatalytic activity of different
materials: specific features
Like conventional catalysts, photocatalysts for hydro-

gen production are usually compared using the specific

activity expressed in [(mmol H2) h71 g71] as the

critical parameter. The formation of hydrogen is

detected by monitoring the composition of the gas

phase over the suspension of the photocatalyst using,

e.g., a gas chromatograph. However, since the produc-

tion rate of products in photochemical processes is

related to the incident luminous flux and spectral

characteristics of incident light, the use of the specific

activity of photocatalysts is incorrect. The problem of

correct quantitative description of the action of a

photocatalytic system was considered in detail in the

IUPAC recommendations 2011.68

Unfortunately, such a universal parameter as the

quantum efficiency of heterogeneous photocatalytic

processes is used much more rarely because of non-

monochromatic light emitted by most light sources

utilized in the photocatalytic studies. Following the

IUPAC recommendations 2011 (Ref. 68; see also a

review 46), a correct quantitative description of the

photocatalytic activity of materials used for photocata-
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lytic production of hydrogen requires that particular

attention be paid to such parameters as the turnover

number (TON) of the catalyst, the quantum yield of

the process and the action spectrum of the photo-

catalyst.

II.3.a. The turnover number of catalyst

The number of moles of hydrogen produced should

exceed that of the photocatalyst. Otherwise, hydrogen

production can be associated with irreversible changes

in the state of the catalyst. The TON value is calcu-

lated as

(5)

However, it is usually unknown what are active sites

in the photocatalyst. Therefore, the denominator of

expression (5) usually represents the total number of

atoms in the photocatalyst or the number of atoms on

the photocatalyst surface rather than the number of

active sites. Specific activity values calculated with

respect to the mass of the photocatalyst, e.g., in

(mmol H2) h71 (g of catalyst)71, are sometimes incor-

rect because the hydrogen production rate (W) is not

always proportional to the mass of photocatalyst. It

should be noted that a criterion for the occurrence of a

photocatalytic process has the form TON44 1.

II.3.b. The quantum yield of photocatalytic process

The rate of photocatalytic production of hydrogen is

usually measured in (mmol H2) h71. However, the

photocatalytic activity depends on experimental condi-

tions, in particular, on the power and type of light

source, on the geometry of the experimental system,

etc. Thus, the photocatalyst activities measured under

different conditions can hardly be compared correctly.

Indeed, a correct comparison of activities requires

knowledge of the quantum yields of the reaction

calculated with respect to the number of photons

absorbed by the active sites of the photocatalyst. The

number of incident photons can be determined with

ease, but the number of photons absorbed by the

photocatalyst is difficult to determine because of light

reflection and scattering, absorption by inactive com-

ponents of the system, etc. It should be noted that in

most cases photocatalytic production of hydrogen over

disperse semiconductor photocatalysts is studied in

suspensions. Therefore, the quantum yield determined

using the number of incident photons is actually an

apparent quantum yield or the quantum efficiency (F;

see IUPAC recommendations 2011).68 The quantum

efficiency (in %) is calculated using the expression

(6)

Clearly, the apparent quantum efficiency is always

lower than the actual quantum yield of an elementary

photocatalytic reaction. For monochromatic light, F
equals the apparent quantum yield; for non-monochro-

matic light, F is the apparent quantum efficiency.68

II.3.c. The action spectrum of a photocatalyst

The action spectrum of a photocatalyst is the depend-

ence of biological or chemical photoresponse (quantum

yield) on the emission wavelength or energy or on the

emission frequency (or wavenumber).68 An analysis of

the action spectrum is critical to evaluation of the

photosensitivity of samples to different-wavelength

radiation, especially, to visible light. The action spec-

trum is measured using monochromators or light fil-

ters. Hydrogen production over some oxide materials

can also occur in the dark under vigorous stirring of

suspensions.46, 69, 70 Taking account of this fact, blank

experiments carried out with no photocatalyst and

illumination are necessary in order to distinguish

between the dark and light stages of the processes

under study.

II.4. Hydrogen production in aqueous solutions of organic
compounds
Often, researchers study not only water splitting into

oxygen and hydrogen per se, but also photocatalytic

hydrogen production from aqueous solutions of

organic compounds.48 Utilization of certain organic

compounds as electron donors is substantiated from a

practical point of view because water is most often

polluted by just organic compounds. The approach in

question makes it possible to purify water and produce

hydrogen simultaneously.25 Besides, this is a possible

route to hydrogen production from biomass of differ-

ent nature.30 Photocatalytic hydrogen production from

aqueous solutions of organic compounds can be con-

sidered as combination of processes (2) and oxidation

of organics.48 Like in the case of water splitting into

oxygen and hydrogen, the primary photophysical event

usually involves transfer of a single electron (see

Fig. 2), while subsequent chemical transformations can

proceed in the dark.

It is important that the change in the standard

Gibbs energy of water splitting following Eqn. (1) is

237.2 kJ mol71 vs. 71325.4 kJ mol71 for ethanol oxi-

dation by oxygen following the equation

C2H5OH(liq)+
7

2
O2(gas) 2CO2(gas)+3H2O(liq) (7)

The change in the standard Gibbs energy of anae-

robic decomposition of ethanol into hydrogen and

carbon dioxide treated as 12-electron redox reaction

C2H5OH(liq)+3H2O(liq) 2CO2(gas)+6H2(gas) (8)

is 97.4 kJ mol71 or merely 8.1 kJ mol71 per electron.

Therefore, the process is thermodynamically much less

hindered compared to water splitting into oxygen and

hydrogen [see reaction (1)], and photocatalytic reac-

tion (8) can proceed using photons with much lower

energies and(or) require a much smaller number of

photons.48

The general expression for complete anaerobic pho-

tocatalytic reforming of organic compounds has the

form

CxHyOz+(2x7 z)H2O (2x+ y/27 z)H2+ xCO2 (9)

TON=
number of reacted molecules

number of active sites

F=
number of reacted (or evolved) molecules

number of incident photons
6100
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For instance, the changes in the standard Gibbs

energy of anaerobic reforming of glycerol, a biomass-

derived substrate of biofuel production from vegetable

oils

C3H8O3+3H2O 7H2+3CO2 (10)

decarboxylation

C6H12O6+6H2O 12H2+6CO2 (11)

and methanol reforming

CH3OH+H2O 3H2+CO2 (12)

are respectively 5.3, 784.7 and 79.3 kJ mol71.48

According to thermodynamic calculations, the equili-

brium constants of reactions (8) ± (12) are higher than

that of reaction (1). Emphasize that negative changes in

the Gibbs energy of reactions (11) and (12) suggest the

possibility for dark processes to occur. However, this is

not the case for room-temperature reactions in the

presence of conventional catalysts. The role of photo-

catalysts in these processes is to drive thermodynami-

cally allowed transformations at low temperatures. As

is typically the case in chemical kinetics and conven-

tional catalysis, the rate and quantum efficiency of

photocatalytic hydrogen production from aqueous sol-

utions of organic substances is often much higher than

those of thermodynamically forbidden water splitting.

In addition to hydrogen and carbon dioxide, anae-

robic photocatalytic decomposition of organics can

result in alkanes 48, 71 and other compounds.48 In par-

ticular, photocatalytic hydrogen production from aque-

ous alcoholic solutions over Pd/TiO2 photocatalyst can

be described 48, 71 by the following hypothetical scheme:

Ð adsorption of alcohol on palladium

RCH2CH2OH(liq) RCH2CH2OH(ads) (13)

Ð dehydrogenation of alcohol with the formation

of adsorbed H atom

RCH2CH2OH(ads) RCH2CH2
.
O(ads)+H

.
(ads) (14)

Ð desorption of H atoms with the formation of H2

2H
.
(ads) H2(gas) (15)

Ð dissociation of adsorbed alkoxide into adsorbed

carbon monoxide and hydrogen atoms

RCH2CH2
.
O(ads) RCH2

.
(ads)+CO(ads)+2H

.
(ads) (16)

Ð formation of alkane

RCH2
.
(ads)+H

.
(ads) RCH3(gas) (17)

Ð photo-activation of photocatalyst

Ti4++O27+ hn Ti3++O7 (18)

Ð oxidation of CO(ads) and formation of oxygen

vacancy (VÿO)

O7+CO(ads) CO2(gas)+VÿO (19)

Ð charge transfer

Ti3++VÿO Ti4++V2ÿ
O (20)

Ð and reduction of water

V2ÿ
O +H2O O27+H2(gas) (21)

It should be noted that reactions (13) ± (17) proceed

on metallic palladium and do not require illumination.

Again, this is a hypothetical scheme because it assumes

kinetic irreversibility of all elementary stages, which is

of course impossible.

Interrelations between the rate of hydrogen produc-

tion and the chemical composition of products of

anaerobic decomposition of organic substrates of dif-

ferent nature are considered below.

II.5. Photocatalytic hydrogen production in aqueous
solutions of inorganic sulfides
Hydrogen sulfide and water-soluble sulfides belong to

the most widely used electron donors utilized in photo-

catalytic hydrogen production.72, 73 In nature, H2S is a

component of natural gas, as well as oil-dissolved and

volcanic gases;74 dissolved hydrogen sulfide is present

in natural water (e.g., in the Black sea). Hydrogen

sulfide is a weak dibacid characterized by pKa values

of 7.0 and 12.0.72, 75 In alkali solutions at pH5 12,

hydrogen sulfide dissociates to S27 and HS7. At pH

7 ± 12, HS7 dominates. At pH4 7, almost no hydrogen

sulfide dissociation occurs.

The change in the standard Gibbs energy of anae-

robic decomposition of hydrogen sulfide following the

equation

H2S(gas) S+H2(gas) (22)

is 33.44 kJ mol71, being much smaller than that of

water splitting into hydrogen and oxygen (237.2 kJ

mol71).73 If the process is conducted in water, not

only hydrophobic elemental sulfur, but also water-

soluble polysulfides can form as products of oxidation

of the sulfide anion; this makes hydrogen production

even less energy-consuming. Therefore, in some cases

production of molecular hydrogen as a result of hydro-

gen sulfide decomposition can occur without illumina-

tion. Nevertheless, the rate of photoassisted hydrogen

production from dissolved hydrogen sulfide is always

much higher.

The following mechanism of hydrogen production

in alkali hydrogen sulfide solutions in the presence of

semiconductor photocatalysts is considered substanti-

ated. Irradiation of a semiconductor produces charge

carriers (electron and hole) on the semiconductor sur-

face. Photogenerated holes oxidize S27 and HS7 ions

to the water-soluble disulfide ion 72

2 S27+2h+ S2ÿ2 (23)

2HS7+2h+ S2ÿ2 +2H+ (24)
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Photogenerated electrons from the conduction band

reduce water with the formation of molecular hydrogen

2H2O+2 e7 H2+2HO7 (25)

Unfortunately, the disulfide ions S2ÿ
2 produced in

the reaction are highly coloured; therefore, they absorb

visible light, which decreases the quantum efficiency of

photocatalytic hydrogen production.6 To prevent the

undesired action of disulfide ions, water-soluble salts,

e.g., sodium sulfide are often added to the reaction

mixture. If the solution contains sulfite anions, the

reaction

S2ÿ2 +SO2ÿ
3 S2O

2ÿ
3 +S2ÿ (26)

resulting in the water-soluble, colourless anion S27

proceeds. That is why the water-soluble mixture

S27± SO2ÿ
3 is most often used for photocatalytic pro-

duction of hydrogen.75

The overall reaction can be described by the equa-

tion 76

(27)

where Phc is photocatalyst.

Photocatalytic hydrogen production from aqueous

solutions of organic and inorganic substrates is much

more thermodynamically favourable than complete

water splitting into hydrogen and oxygen (see above).

This underlies higher quantum efficiency of hydrogen

production using electron donors that act as `sacrificial

agents'.

III. Main types of heterogeneous semiconductor
photocatalysts for visible light-driven production of
hydrogen

To date, more than 130 semiconductor materials (e.g.,

TiO2, SrTiO3, Nb2O5, SiC, CdS, GaP, etc.) were tested

in UV- and visible light-driven photocatalytic produc-

tion of hydrogen.47, 77 These include metal oxides,

sulfides, oxysilfides and oxynitrides, as well as compo-

sites thereof.22 In most these materials, metals are in

the highest oxidation state and have the electronic

configuration d0 or d10, while nonmetals (O, S and N)

are in the lowest oxidation state. The conduction band

of semiconductors is composed of d- and sp-orbitals of

metal cations. The valence band of metal oxides is

composed of O2p-orbitals. This feature is responsible

for an oxidation electrode potential of photogenerated

holes of about +3 V vs. NHE or even higher (in the

normal state); this is sufficient for the oxidation of

water to O2 (Refs 46 and 78). The valence bands of

metal oxysilfides and oxynitrides are composed of

S3p-orbitals (and O2p-orbitals), N2p-orbitals (and

O2p-orbitals). A typical energy level diagram of the

best studied semiconductor photocatalysts is shown in

Fig. 4.

In addition to the materials mentioned above,

recently considerable attention has been paid to sys-

tems based on polymeric graphitic carbon nitride

g-C3N4 as photocatalysts for water splitting and hydro-

gen production.45, 79 This material has a band gap of

2.7 eV, while positions of the top of the valence band

and the bottom of the conduction band at pH 0

correspond to the electrode potentials of 1.6 and

71.1 V vs. NHE.80

The activity of semiconductor photocatalysts is

enhanced by doping them with metals,81 by sensitiza-

tion with organic dyes,82 by the design of composite

structures, etc.

III.1. Solid solutions of transition-metal sulfides

The valence band of metal sulfides is usually composed

of S3p-orbitals. Therefore, metal sulfides have a nar-

rower band gap compared to metal oxides and a more

`negative position' of the top of the valence band on

the electrode potential scale. Platinized cadmium sul-

fide is the first semiconductor photocatalyst used for

visible light-driven production of hydrogen from aque-

ous solutions of the S27 ± SO2ÿ
3 system used as electron

donor.18 ± 20, 83 Cadmium sulfide is characterized by low

solubility in water (solubility product> 1.6610728 at

25 8C) 84 and has a band gap of 2.4 eV, which corre-

sponds to the energy of green photons (l& 520 nm). In

principle, positions of the valence and conduction

S2ÿ+SO2ÿ
3 +2H2O

Phc, hn
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2ÿ
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bands of CdS are suitable for visible light-driven

photocatalytic production of hydrogen even under

water splitting conditions.22 However, the sulfide ion

in solid CdS is readily oxidized by photogenerated

holes, which leads to photocorrosion of the material

since Cd2+ ions go to solution. Note that photocorro-

sion is a drawback of most solid metal sulfides.

Cadmium sulfide is highly active in visible light-

driven photocatalytic production of hydrogen in aque-

ous solutions of the S27± SO2ÿ
3 system because this

system is not only an electron donor, but also protects

the catalyst from photocorrosion.

Zinc sulfide is also a highly active photocatalyst for

hydrogen production. However, since it has a band gap

of 3.6 eV, which corresponds to UV photons

(l& 340 nm), the material is photo-active only under

UV irradiation.22 There are four lines of research

aimed at improving the catalytic properties of cadmium

sulfide and zinc sulfide:

Ð synthesis of porous cadmium sulfide with 3D(2D)

structure;

Ð production of mixed solid solutions of cadmium

sulfide, zinc sulfide and other transition metal sulfides;

Ð loading of cocatalysts onto the surface of cad-

mium sulfide;

Ð synthesis of catalysts containing cadmium sulfide

supported on a porous substrate with 3D structure.

III.1.a. Synthesis of porous cadmium sulfide with 3D(2D) structure

At present, studies on the synthesis of nanostructured

hierarchical 3D structures based on cadmium sulfide

are developed.6 Such structures exhibit high activity in

hydrogen production owing to the presence of large

pores, which improves transport of reactants in suspen-

sions. Besides, if the average linear pore size in the 3D

structure is of the order of the visible light wavelength,

one deals with multiple reflection of light inside pores,

which favours better absorption of light and, as a

consequence, increases the quantum efficiency of the

target process.

Hierarchical cadmium sulfide with a 3D structure

built of beads *5 mm in diameter is three times more

active than non-structured CdS nanoparticles in the

photocatalytic hydrogen production from aqueous lac-

tic acid solutions under illumination at l5 420 nm.85

Mesoporous CdS particles with narrow pore size

distribution with a maximum near 5 nm and an average

particle size in the range of 4 ± 6 nm were synthesized

by template-free deposition of cadmium nitrate with

sodium sulfide under sonication.86 The activity of these

particles in photocatalytic hydrogen production from

aqueous Na2S ± Na2SO3 solutions was five times higher

than that of the cadmium sulfide particles having no

mesoporous structure.

Recently, studies of 2D structures (cadmium sulfide

nanotubes) have begun. It was found the CdS nano-

tubes with high photocatalytic activity in visible light-

driven production of hydrogen can be produced under

hydrothermal synthesis conditions.87, 88

III.1.b. Preparation of mixed solid solutions of cadmium sulfide,

zinc sulfide and other transition metal sulfides

Sructural similarity between zinc sulfide and cadmium

sulfide leads to ready formation of Cd17xZnxS solid

solutions. Besides, the use of ZnS/CdS solid solutions

is of interest from a practical point of view because

precursors of the photocatalyst, i.e., compounds of

cadmium and zinc, are cheap and the band gap can

be varied with ease by varying the mole fractions of the

components.47 In particular, a series of Cd17xZnxS

samples (x=0 ± 0.92) were prepared by codeposition

of zinc and cadmium salts followed by annealing in

nitrogen atmosphere.47 The band gap was varied by

varying the mole fractions of the components. Positions

of the top of the valence bands and the bottom of the

conduction bands of the mixed solid solutions of

cadmium sulfide and zinc sulfide are shown in Fig. 5.47

As mentioned above, sulfide zinc has a wide band

gap, which excludes the possibility of its operation

under visible light. By doping and combining ZnS

with narrow band-gap semiconductors one can produce

materials that are sensitive to visible light. For

instance, narrow-band-gap solid solutions

(AgIn)xZn2(17x)S2 exhibit high photocatalytic activity

in visible light-driven (l4 420 nm) production of

hydrogen from aqueous solutions of the S27± SO2ÿ
3

system used as electron donor.89 As the Ag+/Zn2+

and In3+/Zn2+ mole ratios increase, the absorption

edge of the solid solution is monotonically shifted

towards the visible region. The dependences of the

Zn0.92S

71.0 70.685

H+/H2

O2/O27
+1.0

+2.0 +2.025

+3.0

0

Cd0.18Zn0.77S Cd0.36Zn0.56S Cd0.62Zn0.16SCd0.54Zn0.37S Cd0.73S

E /V (vs. NHE)

2
.7
1
eV

VBVB

CB

70.33

+1.87

2
.2
0
eV

VB

CB71.87

+2.25

3
.1
2
eV

CB

70.425

+1.925

2
.3
5
eV

VB

CB
70.56

+1.88

2
.4
4
eV

VB

CB

70.62

+1.94

2
.5
6
eV

VB

CB

Figure 5. The band gap positions for mixed solid solutions of cadmium sulfide and zinc sulfide.47
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photophysical and photocatalytic properties on the

composition of the semiconductor material are related

to changes in positions of the band gap and the

conduction band of the ternary solid solution, namely,

Ag4d- and S3p-orbitals influence the position of the

valence band, while Zn4s- and Zn4p-orbitals as well as

In5s- and In5p-orbitals influence the position of the

top of the conduction band.

Among promising sulfide photocatalysts, there are

mixed zinc and indium sulfides ZnIn2S4 belonging to

the AB2X4 family of layered semiconductors. The

structure and morphology of the mixed sulfides

AB2X4 can be varied by varying the conditions of

hydrothermal synthesis using different solvents and

surfactants.90 Systematic studies on the influence of

the nature of the solvent, surfactant and duration of

hydrothermal treatment on the activity of ZnIn2S4
catalysts in the course of visible light-driven photo-

catalytic production of hydrogen showed 91 ± 93 that the

synthesis of ZnIn2S4 using cetyltrimethylammonium

bromide as surfactant not only leads to enhancement

of the photocatalytic activity of the semiconductor, but

also causes an increase in the crystallinity of the mixed

sulfide as compared to that of the samples prepared

using other surfactants. The activity of the Cu-doped

ZnIn2S4 photocatalyst is also enhanced.94

III.1.c. Loading of cocatalysts onto the surface of cadmium sulfide

In the early stage of studies on CdS it was found that

loading of a cocatalyst (platinum) onto the surface of

solid sulfides leads to significant intensification of

hydrogen production.95 Also, titanium dioxide was

platinized in order to intensify photocatalytic water

splitting.96 It is believed that noble metals loaded

onto the cadmium sulfide surface favour spatial photo-

separation of charges via the appearance of Schottky

barriers and thus preclude recombination of photogen-

erated electron ± hole pairs.97 Besides, such metals are

known to be good catalysts of many electrode proc-

esses. All these features cause an increase in the

quantum efficiency of various photocatalytic processes.

Loading of metals has a strong effect on the electro-

chemical properties of semiconductors. If the work

function of the metal exceeds that of the semiconduc-

tor, an electron is transferred to the metal particle. As

a result, a Schottky barrier appears in each metal/

semiconductor contact region (platinum is character-

ized by the highest Schottky barrier because the work

function of Pt is higher than that of other metals).98

The formation of Schottky barriers suppresses recom-

bination of electron ± hole pair and increases the effi-

ciency of spatial separation of photogenerated

charges.99 There has been active search for cocatalysts

for hydrogen production based on non-noble transition

metals, e.g., copper,100 molybdenum,101 nickel 102 ± 104

and cobalt.103 The work function of metals like copper,

nickel and molybdenum is lower than that of noble

metals; however, in some cases decoration of the sur-

face of CdS samples with NiS nanocrystals is more

efficient than loading of platinum or ruthenium.104

Molybdenum disulfide belongs to the most active

cocatalysts for photocatalytic production of H2 over

cadmium sulfide.48, 105 ± 108 It was found that the rate of

visible light-driven photocatalytic hydrogen production

over cadmium sulfide increases by a factor of 36 upon

loading of MoS2 (0.2 mass%) compared to the rate of

the process proceeding over unloaded CdS. The activity

of the MoS2/CdS composite material appeared to be

higher than that of cadmium sulfide loaded with metals

including platinum, ruthenium, rhodium, palladium

and gold.107 Loading of molybdenum sulfide onto the

surface of cadmium sulfide or Cd17xZnxS solid solu-

tion leads to formation of MoS2/CdS heterojunctions.

Under illumination, an electron goes from the valence

band to the conduction band of CdS and, since the

bottom of the conduction band of molybdenum sulfide

is lower than that of cadmium sulfide, a photogener-

ated electron in CdS can migrate towards MoS2 par-

ticles (Fig. 6) where hydrogen production occurs.109

The process favours spatial separation of photogener-

ated electron ± hole pairs and thus increases the quan-

tum efficiency of the photocatalytic process.

Production of hydrogen on molybdenum disulfide par-

ticles via reduction of protons is described by the

following equations:109

MoS2+e7+H+ HMoS2 (28)

HMoS2+e7+H+ MoS2+H2 (29)

Multiple enhancement of photocatalytic activity

upon loading of CuxS particles onto the surface of

cadmium sulfide particles or Cd17xZnxS solid solution

was for the first time reported by Savinov and co-

workers.110, 111 They proved that high activity of the

composite photocatalysts based on Cd17yZnyS and

CuxS is due to the formation of p ± n-microheterojunc-

tions (Fig. 7). In some cases, this feature causes the

photocatalytic activity of copper sulfide-loaded cad-

mium sulfide to enhance to a greater extent compared

to the effect of platinization of CdS.112, 113 High quan-

tum efficiency in photocatalytic hydrogen production

was also reported for PbS/CdS systems.114,115 Enhance-

ment of photocatalytic activity upon loading of lead

sulfide onto the cadmium sulfide surface can also be

explained by the formation of microheterojunctions.

The activity of WC/CdS photocatalysts in the visi-

ble light-driven production of hydrogen from aqueous

solutions using the S27± SO2ÿ
3 system as electron donor
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75.67 eV (H2O/O2)
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Figure 6. Formation of heterojunctions in MoS2/CdS system.109
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was comparable with that of Pt/CdS.116 Similarly to

platinum loaded onto the cadmium sulfide surface,

tungsten carbide creates active sites on the semicon-

ductor surface and provides fast diffusion of photo-

generated electrons from the CdS surface to WC and

favours spatial separation of photogenerated charges

and, therefore, high photocatalytic activity in the

hydrogen production reaction.

A number of recent studies are devoted to correla-

tions between the activity of sulfide photocatalysts and

the chemical state of the loaded cocatalysts.106, 117 For

instance, Ran et al.95 studied the effect of the nature of

the surface-loaded nickel compounds [Ni, NiO, NiS,

Ni(OH)2] on the photocatalytic activity of Cd0.2Zn0.8S

in hydrogen production from aqueous triethanolamine

solutions. The maximum rate of hydrogen production

was achieved using nickel hydroxide as cocatalyst. It is

believed that high activity of Ni(OH)2/Cd0.2Zn0.8S pho-

tocatalysts is due to the formation of metallic nickel

nanoparticles in the course of photocatalytic hydrogen

production. The composite cocatalyst Ni/Ni(OH)2
forming in situ has two functions, namely, the loaded

metallic phase favours spatial separation of photogen-

erated charges while the hydroxide catalyzes the disso-

ciation of water.95

A comparison of two methods for activation of the

solid solution Cd0.5Zn0.5S, viz., loading of copper

sulfide and incorporation of Cu2+ ions into the crystal

lattice of Cd0.5Zn0.5S, showed 112 that the rate of

hydrogen production in the presence of the composite

photocatalyst CuS (2 at.%)/Cd0.5Zn0.5S was twice as

high as in the presence of the photocatalyst

Cu0.02Cd0.49Zn0.49S. Also, the rate of hydrogen produc-

tion over the copper-loaded photocatalysts was higher

than in the presence of a reference sample

Pt(1 mass%)/Cd0.5Zn0.5S. A study 118 of transforma-

tions of two copper-based cocatalysts, metallic Cu and

Cu(OH)2 , loaded on Cd0.3 Zn0.7S revealed that both of

them are transformed to copper sulfide in the course of

photocatalytic hydrogen production. The rate of hydro-

gen production over Cu(OH)2/Cd0.5Zn0.5S was higher

owing to higher dispersion of in situ-forming CuxS.

The maximum quantum efficiency and rate of

hydrogen production in aqueous solutions of the

S27 ± SO2ÿ
3 system were achieved 114, 115 using sulfide

photocatalysts. The quantum efficiency of hydrogen

production in the presence of the Pt/PdS/CdS photo-

catalyst under illumination at l=450 nm is 47% (per

H2 molecule).{

III.1.d. Preparation of catalysts containing cadmium sulfide

supported on porous substrate with 3D structure

The quantum efficiency of photocatalytic production of

hydrogen over cadmium sulfide nanoparticles can be

increased by immobilizing CdS particles on various

substrates including Al-HMS molecular sieves,120

microporous and mesoporous silica gels and zeolite

ETS-4.121, 122 Cadmium sulfide nanoparticles were also

incorporated into mesoporous titanium dioxide Ti-

MCM-41 in the course of two-step synthesis including

treatment of Ti-MCM-41 with a cadmium acetate

solution followed by sulfidizing with hydrogen sulfide

at 70 8C. The activity of the CdS/Ti-MCM-41 photo-

catalyst considerably increased due to formation of

microheterojunctions between cadmium sulfide and

titanium dioxide.123 Besides, ordered porous structure

of Ti-MCM-41 favours better diffusion of reacting

substrates towards active sites, i.e., cadmium sulfide

nanoparticles.

A great body of information on the photocatalytic

activity of CdS-based materials was reported in the last

three decades.48,76,95,105±109,112±115,117,118, 124±142 These data

are summarized in Tables 1 and 2. The F values were

calculated using expression (6). The number of photons

emitted by a light source per unit time (Nph) was

determined from

NS � Nphfi

X
i

h
c

li
(30)

where N is the emission power, S is the surface area of

the light spot, fi is the relative intensity of the ith

peak, hc/li is the photon energy, and li is the wave-

length corresponding to the ith peak in the emission

spectrum of the light source.

Unfortunately, the authors of most publications

report only the wavelength at maximum emission. In

this case, the i value was set to unity and li was treated

as the wavelength at maximum emission. In many

studies the quantum efficiency is calculated taking

account of the fact that production of molecular

hydrogen requires two electrons; therefore, the expres-

sion for F is augmented with a factor of 2. However,

IUPAC recommendations 2011 68 do not relate the

parameter `quantum efficiency' to a particular mecha-

nism of a photoprocess and consider it as simply the

ratio of two numbers characterizing the initial action

(incident light) and the result (formation of molecular

hydrogen). Therefore, a correction factor of 2 associ-

ated with the mechanism of formation of molecular

hydrogen is redundant.

The highest activity and quantum efficiency in the

course of visible light-driven photocatalytic production

of hydrogen was achieved using systems based on

{Mention should be made that similar systems, namely, Pt/CuxS/

Cd17xZnxS were for the first time synthesized and described much earlier

at Boreskov Institute of Catalysis, Siberian Branch of the Russian

Academy of Sciences (see Refs 110 and 119). These systems also exhibited

a record high quantum efficiency of 50% (calculated per H2 molecule)

under illumination at l=450 nm.

S2O
2ÿ
3

SO2ÿ
3

S27

S0

2HO7+H2

2H2O

Pt

p-CuxS

hnn-ZnyCd17yS

Figure 7. Idealized scheme of photocatalytic hydrogen production
in PtZnyCd17yS/CuxS system.110
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Table 1. Summary of data on hydrogen production from aqueous solutions of S27 ± SO2ÿ
3 mixture in the presence of sulfide photocatalysts.

Photocatalyst a Concentration Filter bandpass /nm W F (%) Ref.
/mol litre71 /(mmol H2) h71 g71 (see b)

S27 SO2ÿ
3

Light source Ð 300 W xenon lamp

Cu1.94S/Zn0.23Cd0.77S 0.1 0.1 > 420 7740 2.6 124

5% Pt/Cu1.94S/Zn0.23Cd0.77S 0.1 0.1 > 420 13 500 3.2 124

Cd0.2Zn0.8S 0.4 0.4 > 420, < 780 3430 8.1 126

0.15% Bi2S3/CdS 0.7 1.2 > 400 5500 7 129

0.1% NiS/CdS 0.1 0.1 > 420 1200 7 117

0.2% CoS/CdS 0.1 0.1 > 420 1100 7 117

0.1% CuS/CdS 0.1 0.1 > 420 1000 7 117

1% Pt/CdS 0.1 0.1 > 420 760 7 117

0.1% NiS/Cd0.4Zn0.6S 0.1 0.1 > 420 600 7 117

0.1% CoS/Cd0.4Zn0.6S 0.1 0.1 > 420 500 7 117

0.1% CuS/Cd0.4Zn0.6S 0.1 0.1 > 420 750 7 117

1% Pt/Cd0.4Zn0.6S 0.1 0.1 > 420 1210 7 117

1.5% Ru/(CuIn)0.2Zn1.6S2 0.35 0.25 > 430 1000 7.7 131

3% Pt/AgInZn10S18 0.35 0.25 > 420 680 7 133

Pt/PdS/CdS 0.5 0.5 > 420 29 200 47 114, 115

PdS/CdS 0.5 0.5 > 420 20 000 32 114, 115

Pt/CdS 0.5 0.5 > 420 16 500 27 114, 115

Zn0.65Cd0.35S 0.1 0.1 > 420 97 0.2 113

1% Pt/Zn0.7Cd0.3S 0.1 0.1 > 420 387 0.9 113

5.9% CuS/Zn0.65Cd0.35S 0.1 0.1 > 420 1830 4.0 113

1% Pt/5.9%CuS/Zn0.65Cd0.35S 0.1 0.1 > 420 2460 5.5 113

Zn0.3Cd0.7S 0.05 0.02 > 420 3300 7 134

2% Pt/CdS 0.35 0.25 > 430 1020 12.0 135

1% Pt/(CuIn)0.09Zn1.82S2 0.35 0.25 > 420 2280 6.3 136

Light source Ð 36 W fluorescent lamp

(UV light<3% with respect to energy)

0.2% Pt/0.2% RuS2/Cd0.5Zn0.5S 0.3 0.4 7 724 * 2 125

1% RuS2/Cd0.5Zn0.5S 0.3 0.4 7 616 * 1.5 125

Light source Ð 30 mW light-emitting diode (450 nm)

0.1% CuxS/Cd0.3Zn0.7S 0.1 0.1 7 8100 14.6 118

0.3% Cu/Cd0.3Zn0.7S 0.1 0.1 7 3700 7.2 118

1% CuS/Cd0.3Zn0.7S 0.1 0.1 7 3500 6.5 aÊ 127

Light source Ð 350 W xenon lamp

2% CuS/Cd0.5Zn0.5S 0.35 0.25 > 420 4640 10.5 112

Cu0.02Cd0.49Zn0.49S 0.35 0.25 > 420 2500 5.9 112

Light source Ð 150 W xenon lamp

0.81% CuS/14.7% CdS/ZnS 0.4 0 > 420 838 7 128
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Table 1 (contunued).

Photocatalyst a Concentration Filter bandpass /nm W F (%) Ref.
/mol litre71 /(mmol H2) h71 g71 (see b)

S27 SO2ÿ
3

Light source Ð 1000 W mercury lamp

Cd0.3Zn0.7S 0.1 0.05 > 420 600 6.5 76

Light source Ð 500 W xenon lamp

Cd0.44Zn0.56S 0.35 0.25 > 420 2640 7 130

Light source Ð 300 W tungsten halogen lamp

2% Pt/(CuIn)0.05Cd1.9S2 0.35 0.25 > 420 2460 13.1 132

aHere and in other Tables the photocatalyst compositions are given in mass%. bCalculated per H2 molecule. c Estimated by the authors of this

review.

Table 2. Summary of data on hydrogen production from aqueous solutions of organic compounds in the presence of sulfide photocatalysts.

Photocatalyst Solute Filter bandpass W F (%) Ref.
/nm /(mmol H2) h71 g71 (see a)

name concentra-
tion (vol.%)

Light source Ð 250 W mercury lamp

0.5% Pt/Cd0.5Zn0.5S Glycerol 10 b > 420 630 7 48, 137

Light source Ð 400 W metal halide lamp

0.5% Pt/17% ZnS/ZnIn2S4 Glucose 1.1 > 420 147 7 48, 138

Light source Ð 150 W mercury lamp

0.5% Pt/Cd0.5Zn0.5S Glucose 0.6 > 420 301 7 48, 139

Light source Ð 750 W xenon lamp

0.5% Pt/CdS Methanol 50 > 450 170 7 140

0.5% Pt/CdS " 1 b > 450 38 7 48, 141

Light source Ð 500 W mercury lamp

3.8% Pt/CdS Methanol 12 b > 400 152 7 48, 142

Light source Ð 300 W xenon lamp

0.2%MoS2/CdS Methanol 10 > 420 60 0.04 c 48, 105

0.2% Pt/CdS " 10 > 420 25 0.02 c 48, 105

0.2%MoS2/CdS Ethanol 10 > 420 230 0.2 c 48, 105

0.2% Pt/CdS " 10 > 420 150 0.1 c 48, 105

0.2%MoS2/CdS Glycerol 10 > 420 370 0.3 c 48, 105

0.2% Pt/CdS " 10 > 420 170 0.1 c 48, 105

0.2%MoS2/CdS Lactic acid 10 > 420 5300 3.7 48, 105

0.2% Pt/CdS " 10 > 420 4200 2.9 c 48, 105

CdS " 10 > 420 150 7 48, 106

0.2%MoS2/CdS " 10 > 420 5440 7 48, 106

0.2% Pt/CdS " 10 > 420 4400 7 48, 106

0.2% Ru/CdS " 10 > 420 3650 7 48, 106

0.2% Rh/CdS " 10 > 420 2500 7 48, 106

0.2% Pd/CdS " 10 > 420 1800 7 48, 106
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mixed transition metal sulfides. To date, quantum

efficiencies of the order of 50% (calculated per H2

molecule) and specific activities of the order of tens

mmol H2 h71 g71 have been reported. Most publica-

tions are devoted to studies on the activity of sulfide

photocatalysts in hydrogen production in aqueous sol-

utions of the S27 ± SO2ÿ
3 system used as electron donor.

Recently, other organic substances such as ethanol,105

glycerol 105, 137 and glucose 138, 139 have been utilized.

Also, there has been a trend towards replacement of

noble metals as cocatalysts. Indeed, high-platinum-

loaded Pt/CdS photocatalysts widely used 140 ± 142 for

visible light-driven production of hydrogen in the

1980s and 1990s are now replaced by copper, molybde-

num or nickel sulfide-loaded Cd17xZnxS and CdS solid

solutions, which reduces the cost of the photocata-

lysts.95, 102, 105, 106, 117 It should be noted that the data

presented in Tables 1 and 2 make it possible to com-

pare the rates of hydrogen production. Usually, the

rate of this process is proportional to the light inten-

sity; therefore, it seems to be most appropriate to

compare the quantum efficiencies of photocatalytic

systems. Unfortunately, quantum efficiency calculations

for hydrogen production in many systems reported in

the literature are difficult because no data on the

intensity of incident light were presented.46

III.2. Photocatalysts based on nanostructured titanium
dioxide
Among various materials used as photocatalysts of

hydrogen production, titanium dioxide attracts partic-

ular attention because it is light resistant, relatively

cheap and available, and nontoxic.22, 143 At present,

limited use of pure TiO2 in photocatalytic production

of hydrogen is mainly due to the lack of sensitivity to

visible light owing to a wide band gap of 3.2 eV

corresponding to UV photons (l& 390 nm, see

Fig. 4). In particular, this makes titanium dioxide

inefficient for helioenergetics applications.

At present, considerable efforts have been devoted

to sensitization of titanium dioxide in the visible

region. Main lines of research in this field are as

follows:

Ð doping TiO2 with metal atoms and ions;144, 145

Ð doping TiO2 with nonmetal atoms; and

Ð partial reduction of TiO2.48, 146, 147

In all these cases, one should preferably use meth-

ods suitable for uniform modification of titanium

dioxide particles and leading to the appearance of new

electron energy levels (mainly local ones) that will be

uniformly distributed in the bulk of the material.

Doping titanium dioxide usually leads to production

of rather highly coloured materials that absorb visible

light. Unfortunately, colouration does not guarantee

efficient operation of photocatalysts under irradiation

with visible light because additional absorption is often

due to the presence of isolated absorption sites.48, 148

Below we consider main methods used to shift the

absorption edge of titanium dioxide to the visible

region.

III.2.a. Doping with metal atoms and ions

Most often, metal cations are incorporated into the

titanium dioxide structure during the growth of the

primary TiO2 particles by adding appropriate dopants

to the precursor reaction mass.146 Besides, post-syn-

Table 2 (continued).

Photocatalyst Solute Filter bandpass W F (%) Ref.
/nm /(mmol H2) h71 g71 (see a)

name concentra-
tion (vol.%)

Light source Ð 300 W xenon lamp

0.2% Au/CdS Lactic acid 10 > 420 400 7 48, 106

1% Pt/CdS " 10 > 420 8170 7 48, 107

1% Pt3Co/CdS " 10 > 420 15 900 7 48, 107

1% Co/CdS " 10 > 420 1070 7 48, 107

1% Pt3Au/CdS " 10 > 420 14 900 7 48, 107

1% Pt3Ni/CdS " 10 > 420 12 800 7 48, 107

1% Pt3Cu/CdS " 10 > 420 3890 7 48, 107

CdS " 10 > 400 239 7 109

0.2%MoS2/CdS " 10 > 400 4060 7 109

0.6% Ni/Cd0.2Zn0.8S Triethanolamine 25 > 420 3240 7.2 95

0.6% NiO/Cd0.2Zn0.8S " 25 > 420 117 0.3 95

0.6% NiS/Cd0.2Zn0.8S " 25 > 420 2510 5.1 95

0.6% Ni(OH)2/Cd0.2Zn0.8S " 25 > 420 7160 14.8 95

1% Pt/Cd0.2Zn0.8S " 25 > 420 6080 12.6 95

aCalculated per H2 molecule. b In mol litre71. c Estimated by the authors of this review.
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thesis methods of doping with metal cations have been

reported.48, 149

Metal cations in a 4+ oxidation state can replace

Ti4+ cations with no changes in the overall electro-

neutrality of the system. Doping with metal cations in

lower oxidation states causes formation of oxygen

vacancies and segregation of cations on the surface of

TiO2 particles. If the oxidation state of the dopant

metal cations is higher than 5+, additional oxygen

anions are required to maintain the charge balance.48

Unfortunately, the shift of the TiO2 absorption edge

upon doping with metal cations with the formation of

point defects (e.g., oxygen vacancies) can be accompa-

nied by abrupt acceleration of recombination of photo-

generated charges and, therefore, a decrease in the

quantum efficiency of photocatalytic processes.

There are a few publications on photocatalytic

hydrogen production over metal-doped titanium diox-

ide. For instance, hydrothermal synthesis of titanium

dioxide doped with iron and(or) nickel atoms in a zero

oxidation state, Fe ± Ni@TiO2, was reported.150 The

highest efficiency was achieved in the case of simulta-

neous doping with iron and nickel atoms resulting in

the formation of two impurity levels. This favours

spatial separation of photogenerated charges and an

increase in the quantum efficiency.

Silver deposition onto titanium dioxide doped with

iron and nickel was studied.151 An Ag/Fe ± Ni@TiO2

photocatalyst was synthesized by adding aqueous sol-

utions of silver, iron and nickel salts in the course of

hydrolysis of titanium tetrabutoxide.151 It was found

that iron and nickel atoms are incorporated into the

titanium dioxide lattice, while most silver atoms are

located on the surface of TiO2 and `collect' electrons

necessary to produce molecular hydrogen. The activity

of the Fe ± Ni@TiO2 photocatalyst can be doubled

using silver-deposited samples.150, 151

A study 152 of co-doping titanium dioxide with

nitrogen atoms and metal cations (Cr5+, Co2+, Ni2+

or Cu2+) showed that the activity of M ±N@TiO2

photocatalysts in hydrogen production from aqueous

glycerol solutions enhances from chromium to copper,

namely, Cr<Co <Ni <Cu. It was found that nitro-

gen atoms and metal cations incorporated into the

TiO2 lattice cause a shift of TiO2 absorption edge to

the visible region and modulation of TiO2 photolumi-

nescence.

III.2.b. Doping with nonmetal atoms

Doping with nonmetals of different nature (nitrogen,

sulfur, fluorine) is a widely used method for sensitiza-

tion of titanium dioxide.153 ± 158 The most pronounced

effect was achieved upon replacement of oxygen by

nitrogen, viz., the interaction of N2p-orbitals with

O2p-orbitals causes the energy level of the top of the

valence band of titanium dioxide to increase via the

appearance of new energy levels and, correspondingly,

narrow the band gap of the catalyst. Usually, nitrogen-

containing photocatalysts are synthesized by sintering

titanium dioxide and a nitrogen-containing compound,

e.g., urea.153, 158 Unfortunately, usually the amount of

nitrogen incorporated into the crystal lattice of TiO2 is

small.153, 159 The nitrogen content in the structure of

titanium dioxide can be increased using the sol ± gel

technique and surfactants as structure-forming

agents.160 Nitrogen-containing photocatalysts thus syn-

thesized showed much higher activity than Degussa P25

catalyst in photocatalytic hydrogen production from

aqueous methanol solutions under illumination at

l>400 nm.

Doping TiO2 with sulfur also enhances the activity

of catalysts in visible light-driven hydrogen produc-

tion.157 In this case, the TiO2 absorption edge is shifted

from 290 to 540 ± 570 nm (to the visible region).158

Sulfur-containing titanium dioxide was synthesized by

the sol ± gel method and by mixing titanium dioxide

with thiourea followed by calcination.158 The TiO2

absorption edge was shifted to 570 nm in the former

and to 540 nm in the latter case. The photocatalysts

prepared by mixing were more active in the photo-

catalytic oxidation of trichloroethylene and dimethy

sulfide in the gas phase. Unfortunately, these photo-

catalysts were not tested in the hydrogen production

reactions.158

Another method to shift the absorption edge of

titanium dioxide is to sensitize the system by coating

the TiO2 surface with various organic dyes and metal

complexes.158 ± 167 For instance, Eosin-sensitized nitro-

gen-doped TiO2 was more efficient than nitrogen-doped

TiO2 (Table 3).161

III.2.c. Partial reduction of titanium dioxide

Partial reduction of TiO2 with the formation of Ti3+

cations and oxygen vacancies, i.e., `self-doping' of

titanium dioxide resulting in `black' titanium dioxide

also makes TiO2 sensitive to visible light.162 `Self-

doping' usually takes a period of 5 days in severe

reduction conditions (H2 atmosphere; a pressure of

20 bar, 200 8C). Platinum-loaded `black' titanium diox-

ide exhibited very high photocatalytic activity, viz., to

10 (mmol H2) h71 g71 at F& 6% (calculated per H2

molecule) in hydrogen production from aqueous meth-

anol solutions under solar-simulated radiation. Long-

term cyclic experiments on photocatalytic production

of hydrogen were carried out over a period of

20 days.163 The TON value calculated using expression

(5) was 160. This proves that `black' titanium dioxide

is a photocatalyst rather than an electron donor used

for hydrogen production.

A method for the synthesis of `black' titanium

dioxide in milder conditions (reduction in H2 atmos-

phere at 250 or 5008C and normal pressure) was

proposed.164, 165 Reduced gold- and(or) platinum-

loaded anatase thus prepared was also highly active in

hydrogen production in aqueous ethanol and glycerol

solutions under solar-simulated radiation. Nevertheless,

the activity of platinum-loaded reduced titanium diox-

ide in photocatalytic hydrogen production from aque-

ous ethanol solutions under irradiation at l>420 nm

was relatively low, being at most 0.05 (mmol H2) h71

g71; this is 24 times lower than the activity of the 1%

Pt/TiO27x photocatalysts and solar-simulated radiation

at the same initial concentration of ethanol.164

An analysis of data on hydrogen production in the

presence of TiO2-based photocatalysts (see Table 3)

showed that even using high-precision methods of syn-

thesis of, e.g., `black' titanium dioxide, the photocata-

lytic activity of such materials under irradiation with
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visible light is much lower than that of the photo-

catalysts based on cadmium sulfide. This can be

explained by the fact that doping titanium dioxide

with metals and nonmetals causes the formation of

impurity centres where recombination of photogener-

ated electron ± hole pairs can occur.48 Besides, the

reduction potential of titanium dioxide (position of

the bottom of the conduction band) is about 70.1 V

Table 3. Summary of data on hydrogen production fromaqueous solutions of organic compounds using photocatalysts based on titaniumdioxide.

Photocatalyst Solute Filter bandpass /nm W F (%) Ref.
/(mmol H2) h71 g71 (see a)

name concentration
(vol.%)

Light source Ð 500 W xenon lamp

Fe/TiO2 Ethanol 10 > 400 248 0.1 b 151

Ni/TiO2 " 10 > 400 205 0.1 b 151

Ag/TiO2 " 10 > 400 265 0.1 b 151

Fe ±Ni/TiO2 " 10 > 400 348 0.1 b 151

Fe/Ag/TiO2 " 10 > 400 512 0.1 b 151

Ni/Ag/TiO2 " 10 > 400 336 0.1 b 151

Fe ±Ni/Ag/TiO2 " 10 > 400 793 0.2 151

Light source Ð medium pressure 450 W mercury lamp

Cr ±N@TiO2 Glycerol 10 7 126 7 152

Co ±N@TiO2 " 10 7 313 7 152

Ni ±N@TiO2 " 10 7 506 7 152

Cu ±N@TiO2 " 10 7 1615 7 152

Light source Ð xenon lamp (visible light intensity 100 mW cm72)

1.5% Au@TiO2 Methanol 25 > 400 482 0.1 b 48, 166

(nanotubes)

1.5% Au/TiO2 " 25 > 400 223 0.1 b 48, 166

(nanotubes)

Light source Ð medium pressure 400 W mercury lamp

0.5% Pt ±N±TiO2 Triethanolamine 11 > 420 80 7 161

0.5% Pt ±N±TiO2 with " 11 > 420 575 7 161

adsorbed Eosin Y dye

0.5% Au± 0.5% Pt/TiO27x Ethanol 50 > 420 20 2.0 164

1% Au/TiO27x " 50 > 420 17 1.7 164

1% Pt/TiO27x " 50 > 420 46 4.6 164

Light source Ð 150 W xenon lamp

1% Au± 1% Pt/TiO27x Ethanol 50 > 300 1100 7 164

0.5% Au± 0.5% Pt/TiO27x " 50 > 300 1700 7 164

1% Pt/TiO27x " 50 > 300 1100 7 164

1%Au/TiO27x " 50 > 300 800 7 164

1% Au± 1% Pt/TiO27x Glycerol 7.3 > 300 1300 7 164

0.5% Au± 0.5% Pt/TiO27x " 7.3 > 300 700 7 164

1% Pt/TiO27x " 7.3 > 300 700 7 164

1%Au/TiO27x " 7.3 > 300 500 7 164

Light source Ð 300 W xenon lamp

0.1% Pt/TiO27x Methanol 25 > 400 50 0.4 48, 167

aCalculated per H2 molecule. b Estimated by the authors of this review.
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vs. NHE (see Fig. 4), which is insufficient for efficient

production of hydrogen.

III.3. Materials based on polymeric g-C3N4

and carbon-based photocatalysts
III.3.a. Polymeric g-C3N4

Polymeric graphitic carbon nitride is one of the most

widely used non-oxide and(or) non-sulfide photocata-

lysts, which was thoroughly considered in numerous

recent reviews.79, 168 ± 171 The structure of g-C3N4 is

shown in Fig. 8. It exhibits the properties of a semi-

conductor with a band gap of 2.7 eV (l& 460 nm) and

the energy levels of the top of the valence band and the

bottom of the conduction band lie at +1.6 and 71.1 V

vs. NHE, respectively. The latter value is one of the

most negative for the known semiconductor photocata-

lysts (see Fig. 4). Besides, g-C3N4 is stable in acidic

and alkaline media below 700 8C and can be synthe-

sized from readily available nitrogen-containing organic

substances, namely, cyanamides, melamine and carba-

mide.

Traditionally, g-C3N4 is synthesized by thermal

condensation of nitrogen-rich organic precursors.

Nevertheless, the photocatalytic activity of g-C3N4

thus obtained is usually low due to fast recombination

of photogenerated electron ± hole pairs. Main

approaches developed to enhance the activity of photo-

catalysts based on g-C3N4 are as follows:79

Ð synthesis of nanosized layers of 2D-structured

g-C3N4;

Ð design of heterostructures based on g-C3N4;

Ð doping with metals and nonmetals; and

Ð choice of active cocatalyst.

III.3.b. Synthesis of nanosized layers of 2D-structured g-C3N4

Intensive research into 2D-structured materials of gra-

phene and layered MoS2 type generated considerable

interest in ultrathin (a few atomic layers thick) g-C3N4.

The electronic, surface and optical properties of g-

C3N4 differ considerably from those of its bulk ana-

logues. Great attention was paid to the use of ultrathin

samples of g-C3N4 for visible light-driven photocata-

lytic production of hydrogen. A relatively simple

method for the synthesis of ultrathin (2 nm thick)

samples of g-C3N4 is to carry out thermal oxidative

etching of bulk g-C3N4 in air.173 The specific surface

area of a sample of 2D g-C3N4 synthesized in this

manner exceeded a value of 300 m2 g71 and the band

gap appeared to be 0.2 eV larger than that of bulk

g-C3N4 due to the quantum size effect. It was estab-

lished that the lifetime of photogenerated charges in

ultrathin g-C3N4 increases. A threefold increase in

activity in the photocatalytic hydrogen production

from aqueous triethanolamine solutions on going from

3D samples of g-C3N4 to ultrathin (0.4 nm) 2D samples

was reported.119

III.3.c. Design of heterostructures based on g-C3N4

The synthesis of composite photocatalysts with semi-

conductor/semiconductor heterojunctions has become a

routine method for enhancement of the photocatalytic

activity of materials.174 As applied to g-C3N4 , systems

with Cu2O/g-C3N4 ,175 graphene/g-C3N4 ,176 CdS/g-

C3N4 ,177 and TiO2/g-C3N4 (Ref. 178) heterojunctions

can be synthesized. Besides, one can prepare two-phase

g-C3N4/g-C3N4 photocatalysts composed of polymeric

graphitic carbon nitride obtained using two different

precursors.179, 180 The formation of heterojunctions

between untreated and sulfidized g-C3N4 was

reported.181 This also favours spatial separation of

photogenerated charges and thus an increase in the

quantum efficiency of photocatalysts.

Although visible light-driven photocatalytic hydro-

gen production using graphitic carbon nitride as photo-

catalyst is characterized by high activity and quantum

efficiency, in most cases the attainment of high photo-

catalytic activity requires samples with high platinum

content (Table 4).

III.4. Nitrides and oxynitrides
Among photocatalysts of light-assisted splitting of

water, there are also d10-metal nitrides.46, 191 For

instance, GaN (Ref. 192) and Ge3N4 (Ref. 193) are

active in water splitting into oxygen and hydrogen

under UV irradiation.

Most individual metal nitrides are active under UV

irradiation. However, solid solutions GaN ± ZnO or

gallium-zinc oxynitride (Ga17xZnx)(N17xOx) are also

active under irradiation with visible light. The absorp-

tion edges of individual components are in the UV

region;194 however, owing to p ± d electron repulsion

(N2p7Zn3d electrons) the top of the valence band in

the solid solution GaN ± ZnO, which is composed of

N2p-orbitals, is shifted upward, thus causing the band

gap to decrease.22 Solid solutions of gallium nitride

and zinc oxide are prepared by high-temperature treat-

ment of a mixture of zinc oxide and gallium oxide with

ammonia at 850 ± 950 8C. Loading of Rh27xCrxO3

cocatalysts on the surface of GaN ± ZnO allows one to

achieve a a quantum efficiency of 3.0% (calculated

per H2 molecule) and a hydrogen production rate of

800 [(mmol H2) h71 g71] upon illumination at l=420 ±

440 nm.195

It should be noted that oxynitrides considered in

this Section are mainly used for complete splitting of

water into hydrogen and oxygen. As far as we know

there are no publications devoted to application of

oxynitrides for hydrogen production from aqueous

solutions of organic and inorganic electron donors.

N C

H

Figure 8. Structure of polymeric graphitic carbon nitride.172
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III.5. Composite materials
As mentioned above, photocatalysts based on titanium

dioxide have attracted considerable attention because

the material is stable, nontoxic and highly active when

exposed to UV light. Titanium dioxide is mainly used

for photocatalytic purification of water from hazardous

organics (via complete oxidative mineralization of the

organics) rather than photocatalytic hydrogen produc-

tion.196 ± 199 In addition to doping TiO2 with nonmetal

atoms 153 ± 158 (see Section III.2), a promising way to

shift the absorption band of TiO2-based systems to the

visible region is to compose heterostructures using

titanium dioxide and a narrower-band-gap semiconduc-

tor. A promising narrow band-gap semiconductor is

CdS; however, this material is of limited use as photo-

catalyst because it is prone to photocorrosion.23 To

improve the stability of cadmium sulfide and to simul-

taneously make titanium dioxide more sensitive to

visible light, it was proposed to fabricate a structure

with a heterojunction between the two semiconductors.

Indeed, the formation of heterojunctions at contacts

between them may retard recombination of photogen-

erated electrons and holes and thus increase the effec-

tive quantum yield of photocatalytic proc-

esses.51, 200 ± 202 Systems containing CdS-loaded titanium

dioxide were used for photocatalytic hydrogen produc-

Table 4. Summary of data on hydrogen production in aqueous solutions of organic compounds using photocatalysts based on g-C3N4.

Photocatalyst Solute Filter bandpass W F (%) Ref.
/nm /(mmol H2) h71 g71 (see a)

name concentration
(vol.%)

Light source Ð 350 W xenon lamp

0.5% Ni(OH)2/g-C3N4 Triethanolamine 10 > 400 152 0.6 79, 181

1.0% Pt/g-C3N4 " 10 164 0.6 b 79, 181

Light source Ð 300 W xenon lamp

6% Pt/g-C3N4 Triethanolamine 10 > 440 13 7 182

6% Pt/C3N4 (amorph.) " 10 > 440 158 7 182

3% Pt/2D-g-C3N4 (nanolayers) " 10 > 400 3790 7 183

3% Pt/g-C3N4 " 10 > 420 1010 1.3 184

3% Pt/15% graphene/g-C3N4 " 10 > 420 2180 2.7 184

Co(OH)2/EY-RB/g-C3N4 (see c) " 10 > 420 7170 17 187

Co(OH)2/EY/g-C3N4 " 10 > 420 4330 10 b 187

Co(OH)2/RB/g-C3N4 " 10 > 420 2830 6.5 b 187

0.2%MoS2/g-C3N4 Lactic acid 10 > 420 1350 1.1 79, 189

2% Pt/g-C3N4 " 10 > 420 1050 0.8 b 79, 189

0.5%MoS2/g-C3N4 " 10 > 420 1030 0.8 b 79, 189

0.5% Pt/g-C3N4 " 10 > 420 240 0.2 b 79, 189

0.5%WS2/g-C3N4 " 10 > 420 340 0.3 b 79, 189

g-C3N4 Triethanolamine 15 > 420 2 *0 b 79, 190

1.25% NiS/g-C3N4 15 > 420 482 1.0 79, 190

Light source Ð 150 W xenon lamp

1% Pt/g-C3N4 Triethanolamine 10 7 502 7 185

1% Pt/1.5% b-Ni(OH)2/g-C3N4 " 10 7 954 7 185

Light source Ð 3 W light-emitting diode (420 nm), 4 items

g-C3N4 Lactic acid 10 7 3 7 186

3%MoS2 (crystalline)/g-C3N4 " 10 7 50 7 186

3%MoSx (amorph.)/g-C3N4 " 10 7 273 7 186

Light source Ð 500 W xenon lamp

g-C3N4 Methanol 25 > 420 9 7 79, 188

1% Ag/g-C3N4 " 10 > 420 101 7 79, 188

aCalculated per H2 molecule. b EY is Eosin yellow dye and RB is Bengal rose dye. c Estimated by the authors of this review.
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tion 203 ± 205 and for aerobic oxidation of various

organic dyes.200

Specific features of the synthesis and heat treatment

of multiphase composite sulfide photocatalysts

Cd17xZnxS and Cd17xZnxS/b-Zn(OH)2/e-Zn(OH)2/

ZnO were studied and the method for their preparation

was optimized.206, 207 The activity of these photocata-

lysts was studied taking visible light-driven hydrogen

production from aqueous ethanol solutions using a

high-pressure mercury lamp with a cutoff filter

(l4 420 nm) and a LED emitting monochromatic

light at 450 nm. The highest photocatalytic activity

was achieved with the multiphase catalysts

Cd17xZnxS/Zn(OH)2/ZnO and Cd17xZnxS/Zn(OH)2.

For instance, Cd0.6Zn0.4S/e-Zn(OH)2 [2260 (mmol H2)

h71 quantum efficiency of 5.2% per H2 molecule]

appeared to be four times more active than correspond-

ing single-phase solid solution of cadmium sulfide and

zinc sulfide under identical conditions.207

According to quantum chemical calculations, posi-

tion of the bottom of the conduction band of zinc

hydroxide is more appropriate for hydrogen production

than that of zinc oxide; correspondingly, e-Zn(OH)2 as

component of composite photocatalyst is more efficient

than ZnO (Fig. 9).

There is a considerable body of data on visible

light-driven photocatalytic hydrogen production from

aqueous solutions of organic and inorganic electron

donors over composite semiconductor photocata-

lysts;208 ± 223 they are summarized in Tables 5 and 6.

The photocatalytic activity reaches a value of

14 (mmol H2) h71 g71 for systems with organic elec-

tron donors and 33 (mmol H2) h71 g71 for the

sulfide ± sulfite system, being higher than the activity

achieved using single-phase solid solutions of metal

sulfides in identical conditions.

It should be noted that multiphase composite semi-

conductor photocatalysts with heterojunctions used to

drive hydrogen production from aqueous solutions of

organic compounds are combined with rather simple

cocatalysts containing noble metals (usually, metal

content is less than 3 mass%). Photocatalysts based

on CdS and Cd17xZnxS containing zinc oxides and

hydroxides 206, 207, 210 or cadmium tungstate 212 as

admixtures exhibit higher activity than difficult-to-pre-

pare photocatalysts based on graphitic carbon nitride

(see Table 4). Interestingly, composite materials pre-

pared from g-C3N4 and transition metal sulfides exhibit

very high activity [up to 33400 (mmol H2) h71 g71] and

quantum efficiency (up to 23.4%, see Table 6).221
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Figure 9. Schematic diagram of heterojunctions in the composite
photocatalyst Cd0.6Zn0.4S/ZnO/Zn(OH)2.207

Table 5. Summary of data on hydrogen production in aqueous solutions of organic substrates using composite semiconductor photocatalysts.

Photocatalyst Solute Filter bandpass W F (%) Ref.
/nm /(mmol H2) h71 g71 (see a)

name concentration
(vol.%)

Light source Ð 300 W xenon lamp

CdS/g-C3N4 Triethanolamine 10 > 420 77 7 208

6% NiS/ CdS/g-C3N4 " 10 > 420 2560 7 208

9% NiS/g-C3N4 " 10 > 420 128 7 208

5% Ru/ZnS/CdS Ethanol 10 > 420 2800 5.5 b 48, 209

Methanol 10 > 420 4900 8.5 b 48, 209

Formic acid 10 > 420 5800 10 b 48, 209

CdS/CdWO4 Lactic acid 10 > 420 9170 3.2 b 212

0.5% Pt/CdS/CdWO4 " 10 > 420 14 000 4.9 b 212

0.2% Au/g-C3N4 ±TiO2 P25 Methanol 30 > 420 219 7 213

g-C3N4/0.2% Au/TiO2 P25 " 30 > 420 253 7 213

3% Pt/FeOx/g-C3N4 Triethanolamine 30 > 420 1080 2.7 214
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Table 6. Summary of data on hydrogen production in aqueous solutions of S27 ± SO2ÿ
3 system in the presence of composite semiconductor

photocatalysts.

Photocatalyst Concentration Filter bandpass W F (%) Ref.
/mol litre71 /nm /(mmol H2) h71 g71 (see a)

S27 SO2ÿ
3

Light source Ð 400 W xenon lamp

ZnO/Pt/20% CdS 0.1 0.1 7 6880 3.4 217

ZnO/20% CdS 0.1 0.1 7 1320 0.7 217

(TiO2)0.17(NiO)0.83/Cd0.8Zn0.2S 0.1 0.1 > 395 1600 1.5 220

NiO/Cd0.8Zn0.2S 0.1 0.1 > 395 810 0.7 220

TiO2/Cd0.8Zn0.2S 0.1 0.1 > 395 30 0.03 220

Light source Ð 300 W xenon lamp

CdLa2S4/20% g-C3N4 0.1 0.5 > 420 5990 0.6 218

CdLa2S4 0.1 0.5 > 420 779 3.6 218

3% g-C3N4/10% CuS/CdS 0.35 0.25 > 420 1150 8.3 219

10% CuS/CdS 0.35 0.25 > 420 572 4.1 b 219

3% g-C3N4/CdS 0.35 0.25 > 420 492 36 b 219

3% Pt/32% Cd0.5Zn0.5S/g-C3N4 0.35 0.15 > 420 33 400 23.4 221

3% Pt/Cd0.5Zn0.5S 0.35 0.15 > 420 3640 2.6 b 221

3% Pt/g-C3N4 0.35 0.15 > 420 1220 0.9 b 221

Mn0.8Cd0.2S 0.1 0.5 > 420 1200 0.7 222

0.75%Pt/Mn0.8Cd0.2S 0.1 0.5 > 420 3800 2.0 b 222

Mn0.8Cd0.2S/10%g-C3N4 0.1 0.5 > 420 4000 2.1 222

Table 5 (continued).

Photocatalyst Solute Filter bandpass W F (%) Ref.
/nm /(mmol H2) h71 g71 (see a)

name concentration
(vol.%)

Light source Ð 300 W xenon lamp

TiO2 P25/5.0% g-C3N4 Methanol 25 > 400 103 7 215

B@TiO2/5.0% g-C3N4 " 25 > 400 473 7 215

3% Pt/30%W18O49/g-C3N4 Triethanolamine 10 > 420 74 0.9 216

Light source Ð 30 W light-emitting diode (450 nm)

10% Zn(OH)2(amorph.)/ Ethanol 10 7 72 0.2 210

Cd0.3Zn0.7S

1% Pt/10% Zn(OH)2(amorph.)/ " 10 7 1240 3.1 210

Cd0.3Zn0.7S

1% Pt/Cd0.4Zn0.65/e-Zn(OH)2 " 10 7 2260 5.2 207

Light source Ð high pressure 1000 W mercury lamp

1% Pt/Cd0.2Zn0.8S/ZnO/ Glycerol 1 c > 420 252 3.5 206

e-Zn(OH)2

Light source Ð 500 W mercury-xenon lamp

Pt/Cd0.6Zn0.4S/g-Zn(OH)2 Glycerol 50 > 418 239 7 211

aCalculated per H2 molecule. b Estimated by the authors of this review. c In mol litre71.
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IV. Key factors influencing the activity of
semiconductor photocatalysts for hydrogen
production from aqueous solutions

IV.1. Structure, morphology and size of photocatalyst
particles
The activity of semiconductor photocatalysts in hydro-

gen production from aqueous solutions depends

strongly on their structure and morphology, which in

turn depend on specific features of the method for the

synthesis of the photocatalysts. For instance, by vary-

ing the temperature of different stages of the synthesis

of nanosized photocatalysts one can produce materials

with different structure, habit and crystallite size.224

The morphology of photocatalysts is also strongly

influenced by the pH of the mother solution,225, 226 as

well as by the nature of solvents and surfactants used

in the synthesis.191

Consider how the synthesis conditions affect the

morphology and photocatalytic activity of CdIn2S4
solid solution during visible light-driven hydrogen pro-

duction.227

In the course of synthesis of CdIn2S4 the time of

hydrothermal treatment at 150 8C was varied from 8 to

30 h; in some cases, metal sulfides were deposited in

the presence of surfactants (polyvinylpyrrolidone or

cetyltrimethylammonium bromide). Data on the syn-

thesis of CdIn2S4, morphological features and activity

of photocatalysts are collected in Table 7. Figure 10

presents a number of SEM images (SEM is scanning

electron microscopy) of the CdIn2S4 photocatalysts

synthesized in hydrothermal treatment conditions. As

can be seen, the addition of surfactants during the

synthesis causes modification of the morphology of

the nanostructures. There is a threefold variation of

the photocatalytic activity of the same crystalline poly-

morph of CdIn2S4 , which substantiates the assumption

that both the structure and morphology have strong

effect on the activity of semiconductor catalysts.223

The particle size of disperse semiconductor photo-

catalysts is of importance.228, 229 Due to the quantum

size effect the band gap increases as the semiconductor

particle size decreases to a critical value (Bohr radius).6

In particular, the band gap in CdS changes from 2.33

to 2.53 eV with decreasing diameter of cadmium sulfide

nanoparticles from 20 to 10 nm.230 An increase in the

band gap due to the quantum size effect reduces the

photocatalytic activity because the amount of light

absorbed decreases. For instance, a decrease in the

size of strontium titanate crystallites from 30� 5 to

6.5� 1 nm reduces its activity in the photocatalytic

hydrogen production under UV irradiation at

Table 6 (continued).

Photocatalyst Concentration Filter bandpass W F (%) Ref.
/mol litre71 /nm /(mmol H2) h71 g71 (see a)

S27 SO2ÿ
3

Light source Ð 300 W xenon lamp

1.2%MoS2-graphene/ZnIn2S4 0.25 0.25 > 420 3570 7 223

1% Pt/ZnIn2S4 0.25 0.25 > 420 1530 7 223

Light source Ð 30 W light-emitting diode (450 nm)

20% Zn(OH)2(amorph.)/Cd0.3Zn0.7S 0.1 0.1 7 7930 19.9 210

1% Pt/20% Zn(OH)2(amorph.)/ 0.1 0.1 7 7470 18.3 210

Cd0.3Zn0.7S

aCalculated per H2 molecule. b Estimated by the authors of this review.

Table 7. Structure and photocatalytic properties of CdIn2S4 depending on the hydrothermal synthesis conditions (150 8C).227

Reaction time /h Diameter Morphological features W
of spheres /mm /(mmol H2) h71 g71

8 4 ± 5 No nanopetals formed 7

16 7 ± 8 Formation of nanopetal microclusters 7

24 4 ± 6 Compact puffy flowers 2010

30 6 ± 11 Open and puffy `marigold flowers' with inter-petal distance of 500 ± 700 nm 4640

(30+CTAB) a 8 ± 12 Nanopetals are curved, cavities 2 mm in diameter are formed in the flowers 6340

(30+PVP) b 4 ± 13 Bipyramids of length 0.7 ± 1 mm and height 50 ± 70 nm grow on the surface 6480

of flowers

Note. Conditions: K2S as electron donor and a 300 W xenon lamp with 420 nm cutoff filter as light source.
a Cetyltrimethylammonium bromide (CTAB) was added in the deposition step. b Polyvinylpyrrolidone (PVP) was added in the deposition step.
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l=365 nm from 19.4 to 3.0 (mmol H2) h71 g71, i.e.,

by a factor of 6.5.231

The quantum size effect influences not only the

band gap, but also positions of the valence and con-

duction bands of semiconductor materials.6 Although

the band gap of nanostructured CoO is close to that of

bulk CoO (*2.6 eV), the electrode potential of the

bottom of the conduction band of nanostructured

CoO vs. NHE is 1.0 V more negative than that of

bulk CoO. A decrease in the size of cobalt oxide

particles from a few micrometres to 5 ± 8 nm leads to

noticeable enhancement of the CoO activity in the

photocatalytic splitting of water to produce hydrogen

gas.232 Thus, by varying the semiconductor crystallite

size one can `tune' its optical properties, viz., the band

gap and positions of the valence and conduction bands.

IV.2. Photocatalyst textures. Hierarchical structures
The possibility of targeted control of not only the

chemical composition of a photocatalyst, but also its

macroscopic texture belongs to key factors that govern

the synthesis of highly active photocatalysts.6, 233 In the

early 2000s, it was established 234 that incorporation of

CdS nanoparticles into a porous silica gel matrix can

lead to a tenfold enhancement of the photocatalytic

activity of cadmium sulfide in various redox processes.

The formation of Si7O7Cd bonds causes the band

gap to increase and the electrode potential of the

bottom of the conduction band to shift towards more

negative values. For instance, going from CdS to CdS/

SiO2 leads to enhancement of photocatalytic activity in

the liquid-phase cyclopentene addition to Schiff bases

under irradiation with light at l4 420 nm. Besides, the

activity of composite materials is enhanced owing to

better adsorption of substrate because CdS/SiO2 has a

large specific surface area.234

There has been considerable interest in 3D-struc-

tured nanosized hierarchical materials with micro-mes-

oporous and ordered macroporous structure. For

instance, colloidal particles of organic polymers can

serve hard templates for production of TiO2 with the

morphology of monodisperse porous microbeads or

`inverse opals' with a 3D-ordered macroporous struc-

ture.235 The template is usually removed by burnout in

the final step of synthesis. The activity of platinized

3D-structured hierarchical TiO2 in the photocatalytic

hydrogen production is twice as high as that of plati-

nized nanocrystalline TiO2.203 Among 3D-structured

composite photocatalysts of visible light-driven photo-

catalytic hydrogen production, there are Cd17xZnxS/

SBA-15 ,16 CdS/ZrO2 ,17 MoS2/TiO2 (Ref. 18) and CdS/

Au/WO3.19 Data on the activity of hierarchical nano-

structured photocatalysts in the visible light-driven

hydrogen production are presented in Table 8.

A novel method for the synthesis of composite

photocatalysts Cd0.4Zn0.6S/3D-TiO2 (meso-macropo-

rous) includes template synthesis of titanium dioxide

using polystyrene microbeads and deposition of a solid

solution of cadmium sulfide and zinc sulfide on the

surface of TiO2 samples.235 Heterostructures

Cd0.4Zn0.6S/3D-TiO2 thus prepared revealed high activ-

ity [1800 (mmol H2) h71 g71] in visible light-driven

photocatalytic hydrogen production from aqueous

Na2S ± Na2SO3 solutions under illumination at

l =450 nm. Deposition of Cd0.4Zn0.6S (40 mass%) on

the surface of a titanium dioxide sample with regular

meso-macroporous structure allowed one to enhance

the catalyst activity by a factor of 2.5 compared to

a
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Figure 10. SEM images of CdIn2S4 photocatalysts depending on hydrothermal treatment conditions (150 8C): no surfactants over a period
of 8 (a, b), 16 (c, d ) and 24 h (e, f ).227
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that of pure solid solution Cd0.4Zn0.6S. No marked

activity enhancement was observed when Cd0.4Zn0.6S

was deposited onto TiO2 samples synthesized by differ-

ent methods, including commercially available Degussa

P25 titanium dioxide. Samples of Cd0.4Zn0.6S/3D-TiO2

catalyst were found to be more stable than pure solid

solution Cd0.4Zn0.6S. Deactivation of deposited meso-

macroporous catalysts Cd0.4Zn0.6S/3D-TiO2 is within

the limits of experimental error, whereas the rate of

hydrogen production in the presence of pure

Cd0.4Zn0.6S decreases by 25% over a period of 12 h

(Fig. 11).

Utilization of nanostructured titanium dioxide

makes it possible to achieve higher dispersion of

Cd0.4Zn0.6S nanoparticles with a narrow size distribu-

tion. This favours good contact between cadmium

sulfide and titanium dioxide particles and therefore

the formation of phase heterojunctions.235

IV.3. How the substrate and photocatalyst concentrations
and the solution pH influence the photocatalytic activity
In Section IV.2 we have shown that the structural

properties and texture of photocatalysts significantly

influence the rate of hydrogen production. Now we will

consider the effect of the substrate and photocatalyst

concentrations and the medium pH on the photocata-

lytic activity. It should be noted that most studies on

the photocatalytic production of hydrogen were carried

out at constant (room) temperature using suspensions

of photocatalysts in aqueous solutions of `sacrificial'

substrates; therefore, the parameters mentioned above

are critical to the rate of the process.

Table 8. Summary of data on hydrogen production from aqueous solutions of organic and inorganic substrates using 3D structured
semiconductor photocatalysts.

Photocatalyst Concentration Filter bandpass W F (%) Ref.
/mol litre71 /nm /(mmol H2) h71 g71 (see a)

Na2S Na2SO3

Light source Ð 30 W light-emitting diode (450 nm)

40% Cd0.4Zn0.6S/3D-TiO2 0.1 0.02 7 1800 3.2 235

40% Cd0.4Zn0.6S/TiO2 P25 0.1 0.02 7 630 1.1 235

Cd0.4Zn0.6S 0.1 0.02 7 750 1.3 235

Light source Ð 350 W xenon lamp

Cd0.8Zn0.2S/3D-SiO2 SBA-15 0.35 0.25 > 420 1000 7 236

CdS/3D-SiO2 SBA-15 0.35 0.25 > 420 220 7 236

Light source Ð 300 W xenon lamp

9.5% CdS/3D-ZrO2 0.25 0.35 > 400 1080 7 237

9.5% CdS/ZrO2 0.25 0.35 > 400 230 7 237

4% CdS ± 3.3% Au/3D-WO3 0.2 0.2 > 400 1700 7 238

3.3% Au/CdS 0.2 0.2 > 400 825 7 238

4% CdS ± 3D-WO30.2 0.2 > 400 > 400 315 7 238

Light source Ð light-emitting diode (365 nm)

10%MoS2/3D-TiO2 See b 7 550 2.6 239

10%MoS2/TiO2 P25 The same 7 140 0.7 c 239

aCalculated per H2 molecule. b Lactic acid (10 vol.%) as substrate. c Estimated by the authors of this review.
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Figure 11. Rate of hydrogen production in 3-h photocatalytic
cycles on the Cd0.4Zn0.6S/3D-TiO2 composite catalysts.235

Cd0.4Zn0.6S content (%): 40 (1), 30 (2), 20 (3) and 0 (4). For
catalytic cycle 4, shown are the changes in W with respect to the
corresponding values for catalytic cycle 1.
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IV.3.a. Photocatalytic hydrogen production from aqueous solutions

of organic compounds

Dependence of the rate of hydrogen production on the

content of photocatalyst. The rate of a photocatalytic

process is proportional to the number of photons

absorbed by the photocatalyst and to the maximum

apparent quantum efficiency. The photocatalyst con-

centration should ensure a maximum absorption of

incident photons.48

A study 240 of the photocatalytic production of

hydrogen from aqueous methanol solutions using a

suspension of Pt/TiO2 (photocatalyst) showed that the

rate of hydrogen production linearly increases with the

photocatalyst concentration and reaches a maximum

corresponding to the maximum absorption of light by

the semiconductor photocatalyst.240 Similar results

were reported by other researchers. In particular, stud-

ies 241 ± 243 on the photocatalytic production of hydro-

gen from aqueous solutions of certain organic

substances including mono- and polyols as well as

sugars over platinized titanium dioxide revealed a

dependence of the rate of hydrogen production passing

through a maximum at a photocatalyst concentration

of about 2 g litre71. As to hydrogen production from

aqueous glycerol solutions over ZnO/ZnS photocata-

lyst, the maximum rate of hydrogen production was

achieved at a photocatalyst concentration of 1 g

litre71.244

Dependence of the rate of photocatalytic hydrogen

production on solution pH. Changes in the acidity of the

reaction medium are followed by changes in positions

of the energy levels of the bottom of the conduction

band and the top of the valence band, the band gap of

the photocatalyst, the sign and density of the surface

charge and the electrokinetic potential (z-potential,
isoelectric point potential) of suspended photocatalyst

particles, etc. Besides, the reaction medium pH influ-

ences adsorption processes, the redox potentials of

reactants and products of photocatalytic transforma-

tions, stabilization of intermediates and particle aggre-

gation of suspended photocatalyst.48 Eventually, all

these factors affect the rate of photocatalytic produc-

tion of hydrogen.

A study 206 on the influence of medium pH on the

rate of hydrogen production from aqueous glycerol

solutions over the semiconductor photocatalyst 1%

Pt/Cd0.2Zn0.8S/ZnO/Zn(OH)2 showed that the rate of

hydrogen production in a neutral medium is nearly

zero; however, it increases as an alkali (e.g., NaOH)

solution is added to the reaction system and passes

through a maximum at alkali concentrations in the

range of 50 ± 200 mmol litre71 (Fig. 12 a).

This fact can be explained by the influence of the

acidity on the surface state of the photocatalyst. One

can assume that in aqueous suspensions, different

forms of cadmium coexist in equilibrium on the surface

of cadmium sulfide particles:

CdSH�2 CdSH+H+ (31)

CdSH CdS7+H+ (32)

CdOH�2 CdOH+H+ (33)

CdOH CdO7+H+ (34)

The isoelectric point (pI) is the pH value at which a

particular molecule or surface bears no net electric

charge. For cadmium sulfide, one has pI *6.5. There-

fore, CdSH�2 and CdOH�2 predominate in acidic (pH

4.1 ± 4.3) and neutral (pH 5.8 ± 7.7) media, respectively,

whereas negatively charged forms CdS7 (pH 7.3 ± 7.7)

and CdO7 (pH 8.9 ± 9.9) prevail in alkaline media.245

The isoelectric point of ZnS is in the range of 3.0 ± 8.5

depending on the crystal structure of the material.246 In

other words, in alkaline media the surface of cadmium

sulfide and zinc sulfide carries a negative charge and

the surface anion S27 is replaced by hydroxyl groups.

Zinc and cadmium hydroxides are characterized by pI

values in the range of 9.6 ± 11.5 (Ref. 247). Therefore,

under basic conditions the surface species on the

photocatalyst Cd0.2Zn0.8S/ZnO/Zn(OH)2 mainly repre-

sent ZnOH or ZnO7 and CdOH or CdO7 (Ref. 248).

It is believed206 that at pH*13, glycerol forms C3H7O
ÿ
3
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Figure 12. Initial rate of hydrogen production over the photo-
catalyst 1% Pt/Cd0.2Zn0.8S/ZnO/Zn(OH)2 plotted vs. initial con-
centration of NaOH (a) and glycerol (b).206

Concentration of photocatalyst is 0.77 g litre71; c0(glyce-
rol)= 200 mmol litre71 (a), c0(NaOH)=100 mol litre71 (b); tem-
perature 20 8C; a high-pressure mercury lamp (1000 W) as light
source; filter bandpass: l>420 nm; L ±H: the curve is the approx-
imation of experimental data by the Langmuir ±Hinshelwood
equation.
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anions, which can compete with hydroxyl groups for

surface sites on the cadmium sulfide/zinc sulfide solid

solution. The addition of NaOH causes the adsorption

of organic substrates on the CdS/ZnS photocatalysts to

enhance 248 and the rate of photocatalytic hydrogen

production to increase. Alkalization of a reaction

suspension to pH413.5 makes the photocatalytic pro-

duction of hydrogen by reaction (2) less thermodynami-

cally favourable.

The effect of medium pH on the activity of photo-

catalysts based on titanium dioxide and erbium-doped

yttrium aluminate Er3+@YAlO3/Pt ± TiO2 in visible

light-driven hydrogen production from aqueous glucose

solutions was studied.249 It was established that the

rate of hydrogen production increases as suspension

pH increases from 3.5 to 6.5, then slowly decreases at

pH 8.0 and abruptly decreases at pH 11. Therefore, the

optimum condition for hydrogen production is a pH

interval of 6.5 ± 8. One can assume that, like in the

example with glycerol (see above), the medium acidity

influences the rate of photocatalytic production of

hydrogen in a complex manner via the change in the

surface state of titanium dioxide, the degree of dissoci-

ation of glucose in solution and the redox potential of

H+/H2. Indeed, at room temperature, the glucose pKa

is 12.3. Correspondingly, at lower suspension pH,

glucose exists in the molecular form and can readily

interact with the surface titanium atoms via oxygen

atoms of hydroxyl groups. When the pH value of

Er3+@YAlO3/Pt ± TiO2 suspension increases, glucose

undergoes acidic dissociation with the formation of

negatively charged C6H11O
ÿ
6 anion. It is believed that

the anion is more reactive towards photogenerated

holes than glucose molecule and thus favours an

increase in the rate of hydrogen production.138 How-

ever, the photocatalytic hydrogen production by

Eqn (2) becomes thermodynamically less favourable

with increasing pH. Thus, it is neutral and weak

alkaline media that are optimum for photocatalytic

production of hydrogen from aqueous glucose solutions

in the presence of Er3+@YAlO3/Pt ± TiO2.249

Dependence of the rate of photocatalytic hydrogen

production on substrate concentration. The rate of pho-

tocatalytic hydrogen production from aqueous solu-

tions of organic compounds depends on the substrate

concentration. For instance, an increase in the initially

low concentration of glycerol used as substrate is

accompanied by a linear increase in the rate of hydro-

gen production which reaches a plateau at higher

concentrations of the substrate. The dependence is

well approximated by the Langmuir ± Hinshelwood

model, according to which the reaction rate is propor-

tional to the number of adsorbed substrate particles; as

the surface of the photocatalyst becomes saturated with

substrate particles, the rate of hydrogen production

reaches a maximum value.48 The Langmuir ± Hinshel-

wood equation has the form 206

W0 � k
Kc0

1� Kc0
(35)

where W0 is the initial rate of hydrogen production

/ (mmol H2) min71; k is the phenomenological apparent

rate constant /mmol min71; K is the adsorption con-

stant of the substrate /mmol71 litre; and c0 is the initial

concentration of glycerol /mmol litre71.

The validity of the Langmuir ± Hinshelwood model

was substantiated for photocatalytic hydrogen produc-

tion in aqueous solutions of various organic com-

pounds.48 An increase in the rate of hydrogen

production at low substrate (electron donor) concen-

trations to nearly-zero order with respect to methanol

at high substrate concentrations was proved taking

photocatalytic hydrogen production using aqueous sus-

pension of Pt/TiO2 as an example.250 Similar depend-

ences were also observed in the photocatalytic

hydrogen production from aqueous solutions of iso-

propyl alcohol,251 oxalic acid,21 acetic acid,252 glu-

cose 253 and saccharose 254 over platinized titanium

dioxide. Visible light-driven hydrogen production over

Cd17xZnxS photocatalyst using glucose 139 and glyc-

erol 137 as substrates also proceeds by the Langmuir ±

Hinshelwood mechanism. The phenomenological

constants of Eqn (35) calculated for aqueous glucose

solutions are as follows: k= 0.26 mmol min71 and

K=0.024 mmol71 litre for the ZnS/ZnIn2S4 photoca-

talyst 138 and k=4.75 mmol min71 and

K=2.03 mmol71 litre for Pt/TiO2 photocatalyst.23

The influence of the initial concentration of glycerol

on the initial rate of hydrogen production over the

photocatalyst 1% Pt/Cd0.2Zn0.8S/ZnO/Zn(OH)2 under

irradiation with visible light at l>420 nm was

studied.206 It was found that the rate linearly increased

with increasing initial concentration of glycerol in the

range of 0 ± 100 mmol litre71, then slowly increased to

a maximum value at 300 mmol litre71 (2.8 vol.% of

glycerol), and then decreased (Fig. 12 b). For the pho-

tocatalytic hydrogen production in aqueous glycerol

solutions the first portion of the dependence obeyed

Eqn (35) up to a glycerol concentration of 0.3 mmol

litre71.206 However, at higher glycerol concentrations,

the rate of hydrogen production began to decrease,

which contradicts the Langmuir ± Hinshelwood model.

One can assume this is due to the effect of diffusion

processes that abruptly slow down as the medium

viscosity increases at high glycerol concentrations.

It should be noted that the Langmuir ± Hinshelwood

model was initially used to describe one-step catalytic

transformations of adsorbed particles, whereas photo-

catalytic hydrogen production from aqueous solutions

of organic compounds is a multistep process [see, e.g.,

Eqns (13) ± (21)]. This model correctly describes photo-

catalytic production of hydrogen at low substrate con-

centrations where the rate of the process is not limited

by diffusion and adsorption of reactants on the photo-

catalyst surface and the surface oxidation of the sub-

strate proceeds very rapidly.48, 255, 256 Here, a

photogenerated hole directly or via the formation of

an
.
OH radical oxidizes the molecule of the organic

compound, while an electron reduces water with the

formation of hydrogen molecule, recombination of

photogenerated electrons and holes being the major

side process. An actual mechanism of photocatalytic

hydrogen production can be even more complicated.

For instance, an in situ IR study 257 of hydrogen

production in aqueous methanol solutions over Pt/

TiO2 photocatalyst revealed a rapid oxidation of sub-

strate to methoxy radical and showed that the rate of
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the reaction between photogenerated holes and the

substrate is much higher than the recombination rate

of electron ± hole pairs. This is a clear illustration for

the possibility of fast formation of stable intermediates

on the photocatalyst surface at high substrate concen-

tration. As a consequence, the number of active sites

and the rate of photocatalytic production of hydrogen

decrease. Besides, organic compounds can compete

with water in the interaction with photogenerated

holes; this makes the generation of reactive oxidizing

species (
.
OH radicals) less probable.258

IV.3.b. Photocatalytic production of hydrogen in aqueous

suspensions of Na2S and Na2SO3

The system Na2S ± Na2SO3 is often used as electron

donor in photocatalytic production of hydrogen; there-

fore, the influence of various experimental parameters

of this system on the process in question has been

studied in quite detail.76, 259 Nevertheless, a possible

mechanism of photocatalytic production of hydrogen

on sulfide photocatalysts and a relevant kinetic model

were considered only by researchers from the Russian

Federation.127

Dependence of the rate of photocatalytic hydrogen

production on the concentration of suspended photocata-

lyst. The dependence of the rate of visible light-driven

hydrogen production from aqueous solution of 0.1 M

Na2S ± 0.02 M Na2SO3 on the concentration of sus-

pended photocatalyst Cd0.3Zn0.7S, which was varied

from 0 to 1.54 g litre71, was studied.76 As the photo-

catalyst concentration in the suspension increased from

0 to 0.38 g litre71, the rate of hydrogen production

increased linearly and then reached a plateau as the

photocatalyst concentration approached a value of

1.15 g litre71. This concentration dependence of the

rate of hydrogen production can be explained as

follows. At low photocatalyst concentrations, the

absorption of light is proportional to the number of

Cd0.3Zn0.7S particles. As the photocatalyst concentra-

tion becomes higher than *1 g litre71, suspended par-

ticles aggregate, light absorption by the solution

decreases and the rate of the photocatalytic reaction

no longer increases.260

Dependence of the rate of photocatalytic hydrogen

production on suspension pH. As in the case of photo-

catalytic hydrogen production from aqueous solutions

of organic electron donors, the suspension acidity

influences the rate of photocatalytic hydrogen produc-

tion in complex manner. The influence of the suspen-

sion pH on the rate of photocatalytic hydrogen pro-

duction in aqueous suspensions of Na2S ± Na2SO3 in

the presence of platinized cadmium sulfide was

studied.261

A change in suspension pH causes the top of the

valence band and the bottom of the conduction band

of cadmium sulfide to shift in accordance with Eqn (4).

However, the electrode potential for reduction of water

also linearly depends on suspension pH with the same

slope of 0.059 (the term `0.059 pH'). As a result, the

overpotential for the electrode reduction of water on

the semiconductor surface remains unchanged upon

variation of the medium pH. The medium acidity first

of all influences the proportions of different forms of

the electron donor, viz., sulfide (S27 and HS7). As pH

value increases, so does the proportion of sulfide

anions whose concentration affects the electrode poten-

tials of the valence band and the conduction band of

cadmium sulfide. As the proportion of S27 ions

increases, the potential of the bottom of the conduction

band of CdS becomes more negative.262 Correspond-

ingly, the difference between the electrode potential of

the bottom of the conduction band of CdS and that of

the reduction of hydrogen by reaction (2) increases,

which causes an increase in the electromotive force of

the hydrogen production reaction. As the medium pH

is shifted towards the strongly alkaline region, hydro-

gen production by reaction (2) is thermodynamically

hampered. Thus, the influence of the medium pH on

the rate of photocatalytic hydrogen production from

aqueous solutions of S27 ± SO2ÿ
3 over CdS can be

explained by the combined action of three main fac-

tors, that is, by the changes in position of the electrode

potential of the conduction band of the photocatalyst

(CdS), in the redox potential of H+/H2 and in the

proportions of different ionized forms of hydrogen

sulfide.261

The influence of the medium pH on the rate of

visible light-driven production of hydrogen from aque-

ous solution of 0.1 M Na2S ± 0.02 M Na2SO3 on

Cd0.3Zn0.7S catalyst was studied.76 The initial pH

value was varied from 5.5 to 13 by adding 1M H2SO4

and 0.1M NaOH. It was found that the addition of

alkali causes the rate of photocatalytic hydrogen pro-

duction to decrease. As the solution pH decreases from

12.7 to 6.5 upon adding sulfuric acid, the rate of

photocatalytic hydrogen production monotonically

increases. A further decrease in pH leads to an abrupt

decrease in the rate due to a redox reaction between

sulfide and sulfate anions resulting in S0

8H++3S27+SO2ÿ
4 4 S0+4H2O (36)

An increase in the concentration of HO7 ions in

accordance with Eqn (25) thermodynamically hampers

the production of hydrogen, which seems to be a

reason for the decrease in the rate of photocatalytic

hydrogen production. Contrary to this, a decrease in

pH, causes the rate of the process to increase.

A study 259 on the effect of alkali additives on the

rate of visible light-driven photocatalytic hydrogen

production in aqueous suspensions of Na2S ± Na2SO3

in the presence of cadmium sulfide revealed the follow-

ing. The addition of less than 0.10 mol litre71 of

NaOH to the reaction suspension is followed by an

increase in the initial rate of hydrogen production.

However, if the initial concentration of NaOH

increases to 0.15 mol litre71, the initial rate of hydro-

gen production remains unchanged. These data contra-

dict the results reported in Refs 76 and 127 probably

due to different surface properties of the photocatalysts

based on cadmium sulfide.

As can be seen, variation of the medium acidity can

lead to twofold or even greater variation of the rate of

photocatalytic hydrogen production in aqueous solu-

tions of S27± SO2ÿ
3 .76, 127 Therefore, the solution pH is

a critically important parameter influencing the quan-

tum efficiency of photocatalytic hydrogen production.
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Dependence of the rate of photocatalytic hydrogen

production on the concentration of S27 and SO2ÿ
3 .

Photocatalytic hydrogen production is usually con-

ducted using sulfide ± sulfite mixtures containing

0.10 mol litre71 of Na2S and 0.02 mol litre71 of

Na2SO3 (Refs 130, 113, 263). In some cases, corre-

sponding potassium salts are utilized.132, 227 It was

shown 127 that variation of the sulfide and sulfite

concentrations causes the concentration dependence of

the rate of hydrogen production to pass through a

maximum at the same initial concentrations of the

substrates: c0(Na2S)= c0(Na2SO3)= 0.10 mol litre71.

Relying on the results of a study on the dependence

of the reaction rate on the concentration of a `sacrifi-

cial' substrate at a constant concentration of the other

substrate, an equation was proposed,127 which relates

the initial reaction rate (W0) to the initial concentra-

tions of Na2S and Na2SO3

W0 �
ac0�Na2S� � bc0�Na2S� c0�Na2SO3�

�1� K�Na2S�c0�Na2S� � K�Na2SO3�c0�Na2SO3��2
(37)

where a and b are the effective rate constants,

c0(Na2S), c0(Na2SO3) are the initial reactant concen-

trations, and K(Na2S), K(Na2SO3) are the adsorption

constants of the reactants.

Approximation of experimental data by Eqn (37)

gave the following results: a=4.4� 0.5 ml min71,

b=170� 43 ml mol71 min71, K(Na2S)= 7.8� 0.7

mol71 litre, K(Na2SO3)= 14� 2 mol71 litre.

For better description of the process, Eqn (37) was

augmented with the term characterizing the acidity of

the solution.127 Experimental data are with high accu-

racy (confidence factor R2= 0.99) approximated by the

equation

W0 �
G� Ic�H��

�1� Bc0�Na2S� �Dc0�Na2SO3� � Jc�H���2 (38)

where G=0.52� 0.02 mmol min71, I=(8.4� 0.5)6107

ml min71, J= (3.6� 0.2)6107 mol71 litre. The param-

eter G can be treated as the reaction rate that is

independent of proton concentration [e.g., the rate of

the reaction between sulfide and sulfite ions, which

corresponds to the term bc0(Na2S)c0(Na2SO3) in

Eqn (37)]; the parameter I is the product of the effec-

tive rate constant for the reaction between adsorbed

protons and sulfide ions (g) and the concentration of

sulfide ions; J is the equilibrium constant for adsorp-

tion protons on the photocatalyst surface, and B and D

are the adsorption constants of the sulfide and sulfite

ions, respectively.

Combining Eqns (37) and (38) gives the dependence

of the reaction rate on the concentrations of three

reactants, namely, sodium sulfide, sodium sulfite and

protons:

W0 � �ac0�Na2S� � bc0�Na2S� c0�Na2SO3�� (39)

�gc�H��c0�Na2S���1� K�H��c0�H���

�K�Na2S�c0�Na2S� � K�Na2SO3�c0�Na2SO3��ÿ2

The first term in Eqn (39) describes the dissociation

rate of adsorbed hydrosulfide ion to sulfide ion and

proton, the second term takes account of the contribu-

tion of the interaction between sulfide and sulfite

anions to the overall rate of the process, while the

third term is the production rate of HS7. The contri-

bution of the last-mentioned term becomes significant

at low pH. This model approximates both experimental

data 127 and other published data on the concentration

dependences (Table 9) with a rather high accuracy.

Thus, the rate of photocatalytic hydrogen in aque-

ous suspensions of semiconductor photocatalysts

depends on particular experimental conditions, such as

the reaction medium pH and the substrate and photo-

catalyst concentrations. It should be noted that con-

ventional kinetic methods developed for `dark' catalytic

transformations can hardly be used to establish the

detailed nature and mechanism of photocatalytic trans-

formations on particles in semiconductor suspensions

because one should take account of specific features of

light absorption and possible `hidden' radical mecha-

nism of elementary steps of the process in question.

IV.4. Effect of the substrate nature on the quantum efficiency
of hydrogen production
The photocatalytic activity in the hydrogen production

reactions is directly related to not only the nature of

the photocatalyst, but also to the nature of the sub-

strate acting as electron donor. In Sections II.2 and

II.3 we have shown that the mechanisms of hydrogen

production from aqueous solutions of organic and

inorganic substrates are fundamentally different.

Besides, differences in the nature and structure of

organic substances used as `sacrificial' agents manifest

themselves in the specific features of their adsorption

on active sites of the photocatalyst and, correspond-

ingly, on its reactivity.48

Recall that the best studied electron donors for

hydrogen production include the Na2S ± Na2SO3 system

and a number of organic substrates, mainly alcohols

(ethanol, methanol, glycerol). The rate of hydrogen

production on sulfide photocatalysts is usually much

Table 9. Parameters calculated by approximating published data using Eqn (37).127

Photocatalyst K(Na2S) K(Na2SO3) a /ml min71 b /ml mol71 min71 R2 Ref.
/mol71 litre /mol71 litre

CuS/ZnO 2.6� 0.2 4� 1 1.4� 0.2 15� 5 0.98 264

CdS 9.9� 0.4 6.6� 0.6 60� 12 2820� 434 0.98 259

CdS/Pt-TiO2 0.6� 0.1 0.5� 0.1 1.25� 0.02 0.81� 0.01 0.99 265
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higher when using the sulfide ± sulfite system (see

Tables 1 and 2); the same holds for the composite

photocatalysts containing CdS and Cd17xZnxS (see

Tables 5 and 6). This can be explained by the fact

that sulfide anions in the liquid phase `protect' the

catalyst from photocorrosion, thus increasing the quan-

tum efficiency of the target process.174

It should be noted that most experiments aimed at

studying hydrogen production are performed using

only one type of donor namely, Na2S ±Na2SO3 or

organic compounds. However, there are a few publica-

tions where same photocatalysts were used with both

types of electron donors (sulfide ± sulfite system and

organic substrates).210, 220, 266

Table 10 presents the results of a study 210 on visible

light-driven photocatalytic hydrogen production from

aqueous solutions of Na2S ± Na2SO3 and ethanol in the

presence of pure and platinized composite photocata-

lysts Zn(OH)2(amorph)/Cd0.3Zn0.7S. As can be seen,

the F value achieved using the sulfide ± sulfite system

is tenfold higher than that obtained with ethanol; even

for the noble metal non-promoted photocatalysts the

rate of hydrogen production from Na2S ± Na2SO3 sol-

utions is rather high.

Visible light-driven hydrogen production from aque-

ous solutions of Na2S ± Na2SO3 and a mixture of

benzyl alcohol and acetic acid in the presence of

(TiO2)17x(NiO)x/Cd0.8Zn0.2S photocatalysts was also

studied.220

The data presented in Table 11 show that rate of

hydrogen production from aqueous solution of the

mixture of benzyl alcohol with acetic acid is *4.5 ± 6

times higher than that achieved using inorganic elec-

tron donors. Unfortunately, this fact was not explained

in the original publication.220

Yet another study 266 was devoted to photocatalytic

hydrogen production in aqueous solutions of ethanol,

Na2S ± Na2SO3 and in a mixture of these substrates on

the 3%Au/CdS photocatalyst under illumination with

light at l>350 nm. The rate of hydrogen production

was 1400 (mmol H2) h71 g71 for the solution contain-

ing 8 vol.% of ethanol, 6100 (mmol H2) h71 g71 for the

solution of 0.1 MNa2S ± 0.02 M Na2SO3 and

10 800 (mmol H2) h71 g71 for a mixture of pure

ethanol and a solution of 0.1 M Na2S ± 0.0 2M

Na2SO3 (8/92 v/v); this corresponded to a quantum

efficiency of *4%.

It was assumed that the increased rate of hydrogen

production in the mixture of ethanol and Na2S ±

Na2SO3 is due to the mechanism schematically shown

in Fig. 13. The primary processes are photogeneration

of electron ± hole pairs and dissociative adsorption of

water on the surface of cadmium sulfide.

CdS+ hn e7+h++CdS (40)

H2O(liq) OH7(ads)+H+(ads) (41)

It is followed by the formation of disulfide ions

from sulfide ions [see reaction (23)] in the interaction

with photogenerated holes. The formation of
.
OH

radical and the radical oxidation of ethanol to acetal-

dehyde proceed as follows:

OH7(ads)+h+
.
OH(ads) (42)

.
OH(ads)+CH3CH2OH CH3

.
CHOH+H2O (43)

CH3
.
CHOH+h+ CH3

.
CHO+H+(ads) (44)

At pH 7, the standard electrode potential of the

S27/S2ÿ
2 transition in stage (23) is 70.14 V vs. NHE;

the standard electrode potential of production of

a-hydroethyl radical in step (43) is +1.38 V vs. NHE;

the electrode potential of the top of the valence band

of cadmium sulfide at the same pH value is +1.7 V vs.

NHE. Probably, transfer of an electron from the

sulfide ion to the valence band of CdS is thermody-

namically more favourable than electron transfer from

the ethanol molecule. This provides an explanation for

the higher activity in the Na2S ± Na2SO3 system com-

pared to the system containing aqueous ethanol solu-

tion. It is assumed that if ethanol and sulfide ions are

used simultaneously, one deals with absorption of

photogenerated holes [see reaction (44)], which

increases the quantum efficiency of the target process

Table 10. Photocatalytic activity of untreated and platinized Zn(O-
H)2(amorph.)/Cd0.3Zn0.7S catalysts in visible light-driven production
of hydrogen from aqueous solutions of Na2S ±Na2SO3 and ethanol at
l=450 nm.210

Photocatalyst W F (%)
/(mmol H2) h71 g71 (see a)

Solution of 0.1 M Na2S ± 0.1 M Na2SO3

10% Zn(OH)2/Cd0.3Zn0.7S 2880 7.1

20% Zn(OH)2/Cd0.3Zn0.7S 3130 7.7

1% Pt/20% Zn(OH)2/Cd0.3Zn0.7S 7470 18.3

Ethanol (10 vol.%) solution

1% Pt/20% Zn(OH)2/Cd0.3Zn0.7S 132 0.4

10% Zn(OH)2/Cd0.3Zn0.7S 72 0.2

1% Pt/10% Zn(OH)2/Cd0.3Zn0.7S 432 1.1

aCalculated per H2 molecule.

Table 11. Photocatalytic activity of untreated and platinized
(TiO2)17x(NiO)x/Cd0.8Zn0.2S catalysts in visible light-driven produc-
tion of hydrogen from aqueous solutions of Na2S ±Na2SO3 and a
mixture of benzyl alcohol and acetic acid with a 400 W Xe lamp
(l>395 nm) as light source.220

Photocatalyst W F (%)
/(mmol H2) h71 g71 (see a)

Solution of 0.1 M Na2S ± 0.1 M Na2SO3

(TiO2)0.17(NiO)0.83/Cd0.8Zn0.2S 1600 1.5

(TiO2)0.05(NiO)0.95/Cd0.8Zn0.2S 1400 1.3

Solution of 6 vol.%C7H8O+6vol.%CH3COOH

(TiO2)0.17(NiO)0.83/Cd0.8Zn0.2S 6840 5.9

(TiO2)0.05(NiO)0.95/Cd0.8Zn0.2S 8900 7.7

aCalculated per H2 molecule.
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using a mixture of ethanol and Na2S ± Na2SO3. Never-

theless, mention should be made of inadequate reason-

ing of the authors of Ref. 266, which, in particular, is

due to the fact that the thermodynamics of photo-

catalytic hydrogen production requires an analysis of

the running (concentration-dependent) rather than

standard electrode potentials of the oxidizing agent ± re-

ducing agent pairs.

In contrast to comparison of the quantum efficien-

cies of photocatalytic hydrogen production from aque-

ous solutions of organic and inorganic electron donors,

different-type organic electron donors are compared

quite often. Examples are provided by the comparative

studies on the activities in photocatalytic hydrogen

production carried out using a large number of organic

alcohols, aldehydes and acids as electron

donors.71, 267, 268

Data presented in Fig. 14 illustrate changes in the

rate of hydrogen production from the same-concentra-

tion aqueous solutions of organic substances of differ-

ent nature in the presence of Pd/TiO2 photocatalyst

under the light of a 400 W Xe lamp. The highest rates

of hydrogen production were achieved using polyols,

that is, glycerol, butane-1,2,3-triol and butane-2,3-diol,

whereas those observed using ketones, acetic acid or

tert-butyl alcohol were close to zero. The hydrogen

production rates obtained with sugars (D-glucose and

saccharose) as electron donors are close to that

obtained using ethanol, although lower than with

glycerol.71

Following the authors of Ref. 267 and the mecha-

nism of photocatalytic hydrogen production from aque-

ous alcohol solutions [see reactions (13) ± (21)], efficient

hydrogen production requires that the substrate mole-

cule have at least one hydrogen atom at the carbon

atom bound to oxygen; the larger the number of such

hydrogen atoms the higher (on the average) the rate of

hydrogen production. This provides an explanation for

the high rate of photocatalytic hydrogen production

from aqueous solutions of polyols and poor results

obtained with ketones and organic acids (except formic

acid) as electron donors. It was also concluded that

during photocatalytic hydrogen production, alkyl

groups RCH2 from alcohol molecules undergo trans-

formation to corresponding alkanes in accordance with

Eqn (17), while methyl groups are completely oxidized

to carbon dioxide.267

Figure 15 presents the results of a study 105 on

visible light-driven photocatalytic hydrogen production

in aqueous solutions of various organic substances on

the 0.2 mass% MoS2/CdS catalyst. Among mono- and

polyols, the highest photocatalytic activity was
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Figure 13. Tentative mechanism of hydrogen production from aqueous solutions of ethanol and Na2S ±Na2SO3 under illumination of
Au/CdS photocatalyst at l>350 nm.266
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Figure 14. Rates of photocatalytic hydrogen production in aque-
ous solutions of different organic compounds on Pd/TiO2 photo-
catalyst under illumination with a 400 W Xe lamp at a constant
substrate concentration of 0.1 vol.%.267

Compounds: propan-2-ol (1), butan-2-ol (2), butane-2,3-diol (3),
methanol (4), ethanol (5), n-propanol (6), n-butanol (7), propane-
1,2-diol (8), propane-1,3-diol (9), butane-1,3-diol (10), butane-
1,2,4-triol (11), glycerol (12), ethylene glycol (13), acetaldehyde
(14), diethyl ether (15), acetone (16), acetic acid (17), 2-pentanone
(18), benzyl alcohol (19), tert-butyl alcohol (20).
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achieved using glycerol; the activity obtained with

lactic acid was tenfold higher than with glycerol pro-

vided the same concentration (10 vol.%).105 Therefore,

the presence of both carboxyl and hydroxyl groups in

the organic electron donor molecule leads to significant

enhancement of photocatalytic activity.

Thus, the nature of the `sacrificial' electron donor

significantly influences its photocatalytic activity in the

hydrogen production. By varying the nature of the

donor one can achieve more than a tenfold increase in

the rate of the target process using the same photo-

catalyst.

The aforesaid suggests that attainment of high

quantum efficiency in photocatalytic hydrogen produc-

tion requires a proper choice of the nature of not only

the photocatalyst, but also the substrate (`sacrificial

agent'). Namely, it seems most appropriate to use

sulfide photocatalysts with the S27± SO2ÿ
3 system, as

well as to combine the noble metal promoted oxide and

composite photocatalysts with organic substances con-

taining COH groups (e.g., water-soluble components of

biomass or certain biomass-derived substances) as elec-

tron donors. Besides, the choice of reaction conditions,

such as the suspension pH and the substrate and

photocatalyst concentrations is critical when using

organic and inorganic electron donors.

V. Activation and deactivation of semiconductor
photocatalysts of hydrogen production reactions

As mentioned above, the best studied photocatalysts of

visible light-driven hydrogen production are materials

based on noble metal loaded CdS and Cd17xZnxS.

However, systems based on water-insoluble sulfides

are unstable under the hydrogen production conditions,

especially when organic substrates are used as electron

donors, because the optimum hydrogen production

rates are achieved in alkaline media at

pH& 12 ± 13.206, 248, 269 Also, in most cases the concen-

tration dependence of the rate of photocatalytic hydro-

gen production from aqueous solutions of organic

compounds has an induction period during which the

activity initially increases and then remains constant or

even decreases.206, 269 ± 272 This suggests that the active

component of the photocatalysts based on cadmium

sulfide and zinc sulfide is formed in the course of

hydrogen production. The authors of most studies

leave this observation unattended; however, acquiring

of detailed knowledge on the state of the active com-

ponents of the working sulfide photocatalysts is neces-

sary both for better insight into the mechanism process

and for the design of novel photocatalysts. The surface

and bulk transformations of sulfide photocatalysts in

the course of photocatalytic hydrogen production have

also been studied.95, 118, 210, 273, 274

Transformations of the 1%Pt/Cd0.65Zn0.35S/2D-b-
Zn(OH)2/e-Zn(OH)2/ZnO photocatalyst during visible light-

driven hydrogen production from aqueous ethanol solu-

tions irradiated at l=450 nm were investigated.273 The

rate of photocatalytic hydrogen production was measured

in the course of twelve consecutive 5-h runs; after each

catalytic cycle the reaction mixture was bubbled with

argon. It was found that the initial rate of hydrogen

production from aqueous ethanol solutions increases during

the first three cycles (15 h) of irradiation, remains nearly

constant throughout the next eight cycles and abruptly

decreases in the course of the twelfth cycle (deactivation

of the photocatalyst after 55 h of irradiation).

According to powder X-ray diffraction (PXRD) and

X-ray fluorescence spectroscopy data, transformation

of the photocatalyst during 60 h (or 12 cycles) involves

the following three main steps (Fig. 16):

Ð transition of the surface 2D-b-Zn(OH)2 to

e-Zn(OH)2, thus making the surface of the photocata-

lytically active sulfide accessible (0 ± 15 h) and activat-

ing the photocatalyst; a more than twofold increase in

the initial rate of hydrogen production during the three

cycles;

Ð partial dissolution of the Cd0.65Zn0.35S phase

leading to reduction of the photocatalyst activity

between 15 and 50 h of irradiation.

Ð formation of cadmium carbonate CdCO3 phase

after 50 h of irradiation and subsequent deactivation of

the photocatalyst; however, the rate of hydrogen pro-

duction after 60 h of irradiation remains 1.5 times

higher than in the first cycle.

Activation of the 1% Pt/Zn(OH)2(amorph)/

Cd0.3Zn0.7S composite photocatalyst proceeds by a

similar mechanism. Namely, in the course of visible

light-driven hydrogen production amorphous zinc

hydroxide undergoes transition to the active form

e-Zn(OH)2.210 The rate of hydrogen production using

the 1% Pt/30% Zn(OH)2/Cd0.3Zn0.7S photocatalyst

increased by a factor of 7 during four 90-min runs.

A tentative mechanism of formation of cadmium

carbonate which deactivates the photocatalyst is as

follows. The oxidation of cadmium sulfide by photo-

generated holes is followed by the appearance of Cd2+

and SO2ÿ
4 ions in the aqueous solution.275 In accord-

ance with Eqn (7), photocatalytic hydrogen production

in aqueous ethanol solutions is accompanied by evolu-

tion of carbon dioxide which is transformed to carbo-

nate ions in an alkaline medium with pH 13. As a
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Figure 15. Rate of hydrogen production in aqueous solutions of
different organic substrates on two photocatalysts, 0.2 mass% Pt/
CdS (1) and 0.2 mass% MoS2/CdS (2), under illumination with a
300 W Xe lamp at l>420 nm.105
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result, the interaction of carbonate anions and cad-

mium cations results in a water-insoluble salt, viz.,

cadmium carbonate (solubility constant at 25 8C is

5.2610712 mol71 litre).

Besides, photocatalytic hydrogen production is

accompanied by fast dispersion and subsequent aggre-

gation of platinum nanoparticles. According to X-ray

fluorescence spectroscopy data, the surface mole frac-

tion of platinum [Pt]/([Cd]+[Zn]) reaches a maximum

value after irradiation of a period of *5 h and the

Pt4f7/2 binding energy also reaches a maximum.273

According to transmission electron microscopy data,

the average size of metal particles increases from

1.3�0.2 to 1.7�0.5 nm after 60 h of irradiation.

According to a mechanism proposed 269 for photocata-

lytic hydrogen production from aqueous glycerol sol-

utions on the Pt/CdS and Pt/CdS/TiO2 photocatalysts,

the first step involves the formation of CO which

deactivates the photocatalyst via irreversible adsorption

on metallic platinum. Next, the interaction of water

with photogenerated holes results in reactive species

that oxidize CO to CO2. Removal of CO from the

photocatalyst surface via formation of CO2 causes the

rate to increase (this explains the appearance of an

induction period in the photocatalytic hydrogen pro-

duction). Moreover, the formation and subsequent

oxidation of carbon monoxide, which is strongly

adsorbed on the photocatalyst surface can significantly

influence the dispersion (aggregation) of Pt nanopar-

ticles.273

A number of studies are devoted to transformations

of copper 118, 274 and nickel 95 cocatalysts during photo-

catalytic production of hydrogen. In particular, a

study 95 of transformations of the Ni(OH)2/Cd0.2Zn0.8S

photocatalyst in the course of visible light-driven pho-

tocatalytic hydrogen production showed that nickel

hydroxide is partially reduced to metallic nickel, thus

activating the photocatalyst. Two photocatalysts,

Cu(OH)2/Cd17xZnxS and Cu/Cd17xZnxS, undergo in

situ transformation to CuxS/Cd17xZnxS during photo-

catalytic hydrogen production in aqueous solutions of

Na2S ± Na2SO3 .118 The photocatalytic process is

accompanied by a decrease in the size of copper sulfide

nanoparticles and, as a consequence, by a 1.5-fold

increase in the rate of hydrogen production (Fig. 17).

This observation is consistent with a Boreskov rule,

according to which `solid catalysts change the chemical

composition, surface structure and catalytic properties

under the action of the reaction medium. Each compo-

sition of the reaction mixture and temperature corre-

sponds to a particular steady state of the catalyst,

which is independent of its initial state'.276

Deactivation of sulfide photocatalysts during hydro-

gen production from aqueous solutions of organic and

inorganic electron donors is possible. It is believed 275

that deactivation of sulfide photocatalysts is mainly

due to the oxidation of the lattice sulfide by photo-

generated holes with the formation of elemental sulfur

followed by escape of Cd2+ cations bearing uncompen-

sated charge to the aqueous solution

CdS+2h+ Cd2++S0 (45)
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Figure 16. Tentative mechanism of transformation of the semiconductor photocatalyst 1%Pt/Cd0.6Zn0.4S/2D-b-Zn(OH)2/e-Zn(OH)2/ZnO
in the course of visible light-driven production of hydrogen.273
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Deactivation of Pt/Cd17xZnxS and Cd17xZnxS pho-

tocatalysts in the course of hydrogen production from

aqueous solutions of ethanol and Na2S ± Na2SO3 under

irradiation with light at l=450 nm was investi-

gated.118, 127, 235, 273 It was shown that the main reason

for deactivation of the photocatalyst in the experiments

with organic electron donors can be partial dissolution

of cadmium sulfide followed by the formation of

cadmium carbonate (Fig. 18 a); when using the Na2S ±

Na2SO3 system, deactivation occurs via the growth of

Cd17xZnxS nanoparticles (Fig. 18 b).

The rate of hydrogen production after 6 h of irra-

diation decreases by a factor of 7 with ethanol as

electron donor 273 and by only 20% after 12 h of

irradiation using the sulfide ± sulfite system.235 The

latter observation confirms the assumption that the

S27 ± SO2ÿ
3 system protects photocatalysts based on

Cd17xZnxS from photocorrosion.174

Summing up, activation (deactivation) of working

photocatalysts plays an important role in the photo-

catalytic production of hydrogen. Mechanisms of these

processes are significantly different for organic and

inorganic electron donors. Unfortunately, the processes

in question remain poorly studied.

VI. Conclusion

Visible light-driven hydrogen production from aqueous

solutions of organic and inorganic substrates over

suspended semiconductor photocatalysts is considered

as promising method for conversion of solar energy to

the energy of chemical bonds. This is substantiated by

the considerable literature published in the last decade.

In this review we considered main classes of photo-

catalysts of hydrogen production from aqueous solu-

tions of organic and inorganic electron donors. When

analyzing relevant publications, particular attention

was paid to methods for enhancement of activity of

suspended semiconductor photocatalysts. We have

shown that composite photocatalysts based on

Cd17xZnxS and wide-band-gap oxides (hydroxides) are

most active in the visible light-driven hydrogen pro-

duction from aqueous solutions of organic substrates.

At the same time, hydrogen production from aqueous

sulfide ± sulfite solutions gives better results when using

single-phase solid solutions of cadmium sulfide and

zinc sulfide loaded with a metallic cocatalyst. It is

important that transition metal compounds including

MoS2,109 CuS,118, 127 and NiS117 rather than noble

metals have been used as cocatalysts with increasing

frequency.140 ± 142

Great potential for practical application of photo-

catalytic hydrogen production from aqueous suspen-

sions of organic and inorganic electron donors is

confirmed by the photocatalytic activity and quantum

efficiency values of 33 mmol (*800 ml H2) h71 g71
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Figure 17. Tentative mechanism of transformation of the photo-
catalyst CuxS/Cd17xZnxS and changes in the rate of hydrogen
production in consecutive cycles of hydrogen production from
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l=450 nm.
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(see Ref. 221) and nearly 50%, respectively, achieved

upon irradiation with light at 420 nm.114, 115

In addition to the development of optimum methods

for the synthesis of active photocatalysts, considerable

attention is paid to research into the mechanisms of

photocatalytic hydrogen production in the presence of

various electron donors. It was shown that the photo-

catalytic activity of the systems used for hydrogen

production depends on the nature of not only the

photocatalyst, but also the substrate being oxidized

and on the operating parameters of the process, viz.,

the substrate and photocatalyst concentrations and the

pH of the aqueous phase of the suspension.

From a practical point of view, substrates for

photocatalytic hydrogen production should be chosen

taking account of not only the attainable rate of

hydrogen production, but also the substrate cost

and(or) availability. In particular, the observed rates

of hydrogen production using the Na2S ± Na2SO3 sys-

tem over sulfide photocatalysts are on the average

higher than those achieved using organic electron

donors. However, the use of organic substrates is

practically more appropriate because most water pollu-

tants are organic compounds, which makes it possible

to purify water and produce hydrogen simultane-

ously.25 Also, this is a possible method for transforma-

tion of biomass to valuable chemical products.30

Photocatalytic hydrogen production from aqueous

solutions of organic and inorganic substrates over

sulfide photocatalysts is usually carried out in alkaline

media, which causes transformations of photocatalysts

upon irradiation. In this review we for the first time

considered tentative mechanisms of activation and

deactivation of sulfide photocatalysts during hydrogen

production via changes in their phase composition and

surface properties.

At present, semiconductor suspensions are mainly

used as photocatalysts. However, for practical applica-

tions, immobilized highly disperse semiconductor pho-

tocatalysts in porous matrices of different nature may

appear to be more appropriate. Besides, optimization

of the design of reactors for photocatalytic hydrogen

production is required. Having solved these problems,

one can make photocatalytic hydrogen production

practically valuable, which will favour the development

of new energy-saving and resource-saving technolo-

gies.46
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