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Figure 1.18 Photocatalytic H,-generation and O,-generation reactions in the presence of
hole and electron sacrificial agents, respectively.

biomass energy, and its application value is obvious. In contrast, when Na,S,
K,S, Na,S0;, Na,S,0,, Nal, and KSCN are used as electron donors, even without
any photocatalyst, HER will occur under UV irradiation [350]. Therefore, when
we use these reductants as sacrificial agents for photocatalytic H, evolution, we
should consider the photo-induced H, evolution behavior of these electron donors
without photocatalyst. On the other hand, commonly used sacrificial agents for
photocatalytic oxygen production reactions include Ag*, Fe3*, Ce*t/Ce3*, Fe’t,
PtCl,~, AuCl,~, Na,S,0q, and K,S,0,. Photogenerated electrons in the CB of
semiconductor photocatalysts can be consumed by these oxidants in time, and
the oxygen production reaction can be enhanced. However, it should be noted
that although some oxidants (such as Ag") have a suitable oxidation potential, the
reduced products (e.g. elemental Ag) may not be water soluble, which is deposited
on the surface of the photocatalyst particles, hindering the light absorption, thus
reducing the rate of OER and finally terminating the reaction. Therefore, it is
generally observed that in the half-reaction system containing Ag*, the oxygen
production activity will gradually decrease over reaction time [34]. These reactions
using sacrificial agents can be performed to evaluate whether a particular pho-
tocatalyst meets the thermodynamic and kinetic requirements for photocatalytic
H, or O, production. However, even though a photocatalyst shows an activity
of producing H, and O, in these reactions, the result does not guarantee that
the photocatalyst has the activity for overall water splitting without a sacrificing
agent. From this point of view, the term “water decomposition” should be treated
differently from the hydrogen and oxygen production reactions in the presence
of sacrificial agents. Water decomposition means that water can be completely
decomposed to produce H, and O, at the stoichiometric ratio when there is no
sacrificial agent. Additionally, for the specific half-reaction photocatalytic hydrogen
production system, different sacrificial agents often have different H, production
effects. For example, the photocatalytic H, production activity of g-C;N, in the
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presence of triethanolamine as sacrificial agent is significantly higher than that
observed using CH,OH, ethanol, or EDTA as sacrificial agent [59]. Therefore, for a
specific system, we should pay attention to optimize the type and concentration of
sacrificial agents.

1.5.1.2 Photocatalytic CO, Reduction

The rapid consumption of fossil energy has led to the increase of CO, concentra-
tion in the atmosphere year by year, which has caused global warming and energy
shortage problems. Therefore, reducing CO, emissions and sustainably transform-
ing CO, have become hot spots for both alleviating environmental pressure and
realizing the recycling of carbon resources. From the chemical point of view, the
stable CO, molecules with standard formation heat of —394.38 kJ mol~! are inert,
thus making its chemical fixation and transformation very difficult. In the process
of CO, reduction, H,O is generally selected as the best hydrogen source and electron
donor species.

Thermodynamically speaking, HCHO, HCOOH, CH;0H, and CH, are the sim-
plest products of CO, reduction by H,O through the uphill reactions (see Table 1.4),
due to the positive Gibbs free energy AG° of these reactions. These uphill reactions
are obviously different from several spontaneous downhill CO, hydrogenation reac-
tions (to CH,OH, CH,, and low carbon olefins; see Table 1.5) with negative AG°
values. Therefore, a large amount of energy must be input to convert CO, and H,O
into different organic molecules. Among various facile technologies, photocatalytic
CO, reduction has been considered as the most promising CO, conversion tech-
nology, which could convert abundant and renewable solar energy, water, and CO,
into useful organic fuels without consuming auxiliary energy in the reaction pro-
cess, thus effectively reducing the CO, emission into the atmosphere. Therefore,
through artificial photosynthesis, solar fuels, such as alkanes, alkenes, and alcohols,
and other organic substances could be obtained by abiotic reduction under the sun-
light, thus truly realizing the recycling of the carbon element.

At present, due to the difficulty in achieving the half reaction of O, evolution,
current studies mainly focus on the half reaction of CO, reduction through
introducing the proper sacrificial agents to consume photogenerated holes. More
importantly, these reduction half reactions are mainly dependent on the ther-
modynamic reduction potentials required, instead of the number of electrons
involved in the reactions. The reaction difficulty is decreased in the following order:

Table 1.4 The standard molar enthalpy AH?
for the reduction reactions of CO, with H,0.

and the Gibbs free energy AG?

98 298

Reaction AHJ . (k) mol~?) AGY . (k) mol~?)
CO,(g)+H,0(1) > HCOOH(I) +1/20,(g) 541 275
CO,(g) + H,0(1) » HCHO(I) + 0,(g) 795.8 520
CO,(g) + H,0(1) - CH,OH() + 3/20,(g) 727.1 703

CO,(g)+ H,0(l) » CH,(g) + 20,(g) 890.9 818

37



38| 1 The Fundamentals of Solar Energy Photocatalysis

Table 1.5 The standard molar enthalpy AH?98 and the Gibbs free energy AGg% of
CO, hydrogenation reactions [351].

Reaction AH?_ (d mol~%) AGY, (K mol~?)
CO, +H, —» CO+H,0(g) 41.2 28.6

CO, +H, - HCOOH(l) -31.2 33.0

CO, + 3H, » CH,0H + H,0(1) -131.0 -9.0

CO, +4H, - CH, + 2H,0(g) -164.9 -113.5

2C0, + 6H, — C,H, +4H,0(g) -127.91 -57.52

3CO, +9H, — C,H, + 6H,0(g) -249.84 -125.69

4CO, + 12H, - C,H, + 8H,0(g) -360.44 -179.95

Source: Data from Chen et al. [351].

HCOOH (-0.61eV), CO (-0.53eV), HCHO (-0.48 eV), CH,OH (-0.38eV), and CH,
(-0.24eV). The Latimer-Frost diagram of CO, reduction by multiple electrons and
protons in pH = 7 ionic solution (Figure 1.19) further confirms that the increase
of the number of electrons could greatly decrease the reduction potential, making
the CO, reduction much easier. On the other hand, a more negative CB bottom
potential could achieve much stronger reduction ability for selective reduction
of CO, into different products. At this point, semiconductors with selectivity for
HCOOH formation must be used to achieve the reduction of CO, into other energy
products with more positive reduction potentials such as CO, CH,, CH,OH, and
HCHO. Therefore, g-C;N,, SiC, CdS, and ZnS with relatively negative CB bottom
potentials can selectively reduce CO, to different products such as HCOOH, HCHO,

-3.0
1 CH,
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= =
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Number of electrons, n

Figure 1.19 Latimer-Frost diagram for the multi-electron, multi-proton reduction of CO,
in aqueous solution at pH 7. Source: Li et al. [352].
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CH,OH, or CH, [353-356]; whereas, rutile TiO, and BiVO, with relatively positive
CB bottom potentials can reduce CO, and selectively produce CH,, CH;OH, or
ethanol [357, 358]. Therefore, it is crucial to choose a semiconductor with suitable
CB position in the selective reduction of CO, into different products.

Moreover, the dynamic factors, such as reaction conditions, the separation, and
migration of photogenerated charge carriers, as well as the lifetime of electrons and
holes, play key roles in highly efficient photoreduction of CO,. Typically, the semi-
conductor photoreduction of CO, systems can be divided into two main categories:
the aqueous suspension system (with dissolved CO, and carbonate) and the gas-
phase reaction system (with water vapor and CO,). The amount of H,O in the aque-
ous suspension system is excessive, so it is impossible to adjust the ratio of H,0/CO,
by effective means for research. Therefore, more researchers choose the gas-phase
system. Therefore, the gas—solid reaction model is used to analyze the influence of
various factors on this kinetics of photocatalytic CO, reduction, as illustrated in
Figure 1.20. It can be seen from the Figure 1.20 that in the process of photocat-
alytic reduction of CO,, in addition to the excitation (process 1), charge transfer
and separation (process 2), bulk recombination (process 3), and surface recombina-
tion (process 6) of photogenerated charge carriers, other important surface processes
should also be considered, such as photocatalytic reduction of CO, (process 4) and
water oxidation (process 5). In addition, we should pay attention to the undesired
processes such as H, production on the surface of the photocatalyst (process 7) and

H*, CO,, (ads)

vAs H,
YA W
e W (4 HCOOH (ads), CO
) (ads), H,CO (ads),

e —
a@) Ex CH30H (ads), CH, Diffusion
(ads), et al.

CO,
lDiffusion + adsorotion

Desorption
Products

Eg (1) () (6)
VB )| ®)
LN H*, O,
h+-.. ,.._ : ’
Semiconductors ®)
/
WOC H,O

Figure 1.20 Processes involved in photocatalytic CO, reduction over a heterogeneous
photocatalyst. CRC, CO, reduction cocatalysts; WOC, water oxidation cocatalysts. Step (1)
the excitation of photogenerated electron-hole pairs; step (2) the separation of excited
electrons and holes and their migration to the surface; step (3) the bulk charge
recombination; step (4) the electrocatalytic reduction of CO, by photogenerated electrons
trapped in the CRC or the surface active sites; step (5) the electrocatalytic oxidation of
water by the photogenerated holes trapped in the WOC or the surface active sites; step (6)
the surface charge recombination; step (7) the electrocatalytic H, evolution by trapped
photogenerated electrons in the CRC or the surface active sites; and step (8) the
electrocatalytic oxidation of reduction products over the WOC. Source: Li et al. [352].
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re-oxidation of CO, reduction products (process 8). Therefore, from the viewpoint
of system engineering, in order to build an efficient solar energy CO, conversion
system, various possible factors, including the adsorption and activation of CO, by
the photocatalytic materials, the efficiency of photogenerated electron-hole separa-
tion, the selection of cocatalysts, the promotion of target reactions (CO, reduction
and water oxidation), and the inhibition of unexpected reactions (water reduction
and re-oxidation of CO, reduction products), should be considered and optimized
comprehensively.

In view of these key thermodynamic and kinetic factors affecting the efficiency
of photocatalytic CO, reduction, Figure 1.21 systematically summarizes the corre-
sponding design strategies of various high-efficiency photocatalytic CO, reduction
photocatalysts [352]. These design strategies can be summarized into five aspects:
(i) increasing the visible light absorption and excitation of photogenerated charge
carriers, by means of elemental doping, introducing defects [359], building solid
solutions, using the SPR effect [360], introducing photosensitizers, etc.; (ii) promot-
ing carrier transfer and separation (mainly by building appropriate heterojunctions,
such as Schott junction [355], type-II heterojunction [353, 354], direct Z-scheme sys-
tem [80, 84], surface heterojunction [77, 361], and semiconductor/nanocarbon het-
erojunction [124, 125, 285, 362]); (iii) enhancing CO, adsorption and activation, such
as increasing the surface area of the photocatalyst, introducing basic amino groups

Highly efficient
semiconductor
photocatalysts

Accelerated CO,
reduction kinetics

Figure 1.21 Factors influencing photocatalytic efficiency and corresponding design
strategies for highly efficient photocatalysts used in the photocatalytic reduction of CO,.
Source: Li et al. [352].
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[363, 364] or defect sites on the semiconductor surface; (iv) accelerating the reduc-
tion kinetics of CO, by loading various cocatalysts (such as Pt, AuCu alloy [365],
RuO, [366], and Ni@NiO [367]); and (v) inhibiting unexpected surface reactions,
such as effectively inhibiting the H, generation reaction competing with carbon
species for photogenerated electrons [368] and the re-oxidation reaction of the orig-
inal product [369]. In the actual design of efficient CO, reduction photocatalysts,
these modification strategies should be considered at the same time, so as to design
the photocatalyst system with the best comprehensive performance.

In addition, the low selectivity and complex mechanism of photocatalytic reduc-
tion of CO, are also worthy of attention. So far, the use of photocatalytic reduction
technology to synthesize organic compounds with CO, as raw material is still in
the preliminary stage of research [134]. The key reason is that the conversion of
CO, is not high and the selectivity of products is poor, due to the complex reaction
mechanism. Considering the practical application of these compounds, it is highly
desirable to control the selectivity of photocatalysts for a specific product and
produce it with a purity as high as possible. However, the key factors affecting
the selectivity of photocatalytic CO, reduction are still not well understood. So
far, six typical strategies, including modulating surface morphological structures,
tailoring surface chemical compositions, tuning the acidity-basicity of the supports,
using the solvent effects, improving the interfacial properties, and loading suitable
cocatalysts, have been explored to improve the product selectivity of the CO,
photoreduction (as shown in Figure 1.22), which have been thoroughly discussed
in a previous review [134].

1.5.1.3 Photocatalytic Degradation
In the past few decades, environmental pollution from discharge of toxic wastew-
ater, solid waste, or flue gas has been regarded as a serious problem threating the
sustainable development of human society. Semiconductor-based heterogeneous
photocatalysis as an advanced oxidation process (AOP) has been extensively inves-
tigated for the pollution control and environmental remediation [370-375], due to
its relatively easy operation and low costs. The photocatalytic degradation reactions
could be generally classified into two types (Figure 1.23) [185]: (i) degradation of var-
ious organic pollutants (e.g. organic dyes, pharmaceuticals, antibiotics, pesticides,
organic acids and aromatics, and recalcitrant polyfluorinated compounds [376, 377])
and toxic ions in aqueous solution and (ii) removal of gaseous pollutants (e.g. volatile
organic compounds (VOCs), NO,, ammonia, acetaldehyde, trichloroethylene,
formaldehyde, and so on). Both types of photocatalytic reactions could be easily
achieved in the laboratory by utilizing either photocatalyst powders or films immo-
bilized on a support or substrate. However, industrial or pilot-scale applications of
photocatalysis for environmental decontamination are still rare, due to unsatisfac-
tory photocatalytic efficiency, selectivity, and stability of the currently developed
photocatalysts.

According to the five design principles of semiconductor photocatalysts as
shown in Figure 1.7, the potential practical photocatalysts for the degradation of
pollutants could be evaluated. The stable, nontoxic, and inexpensive TiO, is the
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Tailoring surface
chemical
compositions

Strategies for
selective CO,
photoreduction

Improving the
interfacial properties

Figure 1.22 Typical strategies for selective CO, photoreduction. Source: Li et al. [134].

most frequently and thoroughly investigated semiconductor in environmental
applications, because it has the excellent photoactivity for both reduction of O, and
oxidation of surface H,O/hydroxyl group to generate reactive oxygen species (ROS)
such as the superoxide radical anion ("O,~) and "OH radicals, owing to its suitable
energy band structure. Notably, ZnO exhibits similar activity for the formation of
'0,~ and 'OH radicals. However, its low photostability induced by Zn?* release
significantly restricts its extensive applications; actually, ZnO nanoparticles can
undergo substantial dissolution even in the absence of light. In the last decade, the
environmentally benign g-C;N, materials have been widely recognized as a promis-
ing family of next-generation semiconductors for visible light-driven photocatalysis,
owing to the unique 2D structure, tunable electronic properties, and excellent chem-
ical stability. However, it should be noted that the photogenerated holes in g-C;N,
cannot drive the oxidation of surface H,O/OH groups to ‘OH radicals, and any "OH
radicals generated by g-C;N, are the result of further transformation of the *O,~
radicals. In addition, it should be pointed out that some visible light-driven semicon-
ductors with more positive VB potentials, such as WO,, BiVO,, and Bi, WO, have
excellent abilities for the oxidation of surface H,O/OH groups to ‘OH radicals, sug-
gesting their potential applications in environmental remediation. Particularly, the
visible light-responsive Bi-based photocatalysts are appealing for the application of
environmental photocatalysis. In contrast, the applications of CdS, Zn, Cd,_,S, and
Ag-based semiconductors in environmental remediation are not encouraged due
to the toxicity of Cd, high cost of Ag, and their low stability. Accordingly, it is clear



‘[sg1] 1€ 18 17 :921n0g "syueinjjod snoliea 1oy swaisAs uonepelbapoloyd snoausboisiay

‘apAysp
-|ejeoe
‘apAysp
-lewo4

ausjAyle g
‘ausjhue SN
-010JyoLL ON

*O0A

SUOI 2IX0}
/sepiueho
/soluebiou|

saulwy saplonsad
‘sploe /S[eanna
ojueblio -oeuwLeyd

‘solyewoly /sonolquuy

sahp
oluebiQ

[

i i

I

swalsAs
aseyd-sen

[

| [

j

i

swlshs
aseyd-pinbi

¢T'T 2anbi4



44

1 The Fundamentals of Solar Energy Photocatalysis

that the thorough identification of ROS generation should be paid more attention
in the investigations of photocatalytic environmental remediation.

In addition, due to the complex kinetics, bulk semiconductors commonly exhibit
poor activity and stability to completely decompose the organic and inorganic con-
taminants. Many factors, such as light absorption, charge recombination dynamics,
IFCT kinetics, surface structure and charge, and adsorption and photodegradation
kinetics of photocatalysts, ROS generation, and O, reduction properties, play crucial
roles in determining the overall photocatalytic degradation efficiency, all of which
should be comprehensively considered for designing and optimizing environmen-
tal photocatalysts [370]. Accordingly, to effectively enhance the photocatalytic
efficiency for durable degradation, a great number of semiconductor modification
strategies have been exploited (Figure 1.24), such as creating semiconductor
heterojunctions (type-II and multicomponent heterojunctions and homojunctions),
constructing Schottky junctions or loading cocatalysts (e.g. coupling with metal
nanoparticles and carbon nanomaterials), fabricating unique nanostructures
(hollow one-dimensional (1D) nanorods/nanowires, 2D nanosheets, and three-
dimensional (3D) hierarchical structures), loading suitable supports (e.g. activated
carbon, Nafion, alumina, and silica), and designing the direct Z-scheme systems.
Moreover, a combination of the different strategies seems to be very promising for
heterogeneous photocatalytic degradation of pollutants, due to the simultaneously
boosted light absorption, reactant adsorption, charge transport and separation, and
surface catalysis.

Separation

Modification
strategies for
heterogeneous
photodegradation

Loading suitable
supports

Figure 1.24 Semiconductor modification strategies for photocatalytic degradation. Source:
Li etal. [185].
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1.5.2 Evaluation of Solar Energy Photocatalysis

Evaluation of solar energy photocatalysis could be carried out according to the fol-
lowing three aspects: activity, photocatalytic mechanism, and semiconductor pho-
tocatalyst characterization. For the activity evaluation in different photocatalytic
reactions, the stability and quantum efficiency should be examined in the practi-
cal applications. For the photocatalytic mechanism evaluation, the ROS species and
reaction active sites should be carefully identified to elucidate the exact reaction
mechanism. Additionally, the chemical composition, physical properties, and band

Elemental composition
EDX, EELS, HAADF

Chemical
composition

Chemical state and structure
XPS, XAS, FTIR, Raman

Physical structure
SEM, TEM, AFM, Gas ad.

Crystallographtic and optical properties
XRD, HRTEM, SAED, DRS, FDTD

Semiconductor Physical
photocatalysts properties

Charge dynamics
PLS, TAS, SPVS, PCS, EIS

Defects, colloidal, and thermal stability
ESR, PAS, XPS, Potential, TGA

Band gap
/ DFT, Tauc plot, PLS
Band Band edges and band edge offsets
structure \ DFT, XPS, UPS
Ef(q) and Vfb)

DFT, KPFM, XPS, UPS, PE

Figure 1.25 Characterization of some important properties of semiconductor
photocatalysts. Source: Zhang et al. [378]. Abbreviations: £, Fermi level; f, work function;
V4, flat-band potential; EDX, energy dispersive X-ray spectroscopy; EELS, electron
energy-loss spectroscopy; HAADF, high-angle annular dark-field imaging; XPS, X-ray
photoelectron spectroscopy; XAS, X-ray absorption spectroscopy; FTIR, Fourier transform
infrared spectroscopy; SEM, scanning electron microscopy; TEM, transmission electron
microscopy; AFM, atomic force microscopy; gas ad., gas adsorption-desorption analysis;
XRD, X-ray diffraction; HRTEM, high-resolution transmission electron microscopy; SAED,
selected area electron diffraction; DRS, diffuse reflectance spectroscopy; FDTD,
finite-difference time-domain method; PLS, photoluminescence spectroscopy; TAS,
transient absorption spectroscopy; SPVS, surface photovoltage spectroscopy; PCS,
photocurrent spectroscopy; EIS, electrochemical impedance spectroscopy; ESR, electron
spin resonance; PAS, positron annihilation spectroscopy; z potential, ¢ potential; TGA,
thermogravimetric analysis; DFT, density functional theory; UPS, ultraviolet photoelectron
spectroscopy; KPFM, Kelvin probe force microscopy; PE, photoelectrochemical methods.
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structure of semiconductor photocatalysts need to be properly analyzed by the dif-
ferent technologies listed in Figure 1.25 [378]. It should be noted that one or two
technologies are applied to identify these properties. It is not necessary to use all
these technologies to identify these properties in one time.

1.6 The Scope of This Book

So far, semiconductor photocatalysis technology has been widely used in many dif-
ferent fields, including photolysis of water for H, production, degradation of organic
pollutants and heavy metal ions, or conversion of pollutants or CO, into solar fuel.
As a new and effective way to deal with energy crisis and environmental problems,
these areas have attracted growing attention, especially photocatalytic H, produc-
tion and pollutant degradation. In recent years, the research on photocatalytic reduc-
tion of CO, and selective organic synthesis has gradually increased. Due to space
limitation, this book focuses on the applications of different semiconductors in
various photocatalytic research fields: photocatalytic decomposition of water for H,
production, photocatalytic degradation of pollutants, and photocatalytic reduction
of CO,.

The book is roughly divided into six chapters. In Chapter 1, the fundamentals
of solar energy photocatalysis are introduced. Chapter 2 focuses on various kinds
of heterojunction systems for photocatalysis. In Chapter 3, the graphene-based
photocatalysts are discussed. Chapter 4 focuses on the preparation of metal
sulfide semiconductor photocatalysts and its application in the photocatalytic
reactions. Chapter 5 and 6 focus on the preparation and applications of organic
semiconductor photocatalysts and graphitic carbon nitride-based photocatalysts,
respectively.

All in all, the selected content of this book is the hot research topics in semicon-
ductor photocatalysts for different applications. The author hopes that this book will
provide a professional, systematic, and up-to-date reference for researchers, who
have been engaged in research in this field, as well as teachers and students. Solar
energy photocatalysis is recognized as a very challenging research topic. We hope
that this book can help you in the design, development, and improvement of new
solar energy photocatalytic materials.
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