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As a green and sustainable technology, the semiconductor-based heterogeneous photocatalysis has received much
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attention during the past decades because it has potential to solve both the energy and environmental problems. To
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achieve efficient photocatalysts, various hierarchical semiconductors have been designed and fabricated at the

micro/nanometer scale in recent years. This review presents a critical appraisal of fabrication methods, growth

mechanisms and applications of advanced hierarchical photocatalysts. Especially, the different synthesis strategies such as

two-step templating, in-situ template-sacrificial dissolution, self-templating method, in-situ template-free assembly,

chemically induced self-transformation and post—synthesis treatment are highlighted. Finally, some important applications

including photocatalytic degradation of pollutants, photocatalytic H, production and photocatalytic CO, reduction are

reviewed. A thorough assessment of the progress made in photocatalysis may open new opportunities in designing highly

effective hierarchical photocatalysts for advanced applications ranging from thermal catalysis, separation and purification

processes to solar cells.

Introduction

As a green and promising technology, heterogeneous
photocatalytic reduction and oxidation reactions, based largely on
semiconductors and solar energy, have recently attracted extensive
interest  in the fields of energy, materials, environment  and
(:hemistry.l'7 Since the Fujishima-Honda effect of TiO,
photoelectrode was first reported in 1972,8 many achievements in
the development of novel semiconductor photocatalysts for various
photocatalytic applications have been made.®® So far, hundreds of
new semiconductor materials are currently available for diversified
and multifunctional applications, including oxides of the metallic
elements with d° and d*° conﬁgurations,z’ 5 1720 squides,ZI'26
(oxy)nitrides,lz’ 17,2730 1 etal-free semiconductors,"’l'?’6 plasmonic
metals® * and elemental photocatalysts“'m. However, none of
these photocatalysts completely satisfies all practical requirements
such as long lifetime of photogenerated electron—hole pairs, small
band gap optimal for full utilization of solar light energy,
relatively high safety, low cost, high efficiency and stability, which
greatly hinders their practical applications,2 Therefore, there is an
urgent need to develop highly efficient and stable visible-light-
driven photocatalysts by optimizing the existing synthesis strategies
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through coupling them with nanocarbons, adding co-catalysts,
constructing proper heterojunctions, designing all-solid-state Z-
schemes, and more.” % Typically, these engineering strategies to
modify heterogeneous photocatalysts with enhanced activity can be
divided into two types: structural and compositional
optimizations.51 Especially, as the photocatalytic properties of
semiconductors are strongly dependent on their crystal
morphologies and structural features at the nanometer level, the
optimization and control of the structural properties of a given
semiconductor is crucial for enhancing its photocatalytic
performance. So far, numerous promising structure-engineering
strategies have been proposed for the preparation of highly efficient
photocatalysts with desirable structure and morphology. Among
them, the self-assembly synthesis of hierarchical semiconductor
nanostructures has turned out to be a feasible strategy to efficiently
prevent aggregation and enhance the quantum efficiency of the
specific photocatalysts due to their unique shape- and structure-
dependent catalytic properties.

Since the pioneering work by Yang et al in 1998 reporting the
formation of hierarchical ordered oxides with three-dimensional
structures,Go a significant progress has been made in the design and
synthesis of hierarchical functional nanomaterials with controllable
morphology, nanocrystallinity, composition, exposure of facets,
dimensionality, microstructure, and more, for enhancing catalytic
activity and selectivity.61 In particular, the work by Zhang and Yu on
the sonochemical synthesis of hierarchical porous titania spheres,
which showed an enhanced activity toward photodegradation of n-
pentane in air,62 initiated a number of publications on the design
and fabrication of novel inorganic semiconductor materials with
hierarchical superstructures through the oriented assembly of
nanosized building blocks such as nanorods, nanotubes, and
nanoplates.es'67 These so-called “hierarchical photocatalysts” are
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usually referred to as the nanostructured semiconductors having
multidimensional domains at different levels or multimodal pore
structures. Several typical hierarchical nanostructures (such as
urchin-like, brush-like, flower-like, tree-like, dendritic and branched
structures) composed of different nanosized building blocks are
shown in Figure 1. Generally, hierarchical porous structures of
photocatalysts can be created by mimicking the existing in nature
marvelous hierarchical and fractal structures such as trees and the
surface structures of plant leaves (Figure 2).68 Importantly,
hierarchical photocatalysts as those shown in Figure 1 possess
readily accessible and interconnected porous networks and high
specific surface areas, which not only enhance the efficiency of light
harvesting and adsorption of reactants, but also facilitate the
transport of guest species to the binding sites. Thus, the synergetic
effects of different dimensional levels and multimodal pore
structures often lead to the significant enhancement of the
performance of hierarchical photocatalysts. These outstanding
features of hierarchical nanostructured semiconductors make them
promising candidates for heterogeneous photocatalysis. To date, a
large number of important papers have been published on the
design of hierarchical photocatalysts with multiple porous
structures and enhanced efficiency. Despite some excellent reviev?
devoted to the hierarchical semiconductors such as TiO,, SnO, aEfji
ZnO, only a fraction of important topics referring to their
preparation and applications in photocatalysiseg'74 and
photoelectrochemistry 7> has been apprised. In recent years, there
is a great deal of enthusiasm in exploiting hierarchical
nanostructured semiconductor photocatalysts, which resulted in
many significant achievements. Thus, we believe that a
comprehensive and inspiring review on this subject is timely to
promote further developments in this important, exciting and still
emerging area of research.

1D branch | Urchin-like
Typical ; ' E

hierarchical 3D flower-like

uctures of
semiconductor
photocatalysts

brush-like

.

Dendritic

Photfonic crystal,

Figure 1 Typical hierarchical structures of photocatalysts

In this review, we thoroughly summarize recent developments in
the area of hierarchical nanostructured semiconductors for various
photocatalytic applications. A special emphasis is directed toward
better understanding of the design, fabrication, performance and
applications of hierarchical semiconductor photocatalysts. The
advantages of hierarchical structures are first briefly discussed in
the context of heterogeneous photocatalysis. Then, the fabrication
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strategies and growth mechanism of hierarchical photocatalysts are
presented. Also, various applications of hierarchical photocatalysts
for degradation of pollutants, air purification, H, production, and
CO, reduction are reviewed, and future research challenges are
discussed.

Figure 2 Example of hierarchical structures in nature.

2. Fundamentals of heterogeneous photocatalysis
2.1 Thermodynamics of heterogeneous photocatalysis
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Figure 3 Redox potentials of different species in heterogeneous
photocatalysis

Fundamentals of heterogeneous photocatalysis have been widely
elaborated elsewhere.”” 7® 77 As shown in Figure 3, a given
photocatalyst, when exposed to an appropriate light source, can be
excited by the photons with energy equal to or greater than its
corresponding band-gap energy, which leads to the generation of
photo-induced electron/hole (e/h’) pairs, instead of producing
thermal energy through the recombination of photogenerated e
and h” in the bulk. Some charge carriers can migrate to the surface
and initiate a series of chemical reactions with the adsorbed species
on the surface of the catalyst, resulting for instance in the
degradation of pollutants, reduction of CO, and O,, evolution of H,
and O,, or formation of organic compounds. From thermodynamic
viewpoint, the surface reduction and oxidation reactions can be
driven by the photogenerated e and h®, respectively, only when
their reduction and oxidation potentials lie between the conduction
band (CB) and valence band (VB) potentials. The potentials of
typical reactions are given in Figure 3 and Table 1. The redox
potentials of metal species at different pH values in an aqueous
solution must be chosen on the basis of their corresponding
Pourbaix diagram, whereas, all other redox potentials shown in
Table 1 exhibit the same linear pH dependence with a slope of -
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0.059 V, apart from EJ(0,/0,) which is pH-independent.78 For
example, to achieve the overall water splitting over a
semiconductor, its conduction band potential must be more
negative than that of H, generation and its valence band potential
must be more positive than that required for O, generation.z‘ 6
Similarly, to achieve the photocatalytic degradation of a given
pollutant, the photogenerated e and h" on the surface of a
semiconductor should have suitable reduction and oxidation ability
to react with the adsorbed species (O,, OH’, etc.) on the surface of
the catalyst and generate free radicals (0,”, *OH, etc.), which could
then act as reactive species and further degrade the adsorbed
organic poIIutants.ZS‘ 7 Additionally, as shown in Figure 3 and Table
1, it is clear that the multielectron reduction reactions of O, and CO,
are thermodynamically more favorable than their corresponding
single-electron processes on the surface sites of
semiconductors, due to the smaller negative reduction potentials of
multielectron processes.l‘ Interestingly, the four-electron
oxidation reaction of water can be easily realized as compared with
the single-electron oxidation reaction of OH™ (the formation of
hydroxyl radicals) in aqueous solution, due to the super-high
oxidation potentials of the latter.

Thus, the thermodynamic driving forces in photocatalytic
processes are strongly dependent on the relative relationships
between the CB/VB potentials of the semiconductor photocatalysts
used and the redox potentials of reversible target reactions. Thus,
the more negative CB positions of semiconductors are beneficial for
the reduction reactions, while the more positive VB positions of
semiconductors are favorable for the oxidation reactions. The band
positions (at pH=7 in aqueous solution) for some important
semiconductor photocatalysts and their potential applications are
listed in Figure 4. As depicted in Figure 4, it is clear that the ideal
energy band diagram of TiO, should ensure the simultaneous
formation of the holes, *OH radicals, O, and H,0, at pH = 7, all of
which have been proven to play an important role in the
photocatalytic oxidative degradation of organic compounds.”‘ 7
81 Furthermore, TiO,itself is also relatively inexpensive, highly
stable and readily available, and therefore it is commonly used as
the best semiconductor material for environmental photocatalysis.74
Importantly, the primary oxidants in the photocatalytic degradation
of the intractable organic pollutants have proven to be the free ¢OH
radicals, which are thought to be more reactive than the surface-
bound analogues because of their reorganization energy.gz‘ &
Accordingly, it is readily accepted that all semiconductors with
sufficient positive VB potentials for producing the ¢OH radicals, such
as W03, ZnO, Sn0,, SrTiO;, BiVO,, Bi,WOg, BiOCI and BiOBr (on the
left side of Figure 4), are the promising photocatalyst candidates for
the photodegradation of organic pollutants, However, the electron
transfer from CB to dissolved oxygen molecule has been generally
recognized as the rate-determining step in solar photocatalytic
mineralization of organic poIIutants.Sa‘ & Thus, an enhancement of
the photocatalytic activity of a photocatalyst toward degradation of
pollutants can be achieved by enhancing O, reduction reactions.®
For example, although the photogenerated electrons in WO; cannot
drive the single-electron reduction reaction of 0, they can
efficiently promote the formation of H,0, over WO; through the
multielectron reduction of 02.80 More interestingly, the use of Pt
nanoparticles as cocatalyst in the case of WOj3 has been found to

active
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accelerate the multielectron O, reduction, which resulted in highly
efficient and durable decomposition of organic compounds.80 On
the contrary, the photocatalysts with more negative CB positions
could produce the photogenerated electrons with strong reduction
ability, which could efficiently enhance the H, evolution and CO,
reduction. These reductive photocatalysts include TazNs, TaON, CdS,
C3N,, SiC, ZnS, BiOClI, Si, Bi,S; and Cu,0 (on the right side of Figure
4). 1t is well known that the use of proper cocatalysts (or
electrocatalysts) their photocatalytic
performance toward CO, reduction or H, generation.l‘ 252,74, 8589

could greatly increase
However, for this kind of photocatalysts, it has been demonstrated
that the hole removal rate is the key efficiency-limiting step for
photo-driven solar-fuel production.90 Therefore, optimization of the
hole transfer step (for instance, by loading suitable hole-
transfer/hole-storage cocatalysts and by using appropriate electron
donors) may offer potential opportunities for achieving higher
quantum efficiency for solar-fuel generation.33’90'93

Note that some of the aforementioned two kinds of
photocatalysts, such as TazNs;, TaON, CdS, C3N,, SiC, ZnS, BiOCI,
SrTiO;, ZnO and TiO,, can be utilized as potential photocatalysts for
overall water splitting because they have suitable CB and VB
positions for H, and O, evolutions, respectively. Therefore, from the
thermodynamic viewpoint, a perfect match of the energy levels and
the redox potentials is very crucial for achieving high efficiency of
photocatalytic processes. However, as can be seen from Figure 4
semiconductors with more negative CB and more positive VB levels
generally possess much wider band gaps, which will significantly
reduce the utilization efficiency of visible light in the renewable
solar energy production (which accounts for about 43% of solar
energy), thus leading to the low solar energy conversion efficiency.
Hence, numerous efforts have been undertaken to fabricate new
visible-light photocatalysts through different strategies such as
energy-band engineering or solid-solution method. 2 13,30, 94,95
However, the amounts of introduced crystal/lattice defects during
narrowing the band gaps of wide-band semiconductors should be
carefully controlled, because the excessive defects could act as new
charge recombination centers and greatly reduce the photocatalytic
activity.z’ % Furthermore, the introduced donor or acceptor levels
could also reduce the oxidation or reduction abilities of newly
fabricated visible-light photocatalysts, respectively, which can
diminish their photocatalytic performance. Consequently, the
obvious contradiction between the redox abilities (determined by
the CB/VB levels) and absorption capacity of visible light
(determined by the value of band gaps), should be carefully
optimized and balanced in the development of visible-light-driven
semiconductor photocatalysts.

Table 1. Standard redox potentials for selected species,97

Reaction EO(V) vs NHE at
pH=0

H;

2H" +2e” > Hy(g) 0

0, and N,

0O,(g) +& > 0, (aq) -0.33

0,(g) + H,0 + 2" >HO, (aq) + OH~ -0.0649"

0,(g) +H" + e >HO0, (ag) -0.046
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HO, (ag) + H,0+ e >OH + 20H" 0.184" Pd>" +2e” > Pd(s) 0.915
0, (aq) + H,0+ e >HO0, (ag) + OH" 0.2" [AuCl,]™ +3e” = Au(s) + 4CI” 0.93
0,(g) + 2H" + 2e” > H,0, (aq) 0.695 NiOy+ 2H' + 2 >Ni** + 2H,0 1.593
2H,0 (ag) + 4h™ > 0,(g) + 4H" 1.229
OH +h™> «OH 2.69 co,
40H (ag) + 4h" > 0,(g) + 2H,0 0.401 CO, +e = CO, -1.9
N,(g) + 2H,0 + 6H* + 6> 2 NH,0H(aq) 0.092 2C0,(g) +2H" +2e” > HOOCCOOH(aq) -0.481
0s(g) +2H" +2e > 0,(g) + H,0 2.075 CO,(g) + 2H" + 2e" > HCOOH(aq) -0.199
CO,(g) + 2H" +2e” >CO(g) + H,0 -0.11
Metal-ions CO,(g) + 4H" + 4e > C(s) + 2H,0 0.206
Mo0,” + 4H,0 +6e” -> Mo(s) + 80H™ -0.913" CO,(g) + 4H" + 4e” > HCHO(aq) + H,0 -0.07
Co(OH), + 2™ = Co(s) + 20H" -0.733" CO,(g) + 6H" + 6e” - CH;0H(aq) + H,0 0.03
Ni(OH), + 2e” = Ni(s) + 20H" -0.72" CO,(g) + 8H" +8e” > CH,(g) + 2H,0 0.169
Cu,0(s) + H,0 +2e” = 2Cu(s) + 20H" -0.365" 2C0,(g)+ 8H,0 +12e >C,H,y(g)+ 120H" 0.07
ot +2e > Co(s) -0.277 2C0,(g)+ 9H,0 +12e >C,H;OH(aq)+ 120H" 0.08
Ni** +2e” = Ni(s) -0.257 3C0,(g)+ 13H,0 +18e >C;H,0H(aq)+ 180H™  0.09
Mo®* +3e” > Mo(s) -0.2
Agl+ e > Ag(s) +1” -0.1522 Other
AgBr+ e” > Ag(s) + Br~ 0.0711 N,H,(aq) + 4H,0 +2e” = 2NH," + 40H" 0.1
AgCl+ e” > Ag(s) +CI’ 0.2223 H,S(g) +2h* > S(s) + 2H" 0.144
sn**+2e” > sn** 0.15 SO,(aq) + 4H' +4e > S(s) + 2H,0 0.50
cu+e >aut 0.159 H3AsOs(ag) + H,0 + 2h* SH3AsO,(aq) +2H"  0.56
BiOCI + 2H" + 3e”™ = Bi(s) + H,0+ CI” 0.1697 NO,(g) + H,0 +h*=> NO; (ag) + 2H" 0.80
Bi** + 3e” = Bi(s) 0.308 NO(g) + 2H,0(/) + 3h* > NO; (aq) + 4H" 0.957
cu® +2e” > Culs) 0.340 H,0,(aq) + H' +e” = H,0 + OH™ 1.14
Cu"+e - Cu(s) 0.520 Cr0,” +14H" +6e™ > 2Cr* + 7H,0 1.36
PACl,> + 2™ > Pd(s) + 4CI” 0.64 HO," + H" + e” = H,0,(aq) 1.44
PtCl,” +2e” > Pt(s) + 4CI” 0.758 H,0,(aq) + 2H" +2e” > 2H,0 1.763
Rh* +3e” > Rh(s) 0.76 Superscript * denotes the standard redox potentials in basic solutions (pH=14).
Fe* + e > Fe® 0.771 E%(pH) = E%(pH = 0) 0.059pH.
Ag'+ e > Ag(s) 0.7991
IrCl® +3e™ > Ir(s) + 6 CI° 0.86

Photocatalysts with strong reduction abilities

No ‘OH or O, for CO, reductio? and H, evolution
A No 02' ZnS
3 SIC
Cu,0
-2F ] Ta,Ng TaON CdS o, B . BiS, -
BiVO, Tj SPSTiA) 220 e .
AL Fe0; o, sa0, BV TOR) mem gy e Em ug ——
s . J(-0.

- =
.ok

H,0/0,(0.82 V)

FEETT
1

Potential vs. NHE (V)
>

+1f J' L - L = ﬁﬁ
2 wm L

+3 D L b7

+4| L |

(pH=7)

Potential photocatalysts for

overall water splitting

Photocatalysts with strong oxidation abilities
for pollutant degradation (-OH) and O, evolution

Figure 4 Band positions and potential applications of some typical photocatalysts (at pH = 7 in aqueous solutions).

2.2 Kinetics of heterogeneous photocatalysis

However, the suitable thermodynamic properties (including band
gaps and CB/VB levels) do notguarantee good photocatalytic
efficiency. This is because the overall photocatalytic performance of
semiconductor photocatalysts can be significantly influenced by

4| J. Name., 2012, 00, 1-3

many other factors including the structure at micro and nano levels,
adsorption capacity, surface/interface morphology, cocatalysts,
crystallinity and composition of the materials, besides their band-
gap properties.Z So far, it is well known that the complicated charge-
carrier dynamics and surface reaction kinetics mainly lead to the
low quantum efficiency in the multi-step processes of

This journal is © The Royal Society of Chemistry 20xx
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heterogeneous photocatalysis.“’ %t is commonly accepted that as
shown in Figure 5, the mechanism governing heterogeneous
photocatalysis consists of four consecutive tandem steps: (1) light
harvesting; (2) charge excitation/separation; (3) charge migration,
transport and recombination; and (4) charge utilization (surface
electrocatalytic reduction and oxidation reactions). Therefore, the
overall photocatalysis efficiency is strongly dependent on the
cumulative effects of these four consecutive steps, which can be
expressed by eqn. 1.2

Ne = Nabs*Nes*NemtXNeu (1)
where n. is the solar energy conversion efficiency, n.ps is the light
absorption efficiency, n. the charge excitation/separation efficiency,
Nemt IS the charge migration and transport efficiency, and n, is the
charge utilization efficiency for photocatalytic reactions.

Reduction

(4) Charge utilization
(Surface elcctrocatalysis)

(1) Light harvesting Oxidation

(2) Charge separation Co-catalysts

(3) Charge migration, transport and recombination

Figure 5 Four different stages in heterogeneous photocatalysis

Clearly, a loss in the partial efficiency at each stage will add to the
decrease in the overall photocatalytic efficiency. Firstly, the flat and
smooth surface of photocatalysts is beneficial for the light
reflection, which is not advantageous for the light harvesting or
absorption. It is believed that the porous photocatalysts with
hierarchical macro/mesopores or appropriate inner structures allow
the multiple reflections and scattering of light inside their pore
channels as well as within the interiors of cavities, which results in
enhancing the light harvesting and offers more photogenerated
electrons and holes to improve the catalytic activity.az’ 99, 100

Secondly, a quick recombination kinetics of photogenerated
electron—hole pairs in the bulk or on the surface of a
semiconductor is another major limiting factor in

achieving high photocatalytic efficiency, which is one of the most
important, difficult and challenging scientific issues in the
heterogeneous photocatalysis.2 Finally, the low specific surface area
and significant agglomeration of nanostructured particles not only
greatly decrease the surface reduction and oxidation kinetics, but
also increase the reagents diffusion barriers, which are all
unfavorable for the enhancement of photocatalytic efficiency. On
the one hand, for the uphill reactions such as water splitting and
CO, reduction, the slow surface multi-electron reaction kinetics
could lead to the inevitable accumulation of photogenerated
electrons and holes on the surface of photocatalysts, which would
accelerate the unexpected charge carrier recombination and
photocorrosion process of photocatalysts themselves, and

This journal is © The Royal Society of Chemistry 20xx
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consequently reduce their photoactivity.l‘2 On the other hand, for
the photodecomposition of organic compounds in aqueous
solutions or in a gas phase, the enhanced adsorption and diffusion
kinetics of reactants in a porous photocatalyst could also greatly
improve the photocatalytic efficiency due to the reduced mass-
transport barriers and higher chemical activation rates of the
adsorbed species.83

All  these highlighted kinetic heterogeneous
photocatalysis have been shown to significantly influence the
overall efficiency of the existing photocatalysts. From the viewpoint
of their practical use, these factors should be minimized or
efficiently controlled to further enhance and optimize the
photocatalytic processes. There is some consensus in the
photocatalysis-related literature 32, 101103 that as compared to the
thermodynamic factors, the aforementioned kinetic factors (such as
charge carrier kinetics, surface reaction kinetics, adsorption and
diffusion kinetics) are considered to be more important in the
design and development of highly efficient photocatalysts.

factors in

3. Advantages of hierarchical photocatalysts

Various technologies and methods have been proposed to deal
with the challenges related to the aforementioned thermodynamic
and kinetic aspects of heterogeneous photocatalysis. Among them,
the fabrication of hierarchical photocatalysts at the
micro/nanometer scales has been identified as a promising strategy
to simultaneously solve all of the aforementioned problems at
different stages of photocatalysis processes, as shown in Figure 5.
Clearly, the properly designed hierarchical structures (including
porosity and morphology) of photocatalysts can not only enhance
the light harvesting and improve molecular diffusion/transport
kinetics, but also increase the surface area and the amount of active
sites, which accelerate the surface reaction kinetics. Additionally,
the conduction and valence bands of hierarchically assembled
nanomaterials can be adjusted by reducing the size of building
blocks to the nanoscale level and taking advantage of the quantum
size effect.”® Some distinct advantages of hierarchical structures
that lead to the enhancement of the overall photocatalytic
efficiency are summarized in Figure 6 and discussed below.

Enhanced
light
harvesting

Improved
molecular
diffusion/

area .
transfer

Figure 6 Significance of hierarchical nanostructures in enhancing
photocatalysis
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3.1 Improved molecular diffusion/ transport

Design and formation of novel hierarchical morphologies and
interconnected pore networks can also result in the creation of
more efficient channels for the transport of reactant molecules to
reactive sites present on the pore walls, which facilitate diffusion.®”
105,106 According to IUPAC (International Union of Pure and Applied
Chemistry) pores can be classified into three categories: micropores
(below 2 nm in diameter), mesopores (between 2 and 50 nm) and
macropores (greater than 50 nm).107 It is well known that the
diffusion of organic molecules within microporous channels (<2
nm), such as those in zeolites, can be hindered.’®® To efficiently
improve the diffusion of reactant molecules and the possibility of
recycling and reuse of photocatalysts, semiconductor materials with
ordered mesopores and large surface areas have been widely
utilized to fabricate the advanced composite photocatalysts.log’ 1o
Although mesopores improve the accessibility of molecules to/from
catalytic sites, the relatively slow mass transport, small specific
surface area, and reduced mesostructural order can still limit
practical applications of mesoporous photocatalysts.111 To overcome
these limitations, the hierarchically ordered macro-mesoporous
composite photocatalysts have been extensively fabricated by
creating structures with inter- and intra-particle porosity.ss’ 12115
Importantly, the hierarchical structures with pores of different sizes
feature excellent transport paths, which can not only greatly reduce
the length of the mesopore channels, but also increase the
accessible surface area of the composite photocatalysts.111 Thus, in
the case of hierarchical photocatalysts with properly interconnected
of pores of different sizes, the reactant molecules (guest species)
can easily diffuse into the reaction sites and the products can also
freely move out of them (see Figldze 7).106’ 16

Organic )
CO,HO
pollutants e

Mesoporous TiO,

Figure 7. Three-dimensional mesoporous architecture in the TiO,
nanocrystalline thin film with continuous and periodically porous
network that offers transport routes for gaseous reactants to move
in and out of the framework. Reproduced with permission from ref.
116. Copyright © 2004, American Chemical Society.

It was revealed that the diffusion and transport rates of large
molecules in media featuring large mesopores (>10 nm) and
macropores (>50 nm) are comparable to those in open media.’* 1%
For example, the physical adsorption mechanism of the popular
methylene blue (MB) molecules (with a size of 1.43 nmx0.6 nmx0.4
nm) in micropores resembles pore filling, which is governed by
stronger interactions between MB and micropore walls, resulting in

6 | J. Name., 2012, 00, 1-3

the hindered transport of this dye.117 However, the efficient

transport of MB molecules to the surface binding sites can be easily
achieved in the materials with hierarchical mesopores (>14 nm) and
macropores (>50 nm).114 Thus, the improved transfer and diffusion
of the reactants and products molecules are beneficial for the
enhancement of photocatalytic performance.

3.2 Enhanced light harvesting

It is known that the overall photocatalytic efficiency could be
greatly enhanced through increasing the light-harvesting ability of
photocatalysts. However, the improvement of
light harvesting efficiency is still one of the main challenges in the
design of highly active photocatalysts. So far, the efforts toward
enhancing the light-harvesting ability of heterogeneous
photocatalytic systems are still insufficient. One of the promising
ways of improving light absorption of photocatalysts is through the
design and fabrication of hierarchical macroporous or mesoporous
architectures, which recently attracted a great deal of attention.**?
In general, the hierarchically structured photocatalysts with 3D
morphologies can be constructed through different methods such
as the self-assembly of nanosized building blocks or templating
methods.”® The hierarchically porous core-shell and hollow
structures created during the formation of photocatalysts could
increase the number of light traveling paths, which results in the
enhancement of interaction time and absorption efficiency inside
pores as compared to the nonporous photocatalysts. For example, it
was shown that porous TiO, and WOj3; with (semi-)hollow structures
exhibited a greatly enhanced photocatalytic degradation activity
due to more efficient utilization of light through its multiple
reflections in the hollow structures (see Figure 8A).100’ 18

/lncidentlight

A S : 3

\ Inelastic scattering
Reflecting

Elastic scattering

Figure 8. Schematic illustration of the reflecting and scattering
effects in hollow (A) and hierarchical (B) microspheres. Panel B,
reproduced with permission from ref. 119. Copyright © 2014, Royal
Society of Chemistry.

In addition, the urchin-like hierarchical Fe;0,@Bi,S; core-shell
structures,120 Co30, particles,121 CdS@ZnO and CdS@AI,0;
heteroarrays122 also showed significantly enhanced photocatalytic
degradation and H,-evolution activities, respectively. It is believed
that the enhanced light absorption is due to the so-called light-
scattering effects, which play the key role in enhancing the light
harvesting efficiency of hierarchically structured photocatalysts (see
Figure SB).119 For example, the transmission spectra of films (Figure
9) show clearly that a hierarchically micro-nanoporous TiO, film
exhibited much higher light-collection efficiency than a
nanostructured film due to the improved light scattering effects.'?
Similarly, a polished planar Si surface applied in organic-inorganic
hybrid solar cells shows a significant light reflectance ranging from
15 to 30% in the solar spectrum (400-1100 nm), whereas, the
reflectance of hierarchical Si surfaces is reduced to less than 10%
due to a significant improvement in light trapping.124 Obviously, the

This journal is © The Royal Society of Chemistry 20xx
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intrinsic interconnected accessible mesopore channels and the
formation of hierarchical structures are the crucial factors to
promote the light-harvesting efficiency. In contrast,
demonstrated that a drop of 20-30% in the photocatalytic activity
was observed in the absence of light-penetrating and gas-diffusing
macrochannels, further indicating the beneficial effects of
macrochannels.”*> Therefore, the fabrication of hierarchically
ordered macro-/mesoporous materials has been considered as one
of the most popular approaches to enhance the overall light
utilization efficiency due to the improved light scattering and
increased light-harvesting ability.114
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Figure 9. UV-Vis transmission spectra of a hierarchically micro-
nanoporous TiO, film (1), and a nanostructured film (2).
Reproduced with permission from ref. 123. Copyright © 2008,
Elsevier Inc.
3.3 Increased surface area

Apart from improving light harvesting and mass transport, the
enlargement of the surface area of semiconductors has been also
proven to be one of the most efficient approaches for enhancing
photocatalytic activity.m‘ 115,125 Although it is well known that the
macro/mesoporous materials exhibit relatively small surface areas
as compared to those of microporous ones,m'129 the majority of
photocatalysts with hierarchical macro/mesopores still possess the
considerably high specific surface area (~50-500 mz/g).68
Interestingly, the specific surface area of some hierarchically porous

carbons can reach 800-2800 mz/g.l?’o'132 Typically, three-dimensional
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(3D) hierarchical nanostructures have many unique features
including high surface to volume ratios, large accessible surface
area, and better permeability, which could not only provide
abundant active adsorption sites and photocatalytic reaction
sites,120 but also improve uniformity of the distribution of active
sites in the as-prepared photocatalysts. Furthermore, it was also
reported that the hierarchical photocatalysts exhibited lower
apparent activation energy than the photocatalysts with destroyed
macrochannels in the case of photocatalytic decomposition of
acetone in air."** For example, the hierarchical porous Ni(OH), and
NiO nanosheets with the surface areas of 201 and 127 mZ/g,
respectively, can be fabricated through the template-free
hydrothermal reaction—precipitation route.®  The resulting
materials showed better adsorption capacities for N, and Congo red
(CR) than the conventional NiO (Sggr=2.5 mz/g) due to the increased
surface areas (Figure 10). Similarly, it was recently demonstrated
that the hierarchical y-Al,0; exhibited a unique hierarchical
nanostructure and high surface area (=14Om2/g), leading to much
higher adsorption of CO, and pollutants in air and water,
respectively.m‘ 135 Importantly, the hierarchically macro-
mesoporous Pt/y-Al,0; composite microspheres with high surface
area also showed higher catalytic activity for oxidative
decomposition of HCHO at room temperature, due to the improved
diffusion of reactants and products, and the high dispersion of
accessible catalytic Pt nanoparticles.136 More interestingly, the
hierarchical Pt/AIOOH nanoflakes with high specific surface area
and large pore volume showed higher catalytic activity toward
decomposition of HCHO at room temperature due to the presence
of abundant surface hydroxyls and excellent adsorption
performance of HCHO.™ The superstructures of TiO, nanocrystals
supported on the hierarchical flower-like AIOOH also exhibited the
enhanced photocatalytic activity toward degradation of rhodamine
B (RhB) in aqueous solution in comparison to P25 and pure TiO,
powders due to their hierarchical structures with high surface area,
easily accessible to light and reactants.”>® All these factors can
substantially improve the surface reaction kinetics, and considerably
reduce the surface recombination of charge carriers, which is crucial
for achieving superior photoactivity of these hierarchical
photocatalysts.
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Figure 10. (a) Nitrogen adsorption-desorption isotherms and (b) adsorption isotherms for Congo red (CR) (T=25 °C; adsorbent dose = 200
mg/L; CR concentration = 15-50 mg/L and pH 7) of the samples I (hierarchical porous Ni(OH), nanosheets) and Il (hierarchical porous NiO
nanosheets). Reproduced with permission from ref. 133. Copyright © 2011, Elsevier Inc.

Furthermore, the enhanced efficiency for collection, transfer and

This journal is © The Royal Society of Chemistry 20xx

separation of charge carriers can also be partially achieved in the
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hierarchical heterostructured nanocomposites. In addition,

the hierarchical photocatalysts fabricated by self-assembly of
nanosized building blocks can avoid the agglomeration and sintering
problems observed for conventional nanosized photocatalysts.
Importantly, the hierarchical photocatalysts with self-supported
structures generally exhibit a uniform particle size distribution in the
range of micrometers, which is more beneficial for the recovery,
reuse and recycling of photocatalysts from aqueous suspensions
after the photocatalytic reaction than in the case of nanosized
particles.”s Considering the role of the aforementioned factors in
increasing photocatalytic activity, it is reasonable to accept that the
design of hierarchical nanoarchitectures is a promising strategy to
develop highly efficient photocatalyts through optimization of the
photocatalytic activity of the existing semiconductors. Typically, the
superior  photocatalytic performance of the hierarchical
micro/nanostructures can be related to their unique structural
features, which can suppress the aggregation of micro/nanoscale
building blocks, increase specific surface area and the amount of
active reaction sites, and reduce the diffusion barrier. All these
advantages of their
widespread applications in various fields of photocatalysis. An
optimal photocatalyst should be hierarchically porous with
interconnected macropores (enabling good light-harvesting,
molecular diffusion and gas/liquid flow rates) and mesopores
(ensuring high surface area and substrate—gas contact).114 Various
fabrication methods and growth mechanisms of hierarchical
nanostructures have been proposed, which will be presented in the
following section.

hierarchical nanoarchitectures lead to

4. Strategies for fabrication of hierarchical
photocatalysts

The above discussion shows that hierarchical nanostructures play a
very important role in enhancing light-absorption capacity and
photocatalytic efficiency. So far, a great number of hierarchical
semiconductor nanostructures has been rationally designed and
fabricated. Generally, the 3D hierarchical micro/nanocomposite
structures are fabricated via the self-assembly of nanosized building
blocks (including nanoparticles, 1D nanowires, and 2D nanosheets).
For example, many interesting hierarchical semiconductor
photocatalysts including branched 1D or 2D nanojunctions (Figure
11),144'150 brush-like,m’ 131153 31y flower-like microspheres,m’ 154-158
(Figure 12)159
hierarchically photonic crystals (PCs, Figure 13)160'169 have been
developed by different groups. However, it is very difficult to
directly design and fabricate various kinds of hierarchical
photocatalysts with highly controlled hierarchical morphologies.
Thus, it is necessary to develop a simple and low-cost method to
prepare the photocatalysts with high crystallinity and hierarchical
nanostructures. Some so far reported methods to prepare
hierarchical semiconductor structures are summarized in Figure 14,
which shows that these methods can be classified into three types:
templating strategies (two-step template method and in-situ
template-sacrificial dissolution), template-free strategies (self-
templating strategy, in-situ template-free assembly, chemically
induced self-transformation), and post-synthetic treatment.

hierarchical “forest-like” nanostructures and
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Figure 11 (a), SEM images of ZnO nanorods hydrothermally grown
on the TiO, nanofibers; (b),Typical high magnification SEM image
and model (inset) of the as-grown Cu,0 nanosheet—nanowires.
Reproduced with permission from ref. 150 (panel a). Copyright ©
2012, American Chemical Society. Reproduced with permission
from ref. 147 (panel b). Copyright © 2014, Royal Society of
Chemistry.

Novel “forest-like™ photocatalyst
TiO, nanofibers act as trunks
ZnO nanorods act as branches
CuO nanoparticles act as leaves

Figure 12 a) Schematic illustration of a “forest-like” photocatalyst
by nature mimicking; b) top view SEM image of hierarchical “forest-
like” TiO, nanofiber/ZnO nanorods/CuO nanoparticle photocatalyst.
Reproduced with permission from ref. 159. Copyright © 2012,
Elsevier Inc.

Figure 13 a) SEM images of the ZnGa,0, photonic crystals prepared
by using polystyrene spheres as templates; b) TiO,-PC spheres
obtained by spray and sacrificing template methods. Reproduced
with permission from refs. 169 (panel a) and 166 (panel b).
Copyright © 2014 and 2013, Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 20xx
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Figure 14 Synthesis methods of hierarchical nanostructures.

4.1 Two-step template method

Template strategy is one of the most important and commonly
used methods to synthesize hierarchical nanostructured materials
owing to its distinct advantages including good reproducibility, large
scale synthesis and abundant types of physical templates.170 In
general, the pre-existing nanostructured templates with various
morphologies are required in the synthesis process to control the
oriented growth of hierarchical nanomaterials. According to the
physical properties of the employed templates, the templating
synthesis can generally be sorted into three categories: hard
templating (nanocasting), soft templating and bio-templating.
Normally, the inorganic and organic mesostructured frameworks
with relatively rigid shapes can be utilized as the so-called “hard
templates” to fabricate 3D hierarchical macro/mesoporous
materials, such as zeolites, alumina membranes, polystyrene latex
(PSL),171 metal oxides (such as Fe,O; and CaCOj;), poly-(methyl
methacrylate) (PMMA), ordered mesoporous carbon and silica
spheres (SBA-15, MCM-41, and KIT-6).172 For example, various
hierarchical porous TiO, or ZnO spheres can be fabricated by using
SiO, microspheres as templates, which exhibit greatly improved
photocatalytic property due to the formation of controlled
macroporosity.ez’ 173176 comparison to the hard templates, soft
templates are highly deformable and easily removable. Thus,
various soft templates such as block copolymers (e.g., Pluronics
P123, F127, PEG or F108), microemulsions (micelles and vesicles),
ionic quuids,177 hydrogels (sol-gel networks), surfactants (e.g.,
sodium dedecyl sulfate (SDS) and cetyl trimethylammonium
bromide (CTAB)), and even gas bubbles,m'180 etc., have been widely
utilized in the synthesis process to reduce the interfacial energy
barrier for sequential nucleation—growth,m‘ 81 and create
structures. Furthermore, the nanoporous g-C3N,
photocatalysts with enhanced photocatalytic activities could be also
prepared through the soft templating including P123,182 bubbles,lS?"
8% and ionic quuids.185 In future, it is also expected that the
macro/mesoporous photocatalysts with hierarchical architectures
can be created through a combination of hard and soft templating
methods.”" ' Additionally, biomaterial-based templates involving
187 butterfly wings,188 Iegume,189 rice-husk,190 silk

hierarchical

natural leaves

191

fibroin®®* and cellulose'®? have been widely used to fabricate the

hierarchical photocatalysts with improved photocatalytic activity.
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For example, a kind of legume has been chosen as a bio-template to
synthesize the film of ZnAl-layered double hydroxide. A detailed
strategy for bio-templated fabrication of ZnAl-LDH film and the
resulting calcination product (hierarchical mixed metal oxide (MMO)
framework) is shown in Figure 15. It was found that the bio-
templated ZnAl-MMO framework exhibits 2.4 times higher BET
specific surface area and much wider pore size distribution than the
conventional ZnAI-MMO powder, which resulted in enhancing its
photocatalytic performance toward decomposition of organic
compounds.189 In this aspect, the biomaterial-based templating
synthesis represents a promising direction for future research in
hierarchical nanomaterials since the cheap and abundant bio-
templates can be obtained through green approaches. Importantly,
the removal of bio-templates can also be easily realized under
relatively mild conditions.*”

A

One trichome Al Oy/legume
Legume growi
alcination
—
Biomorphic LDH/legume
MMO framework

Figure 15. (A) Optical photograph of legume; low (B) and high (C)
magnification SEM images of the tubular trichome on the surface of
legume; (D) Schematic illustration of legume-templating ZnAl-
layered double hydroxide and hierarchical mixed metal oxide
(MMO) framework. Reproduced with permission from ref. 189.
Copyright © 2009, American Chemical Society.

4.2 In-situ template-sacrificial dissolution

Usually hard templating includes two steps: the surface coating of
the template with nanocrystals and the template removal by
calcination or etching. Although this two-step method has been
widely used to prepare hierarchical photocatalysts, the post-
synthetic removal of the templates through high-temperature
calcination or etching is generally costly, and problematic from
“green” chemistry viewpoint. On the contrary, the one-step in-situ
template-sacrificial dissolution method avoids these problems
because it can be performed under significantly milder conditions
(e.g., room temperature). For example, the fabrication of
hierarchically nanoporous TiO, hollow microspheres could be
carried out in pure water by using SiO, microspheres as templates
and TiF, as the precursor at 60 °C.”® As shown in Figure 16, the
shells of hierarchically nanoporous TiO, hollow microspheres are
composed of many small TiO, spherical particles with diameters of
about 100 nm. The corresponding SEM and TEM images in Figure 16
partially confirm the presence of hierarchically nanoporous
structures. It is believed that many smaller primary crystallites
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aggregate and form these small spherical particles within
microspheres. The inter-aggregation among these spherical
particles results in the formation of larger pores with size of 10 to
110 nm.

Figure 16 (panels a and b) SEM, (c) FESEM, and (d) TEM images of
hierarchically nanoporous TiO, hollow microspheres. Reproduced
with permission from ref. 176. Copyright © 2008, American
Chemical Society.

The formation mechanism of hollow TiO, microspheres is
attributed to the following hydrolysis and dissolution reactions
occurring in the reaction system (see Figure 17):

TiF, + 4H,0 - Ti0,-2H,0 + 4HF (2)
SiO, + 4HF - SiF, + 2H,0 (3)

The hydrolysis of TiF, leads to the production of HF and TiO, sol.
The produced HF will dissolve SiO, template to form SiF,. Therefore,
with increasing reaction time and continuous hydrolysis of TiF,, the
increasing concentration of HF results in the gradual dissolution of
SiO, cores and the formation of TiO, hollow spheres with movable
SiO, cores inside. Finally, the SiO, cores will completely dissolve by
HF, resulting in the formation of TiO, hollow spheres.

Additional photocatalytic experiments indicate that the prepared
TiO, hollow microspheres can be easily separated and re-used from
the aqueous solution by sedimentation or filtration after
photocatalytic reaction. Therefore, the prepared TiO, hollow
spheres are advantageous in comparison to the conventional
powder photocatalysts used in environmental purification. These
hierarchically TiO, hollow microspheres are also useful as catalysts,
catalysts supports, and materials for solar cells, separations and
nanotechnology.

intra-aggregatgd pores

)
inter-aggregated pores %
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Figure 17 Schematic illustration of the formation of hierarchically
nanoporous TiO, hollow microspheres obtained through the
template-directed deposition and in situ template-sacrificial
dissolution. Reproduced with permission from ref. 176. Copyright ©
2008, American Chemical Society.

4.3 Self-templating strategy

Both hard templating and in-situ sacrificial-template dissolution
methods have drawbacks related to the high cost of templates,
unexpected morphological changes during template removal,
presence of heterogeneous impurities and tedious synthetic
procedures. All these disadvantages may limit the large-scale
fabrication of photocatalysts by using the aforementioned
methods.'*® Thus, it is impractical to synthesize hierarchical
photocatalysts in a large scale for industrial applications using these
methods. Because of this, tremendous efforts have been
undertaken to develop the simple, facile, low-cost, “green”, and
template-free routes for fabrication of hierarchical
micro/nanostructures of various materials.”** *°° Among them, the
self-templating strategy is one of the most simple and effective
routes to fabricate various hierarchical photocatalysts. For example,
the popular CdS photocatalysts could be fabricated through a simple
anion exchange by treating Cd(OH), nanostructures with solution
containing S ions. 22 196 1%7 Recently, Xiang et al. demonstrated that
the hierarchical Cd(OH), nanosheets-based assemblies could be
constructed by a hydrothermal treatment of Cd (OH), precipitate.
Then, the hierarchical porous CdS nanosheet-assembled flowers
could be synthesized by a simple ion-exchange strategy using
Cd(OH), nanosheet-based material and Na,S as precursors. A
detailed formation mechanism is shown in Figure 18.1%8 Similarly,
CdIn,0,4 hollow spheres with higher photocatalytic efficiency toward
decomposition of Methylene Blue (MB) in agueous solutions can be
synthesized by using CdO and In,0; nanoparticles as self-
templates.199 Furthermore, it is known that the hierarchical BiOX
nanostructures can be easily fabricated. The latter have been used
as self-templates to obtain various photocatalysts such as Bi,WOg
hollow microspheres,200 Bi,S;  nanocrystals/BiOCI  hybrid
architectures®® and Ag/AgBr/BiOBr hybrids202 via a simple in-situ
ion exchange. In addition, the hollow TiO, nanostructures can be
fabricated by a facile fluoride-free self-templated synthesis method
based on an inside-out Ostwald ripening mechanism, in the
presence of H202.203 In this case, H,0, acts as a coordination agent
and interface stabilizer playing versatile roles in the self-assembly
of microspheres as well as in its transformation into hollow
nanostructures.”®® Thus, it is expected that more and more
hierarchical photocatalysts could be fabricated through the self-
templating strategy in the future.

This journal is © The Royal Society of Chemistry 20xx
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Figure 18. (a) A schematic illustration of the synthesis route of
porous CdS nanosheet-assembled flowers; SEM images of the
Cd(OH), intermediates (b) and the as-prepared CdS products (c).
Reproduced with permission from ref. 198. Copyright © 2013,
Elsevier Inc.

4.4 In-situ template-free assembly

Another typical template-free route is the in-situ template-free
assembly. For example, the hierarchically macro/mesoporpous
amorphous titania can be easily fabricated at room temperature by
simple dropwise addition of tetrabutyl titanate to pure water (see
Figure 19).114 The formation of hierarchically macro/mesoporpous
titania is due to the spontaneous self-assembly of amorphous TiO,
particles in alkoxide-water mixed solution without the presence of
organic additives or templates. Calcination was shown to have a
great effect on the photocatalytic activity and structure of titania.
The sample calcined at 300°C exhibited the highest photocatalytic
activity toward decomposition of acetone in air due to the
appearance of anatase phase, large specific surface areas and its
hierarchical macro-/mesoporous structures (Figure 20). The
photocatalytic activity of the samples prepared at 400 and 500°C
was slightly reduced due to the decreased specific surface area, but
it is still higher than that of the commercial-grade Degussa P25 TiO,
powder (P25). For the samples prepared at temperatures exceeding
500°C, the photocatalytic activity was obviously smaller due to the
destruction of hierarchical macro/mesoporous structures and
drastic decrease in the specific surface area (see Figure 20). This
hierarchically macro-mesoporous network with open and accessible
pores was preserved up to 500°C, indicating its relatively high
thermal stability. Even for samples prepared at 800°C the
macroporous channel structure was still observed.

To further investigate the positive effects of hierarchically
macro/mesoporous structures on the photocatalytic performance,
the hierarchically macro/mesoporous TiO, samples calcined at
300°C were ground into fine powders to destroy their hierarchically
macro/mesoporous  structure.  Then, their  photocatalytic
performance was measured, indicating a decrease (about 23 %) in
the photocatalytic performance of the ground TiO, sample. The
above result and discussion imply that hierarchically
macro/mesoporous structures indeed enhance the photocatalytic
activity of titania materials. This is due to the enhanced transport of
gas molecules in the catalyst. In nature, such hierarchical porous

This journal is © The Royal Society of Chemistry 20xx
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networks have been also developed to achieve rapid gas exchange
over large surface area. For example, lungs of animals and gills of
fish have such hierarchical network-structures, which allow for a
rapid exchange of air. Therefore, it is not surprising that
hierarchically macro/mesoporous structures can greatly enhance
the photocatalytic performance of photocatalysts.

XS,8B8 S
- i

Figure 19. SEM images of the as-prepared (a) and calcined
hierarchical macro-/mesoporous TiO, samples at (b) 300, (c,d) 500
and (e) 800°C. Reproduced with permission from ref. 114. Copyright
© 2007, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 20. Comparison of the photocatalytic activity of P25, as-
prepared and calcined hierarchical macro-/mesoporous TiO,
samples at 300, 400, 500, 600, 700 and 800°C for photocatalyic
decomposition of acetone in air. Reproduced with permission from
ref. 114. Copyright © 2007, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

The formation mechanism of the hierarchically macro-mesoporous

TiO, can be deduced on the basis of the SEM images shown in
Figure 21. First, a direct contact between tetrabutyl titanate (TBOT)
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droplets and water rapidly produces a thin semi-permeable titania
membrane on the external surface of TBOT droplet (see Figures 21a
and b). This membrane separates TBOT and water, and subsequent
hydrolysis and condensation reactions. Then, the inward reactions
proceed slowly. Meanwhile, water gradually diffuses into the
interior of the TBOT droplet through the outer membrane and
further reacts with TBOT until all TBOT is completely hydrolyzed.
During hydrolysis and condensation reactions, the microphase-
separated regions of TiO, nanoparticles and water/alcohol channels
within the TBOT droplets are formed due to the hydrodynamic flow
of the solvent (see Figure 21c). The key factor in the synthesis of the
hierarchically macro-mesoporous TiO, is the lack of stirring.

Semi-permeable titania
membrane
Hydrolysis

TBOT droplet

(a) Spontaneous
radial patterning
e Macrochannel

L

A LEE
et

Mesopores

@

Hierarchically porous TiO,

Figure 21. The formation mechanism of the hierarchically
macro/mesoporous  amorphous  titania. Reproduced  with
permission from ref. 114. Copyright © 2007, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Besides TiO,, the fabrication of other hierarchical semiconductors
through the in-situ template-free assembly has been also widely
investigated. For example, the sea-urchin shaped Bi,S;/CdS
hierarchical heterostructures composed of Bi,S; nanorods and CdS
nanoparticles grown on their surfaces (see Figure 22a) were
successfully synthesized via a convenient one-pot growth rate
controlled route.”® The proposed formation mechanism as shown
in Figure 22b, involves a fast formation of the initial sea-urchin
shaped Bi,S; nanoflowers, followed by the gradual growth of
numerous CdS nanoparticles on Bi,S; nanoflowers. Similarly, a 3D
hierarchical rutile TiO, mesocrystalline photocatalyst with higher
BET specific surface area (16 ng'l) was self-assembled under
microwave—hydrothermal conditions using 1D rutile nanowires with
high average aspect ratio (267; defined as the length of the major
axis divided by the width of the minor axis) obtained from TiCl; as
the only reactant (as shown in Figure 23a).205 Furthermore, 3D-
hierarchical well-crystallized CusSnS, flower-like microspheres with
thin nanoplates as building blocks (as shown in Figure 23b) were
successfully created through a solvothermal process, which involves
aggregation, self-assembly, transformation and ripening.206 In
addition, dendritic a-Fe,03 hierarchical structures with superior
photocatalytic degradation efficiencies toward Congo red were
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created through a one-step facile template-free and surfactant-free
hydrothermal route (see Figure 24a) 8 The aforementioned
superior photocatalytic activity was probably due to the efficiently
enhanced light harvesting and exposed surface sites because of
their multi-stage branch-type morphology. It is believed that these
a-Fe,03 dendritic structures form via a three step process under
hydrothermal conditions (see eq. 4). In the first step Fe(CN)S]a_ ions
are slowly converted to into Fe®' ions; this step may determine the
growth process because of the weak dissociation tendency of
[Fe(CN)e]a_ ions. During this growth process (see Figure 24b), the
branched a-Fe,0; nanostructures with enhanced surface area are
obtained if small outgrowths are formed and continue to grow into
larger branches. Next, new outgrowths can be formed on these
branches and become sub-branches; such growth leads to the
complex dendritic crystals as shown in Figure 24p 1% Thus, it is
highly desirable to develop a simple, low-cost, environmentally
friendly aqueous solution route for a large-scale synthesis of these
hierarchical micro/nanostructures at room temperature under
ambient conditions, without using any template, organic solvents,
additive or surfactants during the entire process.

[Fe(CN)s]* > Fe* > FeOOH/Fe(OH); > a-Fe,0; (4)
Bi2*
b) &y Gromt, s
Tu Solvothermal Nucleation

Gly

Bi,S; nanoflower

- Further growth

300n

Bi,S,/CdS

Se;:urchin
shaped Bi,S;/CdS
Figure 22 (a), SEM images of the samples prepared by using molar
ratio (2:1) of Bi,S; and CdS; (b), lllustration of the morphological
evolution process of the sea-urchin shaped Bi,S;/CdS hierarchical
heterostructures. Reproduced with permission from ref. 204.
Copyright © 2014, Royal Society of Chemistry.

Figure 23 (a) SEM image of the self-assembled rutile by microwave
heating of TiCl; at 200 °C for 1 min; (b) SEM images of CusSnS,
synthesized at 200 °C for 12 hours. Reproduced with permission
from refs. 205 (panel a) and 206 (panel b). Copyright © 2010 and
2013, Royal Society of Chemistry.
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Figure 24 (a), TEM image of a single dendritic a-Fe,0; micro-/nano-
structure; (b), Schematic illustration of growth of the as-synthesized
dendritic a-Fe,0; nanostructures. Reproduced with permission
from ref. 148. Copyright © 2014, The Royal Society of Chemistry.

a)
y

4.5 Chemically induced self-transformation

The chemical-induced self-transformation method has
been also widely applied to fabricate various hierarchically hollow
microspheres, including CaCOj3, TiO,, SnO,, Al,O3 and W03.2°7’ 22214
The mechanism of chemically induced self-transformation (CIST)
differs from the in-situ template-free assembly, which refers to the
spontaneous self-assembly of nanosized building blocks around the
primary nuclei, while in CIST the hierarchical nanostructures such as
hollow interiors are created via chemical etching of the
primary particles. In general, the etching agents such as HF or OH’
are in situ produced during the synthesis process. For example, SnO,
hollow microspheres were obtained by hydrolysis of SnF, at
180 °c.””’ Clearly, the primary SnO, particles can be in-situ
transformed into hollow microspheres via the fluoride-mediated
self-transformation process. Also, hollow TiO, microspheres

207-211

consisting of anatase nanocrystals with exposed (001) facets (ca.

20% ) were synthesized by using a slightly modified fluoride-
211

mediated self-transformation strategy (see Figure 25).

Figure 25 SEM images of the fluoride-mediated TiO, samples: (a)
overall view of TiO, microspheres; (b) image of a few microspheres
showing their unique structure consisting of primary TiO,
nanoparticles; (c) a single microsphere with visible hollow structure;
(d) a portion of the microsphere shell composed of nanosized
polyhedra with exposed (001) facets. Reproduced with permission
from ref. 211. Copyright © 2010, American Chemical Society.
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It was shown that the addition of ethanol can efficiently increase
the percentage of exposed (001) facets and the average size of the
shell-forming TiO, nanoparticles. Furthermore, the self-
transformation process can be further enhanced by increasing the
concentration of HZSO‘;.99 The formation mechanism of the self-
templated hollow spheres has been proposed based on a stepwise
chemically induced self-transformation (CIST) process, as shown in
Figure 26.7% Clearly, in the fluoride mediated self-transformation
process, HF plays an important role in the dissolution of interior of
particles and the fabrication of hollow structures. To avoid the HF
strong etching, the well-defined anatase hollow microspheres can
be fabricated in the presence of urea.’’® Later, it was suggested that
a combined mechanism should be considered to better understand
the complex formation process of hierarchical structures. '’ 27219

Ti(SO,),| Hydrolysis o : ,00 °
°
+ é : oeg > °
NH,F © 000°
o o
Phase
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Figure 26 Schematic illustration of the fluoride-induced self-
transformation synthesis of hollow TiO, anatase microspheres.
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Figure 27 Formation mechanism of anatase TiO, hollow spheres
prepared by hydrothermal treatment of amorphous TiO, solid
spheres in NH;F aqueous solution. The left and right panels
respectively show the TEM images and the corresponding XRD
patterns of the intermediate products obtained at 180 °C for
different time (scale bar: 100 nm). Reproduced with permission
from ref. 220. Copyright © 2010, Royal Society of Chemistry.

4.6 Post-synthesis treatment

The self-etching process, as an efficient strategy to fabricate
hierarchical structures, recently has attracted a lot of attention. For
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example, the hierarchically mesoporous F-TiO, hollow microspheres
prepared by an enhanced HF etching exhibited higher
photocatalytic activity toward degradation of MB than that of p25.%
In this case the H,SO, concentration was controlled because sulfuric
acid plays an important role in the self-etching formation of the
hollow and mesoporous structures. Furthermore, the
photocatalysts with hierarchical structures can be formed through
the selective oxidative etching221 and chemical etchingm‘ 2 1t s
anticipated that the surface-protected etching strategy can be
further applied for producing hierarchical  high-quality
semiconductors for photocatalytic applications.zu’ 225

Anatase TiO, hollow spheres can be easily prepared by self-
transformation of amorphous TiO, solid spheres in an NH,F aqueous
solution at 180°C for 12 h (see Figure 27).220 It was shown that F°
plays an important role in the formation of TiO, hollow spheres. The
F" induced hollowing of TiO, solid spheres promoted the
transformation of amorphous TiO, phase to anatase nanocrystals.
The formation of TiO, hollow spheres is due to localized Ostwald
ripening and chemically induced self-transformation.

5. Applications of hierarchical photocatalysts

Based on the above analysis, it is clear that the hierarchical
photocatalysts possess a lot of obvious advantages for
photocatalytic applications. So far, the hierarchical photocatalysts
have been applied in various photocatalytic reactions. Here, we will
highlight the recent progress in the research on hierarchical
photocatalysts used for photocatalytic H, production, CO, reduction
and degradation of pollutants (Figure 28).

H,
evolution

.

Figure 28 Photocatalytic applications of hierarchical nanostructures.

5.1 Degradation of pollutants

With rapid growth of population and accelerating
industrialization, the environmental contamination has become a
major threat to public health all over the world. Since the first
report on heterogeneous photocatalytic remediation of
environmental pollutants (CN" in water) on titania by Frank and Bard
in 1977,226 the heterogeneous photocatalysis has been widely used
in widespread environmental purification such as air and water
purification.4' 13:15,83,143, 227, 228 |y particular, it was shown that some
typical features such as phase structures, exposed facets,
crystallinity, surface area, crystalline size and shape are critical for
the enhancement of photocatalytic efficiency in the degradation of
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pollutants in water or air. Thus, a variety of ways for increasing the
photodecomposition efficiency of pollutants over semiconductors
have been exploited.4’ 79, 83, 229234 Among them, a particular
attention has been given to the formation of hierarchical
photocatalysts featuring superior adsorption capacity of pollutants,
light-harvesting and recycling capability (see Table 2).

5.1.1. Wide band-gap TiO, for photodegardation

Among hierarchical photocatalysts shown in Table 2, titania is most
often investigated due to its biological compatibility, strong oxidizing
power, low cost, and long-term stability.z"’5 It was demonstrated that
various hierarchical nanostructures or macro/mesopores in TiO,
photocatalysts could increase their photo-degradation efficiency
and selectivity due to the positive synergistic effect of adsorption,
light absorption and charge separation.sg' 26 50 far, a variety of 3D
hierarchical TiO, microarchitectures with exposed facets or hollow
structures have been studied as photocatalysts for photocatalytic
oxidative decomposition of pollutants (formaldehyde, acetone,
toluene and NO,) in air at ambient conditions,®® 14 116,205 209,220,235
244 First, applications of hierarchical TiO, photocatalysts in the
degradation of pollutants in air will be highlighted.

A trimodally hierarchical macro-/mesoporous TiO, was fabricated
by a simple hydrothermal treatment of the precipitate obtained
from tetrabutyl titanate in pure water (see Figure 29).68 The
prepared TiO, samples at 180 °C showed hierarchically trimodal
pore-size distribution in the meso-/macroporous region, containing
small intraparticle mesopores with sizes of ca. 3-7 nm, larger
interparticle mesopores with sizes of ca. 20-40 nm, and macropore
with sizes of ca. 0.5-3 m. Especially the sample of TiO, at 180 °C for
24 h exhibited the highest photocatalytic activity, which was about
three times higher than that of Degussa P-25 (see Figure 30).

Figure 29 SEM images of sponge-like hierarchical meso-
/macroporous TiO, prepared at 180 °C for 24 (d). Reproduced with
permission from ref. 68. Copyright © 2007, American Chemical
Society.

This journal is © The Royal Society of Chemistry 20xx
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Figure 30 Comparison of photocatalytic activity of P25 and
hierarchically sponge-like meso-/macroporous TiO, prepared at
180 °C and different hydrothermal time for photocatalytic oxidation
decomposition of acetone in air. Reproduced with permission from
ref. 68. Copyright © 2007, American Chemical Society.
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Figure 31 SEM (a), high magnification SEM (b), TEM (c), and HRTEM
(d) images of HFTS. Inset in (a) is a magnified image of an individual
spherical superstructure. (e) Comparison of the photocatalytic
activity of HFTS, TSTP, and P25 for photocatalytic decomposition of
acetone in air. (f) Dependence of produced CO, concentration on
irradiation time for HFTS, TSTP, and P25. Reproduced with
permission from ref. 242. Copyright © 2011, Elsevier Inc.

Also, hierarchically flower-like TiO, superstructures (HFTS)
consisting of anatase TiO, nanosheets with 87% exposed (001)
facets were prepared by alcohothermal treatment of titanate
nanotubes in a HF-H,0-C,HsOH mixed solution (see Figure 31).242
The photocatalytic performance was evaluated for photocatalytic
oxidative decomposition of acetone in air under UV light, indicating

This journal is © The Royal Society of Chemistry 20xx
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that the photocatalytic activity of HFTS was much higher than that
of P25 and tubular shaped TiO, particles (TSTP) obtained in pure
water. The enhanced photocatalytic activity is due to the combined
effect of highly exposed (001) facets, hierarchically porous
structure, and the increased light-harvesting ca pability.242

Apart from the photocatalytic degradation of pollutants in air, the
hierarchical TiO, photocatalysts have also been widely applied in the
photocatalytic oxidation of organics in water. Unfortunately, it is still
a challenge to achieve high selectivity for hierarchical TiO,
photocatalysts in water. Although the selective photocatalysis is of
particular might provide potential
opportunities for achieving the selective separation processes,
selective oxidation of targeted organics from a liquid mixture,245
TiO, as a typical photocatalyst, generally exhibits a very poor
photocatalytic selectivity, due to the nonselectivity of OH radicals
with strong oxidizing power.149 Thus, it is urgent to improve the
selectivity of TiO,-based photocatalysts. For example, the
hierarchically ~ flower-like ~ TiO, microsphere films  were
hydrothermally prepared on the Ti foil in a dilute HF aqueous
solution.*” In a typical preparation, the cleaned Ti foil was simply
treated at 180 °C for 1 h in a 60 mL of 0.02 M HF aqueous solution.
The prepared flower-like TiO, microspheres consisted of many TiO,
nanocrystals with exposed (ca. 30%) (001) facets (see Figure 32).
Interestingly, the selectivity of the TiO, film samples for
photocatalytic decomposition of two azo dyes in water can be tuned
by changing the exposed facets of TiO, microspheres and the
etching degree of (001) facets. Furthermore, the percentage of
exposed (001) facets can be slightly controlled by adjusting
hydrothermal reaction time.

Generally, the photocatalytic selectivity of TiO, sample is mainly
related to its adsorption selectivity towards contaminants. The
adsorption selectivity of TiO, to charged species can be controlled
by changing its surface charge. The isoelectric point of TiO, in water
is at ca. pH 5.8. Thus, at the acidic conditions, TiO, surface with
positive charge will selectively adsorb negatively charged
pollutants, resulting in the selective adsorption and degradation of
pollutants (Figure 33). Contrarily, the alkaline conditions are
beneficial for adsorption and degradation of positively charged
pollutants. Therefore, the photocatalytic selectivity of TiO, toward
degradation of pollutants can be easily tuned by changing pH value
of aqueous solution (Figure 34).

significance because it

Figure 32 SEM images (a,b) of the TiO, films composed of flower-
like TiO, microspheres with exposed (001) facets prepared by
hydrothermal treatment of Ti foil at 180 °C for 1 h. The inset in (A)
showing the cross-sectional SEM image of the TiO, films.
Reproduced with permission from ref. 149. Copyright © 2011, Royal
Society of Chemistry.
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Figure 33 Schematic illustration for the selective adsorption of
pollutants on the TiO, surface. A and B represent negatively and
positively charged pollutants, respectively. Reproduced with
permission from ref. 149. Copyright © 2011, Royal Society of
Chemistry.
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Clearly, the surface chemistry of TiO, samples at the atomic level
plays a key role in tuning the photocatalytic and adsorption
selectivity. Another example shows that the hollow TiO,
microspheres (HTS) with different surface chemistry exhibit tunable
photocatalytic selectivity toward decomposition of azo dyes in
water.”!! The fluorinated HTS are favorable for the photocatalytic
decomposition of methyl orange (MO) in comparison to methylene
blue (MB). In contrast, the surface-modified HTS by either NaOH
washing or calcination at 600 °C can efficiently remove the surface-
bonded fluoride species and increase the amount of surface
hydroxyl groups, thus facilitate the selective degradation of MB over
MO. It is believed that the surface rehydroxylation could promote
the selective adsorption of MB molecules, thus leading to the
decomposition of selected azo dyes. Therefore, the proposed
methods for controlling hierarchical assembly, exposed facets, and
surface chemistry of TiO, materials might open new avenues for
designing the selective photocatalysts towards decomposition of
pollutants.
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Figure 34 Comparison of photocatalytic activity and selectivity of
the TiO, films prepared at 180 °C for 1 h (T1) towards degradation
of MO and MB before (T1-F) and after NaOH washing (T1-OH). The
photocatalytic activity and selectivity is defined by the apparent
rate constant (k) and the ratio (r) of k, respectively. Reproduced
with permission from ref. 149. Copyright © 2011, Royal Society of
Chemistry.
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5.1.2 Visible-light photocatalysts for photodegardation

The wide band gaps of some semiconductors including TiO, and
ZnS significantly limit the efficiency of visible-light absorption.
Therefore, great efforts have been undertaken to design and
explore the flower-like microspherical photocatalysts with improved
visible-light performance. Therefore, various elements have been
doped into the wide-band-gap TiO, microspheres to enhance their
visible-light activity.m'250 So far, a number of doped TiO, with
hierarchical structures and visible-light activity have been
developed. For example, Fe-doped TiO, porous microspheres have
been proven to exhibit excellent photodegradation activity toward
MB under visible Iight,251 Furthermore, a high percentage of (001)
facets in the Fe-doped TiO, nanosheeet-type building blocks can
promote the dissociation of the adsorbed MB molecules, thus
further enhancing their photoactivity for MB degradation.252 Apart
from doping of metal cations, doping of non-metal elements has
been shown to be one of the promising strategies to improve the
visible-light activity of hierarchical TiOZ.253 Fan and co-workers
studied the influence of (N, 1) co-doping effect on the photocatalytic
properties of biogenic TiO, materials with hierarchical architectures
under visible Iight.254 It was shown that nitrogen and iodine,
contained in plants, can act as self-doping agents in the synthesis of
the biogenic-TiO, to induce a red shift of the band gap absorption
edge, leading to a significant improvement in the photocatalytic
activity of this material toward degradation of MB under visible light
irradiation. Similarly, the N-F co-doping was used to efficiently
enhance the photocatalytic degradation of MO over mesoporous
TiO, nanobelts.”® In addition, N-, and C-doped ZnO hierarchical
photocatalysts have been found to exhibit better absorption of light
in both visible and ultraviolet regions due to their smaller band gaps
through generating vacant states above the Fermi level >
Especially, the C doping was successful in developing the potentially
promising ZnO-based hierarchical photocatalysts because it causes a
more efficient separation of photogenerated electron—hole pairs as
compared to the N and S doping.256 For instance, the hierarchical
flower-like Zns(CO3),(OH)g superstructures composed of porous
nanosheets can be engineered through a PEG-mediated organic—
inorganic interfacial cooperative self-assembly strategy.257 The
subsequent annealing in air can be used to efficiently transfer
Zn5(C0O3),(OH)g nanosheets into the resultant hierarchical flower-like
C-doped ZnO superstructures (ZnO flowers) assembled from porous
nanosheets (Figure 35A).257 The UV-vis absorption spectra of the
ZnO flower-like samples obtained at varying calcination
temperatures (Figure 35B) exhibit significantly enhanced absorption
in the UV and visible-light regions as compared to commercial ZnO.
The corresponding pore size distributions (Figure 35C) further
confirm the porous structure of ZnO flowers with both the larger
mesopores (20-50 nm) and macropores (up 200 nm). The
photocatalytic decomposition of the RhB dye in aqueous solutions
(Figure 35D) indicates that the ZnO flowers obtained at 500 °C
exhibited high activity due to the enhanced light absorption over a
wide range of wavelengths.257

This journal is © The Royal Society of Chemistry 20xx
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T T00 0002 0004 ~ 0006 008  gnd applied in the photodegradation of pollutants under visible-
pore diameter (nm) Rate constant (min™) . . .. . .
light irradiation. In future, more attention should be given to the
Figure 35 (A) SEM images of the as-prepared ZnO obtained by engineering/modification of these Bi-containing semiconductors to
calcination at 500 °C; (B) UV-vis absorption spectra of ZnO flower-  further enhance their photocatalytic properties.®**>* It is highly
like samples calcined at varying calcination temperatures : (a) 300, expected that the photoactivity of these hierarchical Bi-containing
(b) 400, (c)500, (d) 600, (e) 700 °C and (f) commercial ZnO; (C) the  photocatalysts can be also enhanced through engineering
corresponding pore size distribution curves for ZnO flowers calcined  hetrojunctions with 2D graphene and other semiconductors.?®® 3%
at varying calcination temperatures; (D), comparison of the 3%
apparent rate constants (k) for the ZnO flower-like samples calcined In addition, the enhanced activity has also been achieved for
at various temperatures under visible-light illumination. multifunctional composite microspheres with magnetic cores **3%
Reproduced with permission from ref. 257. Copyright © 2011, Royal  or heterojunctions.*" *** 3% | future, it is highly desirable that
Society of Chemistry. the hierarchically structured microspheres can be further optimized
to maximize the combined effects of the high surface area, superior
oxygen present in hierarchical photocatalysts can also efficiently scattering effect and charge separation performance. It should be
promote the visible-light absorption, charge separation and also noted from Table 2 that the relationships between the
photochemical redox reactions. 25261 hierarchical_nanostructures and main active species (such as *OH
Numerous highly efficient non-doped and hierarchical 3D radicals, O," and H,0) have been ignored in many reports, which

microspheres with visible-light activity have been fabricated deserve more attention in future studies.
through the self-assembly of nanosheets/nanoplates. For example,
the urchin-like CdS nanoflowers, made of CdS nanorods via a facile
solvothermal synthesis in a mixed amine/water phase, exhibit high

In addition, the increased density of the surface vacancies such as

Table 2. Hierarchical photocatalysts for photocatalytic degradation of pollutants.
Material hierarchical Synthesis method Growth Target Activity(kapp,lo_3 Ref.(year)
morphology mechanism pollutant min_l)

Photodegradation of gaseous pollutants
112

TiO, macro-mesoporous sol—gel reactions/ Surfactant Ethylene(g) 15 min/42% (2005)
structure calcination template
TiO, macro-mesoporous template-free sol-  self-assembly acetone(g) (6.13) 114(2007)
structure gel reactions
TiO, macro/mesoporous hydrothermal Acetone(g) (10.2) 236(2012)
structures treatment
TiO, worme-like macroporous  template-free packed aggregates HCHO(g) 60 min/ 90.6% 244(2015)
hydrothermal of particles
approach
BiOI/BiOCI flower-like room temperature  self-assembly of NO(g) 150 s/54.6% 336(2012)
template free nanoplates (200)
method
Aqueous-phase photodegradation of methyl orange (MO)
TiO, nanoporous hollow low-temperature In-situ template- MO (16.1) 176(2008)
microspheres template sacrificial
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17
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TiO,

TiO, /ZnO

Zn0-Sn0,

Znin,S,

Bi,S3

BiOBr

B-Ag, WO,

CdS

hierarchical
microspheres
hedgehogs and fan
blades

hollow spheres,
hierarchical nanosheets
marigold-like
microspheres
flower-like morphology

3-D microspherical
architectures
porous

hollow nanospheres
dendritic
nanoarchitectures
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method

one step
hydrothermal route
solvothermal
method
hydrothermal
method
hydrothermal
method

reflux method

solvothermal
synthesis
precipitation
reaction
template-free
hydrothermal route

Aqueous-phase photodegradation of methylene blue (MB)

F-TiO,

TiO,/graphene

SnO,

Sn0,/a-Fe,03

y-Fe,03/Zn0O

W03

Znln,S,

mesoporous hollow
microspheres
ordered macro-
mesoporous
frameworks
hierarchical
nanostructures
branched
nanoheterostructures
double-shelled hollow
structures

porous flower-like
structures

Porous
submicrospheres

hydrothermal
treatment
Sol-gel template
synthesis

hydrothermal
process
hydrothermal
strategy
Hydrothermal-
hydrolysis-
calcination
hydrothermal
treatment
template-free,
microwave-
solvothermal
approach

Aqueous-phase photodegradation of Rhodamine B (RhB)

TiO,

TiO,

Titanate/N-
doped anatase
Zn0

TiO,/AIOOH

WO;

WO;

hollow microspheres
with exposed (001)
facets

porous hollow
microspheres/ chains

flower-like hierarchical
spheres

hollow spheres
flower-like boehmite
superstructures

hollow shells

flower-like assemblies
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hydrothermal
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strategy
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treated precursors
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self-assembly of
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Self-assembly of
nanosheets
self-assembly of
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nanosheets
self-assembly of
nanoparticles
self-assembly of
nanoparticles

self-etching
mechanism by HF
confinement self-
assembly

self-assembly of
nanosheets
epitaxial growth of
SnO,nanorods
Growth of ZnO
flakes

self-assembly of
nanoplates
Self-assembly of
nanofibers

morphology
controlling by
NH,HF,
fluoride-mediated
self-
transformation
strategy
Self-assembly of
nanosheets
Carbon sphere
template

In-situ
transformation of
Al(OH)3
microspheres

self-assembly of
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RhB

RhB

RhB

Journal Name

50 min/100%
30 min/ 97%
(0.117)

30 min/100%
3h/100%
97%/97%(77.6)
5h/100%
330min/90%
80min/85%
(34.6)

6 h/92%

90 min/90% (71)

20 min/ 99%

4h/87%

50 min/95.2%

60min/80%

(7.5)

2h/80%
(50)

90 min/90%

60 min/100%

(1222)

60min/92%

150min/100%

5h/60% (175)

337 (2015)

338(2015)

33(2007)

266

(2009)

340(2013)
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hydrothermal
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hydrothermal
reaction

template-free
hydrothermal
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hydrothermal
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method
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reactions
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Aqueous-phase photodegradation of other organic and inorganic pollutants

F-doped TiO,
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6.2 Photocatalytic H, generation

It is generally accepted that hydrogen energy is one of the most
promising green fuels. As a better alternative for classical fuels,
hydrogen energy can become a promising next-generation energy
carrier if it is generated via a sustainable energy.z’ 23,360 Especially,
the photocatalytic hydrogen generation from water splitting using
solar energy and semiconductors has proven to be a promising
strategy for solving the global energy crises and environmental
pollution since the pioneering report in 1972 on the
photoelctrocatalytic H, evolution over TiOz.8 In recent years, various
types of heterogeneous photocatalysts have continuously emerged
due to their excellent photocatalytic activity and photostability.z’ >6
361, 362 Among reported heterogeneous photocatalysts, sulfide
semiconductors exhibit the highest photocatalytic H,-evolution
activity, especially under visible-light irradiation,? 2% 2% 26 198, 363-366
Thus, some typical hierarchical sulfide photocatalysts are listed in
Table 3 and will be discussed in this section.

Hierarchical single-component sulfides and their heterojunctions

Journal Name

have been widely applied in photocatalytic H, evolution. For
example, Domen et al. demonstrated that nanoporous CdS
nanosheets and hollow nanorods can be prepared at room
temperature via a two-step process involving the self-templating
synthesis of Cd(OH), intermediates followed by their subsequent s*
/OH ion-exchange conversion.” The resulting CdS photocatalysts
loaded with monodisperse 3-5 nm Pt nanocrystals featured an
apparent quantum yield of about 60.34% at 420 nm. Recently, Xie et
al. demonstrated that the CdS-mesoporous ZnS core-shell particles
exhibited a 56-fold enhancement in visible-light H,-evolution rate as
compared to the pure €ds.*®’ Hierarchical porous CdS nanosheet-
type flower-like structures were synthesized by a simple ion-
exchange strategy using analogous Cd(OH), structures and Na,S as
precursors (see Figures 36A). The resulting photocatalysts exhibited
a high H,—production activity (468.7 pmol h_l) with an apparent
quantum efficiency (QE) of 24.7% at 420 nm, 3 times higher than

Table 3. Hierarchical sulfide-based photocatalysts for photocatalytic H, generation

Material hierarchical Synthesis Growth Cocatalyst Sacrificial Ruz (uMh_1 Ref.(year)
morphology method mechanism agent g")/ Qe
(%,420 nm)
Single-compound photocatalysts
CdS nanoporous precipitation Cd(OH), 10wt% Pt  0.25MNa,SO;  4100/60.34 22(2007)
nanosheet and anion- intermediates and 0.35M
exchange Na,S
method
CdS flower-like hydrothermal self-assembly 0.5 wt% Pt 10 vol% lactic  9374/24.7 198(2013)
microspheres and anion- of acid
exchange nanosheets
method
CdS nanoporous precipitation Cd(OH), 10wt% Pt  0.25MNa,SO;  4100/60.34 22(2007)
nanosheet and anion- intermediates and 0.35M
exchange Na,S
method
Cu(2 atom %)-Doped  hollow particles anion-exchange chemical 0.1 M Na,SO; 6500/ 368(2008)
ZnS method etching and 0.1 M Na,S
Solid solution photocatalysts
Znin,S, flower-like template-free aggregation 1.0wt% Pt 0.25M Na,SO;  8420/34.3 265(2011)
microspheres hydrothermal of flakes and 0.35 M
method Na,S
Znin,S, marigold flower- hydrothermal Self-assembly H,S-saturated 10574/ 369(2011)
like morphology method of nanoplates NaOH(0.25 M)
Znin,S, porous polyol- self-assembly  3.0wt% Pt  0.25M Na,SO; 1150/ 264(2013)
submicrospheres  mediated hot- of and 0.35 M
injection nanosheets Na,S
Znin,S, microspheres microwave self-assembly 0.2wt% Pt  10v% 1032.2/2.2 269(2014)
hydrothermal of +0.5 wt% triethanolamin
method nanosheets carbonQDs e
€d,Zny,S Volvox-like template-free 0.25 M Na,S0;  1766.4/ 370(2014)
nanospheres and 0.35 M
Na,S
Zno.gCdo,S micro-flowers solvothermal self-assembly 1 wt.% Pt 0.1 M Na,SO3 5000/ 371(2013)

20 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Chemical Society Reviews

Journal Name ARTICLE
and microspheres of nonorods and 0.1 M Na,S
Composite photocatalysts
CuS(5.9%)-Zn,Cd,,S  nanospheres heating in 1 wt% Pt 0.1 MNa,SO;  2464/19.1  **(2009)
ethylene glycol and 0.1 M Na,S
Zn,Cd,_S/bacterial bionanocomposit  Solvothermal/ seeded 0.05 M Na,SO;  1450/12 373(2015)
cellulose e foams ion exchange growth and 0.05 M
Na,S
carbon core-shell solvothermal in-situ growth 15 wt% 0.25 M Na,SO;  3166/25.35 374(2014)
nanofiber@Zznin,S, nanoarchitecture  process of ZniIn,S, carbon and 0.35M
s nanosheets Nanofiber Na,S
In,S3/ZnIn,S, microflower ion-exchange self-assembly 1 wt% 0.25 M K,S03 678/1.4 375(2013)
morphology route of nanoplates Pt and 0.35 M
Na,S
ZnIn,S,/MoS, flower-like solvothermal self-assembly 15 wt% 0.25 M Na,S0; 975/ 376(2014)
microspheres process of MoS, and 0.35M
nanosheets Na,S
CdS/ZnS/1n,S, microspheres Template-free self-assembly 1.4 M Na,S0; 8100 333(2012)
Sonochemistry of and 0.1 M Na,S  40.9
synthesis nanoparticles
CdS@znO core-shell hydrothermal self-assembly 0.25 M Na,SO; 10080 122(2012)
nanourchins of CdS and 0.35M 15
nanowires Na,S
CdS/g-CsN,(2 wt %) core/shell solvothermal 0.6 wt%Pt  0.25M Na,SO; 4152 377(2013)
nanowires and and 0.35M 43
chemisorption Na,S
method

that of pure CdS nanoparticles (Figure 368).198 This study indicates
that the hierarchical self-assembled porous nanosheets facilitate
the separation of photo-generated electron-hole pairs, enhance
light-absorption and adsorption on active sites. Interestingly, the
multi-armed CdS nanorods were fabricated via a solvothermal
method using dodecylamine as solvent (Figure 37a).?’78 The CdS
nanorods with 0.23 wt% Pt co-catalyst exhibited a high H,-
production rate of 1.21 mmolh™ with a H,-production quantum
efficiency (QE) of 51% at 420 nm (Figure 37b).?’78 The high surface
area, large pore volume and good crystallization are thought to be
the key factors justifying this great performance. In addition, the
CdS-based heterostructured photocatalysts
structures (such as CdS quantum dots-TiO, /titanate nanosheets,37
380 CdS/graphene nanosheet-type compositesagl'383 and CdS
decorated 1D ZnO nanorods-2D graphene hybridsm) also exhibited
greatly enhanced visible-light H,-evolution activity due to promoted

with hierarchical
9,

charge separation and increased surface of active sites. Especially,

the hierarchical sulfide-based photocatalysts based on multiple
hybrids deserve more attention.

3.0
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Figure 36 (A) high- magnification SEM images of porous CdS
nanosheet-type flower-like assemblies; (B) photocatalytic
production of H, from aqueous lactic acid solutions over (a) the
porous CdS nanosheet-type assemblies and (b) CdS nanoparticles
under visible-light irradiation. Reproduced with permission from ref.
198. Copyright © 2013, Elsevier Inc.
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Figure 37 (a) TEM images of the multi-armed rods (sample R140);
(b) Effect of the Pt loading content on the H,-production rate of
the R140 sample in aqueous lactic acid solution. Reproduced with
permission from ref. 378. Copyright © 2012, Royal Society of
Chemistry.

Also, the hierarchical solid-solution semiconductors have been
proven to be highly active H,-evolution photocatalysts. For example,
Zhang et al. demonstrated that the nanoporous single-crystal-like
Cd,Zn4,S nanosheets with hierarchical structures and adjustable
composition can be obtained through a facile cation-exchange
strategy of hybrid ZnS—diethylenetriamine nanosheets.®® The
results showed that the H,-evolution rate of porous ZngsCdysS
nanosheets was about 2.5 times higher than that of ZnysCdgsS
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nanorods due to stronger absorption ability of photons, larger
active surface area and faster charge transfer and separation. In
another example, it was found that the Cu-doped ZnS hollow nano-
solid-solution exhibited very high H,-evolution rate under xenon
lamp irradiation, which was 6 and 130 times higher than that of
pure “ZnS-shell” and co-precipitated ZnS particles, respectively.?’68
Importantly, the Cu doping generated high visible-light H,-evolution
activity. Similarly, CuS/ZnS porous nanosheet-type photocatalysts
were fabricated by a simple hydrothermal and cation exchange
reaction between preformed ZnS(en)ys nanosheets and Cu(NOs),
(Figures 38A and 38B).385 The results showed that the as-prepared
CuS (2 mol %)/ZnS porous nanosheets exhibited a high H,-
production rate of 4147 moIh'lg'1 (Figures 37C), with a H,-
production quantum efficiency of 20% at 420 nm.*®
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Figure 38 (A,B) CuS/ZnS porous nanosheet-type photocatalysts
fabricated by a hydrothermal and cation exchange method using
pre-prepared ZnS(en), s nanosheets and Cu(NOs), as precursors. (C)
Comparison of visible-light photocatalytic H,-production rate
obtained on a CuS/ZnS porous composite nanosheets and ZnS
samples using Na,S and Na,SO; as sacrificial solution. The nominal
molar ratios of Cu/Zn were 0, 0.5, 1, 2, 3 and 5 mol %, and the
obtained samples were labeled as CZ0 (ZnS), CZ0.5, CZ1, CZ2, CZ3
and CZ5, respectively. (D) Visible-light induced interfacial charge
transfer (IFCT) mechanism from the valence band of ZnS to the CuS
clusters in the CuS/ZnS system for photocatalytic H,-production.
Reproduced with permission from ref. 385. Copyright © 2011,
American Chemical Society.

The enhanced visible-light H,-evolution activity is closely
associated with the synergistic effect of the photoinduced interfacial
charge transfer (IFCT) from the valence band of ZnS to CuS, which in
addition to the low-cost CuS/Cu,S cocatalysts is an advantage of
these materials (Figures 37D). Furthermore, the Bi-doped ZnS
hollow spheres showed greatly enhanced UV and visible-light
photocatalytic H,-production activity.?’86 It seems that the promoted
separation and suppressed recombination rate of photo-generated
electron-hole pairs are responsible for a significant enhancement in
the photoactivity due to the Bi doping. In addition, various kinds of
hierarchical ZniIn,S, microsphere5264’ %3, 269, 369, 387389 g
heterojunctionsm'?’m‘ 390392 \yere shown to have an improved light-
absorption and charge-separation abilities, thus receiving a wide
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attention in photocatalytic H, evolution. For example, Li et al.
demonstrated that the carbon quantum dots (CQDs) and Pt co-
decorated ZnlIn,S, microspheres (ZIS MSs) can be fabricated through
a facile microwave hydrothermal method followed by chemical
reduction deposition (Figure 393).269 The resulting composite
photocatalysts exhibited a high photocatalytic H, production rate of
1032.2 mmoIh'lg'1 with an apparent quantum efficiency of 2.2%
(420 nm) in triethanolamine aqueous solution under visible-light
irradiation (Figure 39b). It is believed that the significantly improved
H,-evolution activity can be attributed to the synergistic effect of
high crystallinity, enhanced light harvesting, high electrical
conductivity of CQDs, and the vectorial electron transfer. Future
efforts should be focused on the further enhancement of the
photocatalytic H,-evolution activity of these promising sulfide solid
solutions with hierarchical structures through different engineering
strategies to narrow their large band gaps by doping, to promote
the charge separation by forming heterojunctions and to accelerate
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2
£ 800
2
£ 600
e
S 4004
k>
_g 200+
=]
s
o IS C-ZIS  PtY/ZIS Pt/C-ZIS
= Samples

Figure 39 (a) Possible positions of carbon quantum dots (CQDs) and
platinum nanoparticles (NPs) deposited on the surface of ZnIn,S,
microspheres (ZIS MSs), (b) Comparison of the photocatalytic H,
production activities of the ZIS, CZIS, Pt/ZIS, and Pt/C-ZIS samples in
aqueous triethanolamine under visible-light irradiation. Reproduced
with permission from ref. 269. Copyright © 2014, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim..

In addition, the formation of nanostructures composed of
nanorod trunks and nanosheet branches has been also extensively
achieved 47 130, 159, 374, 393, 394 £ example, hierarchical brush-like
composites of reduced graphene oxide (RGO)-TiO, nanowire arrays
were fabricated via an in-situ controlled growth process and
subsequent calcination.”” It was suggested that the enhanced
photocatalytic hydrogen evolution performance originated from the
combined effect of the increased surface active sites, improved
charge separation and enhanced light utilization efficiency. Recently,
hierarchical “forest-like” TiO, nanofiber/ZnO nanorod/CuO
nanoparticles photocatalyst was synthesized by a facile three-step
method: electrospinning, hydrothermal and photodeposition
(Figure 11).159 The enhanced light harvesting, increased specific
surface area and suppressed recombination of electrons and holes
are responsible for much higher photocatalytic hydrogen
generation rate. All these kinds of branched 1D or 2D nanojunctions
deserve more attention in future studies. In particular, it is
expected that more tree-like hierarchical nanostructures will be
developed using methods with or without templates.

6.3 Photocatalytic CO, reduction
The depletion of fossil fuels and the increase of atmospheric CO,
level accompanying their combustion have increased interest in the

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 23 of 34

capture and utilization of the most abundant greenhouse gas CO,.
Among various technologies, the photoconversion of CO, into useful
solar fuels is thought to be one of the best solutions because it
could not only reduce the atmospheric concentration of CO, and
global warming, but also partly address energy demands and crisis.”
395,39 Therefore, since the first demonstration of photocatalytic CO,
reduction by Inoue and co-workers in 1979,397 many rapid and
significant advancements have been made during last two decades
on the development of efficient and feasible photocatalysts for
conversion of anthropogenic CO, into chemical or solar fuels b1e
395, 396, 398402 Generally, the CO, photocatalytic conversion efficiency
is determined by the multiple factors including charge
transfer/separation efficiency, photostability, CO, adsorption and
visible-light harvesting capacity, surface reaction kinetics and
suppressed undesirable reaction.” 4041 Fortunately, the
photocatalysts with hierarchical nano/micro architectures usually
display large surface area, high CO, adsorption capacity, mass
transport discrepancy, and fast charge transfer and separation,
allowing to achieve superior photocatalytic performance of CO,

Chemical Society Reviews

273,412-415

Herein, we will highlight several typical hierarchical structures
widely applied in the photocatalytic reduction of CO,, including the
3D hierarchical microspheres, hetero-structured nanocomposites,
yolk/shell and hollow structures (see Table 4). Firstly, 3D hierarchical
semiconductor microspheres such as CdInZS4,273 BiZS3,416 BizWOG,ZOO
TiOz,413 and znTe*'” were shown to have superior activity and
selectivity toward photodriven CO, reduction due to their advanced
spherical and macro/mesoporous structures. For example, a series
of alkaline tantalates MTaO; (M = Li, Na, K) with hierarchical
porosity were synthesized using activated carbonized tree trunks as
templates.418 It is believed that the existence of macroporous
network in the tree trunk derived alkaline tantalates results in the
enhanced CO, photoreduction performance, which can significantly
improve light harvesting and accelerate gas diffusion. Secondly, the
hierarchical hetero-structured photocatalysts4°3‘ 408, 413422 9nd
nanocarbon-supported semiconductors (such as graphene/CdS
nanorods,*® graphene/C3N4,412 graphitic carbon/TiOz,414‘ 423'426)
have been also employed to improve CO, adsorption and promote

200

conversion to energy-bearing carbon fuels. Consequently, an the charge transfer and separation, thus resulting in the
increasing attention has been given to the development of various enhancement of activity toward CO, photoconversion.
hierarchical photocatalysts for photocatalytic reduction of CO,. 200,
Table 4. Hierarchical photocatalysts for photocatalytic CO, reduction
Material hierarchical Synthesis Growth Cocat  Light source Mass Selected Ref.(year)
morphology method mechanism alyst [g]/systems/Volu  products
me [mL] (activity)
[uMh ™ g™]
Gas-solid systems for CO, photoreduction
Titanate Yolk@Shell hydrotherm  organic amine 300W Xe 0.1/ CO, and CH;0H (2.1) 427(2015)
Nanosheet  Microspheres al mediated lamp, = 400 H,0 vapor /200
S treatment anhydrous nm mL
alcoholysis
2D Tig90,-  hollow microwave layer-by-layer 300 W xenon 0.01/ CO, and CO(8.91), 424(2012)
Graphene spheres irradiation assembly lamp H,0 vapor /230 CH,4(1.14)
technique mL
TiO,- 2D Sandwich-  hydrotherm  In-situ loading 300 W xenon 0.1/ CO, and CH,(8), 425(2013)
Graphene Like Hybrid al approach  of TiO, lamp H,0 vapor /230 C,H¢(16.8)
Nanosheets nanoparticles mL
TiO,- worm-like nanocasting 300 W xenon 0.1/ CO, and C0O(10.06), 428(2013)
Graphene mesoporous route lamp H,0 vapor /1500 CH,(1.54)
architecture mL
Graphene- sandwich-like  impregnatio 15 W daylight CO, and CH,4(0.587) 412(2015)
g-C3N, nanostructur  n-thermal bulb H,0 vapor
es reduction
strategy
SrTiOs leaf’s 3D sol-gel Leaves 1wt% 300W Xe 0.05/ CO, and €0(0.35), 2%(2013)
architecture method/ template Au lamp, 2420 H,0 vapor CH,4(0.23)
calcination growth nm
Tio, microspheres 40 W Hglamp 0.2/ CO, and CO(2.32),CH (0  ***(2014)
with H,0 vapor /230 .94), H,(2.03)
hierarchical mL
nanostructur
e
NaTaO; hierarchical tree trunks as 1wt% 200 W Hg—Xe 0.05/C0, and CO (0.173), 418(2015)
porous templates Au lamp H,0 vapor / 390 CH, (0.036)

This journal is © The Royal Society of Chemistry 20xx
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anatomy
Zn,,GeN;g sheaf-like, 1wt%
(e} hyperbranch Pt
ed and
1 wt%
RuO ,

Suspension systems for CO, photoreduction

Zn0/ZnTe hierarchical hydrotherm
superstructur  al approach
es
Bi,WOg hollow anion Microscale
microspheres  exchange Kirkendall
approach effect
Bi,S3 urchin-like template- self-assembly
microspheres  free of nanorods
solvotherm
al method
ZnTe Hollow and hydrotherm  nucleation
mesoporous al approach  process/Ostw
microspheres ald ripening

cal Society Reviews

Journal Name

mL
300 W Xe 0.05/C0, and CH, (0.009) 43(2012)
lamp, > 420 H,0 vapor / 390
nm mL
300-W xenon  0.01/ CO, CH,(44.56) “312015)
lamp,2420nm  saturated water

solution/ 80 mL
300W Xearc 0.2/ CO, CH;OH (16.3)  2®(2012)
lamp, 2420 saturated water
nm solution/ 100 mL
250 W 0.1/ HCHO(175) 415(2013)
Hg lamp CO,saturated

methanol

solution/ 10 mL
300-W xenon  0.01/ CO, CH, (1.05) “7(2015)

saturated water
solution/ 80 mL

lamp,>420 nm

Thirdly, the hollow?®® %4432 3nqg yolk/shell structures*”’ have been

fabricated and applied in the photocatalytic reduction of CO,. For
example, In et al. reported that the CH, production rate over
hetero-structured CuO-TiO,,N, hollow nanocubes was 2.5 times
higher than that of Degussa P25 TiO, under the same experimental
conditions, due to the increased absorbance below 500 nm and the
formation of p-n junctions.432 Recently, it was reported that the
hierarchical ~amine-functionalized titanate nanosheets-based
yolk@shell microspheres were synthesized via one-pot organic
amine mediated anhydrous alcoholysis of titanium(IV) butoxide
(Figures 40a-c). The resulting hierarchical amine-functionalized
titanate nanosheets-based yolk@shell microspheres displayed
highly selective photoreduction of CO, to dominant CH;OH under
visible-light irradiation (Figure 4Od).427 The enhanced activity can be
attributed to the strong visible light absorption, high CO, adsorption
capacity and excellent As a
consequence, this study would provide some new ideas for
constructing highly efficient and cost-effective CO, reduction
photocatalysts by coupling the adsorptive groups into the
semiconductors with multilevel interior structures. The synergistic
optimization and integration of light-harvesting centers, charge
transportation channels, adsorption centers and the catalytic active
centers in one material play a crucialrole in achieving highly
functional and efficient photocatalysts for CO, reduction.*?’
Recently, Yuan et al. synthesized the core—shell TiO,@insulating
Si0, composites via a simple sol-gel method and applied them in
photoreduction of CO, with water vapor under simulated solar light
irradiation.*®® The resulting hierarchical TiO,@SiO, composites
exhibited significantly improved photoactivity and selectivity for CO
formation due to the enhanced adsorption capacity of CO, and
better separation of photogenerated charge carriers. Importantly,
the SiO, shell layer can also greatly inhibit the competitive H,
formation on the TiO, surface. It is anticipated that the activity and
selectivity of semiconductors for photoreduction of CO, to solar

light-harvesting performance.

24 | J. Name., 2012, 00, 1-3

fuels could be finely tuned through fabricating the hierarchical silica
coating layer. In addition, as can be seen from Table 4 the loading of
suitable co-catalyst into hierarchical semiconductors seems to be
very promising to further boost the photocatalytic activity and
selectivity through improving the reaction pathways and kinetics.
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NGy NIy ™N2gy ™200.5N200 iN200.50, 1200 P25
Samples

Figure 40 FESEM (a, b) and TEM (c) of the typical sample TN200
(200 °C, alcohothermal method); (d), comparison of CH;OH
generation rate for various samples. Reproduced with permission
from ref. 427. Copyright © 2015, American Chemical Society.

Recently, we reported a highly efficient direct Z-scheme CdS-WO;
photocatalyst by depositing CdS nanoparticles on the surface of
hierarchical WO; hollow spheres used for photocatalytic CO,
reduction under visible light (A > 420 nm) irradiation.”* (see Figure
41) The prepared direct Z-scheme heterostructured CdS-WO;

This journal is © The Royal Society of Chemistry 20xx
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samples showed higher photocatalytic selectivity to CH, formation
(see Figure 42a) and photocatalytic CO, reduction activity than
single-phase CdS or WOj; photocatalysts. The optimized 5 mol% CdS-
hierarchical WO; heterostructured sample showed the highest CH,
production rate of 1.02 @mol h™ g_l(see Figure 42b), exceeding the
rates of WO;3; and CdS samples for about 100 and 10 times,
respectively. The enhanced photocatalytic activity can be attributed
to the Z-scheme mechanism of photocatalytic CO, reduction, which
can be supported by hydroxyl radical experiments and photocurrent
response analysis results. As a consequence, the as-prepared CdS-
WO; hierarchical Z-scheme photocatalysts exhibit significantly
enhanced activity for selective reduction of CO, to CH,, due to the
improved space separation of photogenerated electrons and holes.
In future, more extensive efforts are needed to focus on the
promising application of hierarchical Z-scheme heterostructured
photocatalysts in selective photocatalytic reduction of CO,. This
study also highlights that the photocatalytic enhancement
mechanism for CO, reduction over hierarchical photocatalysts
deserves more attention.

Figure 41 SEM (a) and high-magnification SEM mages (b) of
hierarchical WO; hollow spheres: EDS elemental mapping of W (c),
O (d), Cd (e), and S (f) of the 5 mol% CdS-WO; sample. Reproduced
with permission from ref. 434. Copyright © 2015, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Figure 42 (a) GC spectra of CO, reduction on the 5 mol%CdS-WO;
sample at different irradiation time, (b) Comparison of the
photocatalytic CH, production rate of C, (x=0, 1, 2, 5, 10, 20, and
100, the nominal molar ratios of CdS to (WO3+CdS)), and CdS-WO;
nanoparticle composite (N5) samples under visible light irradiation.
Reproduced with permission from ref. 434. Copyright © 2015,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

7. Conclusions and perspectives

Although hierarchical nanostructures have been widely
investigated in different fields of photocatalysis owing to their
unique properties such as increased light harvesting, charge
separation, mass transport and adsorption capacity, many
stil remain in fabricating these hierarchical
photocatalysts through simple and facile synthesis strategies and in
better  understanding  their

mechanisms. First, this review presents a systematic discussion of

challenges

photocatalytic ~ enhancement
the thermodynamics and kinetics of heterogeneous photocatalysis,
then thoroughly summarizes the design, controllable synthesis,
growth mechanism and various applications of hierarchical
photocatalytic nanostructures. In each section, some important
achievements and typical examples coming from our group and
other research teams are included and discussed.

Among types of hierarchical nanostructured
photocatalysts, the hierarchical nanostructures based on multi-
dimensional hybridization of building blocks are very interesting,

various

and deserve more attention in future. Especially, some novel
hierarchical structures constructed through 2D nanosheets with
exposed facets seem to be more suitable for the enhancement
photocatalytic performance due to the ultrathin 2D structures and
exposed high-energy facets.™* ™ In addition, the specially designed
porous mesocrystals and photonic crystal structures also hold a
great potential in photocatalysis because they have been shown to
exhibit high photocatalytic activity. In future, the development of
mesocrystals and photonic crystal structures through simple and
facile methods may open an exciting avenue to accelerate their
applications in heterogeneous photocatalysis.

Although a variety of synthesis methods has been developed, it is
still challenging to perform a large-scale, high-yield synthesis of
hierarchical semiconductors through the biotemplating and
template-free self-assembly strategies. The hierarchical structures in
nature are earth-abundant, cost-effective, efficient and robust, and
nature provide numerous excellent bio-templates for rational
designing nature-inspired hierarchical photocatalytic nanomaterials.
In future, the template-free synthesis of these high-activity
photocatalysts with hierarchical porous structures and high surface
areas would be desirable. Furthermore, the insufficient number of
biotemplates and inadequate understanding the template-free self-
assembly render the rational design of hierarchical semiconductors
in desired ways and the further optimization of photocatalytic
performance, which should be solved urgentlyin future. In this
regard, more attention should be paid to the better understanding
of the fundamental principles and theories of the assembly, growth,
and processing of nanostructured building blocks, which is
beneficial for rational controlling and designing the hierarchical
photocatalysts with the multifunctional coupling. Also, there are
limited reports on the functional modification of hierarchical
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nanostructures. Thus, different modification strategies such as
doping, forming hetero-junctions and the loading of suitable co-
catalyst should be widely investigated. Especially, it is expected that
the spatially separated dual co-catalysts,2 earth-abundant metal-
based (such as Nis*®* and MoSzz) and metal-free co-catalysts (such
as graphene436 and carbon quantum dots35) could be loaded to the
hierarchical photocatalysts to further enhance their photocatalytic
performance.

It has been demonstrated that the hierarchically porous materials
still hold great promise in different photocatalytic applications and
may offer some exciting opportunities to construct highly efficient
and stable photocatalysts. In future, it is expected that more and
more non-TiO, hierarchically structured visible-light photocatalysts
will be exploited and applied in various photocatalytic processes.
This article shows only some typical examples of their applications
in different areas of photocatalysis. There are very few reports on
the applications of hierarchically structured semiconductors in CO,
photoreduction and photocatalytic organic synthesis. Therefore, it is
highly expected that the inexpensive hierarchically structured
semiconductors with high activity will be explored and applied in
photocatalytic CO, reduction and organic synthesis”s’ BL47 More
importantly, the fundamentals of hierarchical photocatalysts, such
as the effects of hierarchical nanostructures on the formation of
active species (such as *OH radicals, O, and H,0,) and selectivity of
CO, photoreduction, should be deeply investigated, which will
further promote the rational design and wide applications of these
multifunctional materials.

Furthermore, these hierarchically micro-meso-macrostructured
photocatalysts also have great potential applications in thermal
catalysis,m’ 23 adsorption separation,m‘ 134, 438441 g actrochemical
supercapacitors,442 electrocatalysts,443‘ ceIIs,445
purification processes. Especially, these hierarchical photocatalysts
could also be used to fabricate functional inorganic membranes,445
and be employed as a templating materials to explore new
advanced materials.

In addition, the rational design and photocatalytic applications of
more environmentally friendly and “green” hierarchical
semiconductors are still highly expected. More efforts should be
undertaken toward detailed study of hierarchical structure/function
relationships and the mechanism of photocatalytic processes based
on photo-generated charge transfer and separation kinetics. We
hope that the present review will stimulate scientific interest in the
controllable  synthesis and modification of hierarchical
nanostructures, as well as in their advanced environmental and
energy-related applications.
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