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Self-assembly has emerged as a powerful strategy for controlling the structure and physicochemical properties of ensembles of
inorganic nanocrystals. Hierarchical structures from nanocrystal assembly show collective properties that differ from individual
nanocrystals and bulk samples. Incorporation of structural hierarchy into nanostructures is of great importance as a result of
enhancing mass transportation, reducing resistance to diffusion, and high surface areas for adsorption and reaction, and thus
much effort has been devoted to the exploration of various novel organizing schemes through which inorganic porous structure
with architectural design can be created. In this paper, the recent research progress in this field is reviewed. The general strategies
for the synthesis of hierarchical structures assembled from nanobuilding blocks are elaborated. The well-defined hierarchical
structures provide new opportunities for optimizing, tuning, and/or enhancing the properties and performance of these materials
and have found applications in photoenergy utilization including photodegradation, photocatalytic H

2
production, photocatalytic

CO
2
conversion, and sensitized solar cells, and these are discussed illustratively.

1. Introduction

With the rapid development of modern society, energy and
environmental issues have received tremendous attention.
Traditional fossil fuels, such as coal, petroleum, and natural
gas, are exceedingly depleted, which is usually accompa-
nied by the emission of harmful chemicals. In response to
the energy crisis and environmental contaminations, clean
energy and sustainable development are the basic principles.
Photoenergy, especially solar energy, is regarded as unlim-
ited and environmental-friendly resource. Notably, where
the core ideology lies is the invention and development
of advanced functional materials, which is essential for
alternative and renewable sources, and reducing the harmful
substances [1–3].

Nanomaterials are a kind of advanced materials that
exhibit remarkable physicochemical properties. They are

promising in various areas, ranging from adsorption, separa-
tion, catalysis, sensing, to the burgeoning biotechnology [4–
6]. Just as nanocrystalline particles display properties that are
distinct from the bulk samples, the ensembles of nanocrystals
should possess collective properties that are different from
the individual nanocrystals and bulk materials [7]. Thus
recent interest has turned to the ensembles of inorganic
nanocrystals and the resultant potential in functional devices
[8, 9]. It is noteworthy that many of these peculiarities and
possible applications are mainly dependent on our ability
to adjust the self-assembly process and interactions among
the electronic, magnetic, and optical properties of the single
nanocrystalline building unit. Self-assembly, as a fascinat-
ing method for promoting the disordered morphologies of
materials into ordered ones, has attracted much interest
[10]. Plentiful types of porous materials have been fabricated
by self-assembly strategy, such as nanoporous Mn

3
O
4
[11],
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butterfly-like CaTiO
3
dendrite [12], and porousmicrocapsule

[13], which usually involve noncovalent or weak covalent
interactions and thus simplify the synthesis technology. Self-
assembly has emerged as a powerful, efficient, and facile
technique for controlling the porosity and morphologies of
the nanocrystalline ensembles [14, 15], resulting in extended
performances from adsorption/separation to shape-selective
catalysis and biology.

Natural materials demonstrate admirable and intriguing
hierarchical structures on the basis of comparatively simple
components such as brittle minerals with large variety of
functions. Nanomaterials with hierarchical architectures at
different length scale have been heavily involved in the newly
developed photoenergy conversion and storage systems.This
is due to that hierarchical porosity and structures present
obvious superiorities over other conventional materials in
terms of increased mass transport through the pore channels
of the materials andmaintenance of a specific surface area on
the level of fine pore systems, leading to the enhancement of
diffusion efficiency and accessibility to the interior interfaces
by guest species [16–18]. By incorporation of macroporosity
in materials, the improved efficiency of light harvesting
can be realized via multiple scattering [19], showing the
significance of macrochannels in light relevant systems such
as photocatalysis and photovoltaics.

Motivated by the controllable synthesis of nanomaterials,
recent efforts have tended to the assembly of nanocrystals into
hierarchical architectures. Plentiful 1D, 2D, and 3D secondary
assemblies (even super crystals of binary nanocrystal super-
lattice) have been reported to date [20–24]. Well-ordered
assembly composed of tailored nanoscaled building blocks
provides new opportunities to enhance the resulting perfor-
mance. In this review article, we highlight recent advances in
self-assembly strategies for constructing hierarchically struc-
turedmaterials.Their involvement in photoenergy utilization
including photodegradation, photocatalytic H

2
production,

photocatalytic CO
2
conversion, and sensitized solar cells are

elaborated. The intimate linkage between the hierarchically
structured materials and the resultant performances in pho-
toenergy storage and conversion can promote the rational
design of novel structures with advanced properties.

2. Strategies for Self-Assembly of Nanocrystals

2.1. Self-Assembly in the Absence of Templates or External
Fields. Self-assembly of nanocrystals without the assistance
of templates or external fields is schematically illustrated in
Figure 1. Typically, the assembly is governed by the balance
of attractive forces (e.g., covalent or hydrogen bonding,
electrostatic attraction among the oppositely charged units,
depletion forces, or dipole-dipole interactions) and repulsive
forces (e.g., steric forces and electrostatic repulsion between
ligands of same charge) [25]. Self-organization of nanocrys-
tals generates a variety of structures, including chains [26, 27],
sheets [28, 29], vesicles [30], three-dimensional (3D) crystals
[31, 32], and even complicated 3D architectures [33]. The
template-free route usually initiates assembly from the weak
interaction between the precursor molecules or particles.

Figure 1: Schematic illustration of the organization of nanocrystals
into chains, 2D sheets and 3D structures.

Their loosely packing or oriented attachment allows porous
morphologies rather than dense materials to be obtained.
Various conditions such as precursors, temperature, and
solvents can be judiciously adjusted to conduct the self-
assembly process. Based on the synthesis systems, different
mechanisms and routes have been successfully employed to
obtain hierarchical structures.

Oriented aggregation (OA) is a special case of self-
organization that provides an important route to produce
hierarchical nanostructured materials. This growth mecha-
nism involves the irreversible and crystallographically spe-
cific self-assembly of primary nanocrystals [34, 35]. This
process is usually driven by the reduction of the surface
energy of the whole system [36]. Direct attachment is the
most common way. Recent examples include the formation
of 1D nanorods from their respective 0D nanocrystallites
such as ZnO [37] and Cu

2
O [38]. Site-specific interactions

of chemically heterogeneous Au nanorods would result in
end-by-end or side-by-side ensembles, which were driven by
triggering attraction between the distinct ligands attached to
the long and short facets of the nanorods [39]. Furthermore,
two- and three-dimensional OA could be extended to some
new architecture. Mesoporous hexagonal nanoplates of man-
ganese oxides were prepared hydrothermally from metal Mn
foils/powders and manganese acetate precursors under basic
conditions [40]. The oriented aggregation-based assembly
of the nanoparticles of mixed MnOOH/Mn

3
O
4
phases gave

rise to hexagonal nanoplates with irregularmesopores, which
transformed into mesoporous single-crystalline Mn

5
O
8
and

𝛼-Mn
2
O
3
plates after calcination at 400 and 700∘C, respec-

tively. With the increase of calcination temperature, the inte-
rior mesopores in each plate were enlarged by the growth and
rearrangement of nanocrystals, and the dynamic adjustment
of mesopores occurred during the phase transformation and
the fusion of nanocrystals, resulting in mesopores regular-
shaped (polyhedral or even well-defined rectangular). Thus,
porous structures could be generated from the noncompact
aggregation of these building blocks. That is to say, some
surfaces of these building units are not in close contact with
others. If the solvent system is properly selected with suitable
viscosity and potential barrier, the control of the dynamic
process of nanocrystal building blocks in assembly process
is feasible. Interestingly, the moving speed, frequency, and
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direction of ligand-free ZnO nanocrystal building blocks
were controllable by designing a methanol/diethyl carbon-
ate/chloroform (MDC) system with suitable viscosity and
potential barrier [41]. The synthesized ZnO nanocrystals
could dissolve in methanol and chloroform but not in diethyl
carbonate. Thus, the synthesized ZnO nanocrystals could
move freely in methanol/chloroform if diethyl carbonate
was not added. However, a potential barrier arised in the
solvent system after the addition of diethyl carbonate, which
affected evidently the collision process of ZnO nanocrystals,
wherein the coalescence between nanocrystals might take
place [42]. Therefore, with aging time extended, the nuclei
grew gradually by the OA of ZnO nanocrystals both along
and perpendicular to the 𝑐 axis due to the impact of the
viscosity and potential barrier [41], leading to the final meso-
porous ellipsoids formedwith almost perfect crystallographic
orientations and high specific surface area of 136m2/g.

Nanomaterials with the similar composition but distinct
morphologies present substantially different physical, chem-
ical, and mechanical properties. Some typical examples are
nanoparticles, nanowires, nanorods, hollow materials, nan-
otubes, and many other unique structures. Among the var-
ious unique structures, hollow nanomaterials have received
much research interest due to their special properties includ-
ing large fractional void space, large specific surface area, low
density, and tunable refractive index. SnO

2
polyhedra with

3Dhollow structureswere synthesized through theOAmech-
anism [43], while the as-synthesized SnO

2
nanocrystallites in

a narrow size range of 3–5 nm could assemble into triangular
sheets. With additional two-dimensional crystallite aggre-
gation on the edges, these triangular aggregates could self-
turn into three-dimensional hollow octahedra sequentially.
The presence of ethylenediamine, in combinationwith water-
alcohol cosolvent, was crucial to the stabilization of SnO

2

sheets while maintaining their small crystallite size in this
template-free approach.

Besides OA mechanism, the well-known physical phe-
nomenon Ostwald ripening and Kirkendall effect have been
widely employed in template-free fabrication of porous
nanostructures [44–47]. Based on the combination of Kirk-
endall effect and Ostwald ripening, mesoporous SrTiO

3

nanowires could be synthesized by a template-free hydrother-
mal process [48]. The Kirkendall effect was the first experi-
mental proof that atomic diffusion occurs through vacancy
exchange and not by the direct interchange of atoms. The net
directional flow of matter was balanced by an opposite flow
of vacancies, which could commonly lead to the formation of
porosity [45]. In the hydrothermal system for the synthesis
of mesoporous SrTiO

3
nanowires, H

2
O and highly concen-

tratedOH− would access the inner fibrous titanate to generate
titanium hydroxyl species, which could subsequently react
with Sr2+ ions in the outside layer of irregular particles to
form SrTiO

3
.Thus an outward flow of HTiO

3

− was formed in
order to supply enough reagents for the interaction between
HTiO

3

− in theTi domain and Sr2+ ions in the Sr domain at the
interface of these two moieties; according to the Kirkendall
effect, this outward flow of ions should be balanced by
the inward flow of vacancies into the fibrous structure.

As the reaction continued, the outside layer of irregular
Sr species was continuously consumed in the reaction and
incorporated into the fibrous structure, and the surface
became smooth and clean, while the mesopores were formed
inside the fibers from the condensation of supersaturated
vacancies.The 1D structure grew at the cost of the small parti-
cles into longer NWs, with reduction in surface energy as the
primary driving force for the morphology evolution. Finally,
mesoporous NWs could be obtained (Figure 2), which led to
higher photocatalytic activity for the degradation of organic
dyes than commercial P25 under UV light excitation. This
provides a facile template-free method to prepare cubic
perovskite structures of BaTiO

3
or even other ternary oxides

likeMgTa
2
O
6
and CoxTi1−xO2−x and some quaternary oxides

like PbZrTiO
3
and BaxSr1−xTiO3.

Marvellous interfacial chemistry among various moieties
presents a promising platform to synthesize various hierar-
chical structured materials. Recently, Wang and coworkers
have developed a general emulsion-based bottom-up self-
assembly (EBS) approach for assembling various kinds of
ligand-stabilized nanocrystal building blocks into 3D col-
loidal spheres with mesoporous characteristics in which an
organic ligand played a key role for the successful assembly
of 3D microstructures [49–51]. On the other hand, a variety
of hierarchical porous nanoarchitectures of different compo-
sitions could be prepared throughmicroemulsionmethodol-
ogy. Hierarchical meso-/macroporous hydrangea-like ZnO-
CeO
2
clusters with an average diameter of 4-5 𝜇m were

fabricated by the polymerization of mesostructured ZnO-
CeO
2
sols surrounding the emulsion drops [52]. Squama-

like Ce-doped TiO
2
(Ce/TiO

2
) with hierarchical porous

structure were also fabricated [14]. The obtained Ce/TiO
2

squamae were hundreds of nanometers in size with an
average thickness of 30–50 nm, which aggregated loosely,
leaving a disordered arrangement with plenty of interspaces
between them and in the inner blocks. Each Ce/TiO

2
sheet

was composed of accessible mesopores with a wormhole-like
array that were formed by the assembly of the nanoparticles
with the regular size of tens of nanometers. A further step
could be realized to prepare hierarchical meso-/macroporous
phosphonate-based inorganic-organic hybrids [3, 53].

It is very attractive and desirable to design a novel
approach so that the inorganic nanocrystal units can be
used to directly assemble the hierarchical structures under
relatively mild conditions. Nevertheless, the control over
the dynamic behaviours of inorganic nanocrystals is still
difficult due to their tendency to agglomerate. Therefore, a
key challenge is how to control the assembling dynamics
of nanocrystal building blocks so as to obtain the expected
structures instead of a fast and irregular agglomeration.

2.2. Template-Mediated Self-Assembly. A broad range of
matrixes can be employed as templates for nanocrystal orga-
nization. Strong interactions between nanocrystalline units
and templates would favour the arrangement of nanocrystals
in structures that are generally predefined by the shapes of
the templates.The templates involved in self-assembly can be
classified into two categories: hard and soft templates. Hard
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Figure 2: TEM ((a), (b), (c)) images for aliquots of themixture after autoclaving for different time. A proposedmechanism for themesoporous
NWs (d) [48].

templating method generally involves the accomplishment
of preorganized templates, the casting of the precursors,
and subsequent removal of templates. With respect to soft
templating strategy, the formation of hierarchical structures,
based on the specific interaction between supramolecules and
nanocrystals, can be realized.

Hard templates such as carbon nanotubes, carbon
spheres, silica, and zeolite offer well-defined shapes for
nanoparticle assembly [54]. Although the corresponding
high efficiency and field, in general, they lack control of
the spacing between the deposited nanocrystals. The hier-
archical structures in natural materials play a vital role
in creating different functionalities and in energy related
processes in nature. Biomimic hierarchical porous materials
have received great attention [55, 56]. For example, natural
leaves constitute a hierarchical structure that strongly favors
efficient light harvesting because of a series of evolution-
arily optimized processes including light focusing, multiple
scattering and adsorption, propagation, and harvesting. To
better understand and use all these efficient natural processes
to develop man-made materials “artificial leaves” that may
replicate similar processes, natural leaves have been used as
biotemplates to replicate all the fine hierarchical structures
of leaves using a pure inorganic structure of TiO

2
with same

hierarchy (Figure 3) [57]. The typical synthesis included the
infiltration of inorganic precursors and then the calcination
of the biotemplates. All the photosynthetic pigments were

replaced by man-made catalysts such as Pt nanoparticles.
The obtained leaf replica with catalyst components was used
for efficient light-harvesting and photochemical hydrogen
production. Compared with TiO

2
nanoparticles prepared

without biotemplates, the average absorbance intensities
within visible range increased 200–234% for artificial leaves.
This should certainly contribute to hierarchical architectures
with all the fine structures of leaves imprinted in artificial
leaves.

Soft templates possess distinct chemical structures, pro-
viding multiple well-defined binding sites for the attach-
ment of nanocrystals. Supramolecular self-assembly pro-
vides routes to a range of materials with diverse multi-
component structures of atoms, ions, and/or molecules. The
weak noncovalent between supramolecules and nanocrystals
can drive inorganic-organic assembly to form inorganic
frameworks [58]. Chane-Ching et al. fabricated a series of
ordered crystalline nanostructured CeO

2
, ZrO

2,
and CeO

2
-

Al (OH)
3
based upon the cooperative self-assembly of col-

loidal nanoparticles and a copolymer surfactant [59]. The
assembly process was driven by weakly attractive interactions
between the surfaces of the nanoparticles and the templates.
Also, Yuan et al. reported the spontaneous generation of
mesostructured TiO

2
having an unusual interior macrop-

orous structure, synthesized in an ethanol solution of sur-
factant C

16
(EO)
10

containing small quantity of preformed
water (Figure 4) [60].The resulting particles had quite a thick
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(a) (b)

(c) (d)

Figure 3: (a) SEM image of a cross-section of AIL-TiO
2
derived from A. vitifolia Buch. leaf. ((b), (c)) TEM images of a layered nanostructure

in AIL1-TiO
2
, with a corresponding illustration of the 3D structures. (d) TEM image of Pt nanoparticles deposited on TiO

2
[57].

Figure 4: Cross-section TEM images of hierarchically mesostruc-
tured titania with an interior macroporous structure [60].

shell and a core having a spongelike macroporous structure
with a uniform pore size gradient, such that the macropore
sizes increased progressively from the shell layer to the core.
Both the shell layers and the macroporous framework of the
core had a disordered wormhole-like mesoporous structure
of TiO

2
nanoparticle assembly. It is proposed that this hier-

archical structure might be formed by combining a reverse
micelle (“quasi-reverse-emulsion”) templating pathway with
a conventional surfactant templating technique of a hybrid
composite mesostructured phase.

Alkoxide hydrolysis has been used extensively to prepare
spontaneously the porousmetal oxide [61]. A porous network
maybe generate by cross-linking of the sol particles thorough

an innovative self-formation procedure. Hierarchical meso-/
macroporous metal oxides, such as zirconia [62], alumina
[63], and binary mixed oxides [64] have been reported
through the surfactant-assisted technique in combination
with the hydrolysis from the corresponding single/mixed
metal alkoxide precursors. The synthesized materials gener-
ally exhibited a parallel-arrayed channel-like macroporous
structure, having a dense layer on the face of the monolithic
particles under the end of macrochannels. The macroporous
framework was composed of accessible mesopores with a
wormhole-like array. In fact, various surfactants have been
used in the construction of hierarchical porosity, but the
surfactants played no role in the formation of micro- and
macropores other than to influence the hydrodynamic con-
ditions during synthesis, which could influence the textural
properties of the final materials.

Templating methods have proven their generality and
high-efficiency in obtaining hierarchically structuredmateri-
als. Nonetheless, the further removal of the templatesmay not
only perplex the fabrication procedures but also result in the
collapse of the frameworks, and even detrimentally introduce
some impurities. Thus one should choose a suitable pathway
depending on the practical situation.

2.3. Self-Assembly in the Presence of External Fields. Self-
assembly of nanocrystals under the action of external fields
such as electric or magnetic fields, light, or sonochemistry
offers a combination of speed and precision, as well as
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the capability to manipulate nanocrystal assemblies. Mag-
netic fields have been used for the assembly of metals,
metal oxides, and the corresponding nanocomposites. Fer-
romagnetic nanocrystals with sufficiently pinned magnetic
moments undergo spontaneous assembly due to the dipole-
dipole association, while the application of the magnetic
field enhances the organization [65]. Distinctively, super-
paramagnetic nanocrystals with a randomly changing mag-
netic moment exerted assembly when torque exerted by a
magnetic field exceeds their thermal excitation energy [66].
Electric fields induce polarization of nanoparticles, causing
dipole-dipole interactions between adjacent nanoparticles.
The strength of interactions increases with increasing polar-
izability of nanocrystals. It is worthy of noting that ensembles
of inorganic nanocrystals usually show up in the form of
chains due to the characteristics of the magnetic or electronic
field.Moreover, the length of chains changeswith the strength
of electric field, the concentration of nanoparticles, and the
dielectric permittivity of the media [67, 68].

Light-assisted self-assembly of nanocrystals depends on
optical confinement techniques or irradiation-induced alter-
ation of photoactive ligands [69, 70]. Especially, azobenzene
functional groups undergo trans-cis isomerization under
ultraviolet light radiation, and molecules with spirobenzopy-
ran functional groups undergo ring-opening isomerization.
When gold nanoparticles stabilized with trans-azobenzene
dithiol ligands [70], ultraviolet radiation caused trans-cis iso-
merization of the ligands and induced molecular dipoles on
the azobenzene units, triggering nanoparticle self-assembly
into ordered 3D arrays. At high ligand-density, the resultant
assemblies were stable without UV irradiation and withstood
heating and sonication as well.

The sonochemicalmethod has been extensively employed
to generate novel materials with unusual properties and has
proven to be efficient for preparing nanomaterials in a short
period of time. Physical and chemical effects during the
period of ultrasonic irradiation for fragmentation to small
particles, acceleration of the reaction, and production of new
materials with novel properties are desirable [71]. Hierarchi-
cally structured zinc oxideswere synthesized at room temper-
ature using ultrarapid sonochemistry and used as photoan-
odes in dye-sensitized solar cells, showing high photoelectric
conversion efficiency of up to 6.42%under simulated sunlight
irradiation [72]. The sonochemical synthesis of nanocrystals
embedded inCdS/ZnS/In

2
S
3
complexmicrospheres has been

reported [73]. Mesoporous sphalerite ZnS nanomaterials
with high surface area and well-structured mesoporosity
were prepared through a sonochemistry-assisted method in
an ethanol system, while the synchronously-formed NaNO

3

could inhibit the growth of the ZnS nanoparticles and further
preserve the surface defects (Figure 5) [74]. Ultrasonic waves
were essential to obtain a high specific surface area and
uniform pore size distribution due to the significant chem-
ical and physical roles of sonochemistry. The synthesized
ZnS with valuable optical properties showed outstanding
photocatalytic activity for the photodegradation of organic
Rhodamine B dye.

A great diversity of external fields, such as magnetic or
electronic field, light, and sonochemistry, have been used to

obtain sophisticated hierarchical nanostructured materials.
The synthesized materials show various architectures and
valuable properties. The general syntheses involve special
preparation techniques and the physicochemical character-
istics of the nanocrystals. Furthermore, the resultant hierar-
chical structures are adjustable at the microscale, exhibiting
great operability and precision.

Template-free routes in the absence of external field
to obtain hierarchical nanostructures have initially gained
tremendous research interest due to the synthesis simplicity
and the resulting wonderful architectures. But the uncon-
trollability during the synthesis process makes it difficult in
preparing the desired structures with high yield and repeata-
bility. Diverse factors have great influence on the structural
and porous hierarchy, including the types of precursors,
temperature, reaction time, and solvent. By contrast, the
templating method has been testified to be an effective way,
which is on the basis of replica of the hard templates and the
intimate interacting between soft templates and nanocrystals,
leading to superior hierarchical structures. Further removal
of the templates may perplex the fabrication procedures and
result in the collapse of the frameworks and even detrimen-
tally introduce some impurities. This makes it suitable to
synthesize materials with solid frameworks such carbons,
metal oxides and carbides, and silicas. Much recently, self-
organization of nanoparticles assisted by external fields is
emerging as a strategy for the preparation of hierarchical,
multifunctional structures with programmable properties,
which is mainly resulted from the accuracy and homogeneity
of external fields over the whole synthesis systems. The
direction interaction and even reactions can lead to well-
structured hierarchy. Thus, one should choose the right syn-
thetic strategies to prepare hierarchically structuredmaterials
according to the nature of the materials and the ultimate
applications.

3. Applications of Self-Assembled
Hierarchical Architectures

The organization of inorganic nanocrystalline building
blocks into hierarchical porous architectures has presented an
alternative for preparing interesting architectures of discrete
but complex nanocomposites. The rapid growth of emerging
applications of these hierarchical architectures in the area
of photoenergy utilization including photodegradation, pho-
tocatalytic H

2
production, photocatalytic CO

2
conversion,

and sensitized solar cells was also observed. They have
displayed much superiority in physicochemical properties
and application potential.

3.1. Photodegradation of Contaminants. Construction of
ensembles of nanocrystals is desired to combine the initial
properties of the nanocrystals with the collective proper-
ties. Semiconductor photocatalysts offer huge potential for
elimination of toxic chemicals. To improve the photoactivity
of the photocatalysts, three key factors should be noted:
(1) extension of excitation wavelength; (2) prohibition of
charge carrier recombination; and (3) promotion of active
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Figure 5: Formation mechanism of mesoporous ZnS nanomaterials (a) and simulated variation to a single nanoparticle during the period
of ultrasound irradiation (b) [74].

sites. Attempts have been made and several strategies have
been developed as follows [75–79]: (1) doping with foreign
elements; (2) surface coupling with other materials so as
to build heterostructures; (3) improving the structure of
photocatalysts in order to enhance their surface area and
porosity. The structural features of these hierarchical struc-
tured materials assembled from nanocrystal building blocks
promise their uses as potential catalysts in heterogeneous
catalysis for bulkier molecules where diffusion of reactant
molecules could be facilitated. Hierarchically nanostructured
hematite hollow spheres assembled by nanosheets through
a microwave-assisted solvothermal route exhibited superior
photocatalytic activities in the degradation of salicylic acid
[80]. The hollow structure is favorable for the enhance-
ment of the photocatalytic performance. The red-shift of
the absorption edge of photocatalysts could even lead to
some impressive photocatalytic behaviors under simulated
solar light irradiation. Porous ZnO nanomaterials prepared
through assembly of ZnO nanoclusters in aqueous solution
demonstrate good photoactivity in the decomposition of
phenol in wastewater [81].The resulted superior activity than
commercial ZnO powder and ZnO nanopowder may be
attributed to the unique surface features and higher surface
area.

Hierarchical structured meso-/macroporous Ce-doped
TiO
2
[14] and ZnO-CeO

2
binary oxides [52] were found to

be effective photocatalysts for photodecomposition of Rho-
damine B. The catalysts showed higher photocatalytic reac-
tivity than that of commercial Degussa P25. The hierarchical
three-dimensional structure made up of a large number of
loosely aggregated porous sheets or clusters could act as a
light-transfer path for the distribution of photon energy onto
the inner surface of the catalysts, benefiting the photocatalytic
ability by increasing the efficiency of photoabsorption and
improving mass transfer. Nonmetallic doping such as F− was

also testified to be an efficient way to improve the photocat-
alytic activity of TiO

2
microstructures for acetone oxidation

[82]. This was due to that fluoride ions not only suppressed
the formation of brookite phase but also prevented phase
transition of anatase to rutile. Porous titania-phosphonate
materials, synthesized through sol-gel method with the use
of organically bridged tetra- or penta-phosphonates [83],
possess irregular mesoporosity formed by the assembly of
nanoparticles in a crystalline anatase phase, while claw
molecules of ethylene diamine tetra(methylene phosphonic
acid) and diethylene triamine penta(methylene phosphonic
acid) were anchored to the titania network homogeneously.
These porous titania-phosphonate materials exhibited higher
photocatalytic activity in photodecomposition of Rhodamine
B dye molecules than that of mesoporous pure TiO

2
whether

under UV or visible-light irradiation. This indicated that the
homogeneous incorporation of phosphonate groups into the
titania framework contributed to the efficient improvement
in the photocatalytic ability.

Incorporation of Ag to the porous “brick-like” NiFe
2
O
4

superstructurewould lead to attractive photovoltage response
and remarkable photocatalytic activity in degradation of
toluene [84].The degradation ratio reached to 79.7% after 6 h
of light irradiation. Alternatively, introduction of carbona-
ceous nanomaterials with unique structures and properties
can add attractive features to photocatalysts. Generally, the
photocatalytic enhancement can be assigned to the sup-
pressed recombination of photogenerated charges, extended
excitation wavelength, and increased surface-adsorbed reac-
tant, although the underlying mechanisms are still unclear.
Graphene has attracted immense attention recently due to
the tremendous in-plane conductivity and extraordinary
mechanical properties. Du et al. reported the coupling of
hierarchically ordered macro-/mesoporous titania films with
grapheme by a confined self-assembly method [85]. It was
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found that the existence of interconnected macropores in
mesoporous films considerably enhanced the mass trans-
port through the film and increased the accessible surface
area within the thin film. The apparent rate constants for
macromesoporous films without and with graphene were
about 11 and 17 times higher than that of pure mesoporous
titania films.

3.2. Photocatalytic H
2
Production. Hydrogen has been con-

sidered as an alternative energy source and themost potential
in the future energy source economy. Dissociation of water
to produce hydrogen thus has gathered more attention.
However, the unfavorably large energy barrier of this simple
progress makes it considerably difficult in the viewpoint of
scientific research [86]:

2H
2
O (l) → 2H

2
(g) +O

2
(g) , Δ𝐺 = +474 kJ/mol

(1)

The judicious design of a photocatalyst to reduce this acti-
vation energy and make the process feasible with photons
within the solar spectrum is the core ideology. Since 1972,
Fujishima and Honda carried out a pioneering work on
photoelectrochemical decomposition of water on electrodes
modified by titaniumdioxidematerials underUV-irradiation
[87], a mass of research articles about photocatalysis on water
splitting by various pholocatalysts have been largely covered.
On the other hand, just a small percentage of the sunlight that
reaches the earth’s surface is capable of fulfilling the current
energy needs of human beings. One of the important tasks
is to find advanced materials with suitable structures to use
sunlight for photoelectrochemical decomposition of water
for H

2
production. Accordingly, hierarchal structures from

the assembly of nanocrystals endow them with the capability
of harvesting light and improving mass transfer owing to the
special structural properties.

Leaf skeleton could perform dual roles as a template
and a carbon source for the formation of the iron or iron
carbide materials through one-step carbothermal reduction
of iron (II) precursors [88]. The obtained magnetic iron
carbide materials were perfect replicas of a hierarchical leaf
skeleton, which could be further used as electrodes for water
splitting.This method has great promise for the synthesis of a
variety of hierarchically microstructured objects for catalytic
and electrochemical purposes due to the biomimic feature.
Hierarchical porous structures with enhanced photocatalytic
activity for H

2
production through facile template-free routes

have also been reported recently. Peng and coworkers pre-
pared hierarchical porous ZnIn

2
S
4
microspheres using a

facile template-free hydrothermal method [89]. The pre-
pared ZnIn

2
S
4
demonstrated high photocatalytic H

2
produc-

tion efficiency. The photocatalytic activity could be further
enhanced with the assistance of a Pt cocatalyst under visible
light irradiation. Moreover, Hartmann et al. compared the
photoelectrochemical properties of two kinds of hierarchi-
cally porous TiO

2
films prepared by the prevalent methods

[90]. It was found that sol-gel derived hierarchically porous
TiO
2
films demonstrated about 10 times higher efficiency for

the water splitting reaction than the counterparts prepared

from crystalline TiO
2
nanoparticles. Indeed, the photocat-

alytic performance of nanoparticle-based TiO
2
films might

suffer from insufficient electronic connectivity, while the
hierarchical porous TiO

2
films through the sol-gel method

could provide not only sufficient electronic connectivity but
also hierarchically meso-/macroporosity for efficient mass
transport and high surface area during the photocatalytic
process.

Metal chalcogenide aerogels composed of physically
interconnected nanobuilding blocks without organic spacers
represent one class of semiconducting inorganic porous
nanostructure [91]. Highly porous networks of self-assembl-
ed metal chalcogenide gels including aerogels, xerogels, and
chalcogels are able to store vast amounts of electric charge,
which could be tuned to absorb throughout the solar spec-
trum for photocatalysis and photovoltaic applications [92].
For example, CuS/ZnS nanoporous nanosheets assembled
from nanocrystals exhibited high visible light photocatalytic
H
2
production activity due to the heterojunctions built

between ZnS and CuS, which could facilitate the interfacial
charge transfer [93].

Significant advances have been achieved in the exploring
and designing of novel structures for photocatalytic water
splitting in the past years. Nevertheless, the efficient and
facile synthesis of desired porous materials with well-defined
hierarchical structures is still insufficient.Thus further inves-
tigation endeavours should be of significance and invested
subsequently.

3.3. Hierarchical Structures for CO
2
Conversion. The CO

2

amount in the earth’s atmosphere levels is increasing rapidly
with the fast development of industrialization, which has
caused the alteration of the temperature of the atmosphere
and the acidity of the ocean. Reversely, CO

2
can serve as C1

building block for various organic chemicals. Photocatalytic
conversion of thermodynamically stable CO

2
into valuable

hydrocarbon products has been one feasible option to curtail
the rise of the threat [94]. Many kinds of products including
formic acid, formaldehyde, methanol, and methane could be
obtained during the photocatalytic process, and a multiple
reduction process is usually involved:

H
2
O + 2h+ → 1

2

O
2
+ 2H+ (2)

CO
2
(aq.) + 2H+ + 2e− → HCOOH (3)

HCOOH + 2H+ + 2e− → HCHO +H
2
O (4)

HCHO + 2H+ + 2e− → CH
3
OH (5)

CH
3
OH + 2H+ + 2e− → CH

4
+H
2
O (6)

where h+ and e− represent the photogenerated holes and
electrons, respectively. Since hierarchical porous materials
possess accessible surface and considerable porosity, the use
of porous nanomaterials for photocatalytic CO

2
conversion

has received much attention recently. For example, it was
found that titanium species incorporated mesoporous silicas
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exhibit a much higher activity than bulk TiO
2
in the pho-

toreduction of CO
2
with water to generate methanol and

methane under UV irradiation [95]. After incorporation of
Cu/TiO

2
nanocomposites into mesoporous silica through

one-pot sol-gel method, the CO
2
photoreduction rates were

significantly enhanced due to the synergistic combination
of Cu deposition and high surface area silica support [96].
CO was found to be the primary product of CO

2
reduction

for TiO
2
-SiO
2
catalysts without Cu. CH

4
was selectively

produced when Cu species was deposited on TiO
2
. The rate

limiting step for this reaction may be the desorption of the
reaction intermediates from the active sites.

It is well known that zeolites can offer unique nanoscaled
pore reaction fields and an unusual internal surface topology.
TiO
2
catalysts based on zeolites have been widely studied for

photocatalytic reduction of CO
2
. High efficiency and high

selectivity for methanol could be achieved, which might be
due to that the charge-transfer excited state of the highly dis-
persed TiO

2
species was thought to play a key role in the high

selectivity for CH
3
OH, in contrast to the selectivity to CH

4

obtained on bulk TiO
2
[97]. Ti silicalite molecular sieve (TS-

1) as photocatalyst under UV light illumination and using
methanol as an electron donor could synthesize the main
product of formic acid [98]. Up to now, many studies have
demonstrated that molecular sieves and porous silica films
that coupled with highly dispersed TiO

2
active species are

promising photocatalysts for photocatalytic CO
2
conversion

in comparison with bulk TiO
2
. In addition, a large amount of

other semiconductors such as ZnO, WO
3
, CdS, and ZnS has

testified to be effective for photoreduction of CO
2
[99, 100].

Notably, the suitable band-gap positions of semiconductors
are indispensable for efficient CO

2
photocatalysis conversion.

Considering the hierarchical architectures own special
optical properties and porous advantages, the use of hier-
archical porous structures for CO

2
photoreduction should

enhance the efficiency and the selectivity of the products.
Disappointedly, there are still rare reports about the prac-
tical application of hierarchical structured materials for
CO
2
photoreduction. Recycling of CO

2
via photocataly-

sis provides a promising approach for CO
2
conversion to

hydrocarbons which mimics photosynthesis in green plants,
showing greater superiorities than the conventional CO

2
cap-

ture strategy. Correspondingly, the hierarchical architectures
replicated from the biotemplates should fit the qualification
to be a guide for the rational design of advancedmaterials for
photocatalytic CO

2
conversion.

On the other hand, a wide variety of natural plants and
somemicroorganisms can performCO

2
andH

2
Oconversion

to chemicals by photosynthesis with great efficiency. In order
to achieve the benefits of photosynthesis process of CO

2

and H
2
O conversion in useful chemical compounds under

sunlight irradiation, one can imagine an artificial system
performing photosynthesis as leaves and other microorgan-
isms do by encapsulating or immobilizing the biological
photosynthetic matter, organelles, and whole cells within
an inert support [101]. For instance, the encapsulation of
unicellular cyanobacteria and a series of algae have been
introduced into 3D hierarchically porous silica matrix for the
conversion of water and CO

2
under light excitation [102, 103].

The immobilized species have shown survival times of up
to 5 months with the photosynthetic production of oxygen
recorded as much as 17 weeks after immobilization. As a
result, the immobilization of cells could allow the continuous
exploitation of cells in a nondestructive way to produce
metabolites as biofuels. In comparison with well-known
photocatalysts (e.g., TiO

2
), which generally reduce CO

2
into

hydrocarbons under UV irradiation, high temperature, and
high pressure [104], these photochemical materials operate
under ambient conditions. The environmental impact and
energy required are lower. These photochemical materials
could thus contribute towards future initiatives in helping to
mitigate the energy crisis and reduce CO

2
emission.

3.4. Sensitized Solar Cells. As the direct conversion of sun-
light to electricity, photovoltaic technology has received
much attention. In order to increase solar/electricity effi-
ciency, sensitized solar cells (SSCs) have been intensively
investigated since 1991 [105, 106]. Dye-sensitized solar cells
(DSSCs) and quantum-dot-sensitized solar cells (QDSSCs)
have been widely investigated as next generation solar cells
because of their advantages of excellent performance and low
production cost [107]. Typical SSCs consisted of three parts:
work electrodes (WE), counter electrodes (CE), and liquid or
polymeric electrolytes.TheWEare crucial in light harvesting,
which determines the overall conversion efficiency. The ideal
WE should have a well-defined nanostructures to support
photoactive dyes and QDs. The presence of hierarchical
structures can thus optimize the optical path length and
enhance the light absorbance efficiency.

Self-assembly of TiO
2
nanoparticles to generate hierar-

chical pores for DSSCs application has been reported [108,
109]. The resultant high surface area of nanoparticles and
hierarchical pores can offer channels for mass transfer and
light harvesting. TiO

2
spheres with hierarchical pores via

grafting polymerization and sol-gel process could be used
as photoanodes for DSSCs, showing improved photovoltaic
efficiency as compared to the counterpart of smoother TiO

2

nanoparticles [108]. This might be due to the increased
surface areas and light scattering. SnO

2
hollow nanospheres

enclosed by single crystalline nanoparticles were prepared by
a one-step surfactant-free hydrothermal reaction (Figure 6)
[110]. The SnO

2
hollow nanospheres could adsorb a large

amount of dye molecules due to their large specific surface
area and have a high light harvesting efficiency resulting
from the light scattering and reflection abilities of their
hollow morphology, as well as the efficient charge separation
and transport properties of their single crystalline structure,
and thus they are a favourable structure for dye-sensitized
solar cells. The dye-sensitized solar cells showed a high
short-circuit current intensity of 14.59mA/cm2 and superior
light/electricity conversion efficiency of 6.02%. Particularly,
the template-free strategy offers an opportunity to assemble
the nanostructures with exposed high surface energy to
demonstrate high performance on DSSCs.

ZnO is a promising candidate for the photoanode of
DSSCs. In comparison with TiO

2
, ZnO exhibits similar band

gap and the electron-injection process but higher electronic
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Figure 6: ((a), (b), (c)) TEM images of SnO
2
hollow nanospheres; (d) a schematic image of the hollow sphere; (e) photocurrent-photovoltage

characteristics ofDSSCs assembled fromas-prepared SnO
2
hollownanospheres, commercial P25, and commercial SnO

2
withTiCl

4
treatment,

as well as SnO
2
hollow nanospheres without TiCl

4
treatment [110].

mobility that would favour photoinduced electron transport.
The reduced recombination of photoexcited electrons and
holes can improve the solar conversion efficiency when used
in DSSCs [111]. Chou and coworkers synthesized hierarchi-
cally porous ZnO structures generated through aggregation
of ZnO nanocrystals. A significantly enhanced power con-
version efficiency (PCEs) of 5.4% could be achieved [112–114].

The PCE could further be increased to 6.9% after modifying
the surface of ZnO with lithium [115]. Cheng and Hsieh
fabricated hierarchically structured ZnO by self-assembly of
secondary nanoparticles, which could be used as an effective
photoelectrode for DSSCs [116].The hierarchical architecture
could provide more photon harvesting owing to significant
light scattering without sacrificing the specific surface area.



International Journal of Photoenergy 11

The improvement of the open-circuit photovoltage and the
short-circuit photocurrent density of ZnO based DSSCs was
ascribed to the effective suppression of electron recombina-
tion.

The amount of dye adsorption is one of the key factors
to improve solar/electricity conversion efficiency of DSSCs.
Besides the conventional DSSCs, an alternative strategy for
the construction of new DSSCs was proposed by using
hybridmetal sulfonate or phosphonatemesoporousmaterials
with large conjugated hybrid framework [117]. The one-
pot condensation between metal precursors and dyes allows
the molecular-level penetration of large 𝜋-aromatic groups
into the semiconductor network homogenously, resulting
in an unprecedented large loading amount of organic dyes,
but without the disadvantages of dye aggregation and poor
electron transmission due to the isolation of single dye centers
by surrounding semiconductor oligomers.

In the context of solar energy conversion, QDSSCs are
a promising alternative to existing photovoltaic technologies
due to the tunable band gap and promise of stable, low-
cost performance. Moreover, QDs open up a way to utilize
hot electrons and to generate multiple electron-hole pairs
with a single photon through impact ionization. Incorpo-
ration of QDs into hierarchical porous structures that are
assembled from nanocrystal building blocks is provided with
the combined photoelectric and structural qualities [118].
CdS quantum dots with surface modified by mercaptosuc-
cinic acid were assembled onto bare TiO

2
porous films

and presented a better-covered quantum dot monolayer on
the TiO

2
surface and lower charge transport resistance of

the surface linker, both of which were responsible for the
conversion efficiencies of QDSSCs [119]. Furthermore, the
electron injection yield depends on the distance between
QDs and TiO

2
and it decreases with the increase of linkage

chain length. This is a nonignorable item in understanding
functionality of phosphonic linkers and rational design of
better photoelectrochemical materials.

4. Summary and Perspective

The self-assembly of inorganic nanocrystals into sophisti-
cated hierarchical structures has much promise for advanced
materials and devices thatmay challenge the current lithogra-
phy techniques and natural architectural designs. A number
of assembly processes from nanocrystal building blocks can
be harnessed in the creation of hierarchical nanostructured
materials.The different interactions between nanocrystallites
can force to generate temporary or permanent engage-
ment or interconnection among the nanobuilding blocks.
The assembled hierarchical nanostructured materials with
improved and tailorable properties have found application
potential in the field of photoenergy utilization including
photodegradation of contaminants, photocatalytic H

2
pro-

duction, photocatalytic CO
2
conversion, and sensitized solar

cells. The enhanced performances can be attributed to the
high surface area for active sites dispersion and porosity to
optimize mass transfer and light harvesting.

However, research in nanomaterials still faces many
challenges in synthesis, property characterization, and device
fabrication. Synthetic architecture of complex inorganic
nanostructures is just in its infancy comparedwith otherwell-
established chemical syntheses. Design rules are urgently
needed for the synthesis of hierarchical nanostructured
systems by exploiting the analogy of nanoparticles. Robust
and highly reproducible synthesis is vital for such studies.
Alternatively, rational preparation of inorganic nanocrystals
is emerging as a means to enhance their size- and shape-
dependent properties and thus the self-assembly process.
Furthermore, it is of great significance to characterize the
process of self-assembly in a much more rigorous manner
than is done at present. Simulations of self-assemblywith par-
ticular thermodynamic parameters and architectural features
are emerging as a powerful tool in obtaining novel structures
and guiding the formation of existing architectures. To realize
the potential of nanocrystalline ensembles, the models and
experiments should mutually inform each other. Along the
way, principles and methods should be learned that allow
us not only to assemble functional nanostructures but also
to judiciously design them so that future advances are not
exclusively on the basis of experimental trial. And a combi-
nation of bottom-up and top-down methods in nanoparticle
assembly would lead to large area high-quality hierarchical
architectures. The self-organization of nanocrystals with the
assistance of surfactant, biotemplates and external fields is
emerging as a strategy for the preparation of multifunctional
structures with well-structured hierarchy.
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