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Abstract: Low-dimensional nanocarbon materials and metal/metal oxide (hydroxide) or semiconductors have been world-
widely investigated due to their distinct physical and chemical properties for potential applications in environmental
remediation. Three-dimensional (3D) hierarchical nanocomposites can be facilely constructed by using different low-
dimensional nanomaterials as building blocks, thus leading to the full utilization or even synergistic effect of all the com-
ponent materials with multifunctional properties. Herein, an overview is presented on the design and construction of hier-
archically organized nanocomposites derived from low-dimensional nanocarbons (i.e. one-dimensional (1D) carbon nano-
tubes (CNTSs), two-dimensional (2D) graphene, and 3D aerogels) and metal, metal oxide (hydroxide) or semiconductors
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(i.e. OD nanoparticles (NPs), 1D nanorods, nanowires, nanotubes or nanofibers, 2D flakes), and their potential applications
for efficient removal of organic pollutants through adsorption or catalytic reactions.
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1. INTRODUCTION

The increasing by-products deriving from the rapid pace of in-
dustrialization have posed a major health risk to humankinds by
producing hazardous wastes, poisonous gas fumes and smokes to
the environment. Water purification technology has become an
urgent environmental and public health problem due to the severe
contamination by organic pollutants (e.g., methyl orange, methyl-
ene blue, and rose red), heavy metal ions (e.g., Pb%*, Cr**, and
Cd?*), microorganisms (e.g., Escherichia coli (E. coli), and Staphy-
lococcus aureus (S. aureus)) [1, 2]. Nanomaterials, such as metals,
metal oxides (hydroxides), semiconductors, and carbon materials
are excellent adsorbents and catalysts for environmental remedia-
tion owing to their large specific surface area and high reactivity.
Moreover, densely distributed low-coordinated atoms can be found
at surfaces and edges of nanomaterials with reduced size and large
curvature radii, which endows them with a surface that is highly
reactive in adsorbing and degrading pollutants in water and air [3-
5]. Nanomaterials with different shapes/morphologies/forms can be
fabricated through various approaches, such as mechanical alloying
techniques, chemical sol-gel methods, gas-phase synthesis tech-
niques, physical or chemical vapor deposition, and microwave
techniques [6]. However, self-aggregation issues are inevitably
aggravated due to the high surface energy of these nanoparticles
(NPs) with small sizes, which results in the obstacle in preparing
stable, well-dispersed and easy-recovered suspensions for practical
environmental systems [7, 8]. To overcome the limitations of easy
aggregation and improve the surface and optical properties of NPs,
design and construction of novel nanocomposites has gained re-
search attentions.

With various excellent materials created by nature during the
evolution process, hierarchical organization of low-dimensional
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building blocks into biomimetic structures is considered as an alter-
native approach for preparation of next-generation materials [9, 10].
Three-dimensional (3D) hierarchical nanocomposites can be fac-
ilely obtained by the fine assembly of different low-dimensional
nanomaterials (e.g., zero-dimensional (0D) nanoparticles (NPs),
one-dimensional (1D) nanofibers, nanowires, or nanotubes, and
two-dimensional (2D) nanoplatelets, or flakes) as building blocks,
which definitely will make full uses of all the component materials,
or even result in unexpected multifunctional properties and applica-
tions [11, 12]. Nanocarbon materials (i.e., 1D carbon nanotubes
(CNTs), 2D graphene, and 3D aerogels) and metal/metal oxide
(hydroxide) or semiconductors with different dimensions (e.g., 0D
NPs, 1D nanotubes, nanowires or nanofibers, and 2D flakes) have
been world-widely investigated due to their unique but distinguish-
ing physical and chemical properties for various applications in
solar cells, supercapacitors, lithium ion batteries, sensors, and water
treatment [13, 14]. Especially, nanocarbons with much higher sur-
face area than the traditional activated carbons, have emerged as
key materials for designing experimental water treatment strategies
owing to their aforementioned excellent physical, chemical and
electronic properties. 3D composite architectures assembled from
1D CNTs and 2D graphene can better utilize the performance of
graphitic carbon materials in environmental applications [15, 16].
On the other hand, due to their compositional and morphological
variability, facile preparation, low cost, high reactivity toward ad-
sorption or catalytic removal of organic pollutants, low-dimensional
metal, metal oxide (hydroxide) or semiconductors have been widely
used for environmental applications [17]. Herein, we will give an
overview of the design and construction of hierarchically organized
nanocomposites derived from low-dimensional nanocarbons (i.e.,
1D CNTs, 2D graphene, 3D aerogel) and metal/metal oxide (hy-
droxide) or semiconductors (i.e., 0D nanoparticles (NPs), 1D nano-
rods, nanowires, nanotubes or nanofibers, 2D flakes), and illustra-
tion of their potential applications for efficient removal of organic
pollutants.

© 2015 Bentham Science Publishers
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2. ONE-DIMENSIONAL BUILDING BLOCK BASED
NANOCOMPOSITES FOR REMOVAL OF ORGANIC POL-
LUTANTS

2.1. CNTs Based Nanocomposites

Owing to the unique 1D hollow and layered structures, high
specific surface area, good chemical, thermal, and mechanical
properties, CNTs show great potentials in various applications in-
cluding high-performance solar cells, sensors, next generation tran-
sistors, and water-treatment fields, such as sorbents, catalyst, or
filters since its discovery by lijima in 1991 [18-20]. Among them,
CNTs have been widely applied as nanoadsorbents for removing a
variety of pollutants, e.g. heavy metal ions and organic dyes [21,
22]. Because of the hydrophobic nature of their outer surfaces,
CNTs have a strong affinity to organic chemicals, especially to
nonpolar organic compounds, such as naphthalene, phenanthrene,
and pyrene [23, 24]. Surface chemistry is an important factor influ-
encing the adsorption behavior of CNTs. Functional groups such as
-OH, -C=0 and -COOH are intentionally introduced onto CNT
surfaces by acid oxidation or air oxidation, which makes it more
hydrophilic and suitable for the adsorption of organic contaminants
[25-27]. Despite the numerous benefits, the widespread applications
of CNTs for water treatment are still limited for its high cost of
production. Thus, CNTs, with good chemical stability and large
surface area, should be used as a support to be integrated with vary-
ing functionalities to form composite materials, which can greatly
facilitate the dispersion of nanoparticles to enable the synergistic
effect of each component, as well as reduce the cost in production
[28, 29]. Chemical treatment has been considered as an effective
strategy to introduce functional groups on the surface of CNTSs, thus
to achieve uniformly distributed catalytic nanoparticles on CNTs
[30, 31]. Whereas, it’s difficult to realize accurate controllability,
thus resulting in new approaches of physical evaporation, atomic
layer deposition, electroless deposition, and hydrothermal reactions,
to get highly dispersed nanoparticles on 1D CNTSs [29]. Therefore,
the facile construction of hierarchical nanocomposites based on 1D
CNTs and low-dimensional NPs can easily realize the greatly en-
hanced adsorption or photocatalytic properties for water remedia-
tion applications.

Metal NPs of zero dimensions, such as silver (Ag), copper (Cu),
iron (Fe), cobalt (Co) and nickel (Ni), are paid much attentions due
to their high catalytic activity, lost cost and good recyclability [32].
Highly monodispersed Ag NPs (about 5 nm) have been deposited
on multi-walled carbon nanotubes (MWNTSs) with different Ag
contents as shown in Fig. 1 [33]. Attributed to the good dispersion
of Ag NPs on MWNT surface, the as-prepared Ag/MWNT compos-
ites exhibited highly electrocatalytic activity towards hydrazine
oxidation. Besides, broad-spectrum biocidal activity has been
achieved toward many different bacteria, fungi, and viruses. Jung et
al. reported the preparation of Ag-coated MWNT hybrid nanoparti-
cles (Ag/MWNTSs) using aerosol nebulization and thermal evapora-
tion/condensation processes [34]. Due to the successful attachment
of Ag NPs onto MWNT surfaces, the antimicrobial activity of
Ag/MWNT against bacterial bioaerosols was effectively enhanced
compared with that of MWNTSs or Ag NPs alone, being promising
for applications in antibacterial control systems. Similarly,
Ag@AgBr/CNT nanocomposite with visible-light-harvesting prop-
erty was independently obtained by photoreduction of AgBr/CNT
[35]. Electrochemical impedance spectroscopy (EIS) testing sug-
gested that higher charge transporting efficiency is obtained for
longer CNTs than shorter ones in Ag@AgBIr/CNT, well agreed
with  the  visible-light  photocatalytic  reduction  trend
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(Ag@AgBI/CNT-L > Ag@AgBr/ICNT-M > Ag@AgBr/CNT-S)
towards CO,. Lu et al. investigated the use of Co/Al,O3, Fe/Al,Os3,
and Ni/Al,O; catalysts for growth of CNTs, where CNTs with a
diameter of 20 nm have been obtained and, vice versa, used as a
support for the growth of Co particles with sizes smaller than 10 nm
[36]. The Co/CNT catalyst showed high removal efficiency of
70%-90% and 60-80% for BTEX (i.e., benzene, toluene, ethylben-
zene, and xylene) and PAHSs (i.e., polycyclic aromatic hydrocar-
bons), respectively. Furthermore, efficient removal of NO (82%),
CO (70%), and SO, (55%) was simultaneously achieved for the
Co/CNT catalyst.
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Fig. (1). Transmission electron microscopy (TEM) images of Ag/CNT
composites with different Ag contents: 10% (a), 20% (b) (inset: enlarged
image of panel b), 40% (c), and 60% (d) [33].

With good electronic conductivity, high surface areas and ad-
sorption capacities, CNTs are good supports as well as dopants for
semiconductive oxides, such as TiO, and ZnO, in photocatalytic
degradation of organic pollutants, due to the effective cooperation
between CNTs and metal oxides [17]. For example, aqueous pollut-
ants including dyes [37, 38], benzene derivatives [39], and carba-
mazepine were efficiently photodegraded by CNT/TiO, composites
[40]. More practically, CNT/TiO, composite has found application
in the degradation of nitro phenols from real wastewater under sun-
light and the composite held repetitive photocatalytic activity [41].
In Yu’s study, aligned MWNTSs with well-graphited walls coated
with TiO, nanoparticles were fabricated on a titanium foil by at-
mospheric pressure chemical vapor deposition. The TiO,-MWNT
heterojunction could minimize recombination of photoinduced
electrons and holes at the MWNTs-semiconductor interface, and
had a more effective photoconversion capability than aligned TiO,
nanotubes on titanium substrate (TiO,/Ti) [42]. Similarly, a modi-
fied sol-gel method was applied to prepare TiO, and MWNT com-
posites, which surprisingly exhibited visible-light activity although
TiO, is only UV active for its wide bandgap (3.2 eV) [43]. Wonder-
fully, the possible formation of Ti-C and Ti-O-C structures where
carbon atoms substituted for both oxygen and titanium atoms in
TiO, lattice was observed by X-ray photoelectron spectroscopy
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Fig. (2). Field-emission scanning electron microscopy (FESEM) image of a single strand of mesoporous TiO./CNTs nanocomposite (a); Transmission electron
microscopy (TEM) image of rutile TiO, product obtained from TiO,/CNTs nanocomposite (b) [45].

Fig. (3). Top view SEM images of ZnO-NW/MWNT (A) and ZnO-NW arrays on a Ta foil. The inset in panel B shows the side view of ZnO-NWs (B). TEM
image of ZnO nanowires on MWNTSs (C), and high-resolution TEM image of ZnO nanowire (D) [47].

(XPS), which were responsible for the extra photo absorption and
photoelectrocatalytic (PEC) activity under visible-light illumination
[17]. Aiming to achieve CNT-TiO, in a more controllable way,
atomic layer deposition technique has been adopted to deposit TiO,
on MWNTSs. By combining with analytical transmission electron
microscopy techniques, it accurately characterized the CNT-TiO,
interface and offered a good control of the size, crystallinity and
morphology of TiO, on CNTs [44]. One-pot chemical approach has
also been applied in preparation of 1D mesocrystals of anatase TiO,
onto 1D MWNTSs (Fig. 2), which exhibited high photoactivity for
methyl orange degradation [45]. This should be ascribed to the
large specific area of porous TiO, phase, and the highly oriented
attachment of TiO, nanocrystallites on the conductive CNT support,
which can inhibit the recombination of electron/hole pairs by form-
ing electron reservoirs. Therefore, although with no photoactivity,
CNTs are excellent supporting substrates for other semiconductors
as efficient 1D photocatalysts for their outstanding optical and elec-
trical properties.

Vietmeyer et al. reported ZnO nanoparticles decorated func-
tionalized single-walled carbon nanotubes (SWNTSs) to quantita-
tively analyze the charge separation and transportation properties
[46]. Highly improved photoconversion efficiency was achieved for
photoelectrochemically active ZnO/SWNT nanocomposite films

compared to that of mesoscopic ZnO films. Fast charge separation
and electron injection rate constant of 1x10® s also occurs in the
heterojunction of 1D ZnO nanowires (ZnO-NWs) and 1D MWNT
arrays, where ZnO-NWs were adhesively grown on MWNT arrays
by a hydrothermal process (Fig. 3) [47]. Linear sweep voltammetry
and amperometry revealed remarkably increased charge transfer
rate of ZnO-NW/MWNT nanocomposite over pure ZnO-NWs, with
the Mott-Schottky plot displaying a high donor density of 3.9x10™
cm™, a flat band potential of -0.8 V, and a space charge layer of 7
nm. In addition, ZnO-NW/MWNT nanocomposite yields a higher
photocurrent and lower decay constant than pure ZnO-NWs, which
is attributed to the hindered and retarded electron/hole pair recom-
bination in ZnO-NW/MWNT heterojunction. Thus, it affords poten-
tial applications for photocatalysis and photoelectrical devices.
Closely attached ZnS nanocrystals on CNTs were also prepared, to
achieve efficiently improved interfacial electron transfer was and
restrained electron/hole pair recombination of ZnS [48]. The effec-
tively increased photocatalytic activity of ZnS nanocrystals by car-
bon nanotubes again demonstrates that large supporting surface
areas as well as spatial confinement are fully achieved by the facile
construction of 1D CNTs and OD or 1D semiconductors, which
could provide abundant reaction sites for high exposure to light,
thus leading to faster degradation reaction rates.
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Fig. (4). SEM image of the titania nanotube (TNT) array substrate (a); top-view SEM image of the PUTNT hybrid nanostructures prepared via the LBL self-
assembly approach (b); pictorial representation of the proposed mechanism for the photocatalytic degradation of dye pollutant over the M/TNT (M = Au, Ag,

Pt) heterostructures (c) [61].

2.2. 1D Metal Oxide Nanostructure Based Composites

With higher specific surface area and pore volume, facilitated
long-distance electron transport, and markedly enhanced light ab-
sorption and scattering of 1D geometry as compared to their bulk
materials, studies of 1D nanostructures have experienced an expo-
nential growth in recent years for potential applications in photo-
catalysis [49-52]. Being an attractive semiconductor, 1D TiO,
nanostructures have been obtained by various approaches for non-
selective photodegradation of organic pollutants [29]. Fujishima
and coworkers reported the preparation of TiO, nanotube arrays
with good alignment by electrochemical anodization for photocata-
lytic degradation of gaseous acetaldehyde molecules in air [53].
Remarkably enhanced degradation rate can be observed with the
increasing lengths of TiO, nanotubes arrays, which speculatively
explains for the length effect on photoactivity of TiO, nanotube
arrays. ZnO nanotubes also have been reported by Wang's group
via a low-temperature Ga-catalyzed vapor transport approach,
which proposes a vapor-liquid-solid process from the root of the
nanotube [54]. However, the narrow absorption spectra, low quan-
tum efficiency, and possible photodegradation of photocatalyst still
limit the utilization of single phase nanostructures. To avoid the
problems of single-phase 1D nanostructures, multi-component
nanocomposites have been successively developed.

Due to the synergistic effect between different compounds,
heterostructures play an important role in enhancing photo-induced
catalytic reactions [55-57]. Mesoporous TiO, (B) nanowires
(TNWSs(B)) supported Fe,O3 NPs has been reported by a facile
impregnation-solvothermal method, in which the open porous struc-
ture of TNWSs(B) provided a confined micro-environment for well
dispersion of Fe,O; NPs [58]. The photocatalytic experiments
showed remarkable catalytic activity of Fe,O3/TNWs(B) for photo-
chemical oxidation of Direct Red 4BS in presence of H,0,, as well

as excellent tolerance to organic matter poisoning, which may be
ascribed to favorable synergetic effect of Fe,03 NPs and TNWs(B)
support. With Sh:SnO,@TiO, nanobelt electrode serving as a con-
ductive template, 3D Sh:SnO,@TiO,-SrTiO3; heterostructures has
been demonstrated through a facile hydrothermal process [59]. The
Fermi level shift and blocked layer effect by SrTiOj; result in higher
onset potential, saturated photocurrent and significantly enhanced
photocatalytic degradation of methylene blue for Sb:SnO,@TiO,-
SrTiO;3 heterostructure in comparison to Sb:SnO,@TiO, nanostruc-
ture, which further manifests synergetic effect on enhanced PEC
and photocatalytic performance from the 3D heterojunction archi-
tectures. By utilizing oppositely charged polyelectrolytes, nano-
composites of noble metal/1D semiconductors were easily obtained
by a layer-by-layer (LBL) self-assembly route (Fig. 4a, 4b) [60-63].
Remarkably enhanced photo-degradation activity towards organic
dyes has been achieved for the integrated heterostructures afforded
by multilayering polyelectrolytes, where the “electron reservoir” of
metal NPs effectively prolongs the lifetime of photogenerated elec-
tron/hole charge carriers (Fig. 4c). Thus, the LBL self-assembly
method provides a simple approach for construction of regularly
arranged metal/1D semiconductor hybrid nanostructures.
Electrospinning is a simple technique to produce 1D nanofibers
with submicron diameter, which possess outstanding properties of
high specific surface area and porosity for potential applications in
sensors, catalysts, as well as ultrafiltration and separation mem-
branes [64, 65]. Therefore, electrospun nanofibers are considered as
promising matrix or template for a variety of hierarchical nanos-
tructures in environmental remediations [66-69]. A novel heteroge-
neously arranged TiO,/CoFe,04 nanofiber catalysts was obtained
by combination of sol-gel process, electrospinning, and high-
temperature treatment [70]. Both of enhanced UV-light absorbance
and broadened visible-light response region are observed in the
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BaTiO;

Fig. (5). TEM (a) and high-resolution TEM (b) images of ZnO/BaTiO; nanofiber heterostructures. Schematic diagram of photocatalytic mechanism in aqueous

solution for ZnO/BaTiO; nanofiber heterostructures (c) [74].

presence of CoFe,O,4 thus achieving high removal efficiency
(95.87%) toward methylene blue, being approaching that of
Degussa P25. Besides, the magnetically separable property could
effectively avoid the secondary pollution as well as endow these
fibers with multi recyclability and reusability. Using thiourea and
CS, as the sulfur precursors, S-doped TiO, nanofibershave been
prepared via electrospinning technique, which effectively inhibited
the crystalline grain size and notably increased the visible-light
absorbance [71]. Similarly, CdS/TiO, NPs-decorated carbon nan-
ofibers were introduced as a novel photocatalyst working under
visible light radiation for the effective hydrolytic dehydrogenation
of ammonia borane [72]. The favorable electron-transfer properties,
better dispersion, high surface area, and adsorption property are the
main features of nanocomposites that exhibit high catalytic effi-
ciency. N-doped ZnO nanonodules decorated SnO, hybrid nanofi-
bers were also prepared by phase-separated co-electrospinning of
poly(acrylonitrile) (PAN) and poly(vinylpyrrolidone) (PVP) com-
posites, followed by calcination to hybrid semiconductor metal
oxide (SMO) and replacing the oxygen atom with nitrogen atom
[73]. By precisely adjusting the concentration of precursor PVP,
increased photocatalytic activity of hybrid SMO nanofibers can be
achieved with increasing ZnO nanonodules. Ascribed to the in-
creased surface and interfacial area of the heterostructure, it pro-
vides an effective approach for synthesizing inorganic hybrids with
core-shell nanostructures in catalytic applications.

Surface modification has been paid much attention for its diver-
sity in building hierarchical micro/nanostructures. Uniformly dis-
tributed ZnO nanoparticles on primary BaTiO; nanofibers
(Zn0O/BaTiO; nanofiber heterostructures) have been facilely ob-
tained by combination of electrospinning and a hydrothermal proc-

ess (Fig. 5a, 5b) [74]. Ascribed to the synergistic effects of high
specific surface area and effective photogenerated electron/hole pair
separation, ZnO/BaTiO3 nanofiber heterostructures exhibited better
photocatalytic performance compared with pure ZnO powders (Fig.
5c¢). Shang et al. also reported the preparation of a branched nanofi-
ber-nanorod fabric (TiO,/NiO, TiO,/ZnO, and TiO,/SnO,) with
hierarchical heterostructures by a generalizable approach of com-
bining electrospinning with hydrothermal method (Fig. 5) [75].
Photocurrent and photocatalytic studies suggest that enhanced pho-
tocatalytic activity deriving from the higher charge carrier mobility
can be achieved for branched hierarchical heterostructure fabric
compared to bare TiO, nanofibrous mat under light irradiation,
which demonstrates the possible realization of a new class of nano-
heterostructured fabrics with unique optical and catalytic properties.

For easy recovery and recyclability, highly flexible electrospun
SiO, fiber membrane is considered as an ideal matrix for further
surface modification, such as physical vapor deposition, hydro-
thermal treatment, or surface grafting. Hierarchically structured 1D
Zn0O/1D SiO, composite fiber membranes with high flexibility have
been obtained through epitaxial growth of ZnO nanorods on SiO,
fibers, exhibiting efficient photocatalytic and recycling ability to-
wards organic dyes [76]. Similarly, greatly improved adsorption
efficiency towards organic dyes and microorganisms could be real-
ized by the uniform distribution of 2D y-AIOOH (Boehmite) nano-
platelets on surface of 1D SiO; fibers [77]. Liu et al. reported poly-
aniline (PANI) coated TiO,/SiO, nanofiber membranes by a com-
bination of electrospinning, calcination and in situ polymerization
[78]. Photocatalytic degradation tests show the as-prepared nanofi-
ber membranes exhibit enhanced photocatalytic activity for visible-
light degradation of methyl orange, which can be attributed to the
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synergistic effect of PANI and TiO,. Furthermore, it is very easy to
handle the free-standing membrane, making it promising for poten-
tial applications in photocatalysis.

3. TWO-DIMENSIONAL BUILDING BLOCK BASED
NANOCOMPOSITES FOR REMOVAL OF ORGANIC POL-
LUTANTS

3.1. Graphene Based Nanocomposites

With theoretical surface area of 2630 m* g™, high electrical
conductivity (10°S cm™), strong mechanical properties, excellent
thermal conductivity (~ 5000 W m™ K™, and absorption of 2.3%
light for each layer, two-dimensional graphene sheet has been con-
sidered as one of the greatest novel materials for potential applica-
tions in electronics, optoelectronics, environmental and biomedical
applications [79-81]. Moreover, the high surface area and pore vol-
ume, as well as the presence of surface functional groups make
graphene good adsorbents for water purification [82-84]. The hy-
bridization of inorganic nanoparticles in 2D graphene nanocompo-
sites can effectively prevent graphene aggregation, as well as to
achieve a hierarchical structure with high surface area and pore
volume for efficient removal of dyes as well as other organic con-
taminants [85]. Therefore, the construction of 2D graphene based
hierarchical nanocomposites can be used as general platforms for
removal of hazardous species in environment.

Due to the non-toxicity, cheap and easy production, capability
of degrading a wide range of organic contaminants, zero-
dimensional (0D) zero-valent iron (ZV1) has intrigued a great deal
of research since the discovery of bulk zero-valent iron (ZV1) for
ground water remediation by Gillham and O'Hannesin [8]. How-
ever, the high surface energy and strong magnetic interactions of
ZVI make it still remains a great challenge to prepare stable and
well-dispersed ZV1 suspensions for practical environmental sys-
tems [86, 87]. To address these issues, controllable synthesis of
hierarchical nanocomposites derived from ZVI and supporting gra-
phene materials has been realized to achieve a synergic combina-
tion of ZVI with the supporting materials [88]. By using graphene
oxide (GO) as a supporting matrix, Fe nanoparticles@graphene
composites (FGC) are synthesized in which Fe** @GO complexes
are reduced into Fe and graphene simultaneously by NaBH, solu-
tion [89]. The as-formed FGC hybrid composites exhibit high re-
moval capacities of methyl blue due to the reduced particle size,
inhibited aggregation and increased adsorption sites of Fe nanopar-
ticles. Magnetic graphene-Fe;O,@carbon (GFC) hybrids also have
been synthesized for removal of organic dyes [90]. 2D graphene
sheets can efficiently prevent the aggregation to achieve highly
dispersed Fe;O4 nanoparticles with enhanced specific surface area,
while the carbonaceous layer effectively protects Fe;O, nanoparti-
cles in acidic environments. Thus, rapid and efficient adsorption is
achieved, suggesting the potential applications of GFC hybrids in
removal of organic dyes. Xiong et al. reported the preparation of
copper-ion-modified reduced graphene oxide (RGO) composites, in
which excited electrons are continuously passed from RGO sheets
to adsorbed oxygen by the “electron relay” of copper species to
generate continuous reactive oxygen species, thus resulting in
greatly enhanced degradation of rhodamine B (RhB) [91]. In the
same way, Ni@RGO nanocomposites obtained from hydrother-
mally synchronous reduction of GO and Ni?* ions also exhibit en-
hanced ferromagnetic behavior, as well as high removal efficiency
of organic dye molecules comparison with bulk nickel [92]. 1D
Ag/AgCl and graphene oxide hybridized nanocomposites,
Ag/AgCI/GO, also have been easily obtained by involving GO
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nanosheets in the oxidation-chloridization procedure of prefabri-
cated 1D Ag nanowires [93]. The enhanced photocatalytic activity
of Ag/AgCI/GO nanocomposites over Ag/AgCl nanostructures
indicates the cooperative or synergistic effects between intrinsic 1D
Ag/AgCl nanostructures, and efficient charge separation provided
by GO nanosheets for better adsorption of methyl orange mole-
cules.

To further enhance the reactivity of ZVI, bimetallic nanoparti-
cles with a thin layer of transition metals deposited on the surface
of iron, such as Pd, Cu, Ni or Ag, have been developed for effective
removal of contaminants. Huang et al. found that the dechlorination
rate of tetrachlorobisphenol A by Pd/Fe bimetallic particles was
more rapid than that by ZVI, which is believed to be enhanced by
the transition metal doping that serves as hydrogen catalysts or
reactive electron donors [94]. However, it still remains a great chal-
lenge to obtain highly efficient dehydrogenation catalysts due to the
strong magnetism and aggregation. Therefore, weak-branched
polyethyleneimine was applied in the deposition of Fe-Ni NPs on
GO by a simple co-reduction method [95]. A 18 times faster dehy-
drogenation rate, with 982 mL min™ g™t at 293 K towards the hy-
drolysis of ammonia borane, has been observed for Fe-Ni NPs on
PEI-decorated GO compared to Fe-Ni NPs directly deposited on
GO, being promising for substituting platinum catalyst under the
same conditions.

Cadmium sulfide (CdS) has attracted much attentions for its
band gap (2.4 eV) in well accordance with the spectrum of sunlight,
chemical stability, easy and inexpensive synthesis through various
reproducible methods [96]. However, it still remains great chal-
lenge to improve the charge separation efficiency, and retrieve CdS
nanoparticles from treated as well. To overcome the above draw-
backs, construction of heterostructures by 2D graphene and 0D or
1D CdS has been demonstrated to be a potential approach due to
the large surface area and extraordinarily conductive sp>-hybridized
carbon network of graphene [97, 98]. The photo-corrosion of CdS
and leaching of Cd** can be effectively inhibited by the interactions
between GO sheets and CdS nanoparticles, thus resulting in much
improved efficiency in visible-light photodegradation of water pol-
lutants over pure CdS nanoparticles [99]. Yu et al. also reported
zinc sulfide-graphene (ZnS-GR) nanocomposites with uniformly
dispersed ZnS quantum dots (QDs) by a simple solvothermal strat-
egy, which exhibit much higher photoactivity towards degradation
of methylene blue than nanoparticle crystal ZnS (NPC-ZnS) due to
particularly high specific surface area and electron conductivity of
graphene [100]. CdS nanowires-reduced graphene oxide nanocom-
posites (CdS NW-RGO NCs) combining 1D with 2D nanostruc-
tures are also successfully achieved via the combination of electro-
static self-assembly and hydrothermal reduction processes (Fig. 6A,
6B) [101]. Significantly enhanced selective visible-light reduction
of aromatic nitro organics was observed for CdS NW-RGO com-
pared with CdS nanowires (CdS NWs) (Fig. 6C, 6D), offering new
windows for fabrication and applications of various specific 1D
semiconductor-2D RGO nanocomposites in selective organic trans-
formation fields.

Nanosized mesoporous anatase TiO, particles show outstanding
photocatalytic performance in water remediation fields. Contrary to
the conventional soft or hard template synthesis routes, uniform
growth of mesoporous anatase TiO, nanospheres on graphene
sheets was directly presented by a template-free self-assembly
process, which easily achieved single crystal-like nanospheres and
resulted in substantial improvement in photocatalytic removal of
organic pollutant and hydrogen evolution [102]. Making full use of



Hierarchically Organized Nanocomposites Derived

Current Organic Chemistry, 2015, Vol. 19, No. ?? 7

[ CdS NWs

[ CdS NWs-RGO NCs
[ ——

0 2 4 6 8
Reaction Time (min)

[ CdS NWs
[ CdS NWs-RGO NCs

0.0 0.5 1.0 1.5 2.0
Reaction Time (min)
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prepared CdS NWSs and CdS NW-RGO NCs for aromatic nitro compound reduction under visible light irradiation (A > 420 nm) with the addition of ammo-
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[101].
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Fig. (7). Schematic illustration of the photodegradation mechanism of 2,4-D by magnetic TiO,-graphene nanocomposite (a). Photograph of the magnetic sepa-

ration and recycling process (b) [103].

graphene and TiO,, a magnetic TiO,-graphene photocatalyst was
easily produced by combination of sol-gel and assembling proc-
esses [103]. Upon light irradiation, the charge separation of
TiO, nanoparticles produces electrons (¢7) and holes (h*). As good
electron acceptors, negatively charged graphene sheets easily react
with dissolved oxygen to yield superoxide anion radicals, who fur-
ther react with hydrogen ions to produce hydroxyl radicals. As well,
the holes are consumed by adsorbed water to form hydroxyl radi-
cals. Thus, the adsorbed 2,4-D molecules on TiO,-graphene active
sites via m—r stacking or electrostatic force can be easily oxidized as
shown in Fig. 7a. Moreover, the catalyst can be fully recovered
with the remaining removal efficiency of 97.7% for 2,4-D after 8
successive cycles (Fig. 7b). In addition, it still kept a high removal
efficiency of 95.6% towards 2,4-D even after one year, which

makes it a promising candidate for pollutant removing applications.
Ag-ZnOJ/reduced graphene oxide (Ag-ZnO/RGO) composite was
also greenly prepared via a one-step hydrothermal process, in which
the size of ZnO flowers is effectively controlled by Ag precursor
and GO sheet. Thus, the hybrid nanostructure shows great photo-
catalytic and antibacterial activity [104]. More complex composites,
such as CoFe,0, and ZnFe,04 nanoparticles, have also been studied
for organic pollutant degradation. According to Wang’s study, the
combination of CoFe,0,4 or ZnFe,O,4 with graphene can lead to high
degradation activity for organic pollutants, as well as easy recovery
and recycling performance [105, 106].

Two dimensional nanoplatelets have also been introduced into
graphene nanocomposites for adsorption and photo-degradation of
organic pollutants [107-109]. In Peng’s study, a new composite
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Fig. (8). Schematic diagram of P25 membrane (left side) and FESEM image of P25 membrane surface (right side) (a); schematic diagram of TiO, microsphere
membrane (left side) and FESEM image of TiO, microsphere membrane surface (right side (inset: digital photo of TiO, microsphere membrane) (b); and
schematic diagram of GO-TiO, membrane (left side) and FESEM image of GO-TiO, membrane surface (right side (inset: digital photo of GO-

TiO, membrane) (c) [114].

consisting of silver phosphate (AgsPO,4) sub-microcrystals grown
on layered molybdenum disulfide (MoS,) and graphene (GR) hy-
brid was developed to be highly active for photocatalytic degrada-
tion of multi kinds of toxic organic pollutants [110]. With MoS,/GR
nanosheets serving as electron collectors, separation of photo-
generated electron-hole pairs was greatly enhanced and the holes
were more available for organic oxidation. Similarly, hybrid nano-
materials of reduced graphene oxide, zero-valent nickel, and NiAl-
mixed metal oxides (RGO/NiI/MMO) have been synthesized by
controllable thermal treatment of GO/layered double hydroxide
(LDH) hybrid in N, [111]. With NiAl-LDHs being reduced into
zero-valent Ni and NiAI-MMOs during calcination in the presence
of GO substrate, this magnetic nanocomposite demonstrates out-
standing adsorption and recycling abilities toward methyl orange
removal.

A series of graphene sheets grafted three-dimensional
BiOBrq,lpg microspheres have been synthesized by a simple one-
step solvothermal method, in which BiOBrg,log microspheres com-
posed of numerous nanoplatelets with a thickness of about 10 nm
were uniformly dispersed on the surface of graphene [112]. The
assembled BiOBry,log/graphene composites exhibited excellent
visible-light photocatalytic activity towards RhB and phenol, which
was due to more effective charge transportations and separations,
larger specific surface areas and the increased light absorption. Zou
et al. reported the new role of GO as structure-directing and mor-

phology-controlling agents in the nucleation and hydrothermal
growth of heterostructured Bi,M0Og/Bi3g4M0g 350655 composites
[113]. Due to the optimal Bi,M0O¢/Biz4M00 360655 phase ratio,
unique morphology and structure, as well as the effective separation
of photogenerated electrons and holes, the as-prepared 1% gra-
phene-Bi,Mo0g/Biz 64M0g 360655 cOmposite exhibits the best pho-
tocatalytic degradation efficiency towards Rhodamine B. The
worldwide concerning on clean water shortage has made the mem-
brane technology a burning issue. In the work of Gao et al., a novel
GO-TiO, composite membrane was obtained via the assembly of
hierarchical GO-TiO, microspheres on the surface of a polymer
filtration membrane (Fig. 8) [114]. GO sheets play double roles of
crosslinker for individual TiO, microspheres, and electron acceptor
to improve photocatalytic activity of GO-TiO, membrane. There-
fore, high permeate flux and photodegradation activity with no
membrane fouling is realized in simultaneous water filtration and
pollutant degradation.

3.2. Layered Double Hydroxides Based Nanocomposites

The anisotropy of a 2D nanosheet makes it an ideal 2D quan-
tum system both for fundamental physical studies and synthesis of
multi-functional materials, such as electronic, photonic, magnetic
and mechanical materials [115]. A variety of nanocomposites [116],
multilayer nanofilms [117], and hierarchical architectures [118],
can be produced by the assembly or organization of charge-bearing
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inorganic nanosheets through different kinds of solution-based
processing techniques (e.g., LBL assembly, electrostatic self-
assembly, and Langmuir-Blodgett method), which may have sig-
nificant potentials for electronic, magnetic, optical, and catalytic
applications. With the general formulation of [M%*.
M (OH), I (A™)n-mH,0, layered double hydroxides (LDHs) are
widely studied driven by the potential use for preparing CO, ad-
sorbents, catalysts, or directly used as ion exchange hosts, drug
delivery hosts, and as cement additives [119]. Due to their composi-
tional flexibilities, exchangeable interlayer anions, large surface
areas, ease of preparation and low cost, and “memory effect” (i.e.,
the rehydration of calcined LDH), LDHs show great potentials as
anionic adsorbents but low adsorption towards non-ionic organic
compounds due to their hydrophilic nature [120, 121]. Thus, inter-
calation technique has been developed to change the surface hydro-
phobicity and improve adsorption affinity towards non-ionic or-
ganic pollutants [122, 123]. To enable effective dispersion, separa-
tion and guided movement of LDHs in solution phase, magnetic
properties have also been introduced, where various types of LDHs
consisting of magnetic cores such as Fe;O4, magnesium ferrite and
cobalt ferrite have been prepared [118, 124]. Stable self-assembly
of Fe304 nanoparticles on LDH nanocrystals has been achieved due
to the strong electrostatic attraction between negatively charged
magnetite nanoparticles and positively charged LDHs [125].
Moreover, the combination of 0D NPs and 2D nanoplatelets affords
superior performance for organic dye treatments with fast adsorp-
tion kinetics and high adsorption capacity.

With the facile exfoliation and grafting properties of LDH sin-
gle layers, both calcined and uncalcined LDHSs are supposed to be
effective supports for noble metal catalyst immobilization [126-
128]. NanoPt intercalated Zn-Ti LDHs have been synthesized by

ionic exchange and photochemical reduction method from Zn-Ti
LDHs in H,PtClg solution (Fig. 9A, 9B) [129]. The combination of
Zn-Ti-LDHs and Pt introduces some properties of Pt into photo-
catalysis such as excellent conductivity and controllability. Re-
markable 17-fold enhancement in the degradation of rhodamine B
reaction was observed on as-prepared Pt/Zn-Ti LDHs compared
with pure Zn-Ti LDHs under simulated sunlight irradiation (Fig.
9C, 9D). The enhanced photocatalytic activity is ascribed to high
specific surface (111.46 m? g), extended photoresponding range,
negative shift in the flat-band potentials and the fast electron migra-
tion efficiency, which may effectively suppress the charge recom-
bination. Bifunctional Ag/AgBr/Co-Ni-NO3; LDH nanocomposites
were facilely synthesized through an anion-exchange precipitation
method [130]. Ag/AgBr nanoparticles were uniformly distributed
on Co-Ni-NO;z; LDH sheets after adding AgNO; solution into Co-
Ni-Br LDH suspension, which exhibited much higher adsorptive
capacity (230 mg g™) towards methyl orange compared to Co-Ni-Br
LDH, Ag/AgBr, and activated carbon. Higher photocatalytic activi-
ties towards dyes and phenol removal are achieved for the nano-
composites over Co-Ni-Br LDH and Ag/AgBr as well, making it
promising for wide applications in wastewater treatment. Supported
anatase-type TiO, nanoparticles have also been obtained by selec-
tive reconstruction of a Cu?*, Mg?, AI**, Ti*"-containing layered
double hydroxide (CuMgAITi-LDH), in which the skeleton Cu?*
ions enables photodegradation for MB. Due to the efficient photo-
generated electrons/holes separation, the TiO,/LDH heterojunction
nanostructure provides new modes for load-type doped semicon-
ductive photocatalysts with significantly improved photocatalytic
activity [131].

With well-designed hierarchical nanocomposites constructed
from 1D CNTs and 2D lamellar structures (e.g., clay and LDHs)
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showing specific functions for unique applications, the uniform
dispersion of nanoparticles in the matrix is always considered as a
key issue. Nanocomposites of single/double-walled CNTs inter-
linked with 2D LDH flakes are fabricated, in which LDH is consid-
ered as an extraordinary catalyst for in-situ growth of high-quality
CNTs [132]. The as-obtained CNT/calcined LDH nanocomposite
acts as a new template for further construction of multi-functional
materials in adsorption, catalysts, energy conversion and storage
applications. The LBL self-assembly of oppositely charged 2D
nanosheets of Zn-Cr LDH and layered titanium oxide easily leads
to an ordered mesoporous nanohybrid with ordered in-plane atomic
arrangements and electronic structures (Fig. 10), thus achieving
effective electronic coupling which is responsible for the strong
visible-light absorption and depressed photoluminescence [133].
Therefore, the LBL assembly is a promising strategy for preparing
chemically stable LDH-semiconductor hybrid materials with highly
improved photocatalytic activity. Fe;0,@LDH@Ag/AgsPO, sub-
microsphere has been successfully obtained to show efficient visi-
ble-light activities towards photocatalytic degradation of organic
pollutants with easy recyclability and reusability under an external
magnetic field, being promising as a novel visible-light photocata-
lyst for water remediation [134].

4. THREE-DIMENSIONAL BUILDING BLOCK BASED
NANOCOMPOSITES

Aerogel, a novel three dimensional structure, has attracted in-
creasing concerns in applications of adsorption, catalysis, and en-
ergy storage, due to its high specific surface area (400-1200 m* g™,
high porosity (> 80%), high mechanical strength, mesoporous struc-
ture (2-50 nm), and low cost [135-137]. These materials are basi-
cally obtained from the sol-gel polycondensation of certain organic
monomers, such as resorcinol and formaldehyde [138, 139].
Mesoporous Fe/carbon aerogel (CA) structures with high specific
surface areas of 487 m® g has been successfully developed via the
carbonization of composite Fe3O4/phenol-formaldehyde resin struc-
tures, which were prepared using a hydrothermal process with the
addition of phenol [140]. The mesoporous Fe/CA structures were
further used for the adsorption of arsenic ions with a maximum
arsenic-ion uptake of calculated 216.9 mg g, much higher than
that observed for other arsenic adsorbents. Besides, ferromagnetic
behavior for the as-prepared mesoporous Fe/CA structures results
in their easy separation and retrieval from solution under external
magnetic fields.

Recently, porous inorganic hydrogels/aerogels are especially
popular for applications in environmental and water remediation,
such as energy storage, adsorption and catalysis [141]. However, it
still remains an urgent challenge to inexpensively and efficiently

create inorganic nanowire hydrogels/aerogels. An inorganic
nanowire hydrogel/aerogel with high porosity was obtained via in-
situ hydrothermal preparation of 1D nanowires [142]. The intercon-
necting nanowires with much longer length affords remarkably
improved porosity, surface area, mechanical property, and de-
creased density (as low as 2.9 mg cm™) for catalysis or absorption.
Kinetic and thermodynamic study show that optimal adsorption of
azo-dye Orange Il by titania aerogels occurs at pH = 2 with the
strongest electrostatic interactions [143]. Moreover, the titania
aerogel can be fully regenerated at pH = 11 and 30 °C, demonstrat-
ing its efficient reusability and economic interest for environmental
purposes. Similarly, a novel and green sol-gel process combined
with supercritical extraction and drying has been applied for the
preparation of nanostructured highly porous TiO,/WOs/Fe3C aero-
gel composite photocatalysts, which definitely shows much supe-
rior photocatalytic capability than that of commercial Degussa P25
under visible light exposure [144]. With microcystins (MCs) caus-
ing severe environmental damages worldwidely, it is urgently re-
quired to seek an economical purification method to ensure the
drinking water safety. Xia et al. novelly developed two nanoporous
metal-organic framework MIL-100(Al) based xerogel and aerogel
for highly efficient removal of the most toxic MC-LR in MC family
with adsorption capacities reaching 6861 and 9007 mg g’
thus leading to much lower residual MC-LR concentration (0.093
mg L™?) than the standard concentration (1 mg L™) for drinking
water [145].

With the rapid development of carbonaceous materials, such as
graphene and CNTSs, carbonaceous materials have been increasingly
applied in purification of waste water. An efficient way has been
reported to fabricate MWNT-carbon hybrid hydrogels via a hydro-
thermal carbonization process, in which the gelation process is
drastically promoted by the carbonaceous layers [146]. Ultralight
3D-graphene aerogels (GAs) are reported to be effective adsorbent
for organic pollutants and electron transporter for photocatalysis as
well [147]. Therefore, in-situ hydrothermal growth of well-
dispersed mesoporous TiO, nanocrystals with (001) facets on GAs
has been developed, in which glucose was used both as dispersant
and linker [148]. With high electrical conductivity and strong inter-
facial interactions in 3D porous structures, TiO,/GAs exhibit high
photocatalytic activity and recyclability towards methyl orange
pollutant. To be emphasized, metal ions, such as Ca?*, Co®*, Ni**,
play key roles as skeleton, filler, and linker during the preparation
of porously structured 3D GO-based materials, which may effec-
tively improve the chemical cross-linking between graphene sheets
[149]. By using Ni** ions as catalysts instead of the commonly used
alkaline carbonates, Ni-doped graphene/carbon cryogels (NGCC)
have been successfully prepared through the gelation process of
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organic solvent adsorption capacity of CC, GCC, and NGCC [150].

resorcinol and formaldehyde (RF) with GO [150]. The as-formed
3D interconnected structures with uniformly embedded Ni nanopar-
ticles exhibit good mechanical properties, which can be attributed
to the great strengthening of Ni*"-induced crosslinking between GO
and RF skeletons during the carbonization process (Fig. 11a, 11b).
The unique porosity within the interconnected structures thus pro-
vides high extraction capability for oils and organic solvents with
good recycling use (Fig. 11c, 11d), making the cryogels versatile
candidates for pollutants elimination in water. A 3D network of
carbon structures and a-FeOOH nanorods was also prepared from
hydrothermal reduction of GO and CNTs [151]. With CNTSs acting
as a scaffold, the aerogels show excellent elastic modulus between
0.011 and 0.29 MPa. Moreover, the 3D graphene-CNTs aerogels
with porous structures and low density (0.011-0.087 g cm®) exhibit
high removal efficiency towards aqueous lead (230 and 451 mg g
1), thus making them promising adsorbents for many environmental
applications.

5. CONCLUSIONS AND OUTLOOK

Hierarchically organized nanocomposites derived from low-
dimensional nanocarbon materials and metal/metal oxide (hydrox-
ide) or semiconductors afford great potential to overcome various
environmental problems, due to the fully extended or even syner-
gistic advantages of all the component materials. However, the
fabrication processes still face many severe challenges. As for low-
dimensional building blocks, it is urgently necessary to address the
stability and fine dispersion since they are critical to obtain nano-
composites that still keep the advantages of each nanocomponent.
On the other hand, the interactions, homogeneity, and connectivity
are major challenges during the construction of hierarchical archi-
tectures on macroscopic scale. This review is expected to provide
useful information and inspire growing efforts in the design and
preparation of hierarchically organized nanocomposites for versa-
tile environmental remediation.
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