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Abstract

future application in catalysis, sensing, and separation technologies.

INTRODUCTION

The intriguing physical characteristics observed in nanoscale
metals and semiconductors are related to the changes in
electronic structure as well as the large surface-to-volume ratios,
which make them vastly different from corresponding bulk solids.
These unique properties have led to the development of synthetic
methods that permit exquisite control over materials size, shape,
and dispersity in the nanometer length scale [1,2]. However,
most of the applications envisioned, and the devices that are
likely to be constructed, will not be solution based or single
particle based but will be formed from nanoparticle assemblies
in the solid state. Hence, developing methods for the assembly
of nanoparticles into solid state structures, while retaining their
characteristic physical properties, is an important challenge.
One classic method that has proved useful for production of
nanostructures is the sol-gel technique, in which nanoparticles
are formed and aggregated through a series of hydrolysis and
condensation reactions to form a wet-gel structure [3-7]. When
the wet-gel is supercritically dried, the polymeric structure can
be retained, producing a material known as an aerogel.

Aerogels are a unique class of porous inorganic polymers that
exhibit high surface areas, solid contents ranging from 1-15%
by volume, and densities as little as three times that of air [5].
As such, they are ideal substrates for catalyst and sensors, and
are excellent thermal insulating materials [3-7]. A schematic
description of the morphology of a base-catalyzed silica aerogel
is shown in (Figure 1), depicting the three-dimensionally (3-
D) connected network of nanoscale building blocks. One of

The ability to assemble nanoparticles into functional structures is an important

Corresponding author

Indika U Arachchige, Department of Chemistry, Virginia
Commonwealth University, Richmond, VA 23284, USA,
Email: iuarachchige@vcu.edu

Submitted: 31 July 2013

Accepted: 05 August 2013

Published: 07 August 2013

Copyright

© 2013 Nahar and Arachchige

Keywords

* Metal and semiconductor nanoparticles
* Assembly

* Sol-gel synthesis

* Porous metals

challenge that needs to be addressed for the generation of nanoparticle-based
devices. Sol-gel method represents a facile yet powerful strategy for the self-assembly
of metal oxides, chalcogenides, and metal-semiconductor hybrid nanoparticle systems
info three-dimensionally connected porous nanostructures. In contrast to traditional
oxides, where gels are formed by hydrolysis and condensation of molecular
precursors, gelation in non-oxidic systems (with the exception of carbon), is achieved
by condensation of the pre-formed nanoparticles. In this highlight, the application
of later strategy for the assembly of chalcogenide semiconductor and noble metal
nanoparticles and their intriguing physical properties is reviewed in the context of

the unique features of the aerogel that makes it useful for a
variety of chemical applications is the continuous micro-(<2
nm) to meso-(2-50 nm) pore structurewhich provides a facile
conduit for molecules to reach the nanostructure surface [8-10].
Nevertheless, the potential uses of aerogels have been limited
to insulating or wide band gap oxidic materials (e.g. SiO,, ALO,,
Ti0,) for many years because of restrictions in the chemical
systems that can be employed for the gel formation. Under sol-
gel conditions, a polymeric gel structure will form in preference
to a precipitate only when hydrolysis and condensation kinetics
are optimized and the metal is of moderate electronegativity [5].
Silica, alumina, and titania display ideal sol-gel characteristics,
hence they have been extensively studied, while other systems,
specifically conductive oxides [11-13] and non-oxidic [6]
materials have been significantly less explored.

Over the last two decades, scientists have begun to extend
sol-gel chemistry to non-oxidic systems. This has led to the
development of carbon aerogels, the first class of non-oxide

Figure 1 Pearl necklace architecture of the traditional base catalyzed silica
aerogel.
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aerogels prepared from pyrolysis of resorcinol-formaldehyde
gel frameworks [14,15]. Later in 1997, Boilot et al. reported the
synthesis of CdS (cadmium sulfide) wet-gels from thiolate coated
CdS (cadmium sulfide) nanoparticles by oxidative removal of the
surface ligands, i.e. the condensation of pre-formed NP colloids
(Figure 2) [16-18]. Several research groups have successfully
exploited this strategy for the construction of chalcogenide
semiconductor and metal aerogels by employing thiolate or
citrate stabilized pre-formed nanoparticles [19-40]. Interestingly,
the resultant nanostructures display characteristic pearl necklace
morphology of the nanosized constituents without the presence
of intervening ligands but are low-dimensional materials
with band energies (for semiconductors) that can be tuned
by adjusting the density or the porosity of the gel framework
[20,28]. The focus of this mini-review is to highlight the recent
progress of the use of sol-gel chemistry for the assembly of metal
and semiconductor nanoparticles, its advantages in comparison
to other well-known nanoparticle assembling methods, and the
unique physical characteristics of the sol-gel derived nanoparticle
superstructures.

Semiconductoraerogelsbynanoparticlecondensation

Chalcogenide semiconductors have gained considerable
interest from the scientific community due to their strong size,
shape, and composition dependent photophysical properties
[41,42]. Significant efforts have already been devoted to the
assembly of such particles utilizing organic ligands, polymers,
biomolecules, and templating strategies [43-46]. Despite the
successes in producing ordered or non-ordered superstructures
by these methods, the use of intervening ligands have been
shown to moderate inter-particle interactions hindering charge
transport and limiting the thermal stability of the resultant
nanostructures. In contrast, a strategy involving direct cross-
linking of nanoscale metals, such that intrinsic to a nanoparticle
based aerogel, would result in highly conducting superstructures
with tunable surface area and pore characteristics. Accordingly,
the synthesis of CdS (cadmium sulfide) wet-gels by a two-step
nanoparticle formation and condensation route was originally
reported by Gacoin et al. (Figure 2) [16-18,47,48]. In this
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approach, stable CdS nanoparticle sols were prepared by
dispersing pre-formed thiolate capped particles in acetone.
In a second step, partial removal of the surface ligands using a
chemical oxidant (H,0,) resulted in transparent or opaque wet
gel structures. It was also revealed that the gelation phenomena
in metal chalcogenide nanoparticles rely on the kinetics of
the surface thiolate oxidation, in which active sites for the
nanoparticle condensation become available. If excess of oxidant
is present in the sol, too many active sites are generated on the
nanoparticle surface, leading to precipitation whereas, if too
little oxidant is present in the sol, nanoparticles are completely
passivated by the thiolates leading to a stable sol. Gacoin et al.
suggests that at a minimum concentration of oxidant/thiolate
(X, ) no gel is formed whereas above X _, gelation occurs [16].
With increasing X , rate of the gelation/condensation increases
ultimately leading to precipitation at ~5X . [16]. Hence, the
density, surface area and porosity of the resulting gel networks
were fine-tuned by varying the amount of oxidant (X  -5X 7,
type of the oxidant, and the gel aging time [23].

The generality of this route to prepare a number of other
chalcogenide and pnictide gel structures based entirely on
pre-formed nanoparticles was described by Brock et al
[19,21,22,33,49,50]. The gelation can be induced by a variety of
oxidantssuchasH,0,, tetranitromethane, and photo oxidation and
the nanoparticles prepared by different synthetic methods have
been successfully transformed into wet-gel and aerogel structures
[21]. As-prepared semiconductor aerogels are monolithic,
consist of a three-dimensional assembly of nanoparticles and
are morphologically similar to silica aerogels prepared by base
catalysis (Figure 3A). Chalcogenide aerogels produced by these
route exhibit bulk densities as low as 0.07-0.35 g/cm®and are
meso-to-macroporous with BET surface areas up to ~250 m?/g
(600 m?/g silica equivalence). Even though the nanoparticles are
directly hard-wired into random three-dimensional architectures,
the size dependent energetic features are mostly retained as a
result of low dimensionality (high porosity) of the gel structure
(Figure 3B and Table 1). For instance, the nanocrystals of CdSe
(cadmium selenide) when interconnected in a colloidal wet-
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Figure 2 Schematic description of the direct self-supported assembly of metal and semiconductor nanoparticles into aerogel frameworks via nanoparticle condensation

strategy. Concentrated colloidal sols are prepared in polar solvents and the gel formation is induced by oxidative removal of the surface ligands over 1-21 days. The

resulting wet-gel structures are dried under supercritical conditions to form highly porous superstructures (aerogels) composed entirely of nanoscale building blocks.
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Figure 3 [A] Transmission electron micrograph of a CdSe aerogel prepared by nanoparticle condensation route showing the meso to macro porous interconnected

network of colloidal nanoparticles. [B] Optical absorption spectra of chalcogenide gels prepared by nanoparticles condensation route. [C] A photograph of CdS wet-gel

(center) and a xerogel (left) prepared by bench top drying and an aerogel (right) dried under supercritical conditions. Part A is reproduced with permission from 2006
American Chemical Society and part B and C are reproduced with permission from 2005 American Association for the Advancement of Science.

Table 1: Comparison of the optical bandgaps of chalcogenide semiconductor aerogels and corresponding bulk materials along with the BET surface areas, BJH average pore

diameters, and cumulative pore volumes of metal and semiconductor aerogels reported to date.

. BJH adsorption
Aerogel Bandf:‘l;)onset Bulk (l:;)ldgap BET Surface Area (m?/g) BJH Average(rll’:;e diameters cumulative pore
volume (cm?/g)
PbS [19] 0.80(1) 0.37 119-141 21-45 0.79-0.94
CdSe [19] 2.19(5) 1.74 128-161 16-29 0.53-0.98
CdS [19] 2.71(2) 2.42 239-250 29-30 1.90-2.02
CdTe [34] 1.92 1.50 120-140 12.7-13.8 0.55-0.83
ZnS [19] 3.80(4) 3.54 182-202 15-30 0.40-0.86
PbTe [35] N/A N/A 74 19 0.34
InP [40] 2.1 1.35 195-212 7.7-8.7 0.41-0.46
Bi,Te, [38] N/A N/A 45 9 0.10
Bi, Sb Te, [38] N/A N/A 36 9 0.10
Ag/CdS [51] N/A N/A 73-165 3.2-3.4 0.29-0.61
Au/CdS [52] N/A N/A 50-81 3.14-3.62 0.20-0.21
Au/Ag [53] N/A N/A 48 N/A N/A
Pt/Ag [53] N/A N/A 46 N/A N/A
Pd [54] N/A N/A 92 N/A N/A

gel network retain their optical band gap [21]. However, with
increasing dimensionality (an increase in density or a decrease
in porosity) from wet gels to aerogels to xerogels, the band gap of
the inter-connected particles shows a red shift, but compared to
bulk CdSe the band gap values remain significantly blue shifted
(Figure 4) [20,28]. Hence, the quantum confined optical features
in these gel structures has been successfully tuned as a function
of the density or the porosity of nanostructures. Likewise, the
band gap of the inter-connected nanoparticles can be further
tuned by heating, resulting in a systematic red shift in the
absorption onset with increasing annealing temperature (100-

300 ©C) [19,33]. This red shift is accompanied with a crystallite
size growth and a phase change from cubic to hexagonal for
CdS aerogels. CdSe aerogels prepared by this approach show
weak band-edge emission of their linked nanoparticles, which
is attributed to the residual thiolate ligands acting as traps for
the electron-hole recombination [21]. However, the thiolate
ligands exchange with pyridine in the wet-gel stage results in a
considerable enhancement of band edge emission. This novel
approach has been successfully extended for the assembly of a
variety of metal chalcogenide and pnictide based nanoparticles
including but not limited to CdS [33], CdSe [19-21,28-30], CdTe
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(cadmium telluride) [31,32,34], ZnS (zinc sulfide) [19,20,37],
PbS (lead sulfide) [19,20], PbTe (lead telluride), [35] InP (indium
phosphide) [40], Bi,Te, (bismuth telluride) and Bi, Sb Te,
(bismuth antimony telluride) nanoparticles [38]. Moreover,
the synthesis of Ag/CdS (silver/cadmium sulfide) [51], and
Au/CdS (gold/cadmium sulfide) [52] metal-semiconductor
hybrid gel structures by employing a similar strategy has also
been reported. The optical bandgaps, Brunauer-Emmett-Teller
(BET) surface areas, Barrett-Joyner-Halenda (BJH) average
and cumulative pore volumes of the aerogels prepared from
nanoparticle condensation route are listed in Table 1.

Metal aerogels by nanoparticle condensation

Intriguing physical properties observed in metal-
chalcogenide and pnictide based aerogels have sparked research
forefronts to investigate the potential of sol-gel chemistry for
the assembly of metal nanoparticles. Accordingly, Eychmuller
et al. has successfully utilized the nanoparticle condensation
strategy for the creation of non-ordered superstructures
of metal nanoparticles (Ag, Au, Pt, and Pd) [53,54]. In this
approach, monometallic and heterogeneous bimetallic
nanoparticles coated with citrate ligands were slowly oxidized
to form monolithic gel structures composed entirely of metal
nanoparticles (Figure 5). The resultant aerogels are reported
to be extremely light with average densities that are two orders
of magnitude lower than reported metal forms [55] and three
orders of magnitude lower as compared to bulk metals. These
metal aerogels are morphologically distant from chalcogenide
semiconductor aerogels and appeared to be consisting of
ultra-thin wire-like nanostructures with typical thickness in
the same scale as precursor nanoparticles (Figure 5) [53].
Resultant bimetallic aerogels (Au/Ag and Pt/Ag) are reported
to exhibit BET surface areas in the range of 46-48 m?/g. The
formation of such noble metal nanoparticle based mesoporous
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Figure 4 Anillustration of the effect of network density on the optical bandgaps
of CdSe gel structures. Bandgap values can be tuned in between the individual
nanoparticle and bulk values by engineering the density or the porosity of the
nanostructure. Reproduced with permission from 2006 Comments on Inorganic
Chemistry, Taylor and Francis Publishers.

Figure 5 (a) Photograph of a heterogeneous Au/Ag hydrogel, and (b) of a piece
of the corresponding aerogel produced by oxidative removal of citrate ligands
from corresponding nanoparticles followed by supercritical drying. (c) Energy
dispersive spectroscopy mapping of the aerogel, showing equal distributions of
gold and silver. (d) SEM images of a bimetallic gold/silver aerogel at different
magnifications. Reproduced with permission from 2009 Angewandte Chemie
International Edition, Wiley Online publishers.

superstructures is an important step towards self-supported
monoliths with enormously high catalytically active surfaces.
When one considers that metal nanoparticles possess unique
optical properties due to their pronounced surface plasmon
resonance, aerogels derived from metal nanoparticles may also
find future applications in nanophotonics. Very recently, the
same group has reported the synthesis of Pd aerogels cross-
liked with cyclodextrin, which exhibits a relatively higher surface
area of 92 m?/g as well as superior catalytic activity in ethanol
oxidation in fuel cell applications [54]. As a result of the synthesis
of metal and semiconductor aerogels through a general synthetic
approach (nanoparticle condensation), synthetic routes to metal-
semiconductor hybrid gel structures have also been established
(e.g. Au/CdTe (gold/cadmium telluride)) [56,57]. The control of
synthetic parameters, gel drying and processing conditions has
allowed the researchers to create monolithic gel structures on a
time scale of minutes to hours suggesting the potential for up-
scaling the synthesis for future technological applications.

To date, the understanding of the fundamental phenomena
relating to: the mechanism of nanoparticle-based gel formation,
the nature of the interactions between nanosized constituents,
and the effect of low-dimensional connectivity on optical,
electrical, and thermal transport properties of the aerogels is
still in its infancy. In a previous report on gelation mechanics of
metal chalcogenide aerogels (e.g. CdSe), Brock et al. has shown
that the oxidative removal of the surface thiolates triggers the
oxidation of surface selenides (Se*) into diselenide bridges
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(Se-Se) supporting the network formation [24]. Similarly, in
a recent report from the same group suggests the gelation in
pnictide-based nanoparticles (e.g. InP) is due to condensation of
phosphorus oxo-anionic moieties generated at the interfaces of
the particles [40]. However, such mechanistic studies on recently
developed metal aerogels and metal/semiconductor hybrid gel
structures have not been reported.

CONCLUSION AND PROSPECTUS

Chalcogenide, pnictide, and metallic gel structures formed
via nanoparticle condensation is an exciting and emerging
field of non-oxidic sol-gel chemistry. This route ensures the
production of particulate gel structures by separating the
nanoparticle formation from the condensation event. The ability
to create such self-supported metal and semiconductor aerogels
as thin films or monoliths will generate a host of new device
possibilities in catalytic, sensing, and separation technologies,
while their density, morphology, conductivity, surface area and
porosity can be tuned by engineering the gelation kinetics as
well as the physical properties of the precursor nanoparticle
colloids. The direct hardwiring of the pre-formed nanoparticles
into highly conducting gel frameworks with tunable surface
area and porosities is a unique and creative component to this
strategy that has already demonstrated superior performance
in electrocatalysis [54]. These nanostructures are proven to
exhibit nanoparticle connectivity, control over surface area
and porosity, as well as superior charge transport properties.
As such, they would be uniquely poised to tackle a number of
technological issues that have not been successfully addressed
by bulk materials, discrete nanoparticles, and ligand-stabilized
nanoparticle superstructures. Finally, the ability to create
aerogels using chalcogenide/pnictide semiconductors and
noble metals provides the means to carry out the nanoparticle
condensation in a larger number of other nanoparticle systems
including but not limited to other catalytic metals, elemental
and compound semiconductors, as well as their hybrid
materials, while retaining the characteristic physical properties
of individual particles. However, an area of concern for sol-gel
derived nanoparticle superstructures is the poor mechanical
stability of the resulting aerogels. Presently gels that are formed
in solution and dried are often fragile hence; the free standing
superstructures should be carefully handled during subsequent
characterization and applications. To address this issue, it should
also be possible to produce composite materials based on these
aerogels, e.g. by polymer infiltration, to combine their physical
properties with greater mechanical stability. Specific studies to
test this premise are currently underway.

ACKNOWLEDGMENTS

Wethank the American Chemical Society-Petroleum Research
Fund (Grant # 52423-DNI10) and Virginia Commonwealth
University for funding.

REFERENCES

1. Scher EC, Manna L, Alivisatos AP. Shape control and applications of
nanocrystals. Philos Trans A Math Phys Eng Sci. 2003; 361: 241-255.

2. Xia Y, Xiong Y, Lim B, Skrabalak SE. Shape-controlled synthesis of
metal nanocrystals: simple chemistry meets complex physics? Angew
Chem Int Ed Engl. 2009; 48: 60-103.

3. Brinker CJ, Scherer GW. Sol-Gel Science. 1st edn. San Diego: Harcourt
Brace. 1990.

4. Pierre AC, Pajonk GM. Chemistry of aerogels and their applications.
Chem Rev. 2002; 102: 4243-4265.

5. Hiising N, Schubert U. Aerogels-Airy Materials: Chemistry, Structure,
and Properties. Angew Chem Int Ed. 1998; 37:22-45.

6. Hector AL. Materials synthesis using oxide free sol-gel systems. Chem
Soc Rev. 2007; 36: 1745-1753.

7. Pajonk GM. Catalytic Aerogels. Catal Today 1997; 35:319-37.

8. Rolison DR. Catalytic nanoarchitectures--the importance of nothing
and the unimportance of periodicity. Science. 2003; 299: 1698-1701.

9. Long JW. Architectural design, interior decoration, and three-
dimensional plumbing en route to multifunctional nanoarchitectures.
Acc Chem Res. 2007; 40: 854-862.

10.Rolison DR, Long JW, Lytle JC, Fischer AE, Rhodes CP, McEvoy TM,
et al. Multifunctional 3D nanoarchitectures for energy storage and
conversion. Chem Soc Rev. 2009; 38: 226-252.

11.Long JW, Dunn B, Rolison DR, White HS. Three-dimensional battery
architectures. Chem Rev. 2004; 104: 4463-4492.

12.Rolison DR, Dunn B. Electrically Conductive Oxide Aerogels: New
Materials in Electrochemistry. ] Mater Chem. 2001; 11: 963-80.

13.Long JW, Swider-Lyons KE, Stroud RM, Rolisona DR. Design of Pore
and Matter Architectures in Manganese Oxide Charge-Storage
Materials. Electrochem Solid-State Lett. 2000; 3: 453-6.

14.Feng], Feng], Zhang C. Shrinkage and Pore Structure in Preparation of
Carbon Aerogels. ] Sol-Gel Sci Technol. 2011; 59: 371-80.

15.Mulik S, Sotiriou-Leventis C, Leventis N. Macroporous Electrically
Conducting Carbon Networks by Pyrolysis of Isocyanate-Cross-Linked
Resorcinol-Formaldehyde Aerogels. Chem Mater. 2008; 20: 6985-97.

16.Gacoin T, Lahlil K, Larregaray P, Boilot J-P. Transformation of CdS
Colloids: Sols, Gels, and Precipitates. ] Phys Chem B. 2001; 105: 10228-
35.

17.Gacoin T, Malier L, Boilot J-P. Sol-Gel Transition in CdS Colloids. ]
Mater Chem. 1997; 7: 859-60.

18.Gacoin T, Malier L, Boilot J-P. New Transparent Chalcogenide Materials
Using a Sol- Gel Process. Chem Mater. 1997; 9: 1502-4.

19.Mohanan JL, Arachchige IU, Brock SL. Porous semiconductor
chalcogenide aerogels. Science. 2005; 307: 397-400.

20.Arachchige 1U, Mohanan JL, Brock SL. Sol-Gel Processing of
Semiconducting Metal Chalcogenide Xerogels: Influence of
Dimensionality on Quantum Confinement Effects in a Nanoparticle
Network. Chem Mater. 2005; 17: 6644-50.

21.Arachchige IU, Brock SL. Sol-Gel assembly of CdSe nanoparticles to
form porous aerogel networks. ] Am Chem Soc. 2006; 128: 7964-7971.

22.Arachchige IU, Brock SL. Highly luminescent quantum-dot monoliths.
] Am Chem Soc. 2007; 129: 1840-1841.

23.Arachchige IU, Brock SL. Sol-gel methods for the assembly of metal
chalcogenide quantum dots. Acc Chem Res. 2007; 40: 801-809.

24.Pala IR, Arachchige 1U, Georgiev DG, Brock SL. Reversible gelation of
I1-VI nanocrystals: the nature of interparticle bonding and the origin
of nanocrystal photochemical instability. Angew Chem Int Ed Engl.
2010; 49: 3661-3665.

25.Yao Q, Arachchige IU, Brock SL. Expanding the repertoire of
chalcogenide nanocrystal networks: Ag(2)Se gels and aerogels by
cation exchange reactions. ] Am Chem Soc. 2009; 131: 2800-2801.

JSM Nanotechnol Nanomed 1(1): 1004 (2013)

5/6


http://www.ncbi.nlm.nih.gov/pubmed/12639381
http://www.ncbi.nlm.nih.gov/pubmed/12639381
http://www.ncbi.nlm.nih.gov/pubmed/19053095
http://www.ncbi.nlm.nih.gov/pubmed/19053095
http://www.ncbi.nlm.nih.gov/pubmed/19053095
http://www.ncbi.nlm.nih.gov/pubmed/12428989
http://www.ncbi.nlm.nih.gov/pubmed/12428989
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819980202%2937:1/2%3C22::AID-ANIE22%3E3.0.CO;2-I/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819980202%2937:1/2%3C22::AID-ANIE22%3E3.0.CO;2-I/abstract
http://www.ncbi.nlm.nih.gov/pubmed/18213983
http://www.ncbi.nlm.nih.gov/pubmed/18213983
http://www.sciencedirect.com/science/article/pii/S0920586196001630
http://www.ncbi.nlm.nih.gov/pubmed/12637736
http://www.ncbi.nlm.nih.gov/pubmed/12637736
http://www.ncbi.nlm.nih.gov/pubmed/17530736
http://www.ncbi.nlm.nih.gov/pubmed/17530736
http://www.ncbi.nlm.nih.gov/pubmed/17530736
http://www.ncbi.nlm.nih.gov/pubmed/19088976
http://www.ncbi.nlm.nih.gov/pubmed/19088976
http://www.ncbi.nlm.nih.gov/pubmed/19088976
http://www.ncbi.nlm.nih.gov/pubmed/15669159
http://www.ncbi.nlm.nih.gov/pubmed/15669159
http://pubs.rsc.org/en/content/articlelanding/2001/jm/b007591o
http://pubs.rsc.org/en/content/articlelanding/2001/jm/b007591o
http://esl.ecsdl.org/content/3/10/453.abstract
http://esl.ecsdl.org/content/3/10/453.abstract
http://esl.ecsdl.org/content/3/10/453.abstract
http://link.springer.com/article/10.1007%2Fs10971-011-2514-8#page-1
http://link.springer.com/article/10.1007%2Fs10971-011-2514-8#page-1
http://pubs.acs.org/doi/abs/10.1021/cm801428p
http://pubs.acs.org/doi/abs/10.1021/cm801428p
http://pubs.acs.org/doi/abs/10.1021/cm801428p
http://pubs.acs.org/doi/abs/10.1021/jp011738l
http://pubs.acs.org/doi/abs/10.1021/jp011738l
http://pubs.acs.org/doi/abs/10.1021/jp011738l
http://pubs.rsc.org/en/Content/ArticleLanding/1997/JM/a701035d
http://pubs.rsc.org/en/Content/ArticleLanding/1997/JM/a701035d
http://pubs.acs.org/doi/abs/10.1021/cm970103p?journalCode=cmatex
http://pubs.acs.org/doi/abs/10.1021/cm970103p?journalCode=cmatex
http://www.ncbi.nlm.nih.gov/pubmed/15662006
http://www.ncbi.nlm.nih.gov/pubmed/15662006
http://pubs.acs.org/doi/abs/10.1021/cm0518325?journalCode=cmatex
http://pubs.acs.org/doi/abs/10.1021/cm0518325?journalCode=cmatex
http://pubs.acs.org/doi/abs/10.1021/cm0518325?journalCode=cmatex
http://pubs.acs.org/doi/abs/10.1021/cm0518325?journalCode=cmatex
http://www.ncbi.nlm.nih.gov/pubmed/16771511
http://www.ncbi.nlm.nih.gov/pubmed/16771511
http://www.ncbi.nlm.nih.gov/pubmed/17256934
http://www.ncbi.nlm.nih.gov/pubmed/17256934
http://www.ncbi.nlm.nih.gov/pubmed/17441681
http://www.ncbi.nlm.nih.gov/pubmed/17441681
http://www.ncbi.nlm.nih.gov/pubmed/20391445
http://www.ncbi.nlm.nih.gov/pubmed/20391445
http://www.ncbi.nlm.nih.gov/pubmed/20391445
http://www.ncbi.nlm.nih.gov/pubmed/20391445
http://www.ncbi.nlm.nih.gov/pubmed/19199642
http://www.ncbi.nlm.nih.gov/pubmed/19199642
http://www.ncbi.nlm.nih.gov/pubmed/19199642

@SCiMedCentra]

Nahar and Arachchige (2013)
Email: iuarachchige@vcu.edu

26.Bag S, Arachchige IU, Kanatzidis MG. Aerogels from Metal
Chalcogenides and Their Emerging Unique Properties. ] Mater Chem.
2008; 18: 3628-2632.

27.Brock SL, Arachchige IU, Kalebaila KK. Metal Chalcogenide Gels,
Xerogels and Aerogels. Comments Inorg Chem. 2006; 27: 103-26.

28.Yu H, Liu Y, Brock SL. Tuning the optical band gap of quantum dot
assemblies by varying network density. ACS Nano. 2009; 3: 2000-
2006.

29.Yu H, Brock SL. Effects of nanoparticle shape on the morphology and
properties of porous CdSe assemblies (aerogels). ACS Nano. 2008; 2:
1563-1570.

30.Yu H, Bellair R, Kannan RM, Brock SL. Engineering strength, porosity,
and emission intensity of nanostructured CdSe networks by altering
the building-block shape. ] Am Chem Soc. 2008; 130: 5054-5055.

31.Gaponik N, Wolf A, Marx R, Lesnyak V, Schilling K, Eychmuller A. Three-
Dimensional Self-Assembly of Thiol-Capped CdTe Nanocrystals: Gels
and Aerogels as Building Blocks for Nanotechnology. Adv Mater 2008;
20:4257-62.

32.Jeong S-W, Lee JW, Ge D, Sun K, Nakashima T, Yoo S, et al. Reversible
Nanoparticle Gels with Colour Switching. ] Mater Chem. 2011; 21:
11639-43.

33.Mohanan JL, Brock SL. A New Addition to the Aerogel Community:
Unsupported CdS Aerogels with Tunable Optical Properties. ] Non-
Cryst Solids. 2004; 350:1-8.

34.Yao Q, Brock SL. Porous CdTe nanocrystal assemblies: ligation effects
on the gelation process and the properties of resultant aerogels. Inorg
Chem. 2011; 50: 9985-9992.

35.Ganguly S, Brock SL. Toward Nanostructured Thermoelectrics:
Synthesis and Characterization of Lead Telluride Gels and Aerogels. ]
Mater Chem. 2011; 21: 8800-6.

36.Korala L, Li L, Brock SL. Transparent conducting films of CdSe(ZnS)
core(shell) quantum dot xerogels. Chem Commun (Camb). 2012; 48:
8523-8525.

37.Pala IR, Brock SL. ZnS nanoparticle gels for remediation of Pb2+ and
Hg2+ polluted water. ACS Appl Mater Interfaces. 2012; 4: 2160-2167.

38.Ganguly S, Zhou C, Morelli D, Sakamoto ], Brock SL. Synthesis
and Characterization of Telluride Aerogels: Effect of Gelation on
Thermoelectric Performance of Bi,Te, and Bi Sb, Te, Nanostructures.
] Phys Chem C. 2012; 116: 17431-9.

39.Korala L, Wang Z, Liu Y, Maldonado S, Brock SL. Uniform thin films
of CdSe and CdSe(ZnS) core(shell) quantum dots by sol-gel assembly:
enabling photoelectrochemical characterization and electronic
applications. ACS Nano. 2013; 7: 1215-1223.

40.Hitihami-Mudiyanselage A, Senevirathne K, Brock SL. Assembly of
phosphide nanocrystals into porous networks: formation of InP gels
and aerogels. ACS Nano. 2013; 7: 1163-1170.

41.Steigerwald M, Brus LE. Semiconductor Crystallites: A Class of Large
Molecules. Acc Chem Res. 1990; 23: 183-8.

42.Alivisatos AP. Semiconductor Clusters, Nanocrystals, and Quantum
Dots. Science. 1996; 271: 933-7.

43.Talapin DV, Murray CB. PbSe nanocrystal solids for n- and p-channel
thin film field-effect transistors. Science. 2005; 310: 86-89.

44.Shevchenko EV, Talapin DV, Kotov NA, O’Brien S, Murray CB. Structural
diversity in binary nanoparticle superlattices. Nature. 2006; 439: 55-
59.

45.Urban J], Talapin DV, Shevchenko EV, Kagan CR, Murray CB. Synergism
in binary nanocrystal superlattices leads to enhanced p-type
conductivity in self-assembled PbTe/Ag,Te thin films. Nat Mater.
2007; 6: 115-121.

46.Urban JJ, Talapin DV, Shevchenko EV, Murray CB. Self-assembly of
PbTe quantum dots into nanocrystal superlattices and glassy films. ]
Am Chem Soc. 2006; 128: 3248-3255.

47.Capoen B, Gacoin T, Nédélec JM, Turrell S, Bouazaoui M. Spectroscopic
Investigations of CdS Nanoparticles in Sol-Gel Derived Polymeric Thin
Films and Bulk Silica Matrices. ] Mater Sci. 2001; 36: 2565-70.

48.Malier L, Boilot J-P, Gacoin TJ. Sulfide Gels and Films: Products of Non-
oxide Gelation. Sol-Gel Sci Tech 1998; 13: 61-4.

49.Brock SL, Arachchige IU, Kalebaila KK. Metal Chalcogenide Gels,
Xerogels and Aerogels. Comments Inorg Chem. 2006: 103-26.

50.Arachchige IU, Brock SL. Sol-gel methods for the assembly of metal
chalcogenide quantum dots. Acc Chem Res. 2007; 40: 801-809.

51.Gill SK, Hope-Weeks LJ. Monolithic aerogels of silver modified
cadmium sulfide colloids. Chem Commun (Camb). 2009; : 4384-4386.

52.Gill SK, Brown P, Hope-Weeks LJ]. Gold Modified Cadmium Sulfide
Aerogels. ] Sol- Gel Sci Technol. 2011; 57: 68-75.

53.Bigall NC, Herrmann AK, Vogel M, Rose M, Simon P, Carrillo-Cabrera
W, et al. Hydrogels and aerogels from noble metal nanoparticles.
Angew Chem Int Ed Engl. 2009; 48: 9731-9734.

54.Liu W, Herrmann AK, Geiger D, Borchardt L, Simon F, Kaskel S, et al.
High-performance electrocatalysis on palladium aerogels. Angew
Chem Int Ed Engl. 2012; 51: 5743-5747.

55.Tappan BC, Steiner SA 3rd, Luther EP. Nanoporous metal foams.
Angew Chem Int Ed Engl. 2010; 49: 4544-4565.

56.Lesnyak V, Wolf A, Dubavik A, Borchardt L, Voitekhovich SV, Gaponik
N, et al. 3D assembly of semiconductor and metal nanocrystals: hybrid
CdTe/Au structures with controlled content. ] Am Chem Soc. 2011;
133:13413-13420.

57.Gaponik N, Herrmann A-K, Eychmu’ller A. Colloidal Nanocrystal-Based
Gels and Aerogels: Material Aspects and Application Perspectives. ]
Phys Chem Lett. 2012; 3: 8-17.

Cite this article

Nahar L, Arachchige IU (2013) Sol-Gel Methods for the Assembly of Metal and Semiconductor Nanoparticles. JSM Nanotechnol Nanomed 1(1): 1004.

JSM Nanotechnol Nanomed 1(1): 1004 (2013)

6/6


http://pubs.rsc.org/en/Content/ArticleLanding/2008/JM/b804011g
http://pubs.rsc.org/en/Content/ArticleLanding/2008/JM/b804011g
http://pubs.rsc.org/en/Content/ArticleLanding/2008/JM/b804011g
http://www.tandfonline.com/doi/abs/10.1080/02603590601084434#preview
http://www.tandfonline.com/doi/abs/10.1080/02603590601084434#preview
http://www.ncbi.nlm.nih.gov/pubmed/19572742
http://www.ncbi.nlm.nih.gov/pubmed/19572742
http://www.ncbi.nlm.nih.gov/pubmed/19572742
http://www.ncbi.nlm.nih.gov/pubmed/19206358
http://www.ncbi.nlm.nih.gov/pubmed/19206358
http://www.ncbi.nlm.nih.gov/pubmed/19206358
http://www.ncbi.nlm.nih.gov/pubmed/18335987
http://www.ncbi.nlm.nih.gov/pubmed/18335987
http://www.ncbi.nlm.nih.gov/pubmed/18335987
http://onlinelibrary.wiley.com/doi/10.1002/adma.200702986/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.200702986/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.200702986/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.200702986/abstract
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm11139f
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm11139f
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm11139f
http://www.sciencedirect.com/science/article/pii/S0022309304008592
http://www.sciencedirect.com/science/article/pii/S0022309304008592
http://www.sciencedirect.com/science/article/pii/S0022309304008592
http://www.ncbi.nlm.nih.gov/pubmed/21954845
http://www.ncbi.nlm.nih.gov/pubmed/21954845
http://www.ncbi.nlm.nih.gov/pubmed/21954845
http://pubs.rsc.org/en/Content/ArticleLanding/2011/JM/c1jm11015b
http://pubs.rsc.org/en/Content/ArticleLanding/2011/JM/c1jm11015b
http://pubs.rsc.org/en/Content/ArticleLanding/2011/JM/c1jm11015b
http://www.ncbi.nlm.nih.gov/pubmed/22801641
http://www.ncbi.nlm.nih.gov/pubmed/22801641
http://www.ncbi.nlm.nih.gov/pubmed/22801641
http://www.ncbi.nlm.nih.gov/pubmed/22421979
http://www.ncbi.nlm.nih.gov/pubmed/22421979
http://www.ncbi.nlm.nih.gov/pubmed/23350924
http://www.ncbi.nlm.nih.gov/pubmed/23350924
http://www.ncbi.nlm.nih.gov/pubmed/23350924
http://www.ncbi.nlm.nih.gov/pubmed/23350924
http://www.ncbi.nlm.nih.gov/pubmed/23346878
http://www.ncbi.nlm.nih.gov/pubmed/23346878
http://www.ncbi.nlm.nih.gov/pubmed/23346878
http://pubs.acs.org/doi/abs/10.1021/ar00174a003
http://pubs.acs.org/doi/abs/10.1021/ar00174a003
http://www.sciencemag.org/content/271/5251/933.abstract
http://www.sciencemag.org/content/271/5251/933.abstract
http://www.ncbi.nlm.nih.gov/pubmed/16210533
http://www.ncbi.nlm.nih.gov/pubmed/16210533
http://www.ncbi.nlm.nih.gov/pubmed/16397494
http://www.ncbi.nlm.nih.gov/pubmed/16397494
http://www.ncbi.nlm.nih.gov/pubmed/16397494
http://www.ncbi.nlm.nih.gov/pubmed/17237786
http://www.ncbi.nlm.nih.gov/pubmed/17237786
http://www.ncbi.nlm.nih.gov/pubmed/17237786
http://www.ncbi.nlm.nih.gov/pubmed/17237786
http://www.ncbi.nlm.nih.gov/pubmed/16522106
http://www.ncbi.nlm.nih.gov/pubmed/16522106
http://www.ncbi.nlm.nih.gov/pubmed/16522106
http://link.springer.com/content/pdf/10.1023%2FA%3A1017958821681.pdf#page-1
http://link.springer.com/content/pdf/10.1023%2FA%3A1017958821681.pdf#page-1
http://link.springer.com/content/pdf/10.1023%2FA%3A1017958821681.pdf#page-1
http://link.springer.com/article/10.1023%2FA%3A1008695003946#page-1
http://link.springer.com/article/10.1023%2FA%3A1008695003946#page-1
http://www.tandfonline.com/doi/abs/10.1080/02603590601084434#preview
http://www.tandfonline.com/doi/abs/10.1080/02603590601084434#preview
http://www.ncbi.nlm.nih.gov/pubmed/17441681
http://www.ncbi.nlm.nih.gov/pubmed/17441681
http://www.ncbi.nlm.nih.gov/pubmed/19597600
http://www.ncbi.nlm.nih.gov/pubmed/19597600
http://link.springer.com/article/10.1007%2Fs10971-010-2325-3#page-1
http://link.springer.com/article/10.1007%2Fs10971-010-2325-3#page-1
http://www.ncbi.nlm.nih.gov/pubmed/19918827
http://www.ncbi.nlm.nih.gov/pubmed/19918827
http://www.ncbi.nlm.nih.gov/pubmed/19918827
http://www.ncbi.nlm.nih.gov/pubmed/22532424
http://www.ncbi.nlm.nih.gov/pubmed/22532424
http://www.ncbi.nlm.nih.gov/pubmed/22532424
http://www.ncbi.nlm.nih.gov/pubmed/20514651
http://www.ncbi.nlm.nih.gov/pubmed/20514651
http://www.ncbi.nlm.nih.gov/pubmed/21777003
http://www.ncbi.nlm.nih.gov/pubmed/21777003
http://www.ncbi.nlm.nih.gov/pubmed/21777003
http://www.ncbi.nlm.nih.gov/pubmed/21777003
http://pubs.acs.org/doi/abs/10.1021/jz201357r
http://pubs.acs.org/doi/abs/10.1021/jz201357r
http://pubs.acs.org/doi/abs/10.1021/jz201357r

	Dielectrophoresis of Biomolecules
	Abstract
	Introduction
	Semiconductor aerogels by nanoparticle condensation
	Metal aerogels by nanoparticle condensation

	Conclusion and prospectus  
	Acknowledgments
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Figure 4
	Figure 5

