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About Our Cover
Nanomaterials are a new class of materials that have been making a silent and, at times, a “not-so” 
silent revolution in the last decade. A central challenge of nanoscale science is the need for fundamental 
understanding of how nanomaterials grow and for control of the growth environment, in order to 
synthesize materials with new or greatly enhanced properties at attractive rates. The cover depicts an artistic 
rendition of the building block concept in going from synthesis, structure, morphology, to downstream 
applications—A precursor for magnetic iron oxide nanoparticles, iron(II) ethoxide (as discussed in the 
article on page 14), a flame to symbolize combustion based processes (presented in the article on page 2), 
different kinds of nanostructured morphologies and finally to their practical use, be it in solar panels, touch 
sensitive displays or light-weight, extreme strength nanocomposite-based wind turbines.

Introduction
Welcome to the first issue of Material Matters™ for 2009, which 
discusses a selection of synthetic methods used to create a variety of 
nanomaterials, specifically nanoparticles and nanotubes. 

A nanomaterial can be broadly defined as any material in which 
one of its dimensions is less than 100nm. Over the last decade, 
nanomaterials, including their synthetic methods, have rapidly 
become one of the most active areas in scientific research, mainly on 
account of their unique properties in comparison to the traditional 
micron-sized material. Examples of material properties that change 
upon entering the nano-regime include conductivity (silicon becomes 
conductive), transparency (copper becomes transparent), reactivity 
(aluminium becomes combustible), physical state changes (gold 
becomes a liquid), and even attainments of chemical behaviors 
(platinum becomes catalytic). 

By studying interactions at the nanoscale, scientists are uncovering fascinating events that 
aid in the understanding of properties that exist on a quantum level. This knowledge can 
then be harnessed to develop materials that have an immediate and heightened impact, 
which affect fields such as alternative energy, electronics and even integrated medicine. 
The availability of size as a new parameter that permits the tuning of physical and chemical 
properties has tremendously extended the potential capabilities within materials science. 

The in-depth investigation into the properties of these materials is heavily reliant upon the 
rapid development of synthetic methods that can be used to generate novel nanostructures 
with reproducible, well-defined features. This issue aims to provide an insight into such 
controlled synthetic methods and the intriguing materials they can produce. 

Researchers in the Department of Chemistry and Applied Biosciences at ETH Zurich  
describe flame spray synthesis, which is able to produce nanoparticles with a variety of 
coatings simply by modifying the process parameters. The next article discusses a number of 
noble-metal nanostructures with controlled morphologies that were made using a modified 
polyol process developed by researchers at Washington University in St. Louis. The synthesis of 
monodisperse magnetic nanoparticles by researchers at Brown University, is the subject of the 
next topic, which exemplifies the structures of the nanoparticles made also using a solution-
based method. Researchers at the University of York in the UK demonstrate a three-stage 
heating preparation of mesoporous carbon materials that contain an array of pore diameters. 
Finally, SouthWest NanoTechnologies, Inc., elaborates on their CoMoCAT® catalytic CVD 
process, which provide, not only single-walled carbon nanotubes with very narrow diameter 
distributions but also the ability to scale up production of the highly sought after SWCNTs.

Continuing in the theme of Material Matters™, we begin the issue with a section entitled, 
“Your Materials Matter.” Here, we highlight a material that has been brought to our 
attention by you, the scientific community. Each article in this issue is accompanied by 
the corresponding Sigma-Aldrich products that are nanomaterials or materials used in the 
described synthetic processes. The facing page lists the material categories that you will find in 
this issue. For a comprehensive library of products and all associated information, please visit 
Aldrich Materials Science at sigma-aldrich.com/matsci. We invite you to direct your comments 
and questions regarding Material Matters™ or any materials of interest to matsci@sial.com.

Kaushik Patel, Ph.D.
Materials Science Initiative
Sigma-Aldrich Corporation

www.sigma-aldrich.com/matsci
http://www.sigma-aldrich.com/matsci
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Do you have a compound that you wish Sigma-Aldrich® could list to help materials research? 
If it is needed to accelerate your research, it matters—please send your suggestion to 
matsci@sial.com and we will be happy to give it careful consideration.

“Your Materials Matter.”

Nanomaterials and Nanomaterials Synthesis Products 
Featured in this Issue
Materials Category Content Page

Nanoparticles—Prepared by Nanospray 
Combustion Process

Nanoparticles prepared via a flame synthesis method 4

Selected Nanoparticles Selection of additional nanoparticles 5

General Metal Precursors Precursors used in the synthesis of metal nanoparticles 6

Noble Metal Nanoparticles A selection of noble metal nanoparticles 11

Noble Metal Precursors Precursors used in the synthesis of noble metal nanoparticles 11

Capping Agents Polyvinylpyrrolidones and poly(ethylene glycol)s to control nanoparticle 
morphology

12

Magnetic Nanoparticles Nanoparticles with magnetic properties 17

Magnetic Metal Precursors Precursors used in the synthesis of magnetic nanoparticles 17

Mesoporous Materials Nanostructured Mesoporous carbons and other mesoporous materials 22

Non-Functionalized Carbon Nanotubes Single-walled carbon nanotubes (SWNTs), Multi-walled carbon nanotubes 
(MWNTs) and Nanotube Arrays

27

Functionalized Carbon Nanotubes SWNTs adorned with a variety of functional groups 28

Fullerenes A selection of C60, C70, C76 and C84 fullerenes 28

Dr. Michael Diener of TDA Research Inc., kindly suggested that 
we offer the pyrrolidine-derivatized C60 molecule with a tris acid 
functionality (Aldrich Prod. No. 709085). This water-soluble 
material serves as a superoxide quencher,1 on account of the 
redox properties of the C60 moiety. It shows almost 100% 
improvement in the O2

- quenching activity, which is measured by 
the decreased levels in reduction of cytochrome c by O2

-,  
(IC50 = 103.4 µM) over analogous water-soluble C60 molecules 
(IC50 ~ 200 µM).2 Fullerene-based compounds therefore have 
the potential to be patent antioxidants to protect against 
oxidative stress.3 These materials are expected to play a major 
part in the fight against Alzheimer’s, Parkinson’s, AIDS and many 
other diseases in which oxidation mechanisms play major roles.

References:

(1) Okuda, K.; Hirota, T.; Hirobe, M.; Nagano, T.; Mochizuki, M.; Mashino, T. Fullerene. 
Sci. Technol. 2000, 8, 89-104. (2) Sun, T.; Xu, Z. Bioorg. Med. Chem. Lett. 2006, 16, 
3731-3734. (3) Lin, A. M. Y.; Chyi, B. Y.; Wang, S. D.; Yu, H.-H.; Kanakamma, P. P.; Lu, 
T.-Y.; Chou, C. K.; Ho, L. T. J. Neurochem. 1999, 72,1634-40.
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Name Cat. No.

C60 Pyrroldine tris-acid 709085-100MG

C60 Pyrroldine tris-acid ethyl ester 709093-250MG
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Samuel C. Halim, Robert N. Grass, Wendelin J. Stark*
Institute of Chemical and Bioengineering
Department of Chemistry and Applied Biosciences
ETH Zurich, Switzerland
*Email: wendelin.stark@chem.ethz.ch

How to Make Nanoparticles in Flames
Small-scale materials with particle diameters in the nanometer 
range have already been used for a long time. The Chinese used 
carbon black, derived from a combustion process for painting 
applications a long time before modern technology allowed 
its industrial production. Besides changing optical properties 
as described in the above example, nanoparticles can alter 
physical, optical, electronic or chemical properties of a material 
by decreasing the particle size. Gold, for instance, is well known 
for its chemical inertness. Haruta and coworkers showed in the 
late 80’s that even gold becomes a highly active catalyst for CO 
and H2 oxidation, if the gold particles are in the nanometer range 
(Aldrich Prod. No 636347).1 In the past decades there have been 
thousands of scientific publications covering this area. Due to 
their changed properties and enhanced reactivity the number of 
publications discussing nanoparticles has grown exponentially.

There are manifold ways to increase surface area by decreasing 
the particle size of materials. Generally speaking, there are two 
approaches toward the synthesis of nanosized materials: Top-down 
approaches such as milling have been known and applied within 
living memory. Modern milling techniques like ball milling are 
generally straightforward and can yield nanoparticulate materials. 
Bottom-up techniques include plasma, laser, liquid phase or flame 
spray synthesis. These “self-assembly” preparation methods generally 
result in well controlled nanoparticles which are built from smaller 
building blocks allowing the synthesis of more complex materials or 
the fabrication of nanoparticles with a very narrow size distribution.

In spite of the often cited novelty of nanomaterials, three large 
scale commodities have been around for half a century. Large-
scale production of these materials started in the early 20th century 
with the introduction of nanoparticulate carbon black (tire soot) 
into car tires and rubber. For the large-scale production of silica 
and pigmentary titania (white pigment) flame technology was 
further adapted. Both processes are based on the oxidation of 
chlorides (SiCl4/TiCl4) (Aldrich Prod. Nos. 289388, 254312) in 
high temperature flames.2 Today, the annual production volumes 
of flame derived nanoparticles has reached several megatons per 
year. Major chemical companies have contributed significantly to 
an efficient process design. Unfortunately, the technology of metal 
chloride oxidation is only suitable for a very limited set of elements 
(silicon, aluminum, titanium, vanadium and zirconium). For all other 
elements—including most mixed element systems—other solutions 
had to be found. This handicap was overcome initially by Zachariah 
and Huzarewicz3 as well as Matsoukas and Friedlander4 by the use 
of aqueous precursors. Further optimizations lead to the use of 
organic precursors like metal alkoxides,5 acetates,6 triethanolamines,7 

Chemistry in Flames:  
From Oxide to Salt and Metal Nanoparticles

and metal carboxylates.8 The latter is most promising as nearly all 
elements are available as low-cost naphthenate - metal salts. Further, 
these metal-organic salts are quite stable in air, tolerate humidity and 
are freely miscible amongst each other. This allows the fabrication 
of mixed-oxide materials that have excellent chemical homogeneity9 
and high batch-to-batch reproducibility (see Figure 1).

Figure 1. Using flame spray synthesis, the compositional variety of inorganic 
nanoparticles is nearly endless. Different oxidic, salt and metallic nanoparticles 
with similar particle size distribution are depicted (courtesy of Nanograde LLC.).

Laboratory set-ups of flame spray reactors usually operate in the 
region of 10-100 g/hr (see Figure 2) and small pilot plants were 
shown to be capable of production rates of 1 kg/hr.10 Today, 
by the use of liquid organic precursors, the aerosol community 
has gained access to most oxide materials, and these have been 
explored for applications in heterogeneous catalysis,9,11,12 sensors,13 
lasing materials,7 computer chip manufacturing and numerous 
other industrial sectors.

Figure 2. Depending on the metal loading the flames during the production 
of inorganic nanoparticles show different colors. Illustrated in this example 
is the combustion of metalorganic precursors containing copper, strontium, 
cerium and bismuth (from left to right).

Expansion to Salts and Metals:  
A Quantum Leap
By studying the chemical problems of the synthesis of complex 
inorganic materials in flame reactors, the range of accessible 
products can be successfully extended from oxides to most 
inorganic salts14 (see Scheme 1). Loher et al. demonstrated the 
use of a flame as a chemical reactor and that chemical reactions, 
usually performed in solid-state, can be adapted for the flame 
synthesis of nanoparticles. As a result of these advances, a number 

http://www.sigma-aldrich.com/matsci
http://www.sigmaaldrich.com/
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of everyday materials have become available in the form of 
nanoparticles, examples include: nano-gypsum,15 nano-salt16 and 
nano-tricalcium phosphate (Aldrich Prod. No. 693898).14,17,18 The 
latter has been incorporated in a number of biomedical materials 
and first in vivo tests demonstrated their successful application as 
biomaterials.18 A recent, preclinical study has demonstrated the 
advantageous re-mineralization properties of nanobioactive glass 
for damaged dentin (tooth repair).19

Scheme 1. Schematic illustration of the flexibility of flame spray synthesis is 
illustrated in this sketch. Depending on the process parameters, it is possible 
to produce oxide (oxidizing atmosphere), salt (addition of a reactive anion to 
the precursor solution), metal (oxygen starving conditions) or carbon-coated 
metal nanoparticles (introduction of acetylene).

Very recently, the concept of chemical aerosol engineering in 
flames has been extended to the synthesis of metal nanoparticles. 
The requirement of oxygen for combustion naturally led to 
production setups under oxidizing atmospheres. This circumstance, 
of course, impedes the synthesis of reduced materials, such 
as metal nanoparticles, as these would immediately react 
with oxygen, water or CO2 in the flame atmosphere, forming 
metal oxides. To circumvent this instant oxidation of the metal 
nanoparticles, Grass et al. performed flame spray synthesis of a 
metal containing organic precursor in an oxygen-free, reducing 
atmosphere (See Scheme 2).20,21 This resulted in complete 
combustion of all oxygen present and the formation of metallic 
nanoparticles in the flame atmosphere.

Recently, a further synthetic step was taken to achieve controlled 
deposition of carbon on the metal surface of nanoparticles.22 In 
principle, the degree and rate of carbon deposition depends on 
temperature, gas composition and the metal surface. Controlled 
temperature profiles in the exit stream of flame reactors and 
additional feeding of hydrogen, carbon mono- or dioxide, methane 
or even acetylene provides an option to coat metals in situ with a 
carbon layer. Such core/shell metal/carbon materials, for example, 
can yield unexpected bulk properties. The suitability of 1 nm carbon-
coated copper particles for temperature or pressure sensing was 
recently demonstrated. The same material dispersed in water has 
been proven for use in highly sensitive humidity sensor coatings.23

Application Example:  
Self-Sterilizing Polymer Surfaces
One descriptive example of the flame spray technology is the 
development of highly active self-sterilizing polymer films. With this 
technology, it is possible to homogeneously deposit 1-2 nm scale 
silver nanoparticles on the surface of tricalcium phosphate carrier 
nanoparticles.24 These metal-salt composite nanoparticles can be 
incorporated into a plastic film (see Figure 3). Such a film containing 
the composite nanoparticles was shown to be up to 1000 times 
more efficient as a killer of bacteria such as Escherichia coli, 
when compared to conventional silver preparations. One decisive 
factor appears to be that bacteria use the calcium carrier for their 
metabolism. The calcium phosphate particles, 20 to 50 nanometer 
in size, are absorbed by the micro-organisms and the subsequent 
dissolution of the calcium phosphate releases thousands of silver 
nanoparticles which are lethal to many bacteria. The synthesis of 
such complex composite materials without substantial changes in 
process design signifies the power of flame spray synthesis.

Figure 3. Composite nanoparticles with 1-2 nm silver nanoparticles 
homogeneously distributed on calcium phosphate carrier nanoparticles. Due 
to the small size and distribution on the surface of salt nanoparticles, these 
nanocomposites are up to 1000 times more efficient bacteria killers than 
conventional silver preparations.

Scheme 2. Reducing flame synthesis for the manufacture of metal/ceramic nanocomposite particles consisting of bismuth/ceria. The atmosphere of the flame 
(CO, H2, H2O, CO2, N2) is responsible for the reduction of bismuth oxide to metallic bismuth, but is not capable of reducing cerium oxide to metallic cerium 
(difference in reduction potential of bismuth and cerium). 

http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=693898&Brand=ALDRICH
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In summary, flame spray synthesis allows the scalable fabrication of 
many mixed oxide, salt, metal, carbon-coated metal, silica-coated 
metal oxide or even metal-ceramic composite nanoparticles.25 
The synthesis is based on metal loaded liquid precursors and 
achieves accurate control over the composition and size of 
the nanoparticles. High batch-to-batch reproducibility, a highly 
homogeneous product and a wide product variety are only a 
few of the useful attributes of flame spray synthesis. With this 
technology, there are manifold opportunities to take the developed 
technologies to industrial products.
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Nanoparticles—Prepared by Nanospray Combustion Process
For noble-metal nanoparticles, see page 11. For magnetic nanoparticles, see page 17.

Metallic Element 
Z: Symbol Name Composition Form Particle Size (nm) Cat. No.

3: Li Lithium titanate, spinel, nanopowder, >99% Li4Ti5O12 - <100 (TEM)
<100  (BET)

702277-25G

12: Mg Magnesium oxide MgO nanopowder <50 (BET)
<25  (XRD)

549649-5G
549649-25G

12: Mg Magnesium aluminate, spinel MgO·Al2O3 nanopowder <50 (BET) 677396-5G

14: Si Silicon dioxide, alumina doped, 99.99% trace 
metals basis

(SiO2)x(Al2O3)y, 
aluminum 7.5 wt. %

nanoparticles, 
20 wt. % in H2O

<50 701491-25ML
701491-100ML

20: Ca Calcium oxide, 98% CaO nanopowder <160 (BET) 634182-25G
634182-100G

20: Ca Hydroxyapatite, 97+% [Ca5(OH)(PO4)3]x solid
nanopowder

<200  (BET) 677418-5G
677418-10G

20: Ca Hydroxyapatite [Ca5(OH)(PO4)3]x solid
nanopowder

<200  (BET) 693863-5G

20: Ca Hydroxyapatite [Ca5(OH)(PO4)3]x nanoparticles, 
10 wt. % in H2O

<200  (TEM) 702153-25ML

20: Ca Calcium phosphate, amorphous Ca2O7P2 · H2O, 
Ca/P ~ 1/1

nanopowder <150  (BET) 693871-5G

20: Ca Tricalcium phosphate hydrate Ca3(PO4)2 ·xH2O nanopowder <100 (TEM)
<200  (BET)

693898-5G

22: Ti Titanium silicon oxide, 99.8% trace metals basis (SiO2)(TiO2) nanopowder <50 (BET) 641731-10G
641731-50G

22: Ti Titanium(IV) oxide, 97+% TiO2 nanopowder <100 (BET) 677469-5G

26: Fe Iron-nickel alloy, ≥97% Fe:Ni 55±5%:45±5% nanopowder <100 (BET) 677426-5G

28: Ni Nickel cobalt oxide, 99% trace metals basis NiO  CoO nanopowder <150  (BET) 634360-25G
634360-100G

28: Ni Nickel zinc iron oxide, 99+% trace metals basis NiZnFe4O4 nanopowder <100  (BET) 641669-10G
641669-50G

29: Cu Copper zinc iron oxide, 98.5% trace metals basis CuZnFe4O4 nanopowder <100  (BET) 641650-10G
641650-50G

29: Cu Copper iron oxide, 98.5% trace metals basis CuFe2O4 nanopowder <100 (BET) 641723-10G
641723-50G

30: Zn Zinc iron oxide, >99% trace metals basis ZnFe2O4 nanopowder <100  (BET) 633844-10G
633844-50G

30: Zn Zinc oxide, >97% ZnO nanopowder <50 (BET) 677450-5G

39: Y Yttrium iron oxide, 99.9% trace metals basis Y3Fe5O12 nanopowder <100 (BET)
<50  (XRD)

634417-10G
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http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677418&D7=0&D10=677418&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677418&D7=0&D10=677418&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=693863&D7=0&D10=693863&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=702153&D7=0&D10=702153&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=693871&D7=0&D10=693871&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=693898&D7=0&D10=693898&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641731&D7=0&D10=641731&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641731&D7=0&D10=641731&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677469&D7=0&D10=677469&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677426&D7=0&D10=677426&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634360&D7=0&D10=634360&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634360&D7=0&D10=634360&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641669&D7=0&D10=641669&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641669&D7=0&D10=641669&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641650&D7=0&D10=641650&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641650&D7=0&D10=641650&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641723&D7=0&D10=641723&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=641723&D7=0&D10=641723&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=633844&D7=0&D10=633844&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=633844&D7=0&D10=633844&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677450&D7=0&D10=677450&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634417&D7=0&D10=634417&N25=0&N1=S_ID&ST=RS&F=PR


For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com. 5
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Metallic Element 
Z: Symbol Name Composition Form Particle Size (nm) Cat. No.

40: Zr Zirconium(IV) oxide-yttria stabilized ZrO2 nanopowder <100 (BET) 544779-5G
544779-25G

40: Zr Zirconium(IV) silicate, 98.5% trace metals basis ZrSiO4 nanopowder <100 (BET)
<50  (XRD)

634395-25G
634395-100G

40: Zr Zirconium(IV) oxide, dispersion ZrO2 nanoparticles, 
5 wt. % in H2O

<100  (BET) 643122-100ML
643122-500ML

40: Zr Zirconium(IV) oxide, dispersion ZrO2 nanoparticles, 
10 wt. % in H2O

<100  (BET) 643025-100ML
643025-500ML

47: Ag Silver-copper alloy CuAg25, 
Ag ~ 97.5% 
Cu ~ 2.5%

nanopowder <100 576824-5G

47: Ag Silver-tin alloy, 3.5% Ag basis
≥97%

AgSn25 nanopowder <150 677434-5G

50: Sn Tin(IV) oxide SnO2 nanopowder <100  (BET) 549657-5G
549657-25G

56: Ba Barium ferrite, 99.5% trace metals basis BaFe12O19 nanopowder <100  (BET) 637602-25G

58: Ce Cerium(IV)-zirconium(IV) oxide, 99.0% trace 
metals basis

(CeO2)·(ZrO2) nanopowder <50 (BET) 634174-25G
634174-100G

58: Ce Aluminum cerium oxide, 99% trace metals basis AlCeO3 nanopowder <50  (BET) 637866-10G
637866-50G

58: Ce Cerium(IV) oxide, dispersion CeO2 nanoparticles, 
10 wt. % in H2O

<25 643009-100ML
643009-250ML

62: Sm Samarium strontium cobalt oxide, 99.9% Sm0.5Sr0.5Co2Ox nanopowder <50 (BET) 677442-5G

Selected Nanoparticles
For a complete list of nanocomposites please visit sigma-aldrich.com/nanocomposites

Metallic Element 
Z: Symbol Name Composition Form Particle Size (nm) Cat. No.

6: C Carbon, ≥99% trace metals basis C nanopowder <50 (BET) 633100-25G
633100-100G

6: C Diamond, ≥97% trace metals basis C nanopowder <10 (BET) 636428-1G 
636428-5G

6: C Diamond, ≥95% trace metals basis C nanopowder <10 (BET) 636444-1G
636444-5G

22: Ti Titanium(IV) oxide, mixture of rutile and anatase, 
99.9% trace metals basis

TiO2 nanoparticles
paste, 53-57 wt. % in 
diethylene glycol monobutyl 
ether/ethylene glycol

<250 (DLS)
~21  (primary particle 
size of starting 
nanopowder)

700355-25G

22: Ti Titanium(IV) oxide, mixture of rutile and anatase, 
99.9% trace metals basis

TiO2 nanoparticles,  
33-37 wt. % in H2O

~21  (primary particle 
size of starting 
nanopowder)
<150  (DLS)

700347-25G
700347-100G

22: Ti Titanium(IV) oxide, mixture of rutile and anatase, 
99.9% trace metals basis

TiO2 nanoparticles,  
45-47 wt. % in xylene

~15  (primary particle 
size of starting 
nanopowder)
<100  (DLS)

700339-100G

13: Al Aluminum oxide, dispersion Al2O3 nanoparticles,  
20 wt. % in isopropanol

<50  (DLS) 702129-100G
702129-500G

49: In Indium tin oxide, dispersion In2O3 90%
SnO2 10%

30 wt. % in isopropanol <100 (DLS) 700460-25G
700460-100G

39: Y Yttrium(III) oxide, dispersion, ≥99.9% trace 
metals basis

Y2O3 nanoparticles,  
10 wt. % in isopropanol

<100  (DLS) 702048-100G

58: Ce Cerium(IV) oxide, >99.95% trace metals basis CeO2 nanopowder <50 (BET) 700290-25G
700290-100G

http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=544779&D7=0&D10=544779&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=544779&D7=0&D10=544779&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634395&D7=0&D10=634395&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634395&D7=0&D10=634395&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=643122&D7=0&D10=643122&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=643122&D7=0&D10=643122&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=643025&D7=0&D10=643025&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=643025&D7=0&D10=643025&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=576824&D7=0&D10=576824&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677434&D7=0&D10=677434&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=549657&D7=0&D10=549657&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=549657&D7=0&D10=549657&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=637602&D7=0&D10=637602&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634174&D7=0&D10=634174&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=634174&D7=0&D10=634174&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=637866&D7=0&D10=637866&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=637866&D7=0&D10=637866&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=643009&D7=0&D10=643009&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=643009&D7=0&D10=643009&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=677442&D7=0&D10=677442&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigma-aldrich.com/nanocomposites
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=633100&D7=0&D10=633100&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=633100&D7=0&D10=633100&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=636428&D7=0&D10=636428&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=636428&D7=0&D10=636428&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=636444&D7=0&D10=636444&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=636444&D7=0&D10=636444&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700355&D7=0&D10=700355&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700347&D7=0&D10=700347&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700347&D7=0&D10=700347&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700339&D7=0&D10=700339&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=702129&D7=0&D10=702129&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=702129&D7=0&D10=702129&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700460&D7=0&D10=700460&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700460&D7=0&D10=700460&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=702048&D7=0&D10=702048&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700290&D7=0&D10=700290&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=700290&D7=0&D10=700290&N25=0&N1=S_ID&ST=RS&F=PR


TO ORDER: Contact your local Sigma-Aldrich office (see back cover), or visit sigma-aldrich.com/matsci.sigma-aldrich.com6
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General Metal Precursors
For noble metal precursors, see page 11. For magnetic metal precursors, see page 17.

Metallic Element 
Z: Symbol Name Structure Cat. No.

12: Mg Magnesium acetylacetonate dihydrate, 98%

H3C

O

CH3

O-

Mg2+

2
• 2H2O

129577-25G

12: Mg Magnesium acetate tetrahydrate, 99.999% trace metals basis

H3C O Mg2+

O

• 4H2O
2

229768-10G
229768-100G

13: Al Aluminum-tri-sec-butoxide, 97%
H3C

O

CH3

Al3+

3

201073-5G
201073-100G
201073-500G

13: Al Aluminum ethoxide, 97%

O
Al
O

O

CH3

CH3H3C

235857-5G
235857-25G
235857-100G

13: Al Aluminum tert-butoxide
O

O O
Al

t-Bu

t-Bu t-Bu

235849-10G
235849-50G

13: Al Aluminum isopropoxide, 99.99+% trace metals basis

Al
O

OO
i-Pri-Pr

i-Pr 229407-10G
229407-50G
229407-250G

14: Si Hexamethyldisiloxane, ≥98%
Si
CH3

H3C
CH3

Si
CH3

O
CH3

CH3

205389-5ML
205389-100ML
205389-500ML

14: Si Tetraethyl orthosilicate, 99.999% trace metals basis
O
O

Si
O
O

CH3

CH3H3C

H3C 333859-25ML
333859-100ML

14: Si Trimethoxymethylsilane, 98+%
Si OCH3

OCH3

OCH3

H3C
679232-50G

14: Si Triethoxy(octyl)silane, ≥98%
99.99% trace metals basis Si

O
O

O
CH2(CH2)6CH3

CH3

CH3

H3C

679305-50G

20: Ca Calcium 2-ethylhexanoate, 98%

O-

O

Ca2+

2
H3C

H3C

362964-5G
362964-25G

22: Ti Titanium(IV) methoxide, 99.99+% trace metals basis Ti(OCH3)4 463582-25G

22: Ti Titanium(IV) ethoxide
Ti

O
CH3

O
CH3

O
H3C

O
H3C

244759-50G
244759-250G

22: Ti Titanium(IV) propoxide, 98%
Ti

O CH3

O CH3

OH3C

OH3C

253081-100G
253081-500G

22: Ti Titanium(IV) isopropoxide, 99.999% trace metals basis

H3C O-

CH3

Ti4+

4

377996-5ML
377996-25ML
377996-100ML

22: Ti Titanium(IV) butoxide, 97%

Ti
O

O

O

O

CH3

CH3H3C

H3C 244112-5G
244112-100G
244112-500G
244112-2KG

22: Ti Titanium(IV) tert-butoxide t-Bu O
Ti

O t-Bu

O

O

t-Bu
t-Bu

462551-25ML
462551-50ML

22: Ti Titanium(IV) oxide acetylacetonate

H3C

O

CH3

O-

2

TiO
2-

330833-10G
330833-50G

29: Cu Copper(II) nitrate hydrate, 99.999% trace metals basis Cu(NO3)2 • xH2O 229636-5G
229636-25G
229636-100G

29: Cu Copper(II) acetate, 99.999% trace metals basis

H3C O Cu2+

O

2

517453-5G
517453-25G

http://www.sigma-aldrich.com/matsci
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=129577&Brand=ALDRICH
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229768&D7=0&D10=229768&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229768&D7=0&D10=229768&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=201073&D7=0&D10=201073&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=201073&D7=0&D10=201073&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=201073&D7=0&D10=201073&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=235857&D7=0&D10=235857&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=235857&D7=0&D10=235857&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=235857&D7=0&D10=235857&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=235849&D7=0&D10=235849&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=235849&D7=0&D10=235849&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229407&D7=0&D10=229407&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229407&D7=0&D10=229407&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229407&D7=0&D10=229407&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=205389&D7=0&D10=205389&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=205389&D7=0&D10=205389&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=205389&D7=0&D10=205389&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=333859&D7=0&D10=333859&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=333859&D7=0&D10=333859&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=679232&D7=0&D10=679232&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=679305&D7=0&D10=679305&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=362964&D7=0&D10=362964&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=362964&D7=0&D10=362964&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=463582&D7=0&D10=463582&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=244759&D7=0&D10=244759&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=244759&D7=0&D10=244759&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=253081&D7=0&D10=253081&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=253081&D7=0&D10=253081&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=377996&D7=0&D10=377996&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=377996&D7=0&D10=377996&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=377996&D7=0&D10=377996&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=244112&D7=0&D10=244112&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=244112&D7=0&D10=244112&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=244112&D7=0&D10=244112&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=244112&D7=0&D10=244112&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=462551&D7=0&D10=462551&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=462551&D7=0&D10=462551&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=330833&D7=0&D10=330833&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=330833&D7=0&D10=330833&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229636&D7=0&D10=229636&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229636&D7=0&D10=229636&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229636&D7=0&D10=229636&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=517453&D7=0&D10=517453&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=517453&D7=0&D10=517453&N25=0&N1=S_ID&ST=RS&F=PR
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Metallic Element 
Z: Symbol Name Structure Cat. No.

29: Cu Copper(II) 2-ethylhexanoate

O-

O

Cu2+

2
H3C

H3C

337323-5G
337323-25G

30: Zn Zinc nitrate hydrate, 99.999% trace metals basis Zn(NO3)2 • 6H2O 230006-25G
230006-250G

30: Zn Zinc acetate dihydrate, 99.999% trace metals basis

H3C O-

O

2
Zn2+ • 2H2O

379786-5G
379786-25G

30: Zn Zinc acetylacetonate hydrate, 99.995% trace metals basis

H3C

O

CH3

O-

Zn2+

2

• xH2O

480991-5G
480991-25G

38: Sr Strontium acetylacetonate hydrate

H3C

O

CH3

O-

Sr2+

2

704512-5G
704512-25G

39: Y Yttrium(III) 2-ethylhexanoate, 99.9% trace metals basis

O-

O

Y3+

3
CH3

H3C

347086-10G
347086-50G

40: Zr Zirconium(IV) ethoxide, 97%
Zr

O
CH3

O
CH3

O
H3C

O
H3C

339121-5G
339121-25G

40: Zr Zirconium(IV) propoxide solution
Zr

O CH3

O CH3

OH3C

OH3C

333972-100ML
333972-500ML

40: Zr Zirconium(IV) tert-butoxide, 99.999% trace metals basis t-Bu O
Zr

O t-Bu

O

O

t-Bu
t-Bu

560030-5G
560030-25G

40: Zr Zirconium(IV) acetylacetonate, 98%

H3C

O

CH3

O-

Zr4+

4

338001-25G
338001-100G

50: Sn Tributyltin methoxide, 97%
Sn

CH3

OCH3

H3C

H3C

229245-25G
229245-100G

50: Sn Tin(IV) tert-butoxide, 99.99+% trace metals basis
Sn

Ot-Bu
t-Bu O O t-Bu

t-BuO 494135-5G
494135-25G

50: Sn Tin(II) acetylacetonate, 99%

H3C

O

CH3

O-

Sn2+

2

697478-5G

50: Sn Tin(II) 2-ethylhexanoate, ~95%

O
CH2(CH2)2CH3

O

CH3

2

Sn2

S3252-100G
S3252-250G
S3252-500G
S3252-1KG

56: Ba Barium 2-ethylhexanoate, 98%

H3C O

O

CH3
2

Ba2+

361704-5G

56: Ba Barium acetate, 99.999% trace metals basis

H3C O-

O

Ba2+

2

255912-10G
255912-50G

72: Hf Hafnium isopropoxide isopropanol adduct,  
99.9% trace metals basis

H3C O-

CH3

Hf4+

4

697508-5G

75: Re Dirhenium decacarbonyl, 98% Re2(CO)10 245003-500MG
245003-5G

http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=337323&D7=0&D10=337323&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=337323&D7=0&D10=337323&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=230006&D7=0&D10=230006&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=230006&D7=0&D10=230006&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=379786&D7=0&D10=379786&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=379786&D7=0&D10=379786&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=480991&D7=0&D10=480991&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=480991&D7=0&D10=480991&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=704512&D7=0&D10=704512&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=704512&D7=0&D10=704512&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=347086&D7=0&D10=347086&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=347086&D7=0&D10=347086&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=339121&D7=0&D10=339121&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=339121&D7=0&D10=339121&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=333972&D7=0&D10=333972&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=333972&D7=0&D10=333972&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=560030&D7=0&D10=560030&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=560030&D7=0&D10=560030&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=338001&D7=0&D10=338001&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=338001&D7=0&D10=338001&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229245&D7=0&D10=229245&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=229245&D7=0&D10=229245&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=494135&D7=0&D10=494135&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=494135&D7=0&D10=494135&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=697478&D7=0&D10=697478&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=S3252&D7=0&D10=S3252&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=S3252&D7=0&D10=S3252&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=S3252&D7=0&D10=S3252&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=S3252&D7=0&D10=S3252&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=361704&D7=0&D10=361704&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=255912&D7=0&D10=255912&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=255912&D7=0&D10=255912&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=697508&D7=0&D10=697508&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=245003&D7=0&D10=245003&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=245003&D7=0&D10=245003&N25=0&N1=S_ID&ST=RS&F=PR
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Introduction
Noble-metal nanostructures are widely used in a variety of 
applications ranging from catalysis to electronics, surface plasmon 
resonance (SPR), surface-enhanced Raman scattering (SERS), 
and biomedical research.1-3 Different applications demand 
nanostructures with specific morphologies. For example, catalysis 
often requires the noble-metal nanostructures to be dispersed 
on ceramic supports with high surface areas, while nanowires 
are needed for transport measurements and as interconnects 
in electronic devices. Morphology may also provide a sensitive 
parameter for enhancing and/or tailoring the properties of noble-
metal nanostructures. It has been established that the catalytic 
activity and selectivity of noble-metal nanoparticles are strongly 
dependent on the facets exposed on the surface. For Pt, its activity 
for the oxygen reduction reaction (ORR) increases in the order of 
(100) < (111) < (110) in a non-adsorbing electrolyte.4 In the case 
of Pd, its (100) facets are almost four times more reactive than 
the (111) facets for formic acid oxidation.5 On the other hand, the 
morphology of Au or Ag nanostructures not only determine SPR 
characteristics, but also the merits in SERS detection.6 Therefore, 
controlling the morphologies of noble-metal nanostructures is 
crucial to enhancing their performance in various applications.

Polyol Synthesis of Nanostructures
The polyol process has become a popular method for preparing 
noble-metal nanostructures with well-defined morphologies. 
The primary step in this process involves heating a polyol such as 
ethylene glycol (EG) (Aldrich Prod. No. 324558) with a metal 
salt (i.e., a precursor to the noble metal) in the presence of a 
polymeric capping agent such as poly(vinylpyrrolidone) (PVP) 
(Aldrich Prod. Nos. 234257, 856568, 437190) to generate metal 
atoms. Upon heating EG to the temperature range of 140-160 oC, 
glycolaldehyde (Aldrich Prod. No. G6805) (the reducing agent) is 
produced through the following oxidation reaction:7

2HOCH2CH2OH + O2 → 2HOCH2CHO + 2H2O

The ability of polyols to dissolve many metal salts and their 
temperature-dependent reducing power makes polyol synthesis 
an attractive route to nanostructures of various noble metals 
including Ag, Au, Pd, Pt, Rh, Ru, and Ir.

Control of Nanostructure Morphology
In solution-phase synthesis of noble-metal nanostructures, the final 
morphology is primarily determined by the twin structure of seeds 
and the growth rates of different crystallographic facets. In the early 
stage of a reaction, a precursor compound is either decomposed or 
reduced to generate zero-valent atoms, which can form a cluster 
with fluctuating structure also known as a nucleus. Once the 
cluster has grown past a critical size, structural fluctuations become 
so energetically costly that it will be locked into a well-defined 
structure and become a seed. As illustrated in Figure 1, the seed 
serves as a bridge between atoms and the nanostructure, and it 
may take a single-crystal or multiply twinned structure.8 In practice, 
the twin structure of seeds can be controlled by manipulating 
the reduction kinetics. When the reduction rate is relatively fast, 
thermodynamically favorable species such as single-crystal and 
multiply twinned seeds are dominant in the nucleation stage. The 
former can evolve into octahedrons or cubes, while the latter into 
decahedrons or pentagonal nanowires depending on the reaction 
conditions. When the reduction rate is considerably slowed down, 
the reaction will become kinetically controlled. In this case, plate-
like seeds with planar defects such as stacking faults can form at 
the initial nucleation stage, which then evolve into hexagonal and 
triangular nanoplates that deviate from the thermodynamically 
favored morphologies. The distribution of differently twinned seeds 
can be further altered by selectively employing or blocking oxidative 
etching, in which zero-valent metal atoms are oxidized back to ions. 
In one case, the twinned seeds can be selectively removed by the 
O2/Cl- etchant, leaving behind single-crystal seeds in the reaction 
solution.9 In most cases, the introduction of selective capping 
agents provides a powerful means of controlling the relative growth 
rates of different crystallographic facets as they can interact strongly 
with specific facets and thus change the relative free energies for 
different facets. This kind of chemisorption or surface capping has a 
profound impact on the final morphology of metal nanostructures. 
For instance, PVP is a polymeric capping agent whose oxygen atoms 
bind most strongly to the {100} facets of Ag and thus facilitate the 
formation of Ag nanowires or nanocubes.10,11

anisotropic 
nanostructures

surface 
activation

stabilization of 
{100} facets

decahedron

plate with 
stacking faults

multiply 
twinned pentagonal nanowire

triangular plate

polyhedrons

octahedron

seeds

metal 
precursor

single 
crystal

barcube

nuclei

(M)
m+
n

Figure 1. Schematic illustration of the reaction pathways that lead to 
face-centered cubic metal nanostructures with different morphologies. First, 
a precursor is reduced or decomposed to form the nuclei (small clusters). 
Once the nuclei have grown past a certain size, they become seeds with a 
single-crystal or multiply twinned structure. If stacking faults are introduced, 
plate like seeds will be formed. The green and orange colors represent the 
{100} and {111} facets, respectively. Twin planes are depicted with red lines. 
Reprinted from Ref. 8 with permission from Wiley-VCH.
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Case Study I: Silver (Ag)
Silver nanostructures are probably best known for their 
morphology-dependent optical properties like SPR.11 They also 
serve as the most popular substrates for SERS and the most 
selective catalyst for epoxidation of ethylene. Uniform Ag 
nanowires can be produced by adding CuCl2 (Aldrich Prod. No. 
203149) to a typical polyol reduction of AgNO3 (Aldrich Prod. 
No. 204390) with EG (Figure 2a).12 The Cu(II) ions will be reduced 
by EG into Cu(I). Both the Cu(I) and Cl- ions play important roles. 
Copper ions promote the growth of wires by reducing the amount 
of oxygen on the surface, preventing the multiply twinned seeds 
from being dissolved due to oxidative etching and unblocking sites 
for further deposition of Ag atoms. Ethylene glycol can recycle 
Cu(II) back to Cu(I), so only a small amount of Cu(II) ions needs 
to be added to scavenge the adsorbed oxygen on the metal 
surface. Chloride ions control the concentration of free Ag+ in the 
solution by forming AgCl, consequently decreasing the reduction 
rate and facilitating preferential growth on the high energy twin 
boundaries at the ends of the wire. In a typical synthesis, PVP is 
also required to preferentially passivate the {100} surfaces that 
make up the sides of the nanowires.

Figure 2. Silver nanostructures synthesized by the modified polyol process. 
(a) SEM image of Ag nanowires synthesized by the addition of CuCl2. Inset 
shows the pentagonal cross section of the nanowires. Reprinted from Ref. 
12 with permission from the Royal Society of Chemistry. (b) SEM image of 
Ag nanocubes synthesized by the addition of NaHS. Reprinted from Ref. 27 
with permission from Wiley-VCHr. 

Trace amounts of other ionic species are also important in the 
morphological control of Ag nanostructures. By adding small 
amounts of sulfide in the form of either Na2S (Aldrich Prod. No. 
407410) or NaHS (Aldrich Prod. No. 161527) to the polyol 
reduction of AgNO3, Ag nanocubes can be routinely produced as 
uniform samples and in relatively large quantities (Figure 2b).13 
Since Ag2S is a known catalyst for Ag reduction, the proposed 
mechanism involves small Ag2S seeds generated immediately 
after the addition of AgNO3. These seeds catalyze the reduction 
and serve as sites for the growth of high quality cubes. Since the 
reaction is kinetically controlled, more thermodynamically favorable 
twinned seeds are not able to form, and the final product is 
dominated by single-crystal species like nanocubes. PVP again plays 
the role of preferentially capping the {100} faces of Ag nanocubes.

Case Study II: Gold (Au)
Gold nanostructures have received considerable attention due to 
their excellent chemical stability, bio-inertness, SPR/SERS properties, 
and unique catalytic activity. There have been many demonstrated 
methods for controlling the morphology of Au nanostructures.14-16 
As for the Ag system, the selection of reducing agent, stabilizer, 
and reaction temperature is critical to forming a particular 
morphology. In most cases, strong reducing agents, as exemplified 
by polyol reduction, facilitate the formation of thermodynamically 
favored polyhedral Au nanostructures. There are, however, 
notable differences. For example, in contrast to the Ag system, the 
binding of PVP to Au does not appear to be sufficiently strong to 
promote the formation of {100} facets. As a result, single-crystal 
and multiply twinned polyhedrons enclosed by {111} facets such 
as octahedrons, icosahedrons, and decahedrons are dominant 
morphologies for Au nanostructures in the polyol synthesis.

For instance, Au octahedrons have been synthesized in high 
yields via a modified polyol process by using polyethylene glycol 
600 (Aldrich Prod No. 202401) as a reducing agent, which also 
serves as a solvent in the synthesis (Figure 3a).17 In this case, 
the addition of a small amount of sodium borohydride (NaBH4) 
(Aldrich Prod. No. 480886), prior to the addition of an aqueous 
gold(III) chloride (AuCl3) solution (Aldrich Prod. No. 334049), 
is the key to high-yield production of uniform Au octahedrons. 
It serves as a strong reducing agent and thus ensures the fast 
reduction of the Au precursor. On the other hand, the multiply 
twinned nanostructures of Au such as decahedrons can be 
produced at a relatively high concentration of PVP in the polyol 
reduction of HAuCl4 (Aldrich Prod. No. 484385) with diethylene 
glycol (Aldrich Prod. No. H26456) (Figure 3b).18 It seems that 
the high concentration of PVP helps to block the surfaces of Au 
decahedrons from the oxidative etching by O2/Cl- pair. As a result, 
these twinned nanostructures could be stabilized and accumulate 
throughout the reaction.

Figure 3. Gold nanostructures synthesized by the modified polyol process. 
(a) SEM image of Au octahedrons made by the addition of a small amount 
of NaBH4 in a polyol reduction of AuCl3 with polyethylene glycol 600. 
Reprinted from Ref. 17 with permission from Wiley-VCH. (b) SEM image of 
Au decahedrons obtained by a polyol reduction of HAuCl4 with diethylene 
glycol in the presence of a high concentration of PVP. Reprinted from Ref. 18 
with permission from the American Chemical Society.

Case Study III: Palladium (Pd)
Palladium is a key catalyst for a variety of reactions including 
hydrogenation, dehydrogenation, and carbon-carbon bond-
forming processes such as Suzuki, Heck, or Stille coupling. In 
general, the predominant morphology of Pd nanostructures in a 
typical polyol reduction of Na2PdCl4 (Aldrich Prod. No. 379808) 
with EG is the truncated octahedron.19 Morphological control 
of Pd nanostructures can be achieved by introducing specific 
capping agents such as Br- ions and/or by employing oxidative 
etching. In one example, Pd nanobars with a rectangular cross-
section can be synthesized by adding Br- ions to the polyol 
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reduction of Na2PdCl4.20 Bromide ions bind strongly to the {100} 
facets of Pd, resulting in the formation of cubic Pd seeds in the 
nucleation stage. The formation of Pd nanobars can be attributed 
to anisotropic growth of the cubic seeds driven by a selective 
activation process, which involves the localized oxidative etching 
on one of the six faces of the cubic seed to remove some of the 
Br- ions. This facilitates preferential growth of the cubic seed 
along one direction and eventually leads to the formation of Pd 
nanobars enclosed by the {100} facets (Figure 4a).

Figure 4. Palladium nanostructures synthesized by the modified polyol 
process. (a) TEM image of Pd nanobars synthesized by the addition of KBr 
in a polyol reduction of Na2PdCl4 with EG in the presence of a small amount 
of water as a co-solvent. Reprinted from Ref. 20 with permission from the 
American Chemical Society. (b) TEM image of triangular Pd nanoplates 
synthesized by introducing a small amount of FeCl3 and HCl into a polyol 
reduction of Na2PdCl4 with EG. Reprinted from Ref. 21 with permission from 
the American Chemical Society.

As another demonstration, Pd triangular nanoplates have been 
synthesized by introducing Fe(III) species into the polyol synthesis 
(Figure 4b).21 The reduction rate is substantially slowed down due 
to the presence of two wet etchants for Pd(0), i.e., Fe(III) species 
and the O2/Cl- pair. The oxidative etching can be further enhanced 
by adding an acid to lower the pH of the reaction solution. This 
kinetically controlled process under the slow reduction rate enables 
the formation of plate-like seeds in the nucleation stage, which 
then gradually evolve into triangular nanoplates via preferential 
addition of newly formed Pd atoms to the side faces of developing 
nanoplates. These nanoplates of Pd exhibit SPR peaks in the visible 
region due to their increased sizes. Thanks to the sharp corners 
and edges, they could serve as active substrates for SERS.

Case Study IV: Platinum (Pt)
Platinum is an invaluable catalyst for a variety of industrial 
applications, such as hydrogenation, oil cracking, and CO/NOx 
oxidation in catalytic converters. It also serves as the most effective 
electrocatalyst for both ORR and fuel oxidation in the operation of 
a fuel cell.22,23 For most of these applications, it is critical to disperse 
Pt nanostructures on solid supports. The polyol reduction can be 
modified to grow Pt nanowires on various substrates by adding a 
small amount of Fe(II) or Fe(III). In a typical process, Pt(II) species 
are formed by reducing H2PtCl6 (Aldrich Prod. No. 262587) with 
EG at 110 oC in the presence of PVP. By adding a trace amount 
of FeCl3 (Aldrich Prod. No. 451649) as an oxidative etchant for 
Pt(0), the nucleation of Pt atoms can be controlled to grow into 
uniform nanowires directly on a Pt or W gauze (Figure 5a).23 The 
Pt gauze (Aldrich Prod. Nos. 298107, 298093) covered with Pt 
nanowires showed enhanced activity, over 1.5 times higher than 
that of the Pt/C (E-TEK) catalyst, towards the methanol oxidation 
reaction. In addition, Pt nanowires can also be readily grown on 
other substrates such as electrospun TiO2 nanofibers and patterned 
silicon substrates using this simple approach.24,25

Figure 5. Platinum nanostructures synthesized by the modified polyol 
process. (a) SEM image of Pt nanowires on Pt gauze. Inset shows the edge 
view of the Pt nanowires growing outward from the surface of the gauze. 
Reprinted from Ref. 23 with permission from the American Chemical Society. 
(b) TEM image of Pt multipods synthesized through an iron-mediated polyol 
process. In this case, the kinetics of polyol reduction is controlled by abruptly 
blocking oxidative etching with N2 flow, which initiates overgrowth of Pt 
seeds into highly branched nanostructures. Reprinted from Ref. 26 with 
permission from Wiley-VCH.

In the absence of substrates, highly branched nanostructures of 
Pt can be produced through a similar mechanism.26 The key to 
the formation of branched nanostructures is to abruptly block 
oxidative etching by flowing N2 (Aldrich Prod. No. 295574) 
and thus removing O2 in the reaction system. In this case, the 
concentration of Pt atoms dramatically increases to a high 
level, leading to overgrowth of the seeds into highly branched 
nanostructures such as multipods (Figure 5b).

Conclusion
We have demonstrated that synthesis of noble-metal 
nanostructures with various morphologies can be achieved by 
the polyol method. Although the exact mechanisms related 
to the formation of particular morphologies are yet to be fully 
understood, it has been proven that some of the important 
reaction parameters such as reduction kinetics, oxidative etching, 
and surface capping could be combined to provide an effective 
route to maneuver both the twin structure of seeds and the 
facets of the seed surface, the two key factors in determining 
the final morphology of the nobel-metal nanostructure. Further 
improvement in this research area will be possible as our 
understanding of the nucleation and growth mechanisms is 
advanced. The ability to control the morphology of noble-metal 
nanostructures provides a great opportunity to realize a variety of 
fascinating morphology-dictated properties and applications.
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Noble Metal Nanoparticles
For general metal precursors, see page 6. For magnetic metal precursors, see page 17.

Metallic Element 
Z: Symbol Name Form Particle Size (nm) Cat. No.

46: Pd Palladium, 99.9% nanopowder particle size <25  (TEM) 686468-500MG

47: Ag Silver, 99% trace metals basis nanopowder particle size <150 484059-5G

47: Ag Silver, 99.5% trace metals basis nanopowder particle size <100 576832-5G

47: Ag Silver, dispersion nanoparticles, 10 wt. % in  
ethylene glycol

particle size <100  (TEM) 658804-5G
658804-25G

47: Ag Silver, dispersion nanoparticles, 0.25 mM in H2O particle size ~157 675318-5ML

47: Ag Decanethiol functionalized silver nanoparticles solution, 0.1 % (w/v) in hexane particle size 3 - 7  (DLS) 673633-25ML

47: Ag Dodecanethiol functionalized silver nanoparticles solution, 0.25 % (w/v) in hexane particle size 5 - 15  (DLS) 667838-25ML

78: Pt Platinum, 99.9+% nanopowder particle size <50  (BET) 685453-500MG

79: Au Gold, 99.9+% trace metals basis nanopowder particle size <100 636347-1G

79: Au Gold colloid nanoparticles, HAuCl4 ~ 0.01%
~ 1 A520 units/mL

mean particle size 3.0 - 5.5  (monodisperse)
particle size 5 

G1402-25ML

79: Au Gold colloid nanoparticles, HAuCl4 ~ 0.01%
~ 1 A520 units/mL

mean particle size 8.5 - 12.0  (monodisperse)
particle size 10 

G1527-25ML

79: Au Gold colloid nanoparticles, HAuCl4 ~ 0.01%
~ 1 A520 units/mL

mean particle size 17 - 23  (monodisperse)
particle size 20 

G1652-25ML

79: Au Octanethiol functionalized gold nanoparticles solution, 2 % (w/v) in toluene particle size 2 - 4  (DLS) 660426-5ML

79: Au Dodecanethiol functionalized gold nanoparticles solution, 2 % (w/v) in toluene particle size 2 - 4  (DLS) 660434-5ML

79: Au Dodecanethiol functionalized gold nanoparticles, 
0.7-0.9% solid material basis

dispersion, HAuCl4 0.01% in toluene particle size 3 - 6 54349-10ML-F

Noble Metal Precursors
For general metal precursors, see page 6. For magnetic metal precursors, see page 17.

Metallic Element 
Z: Symbol Name Structure Cat. No.

44: Ru Triruthenium dodecacarbonyl, 99%
Ru

Ru Ru
CO

CO
OC CO

OC
CO

CO
OC

OC CO

OC CO

245011-1G
245011-5G

45: Rh Rhodium(II) hexanoate, dimer, 97%

CH3(CH2)3CH2 O-

O

Rh2+

2
2

481173-1G

45: Rh Rhodium(II) octanoate, dimer

CH3(CH2)5CH2 O-

O

Rh2+

2
2

442100-500MG

46: Pd Palladium(II) acetate, 99.98% trace metals basis

Pd2+
H3C O-

O

2

379875-1G
379875-5G

46: Pd Palladium(II) acetylacetonate, 99%

H3C

O

CH3

O-

Pd2+

2

209015-1G
209015-5G

46: Pd Palladium(II) propionate, 99.9+% trace metals basis
H3C

O

O

2
Pd2+

481165-1G
481165-5G

46: Pd Palladium(II) nitrate solution, 99.999% trace metals basis Pd(NO3)2 380040-10ML
380040-50ML

47: Ag Silver acetate, 99.99% trace metals basis

H3C OAg

O 204374-10G
204374-50G

47: Ag Silver acetylacetonate, 98%

H3C

O

CH3

OAg 323489-1G
323489-5G

47: Ag Silver nitrate, 99.9999% trace metals basis AgNO3 204390-1G
204390-10G
204390-50G
204390-250G
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Metallic Element 
Z: Symbol Name Structure Cat. No.

47: Ag Silver carbonate, 99.999% trace metals basis Ag2CO3 438448-1G
438448-10G

47: Ag Silver sulfate, 99.999% trace metals basis Ag2SO4 204412-10G
204412-50G

76: Os Triosmium dodecacarbonyl, 98%

Os

Os

Os
OC

OC

OC
OC

CO

CO
CO

CO
OC CO

OC CO

249742-250MG
249742-1G

77: Ir Iridium(III) acetylacetonate, 97%

CH3

O-

Ir3+H3C

O

3

333352-500MG
333352-2.5G

78: Pt Platinum(II) acetylacetonate, 99.99% trace metals basis

Pt2+H3C

O

CH3

O-

2

523038-1G

78: Pt Platinum(IV) chloride, 99.99+% trace metals basis PtCl4 379840-250MG
379840-1G

78: Pt Chloroplatinic acid hydrate, 99.995% trace metals basis H2PtCl6   • xH2O 254029-250MG
254029-1G
254029-5G

78: Pt Platinum(II) cyanide, 99.99% trace metals basis Pt(CN)2 442097-500MG
442097-2.5G

79: Au Gold(III) chloride hydrate, 99.999% trace metals basis HAuCl4 254169-500MG
254169-5G

79: Au Gold(III) chloride, 99.99+% trace metals basis AuCl3 379948-250MG
379948-1G

79: Au Potassium gold(III) chloride, 99.995% trace metals basis K(AuCl4) 450235-250MG
450235-1G

79: Au Gold(III) chloride solution, 99.99% trace metals basis HAuCl4 484385-10G
484385-50G

79: Au Gold(III) chloride trihydrate, ≥99.9% trace metals basis HAuCl4 • 3H2O 520918-1G
520918-5G
520918-25G

Capping Agents
For a complete list of PEGs and other hydrophilic polymers please vist sigma-aldrich.com/poly

Name Structure Molecular Weight Cat. No.

Polyvinylpyrrolidone
N

H
H

O

n

~10,000 PVP10-100G
PVP10-500G
PVP10-1KG
PVP10-12KG

average Mw ~29,000 234257-5G
234257-100G
234257-500G

~40,000 81420-100G
81420-500G

81422-1KG

average Mw ~55,000 856568-5G
856568-100G
856568-500G
856568-12X500G

~360,000 81440-250G
81440-1KG

average Mw ~1,300,000 by LS 437190-25G
437190-500G
437190-1KG

Poly(ethylene glycol)

H
O

OH
n

average mol wt 400 P3265-500G
P3265-1KG

average Mn 570-630 202401-5G
202401-250G
202401-500G
202401-20KG
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Application Note: Synthesis 
of Silver Nanowires
Uniform Ag nanowires can be readily synthesized using a modified 
polyol process. A typical synthesis involves ethylene glycol 
(EG) (Aldrich Prod. No. 324558) as both the solvent and the 
reducing agent, with AgNO3 (Aldrich Prod. No. 204390) and 
poly(vinvlpyrrolidone) (PVP, MW=55000) (Aldrich Prod. No. 856568) 
as the Ag precursor and the polymeric capping agent, respectively. 
In this synthesis, CuCl2 (Aldrich Prod. No. 203149) species can be 
added to facilitate the anisotropic growth of Ag nanowires. In a 
typical synthesis, 5 mL of EG was added to a disposable glass vial 
with a Teflon stir bar in it; the vial was then suspended in an oil 
bath (temperature = 151.5 oC) and heated for 1 h under magnetic 
stirring (260 rpm). At 1 h, 40 µL of a 4 mM CuCl2 solution in EG 
was injected into the heated EG. The solution was heated for 
an additional 15 min. 1.5 mL of a 0.147 M PVP solution in EG 
(concentration calculated in terms of the repeating unit) was then 
injected into the heated EG, followed by the addition of 1.5 mL of 
a 0.094 M AgNO3 solution in EG. The color of the reaction solution 
changed as follows: initially clear and colorless to yellow (within 
1 min), to red-orange (within 3 min), to green, beginning cloudiness 
(within 5 min), to cloudiness, with a gradual shift from green to 
brown-red (within 30 min), and finally to opaque gray with wispiness 
indicating the formation of long nanowires (within 1 to 1.5 h). Upon 
formation of Ag nanowires, the reaction was quenched by cooling 
the reaction vial in a room temperature water bath. The products 
were washed with acetone once and water three times to remove 
excess EG and PVP prior to characterization.

Figure 1.  Experimental setup used to prepare Ag nanowires.  
(a) A photograph of the entire experimental setup. A temperature-controlled 
stirring hotplate is used, and the reaction is performed in a disposable glass 
vial suspended in an oil-containing crystallization dish. (b) A photograph of 
the custom-made vial holder, designed to rest on top of the oil-containing 
crystallization dish and hold up to eleven reaction vials. (c) A close-up 
photograph of the reaction vials. The reaction vials are supported by an 
O-ring and suspended in a heated oil bath. The caps are tiled off-angle 
during initial preheating to allow water vapor to escape.

Components for Experimental Setup Cat. No.

IKA® RCT basic IKAMAG® safety control hot plate stirrer, AC input 115 V Z645052

IKA RCT basic IKAMAG safety control hot plate stirrer, AC input 230 V Z645060

IKA ETS-D5 temperature controller Z645125

IKA support for stirring hotplate, boss head clamp, H44 Z403571

IKA support for stirring hotplate, adjustable stand support, R380 Z403601

Sigma-Aldrich Offers Components  
for Experimental Setup

IKA and IKAMAG are registered trademarks of IKA Works, Inc.
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Introduction
Magnetic nanoparticles have attracted tremendous attention due to 
their novel properties and their potential applications in magnetic 
recording, magnetic energy storage and biomedicine.1-3 Thanks to 
numerous research efforts, great progress has been made on the 
design and fabrication of magnetic nanoparticles with controllable 
size, morphology, structure, composition, and magnetic properties. 
A variety of “bottom-up” synthesis methods have been developed 
and, as a result, magnetic nanoparticles are now routinely made 
from solution-phase thermal decomposition, metal reduction, and 
metal salt co-precipitation. To produce monodisperse nanoparticles 
with a standard deviation in diameter of less than 10%, a burst 
nucleation event should occur in a supersaturated solution without 
the formation of new nuclei and the produced nuclei would grow 
uniformly thereafter. Practically, a hot-injection procedure is often 
employed to achieve the burst nucleation by rapid introduction of 
reagents into the reaction vessel. Alternatively, a heating strategy 
can be adopted, in which a reaction mixture is prepared at low 
temperature followed by heating to initiate the particle nucleation 
and growth. In this paper, we summarize briefly the recent progress 
in synthesizing monodispere, magnetic nanoparticles.

Magnetic Ferrite MFe2O4  
(M = Fe, Co, Mn, etc) Nanoparticles
Magnetic ferrites, which adopt cubic spinel structures and have a 
general formula of MFe2O4, are one of the most important classes 
of magnetic materials. In such ferrites, oxygen atoms exhibit 
face-centered cubic (fcc) close packing with M2+ and Fe3+ cations 
occupying either tetrahedral or octahedral interstices. Depending 
on the identity of the M2+ in the lattice, different ferrites can show 
distinctive magnetic properties.

Recently, a facile organic phase synthesis utilizing high temperature 
reaction of metal acetylacetonates and 1,2-alkanediols was 
developed.4 For example, monodisperse 6 nm single-crystal Fe3O4 
nanoparticles (Figure 1a) were synthesized by heating (300°C) 
a reaction mixture of Fe(acac)3 (Aldrich Prod. No. 413402), 
1,2-hexadecanediol (Aldrich Prod. No. 213748), oleic acid (OA) 
(Aldrich Prod. No. O1008), oleylamine (OAm) (Aldrich Prod. 
No. O7805) and benzyl ether (Aldrich Prod. No. 108014). The 
particle size could be tuned to 20 nm by seed-mediated growth 
using small particles as seeds. The recipe was readily extended 
to the synthesis of other ferrite (MFe2O4, M = Co, Mn, Ni, etc) 

particles by incorporating a stoichiometric amount of M(acac)2 
together with Fe(acac)3 into the reaction mixture. The control 
of magnetic properties of different MFe2O4 is better illustrated 
in the 16 nm nanoparticles of Fe3O4 and CoFe2O4. The Fe3O4 
particles are superparamagnetic at room temperature with a 
saturation magnetization (Ms) of 83 emu/g, close to the bulk 
value of magnetite. At lower temperature, the particles become 
ferromagnetic with coercivity (Hc) of 450 Oe at 10K. In  
comparison, the 16 nm CoFe2O4 particles (Figure 1b) exhibit a 
room temperature Hc of 400 Oe and a much larger Hc of 20 kOe  
at 10 K (Figure 1c).

Figure 1. Transmission electron microscopy (TEM) images of (a) 6 nm Fe3O4 
particles and (b) 16 nm CoFe2O4 particles; (c) Hysteresis loops of 16 nm 
CoFe2O4 particle assembly measured at A) 10 K and B) 300 K. Reproduced 
from Ref. 4 with permission from the American Chemical Society.

Fe3O4 nanoparticles can also be made by high temperature 
decomposition of iron(0) pentacarbonyl Fe(CO)5 (Aldrich Prod. 
No. 481718) in presence of OA followed by oxidation using 
trimethylamine N-oxide (CH3)3NO (Aldrich Prod. No. 317594) or air,5 
or decomposition of metal-oleate complexes.6 Cube-like MnFe2O4 
particles are synthesized by controlling the surfactant/precursor 
ratios.7 Ultra-small Fe3O4 nanoparticles are produced by thermal 
decomposition of Fe(CO)5 in the presence of methyl catechol.8 Hollow 
Fe3O4 particles were fabricated by controlled oxidation of Fe/Fe3O4 
particles utilizing the nanoscale Kirkendall effect.9

Metallic Fe and Co Nanoparticles
Metallic Fe (Aldrich Prod. Nos. 637106, 544884) and Co  
(Aldrich Prod. No. 697745) nanoparticles are important for 
various magnetic applications due to their high magnetization 
values (Ms: 218 emu/g for Fe and 162 emu/g for Co). However, 
fabrication of high moment Fe and Co nanoparticles has been very 
challenging due to their chemical instability. Recent syntheses prove 
that it is now possible to stabilize these reactive nanoparticles for 
high moment magnetic applications.

Scheme 1. Schematic outline of a facile synthesis of Fe nanoparticles via 
thermolysis of Fe(CO)5 in 1-octadecene (ODE). Reprinted from Ref. 10 with 
permission from the American Chemical Society. 

The most common approach for fabricating monodisperse 
Fe and Co nanoparticles is via thermal decomposition of the 
corresponding organometallic precursors, particularly the 
carbonyls. Recently, we reported a facile one-step synthesis 
(Scheme 1) of monodisperse Fe nanoparticles (s < 7%) 
by thermolysis of Fe(CO)5 in 1-octadecene (ODE) (Aldrich 
Prod. No. O806) with OAm.10 The primitive Fe particles were 
readily oxidized during post-synthesis treatment in air, giving 

Chemical Synthesis of Monodisperse Magnetic Nanoparticles
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8 nm/2.5 nm Fe/Fe3O4 nanoparticles (Figure 2a), with both 
the core and shell being amorphous. As-synthesized Fe/Fe3O4 
particles are superparamagnetic at room temperature with Ms 
of ~67 emu/g. The value is normalized as 103 emu/g (Fe+Fe3O4) 
after surfactant removal and is close to the sum of the core- and 
the shell-contributions. Further oxidation of the particle dispersion 
in air led to rapid magnetic moment decline and severe particle 
agglomeration (Fig. 2c). However, once a dense shell of crystalline 
Fe3O4 was created over the Fe core via controlled oxidation using 
(CH3)3NO, Fe in Fe/Fe3O4 nanoparticles was more efficiently 
stabilized. The resulting core/shell nanoparticles of Fe/Fe3O4 
(5nm/5nm) (Figure 2b) show an initial Ms of ~62 emu/g particles. 
Compared to the untreated particles, the moment of the oxidized 
particles drops much slower and is stabilized at 56 emu/g after 
24 h exposure to air (Figure 2c). This crystalline Fe3O4 protection 
strategy has proved to be effective in stabilizing metallic Fe and 
giving stable core/shell nanoparticles of Fe/Fe3O4. Similarly, Co 
particles can be protected by a crystalline Fe3O4 shell as well.11

Figure 2. TEM images of (a) as-synthesized 8 nm/2.5 nm Fe/Fe3O4 
nanoparticles, bar scale 100 nm (inset: higher resolution, bar scale 10 nm); 
(b) control-oxidized 5 nm/5 nm Fe/Fe3O4 particles, bar scale 10 nm.  
(c) The magnetic moment change of Fe/Fe3O4 core/shell particles versus time 
when exposed to air at room temperature. Reproduced from Ref. 10 with 
permission from the American Chemical Society.

Recent synthetic efforts have led to numerous other methods for 
making monodisperse Fe or Co nanoparticles. For example, 7 nm 
Fe nanocubes were made by thermolysis of (Fe[N(SiMe3)2]2).12 
Hollow Fe nanoframes were formed via molten salt corrosion.13 
Co particles with various crystal phases were synthesized by 
either cobalt carbonyl decomposition or cobalt salt reduction.14 
Co nanorods were obtained by decomposition of [Co(η3-C8H13)
(η4-C8H12)].15 Hollow Co particles were produced by simultaneous 
fast out-diffusion of CoO (Aldrich Prod. No. 529443) oxide 
species and surface reduction of the oxides by OAm.16

Magnetic Alloy Nanoparticles:  
FePt and FeCo
Magnetic iron-platinum (FePt) alloy nanoparticles made by solution-
phase chemical synthesis have shown great potential for high 
performance permanent magnets and for high density data storage 
applications.1 Their magnetic properties can be tuned not only by 
particle size, but also by their composition and structure. fcc-FePt 
nanoparticles have been fabricated by simultaneous decomposition 
of Fe(CO)5 and reduction of Pt(acac)2 (Aldrich Prod. No. 523038).17 
The synthesis, annealing and alignment of shape-controlled FePt 
nanocubes and nanorods were also reported.17,18 

Very recently, dispersible fct-FePt particles were obtained via thermal 
annealing of MgO-coated fcc-FePt particles, followed by MgO 
removal.19 First, MgO (Aldrich Prod. No. 529699) was coated over 
the fcc-FePt surface via decomposition of Mg(acac)2 (Aldrich Prod. 
No. 129577). The fcc-FePt/MgO nanoparticles were annealed to 

800°C. The MgO shell was then removed via dilute acid washing 
and the fct-FePt particles were stabilized in hexane with a mixture 
of OA and 1-hexadecanethiol (Aldrich Prod. No. 674516). The 
coercivity of the fct-FePt particles reaches 2 T at 5K and 1 T at 
300 K. The TEM images of the nanoparticles after each stage are 
shown in Figures 3a thru 3c.

Figure 3. TEM images of: (a) as-prepared fcc-FePt particles (bar 20 nm),  
(b) MgO-coated and annealed FePt (bar 20 nm), (c) dispersible fct-FePt 
particles after shell removal and surface modification, reproduced from Ref. 19 
with permission from Wiley-VCH, (d) 15 nm FeCo particles, reproduced from 
Ref. 20 with permission from the Nature Publishing Group, (e) 20 nm FeCo, 
reproduced from Ref. 21 with permission from the American Chemical Society, 
and (f) 7 nm FeCo particles, inset: HRTEM showing graphitic shell (bar 2nm), 
reproduced from Ref. 22 with permission from the Nature Publishing Group.

FeCo alloys have the highest magnetic moment under ambient 
conditions, reaching 245 emu/g. Uniform 15 nm FeCo alloy 
particles (Figure 3d) (Ms 160~180emu/g) were synthesized 
by co-decomposition of Fe(CO)5 and Co(N(SiMe3)2)2.20 20 nm 
FeCo particles (Figure 3e) (Ms 207emu/g) were made by polyol 
co-reduction of Fe(III)- and Co(II)-acetylacetonates (Aldrich Prod. 
Nos. 517003 and 227129) in OA/OAm under a reductive 
(Ar+7%H2) atmosphere.21 Air-stable 7 nm FeCo particles 
(Figure 3f) with a graphitic shell were prepared via chemical vapor 
deposition, followed by surface modification using phospholipid-
poly(ethylene glycol).22

Rare-earth Metal Based Hard 
Nanomagnets of SmCo5 and Nd2Fe14B
Rare-earth hard magnets, composed of rare-earth elements 
and 3d transition metals, are technically important permanent 
magnets. Two rare-earth systems, SmCo and NdFeB, have been 
at the center of hard magnetic research due to the need for 
nanocomposite magnets with enhanced coercivity and remnant 
magnetization for high performance permanent magnet 
applications. Traditional physical fabrication techniques, including 
melt spinning and ball milling, are often used to produce granular 
hard magnetic materials, but provide only limited control over 
the size of the final magnetic grains. Solution-phase chemical 
syntheses that have proven to be successful in preparing 
monodisperse magnetic nanoparticles were recently studied 
extensively for making nanostructured SmCo and NdFeB magnets.
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Polyvinyl pyrrolidone (PVP) assisted co-reduction of Sm- and 
Co-nitrates in tetraethyleneglycol (TEG) (Aldrich Prod. No. 
110175) were used to make the SmCo-magnets.23 The resulting 
air-stable 10×100 nm blade-like rods (Figure 4a) were primarily 
hexagonal SmCo5 with slight Sm2Co17 content. The intrinsic 
coercivity and magnetization of the particles were 6.1 kOe and 
40 emu/g at room temperature, and 8.5 kOe and 44 emu/g at 
10 K, respectively (Figure 4b). Nanocrystalline SmCo5 (Aldrich 
Prod. No. 692859) hard magnets were also prepared by reacting 
core/shell structured Co/Sm2O3 particles (Co/Sm atomic ratio 4.3:1) 
with metallic Ca (Aldrich Prod. No. 215147) at 900 °C to reduce 
Sm2O3 and to promote interfacial diffusion between Sm and 
Co.24 KCl (Aldrich Prod. No. 409316) was used as the dispersion 
medium to promote the reduction at relatively low temperatures 
and to prevent the sintering of SmCo5 into large single-crystals. 
XRD confirmed the hexagonal SmCo5 structure in the annealed 
product, while HRTEM revealed nanocrystalline grains (Figure 4a). 
The coercivity reached 24 kOe at 100 K and 8 kOe at room 
temperature with remnant moments of 40-50 emu/g (Figure 4b). 
The solution phase reaction and high temperature reduction 
process was extended to the synthesis of exchange-coupled 
SmCo5/Fex nanocrystalline composites with a maximum coercivity 
of 11.6 kOe and remnant moment reaching 90emu/g at room 
temperature (Figures 4c and 4d).25

Figure 4. SmCo5 magnets made from the PVP process: (a) HRTEM image  
(b) ambient and low temperature (10K) hysteresis loops, reproduced from Ref. 23 
with permission from the American Institute of Physics. Nanocrystalline SmCo5 
via reductive annealing of Co/Sm2O3: (c) HRTEM image (d) 100 K magnetic 
measurement, reproduced from Ref. 24 with permission from Wiley-VCH.

Conclusion
A burst in the research efforts via chemical synthesis has led to 
the production of various monodisperse magnetic nanoparticles 
with controlled magnetic properties and chemical stability. In this 
short review, we have summarized recent exciting developments 
in some well-known magnetic nanoparticles of ferrites, metals, 
alloys and rare-earth magnets. These magnetic nanoparicles can 
be superparamagnetic (Hc = 0) or strongly ferromagnetic (Hc > 
1 T) with magnetic moments ranging from those at the ferrite 
level of ~80 emu/g to the highest alloy value of over 200 emu/g. 
These magnetic nanoparticles have been studied extensively for 
various applications. For example, hard magnetic nanoparticles 
with large coercivity are promising for future ultra-high density 
information storage applications; soft magnetic nanoparticles with 
low coercivity and high magnetic moment are key components 
for electromagnetic devices. Composite nanoparticles containing 
exchange-coupled magnetically hard and soft phases are predicted 
to be the materials of choice for future permanent magnets with 
optimum energy product. Superparamagnetic nanoparticles have 
shown great potential for magnetic resonance imaging contrast 
enhancement and for magnetic fluid hyperthermia.
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Magnetic Nanoparticles
For general metal precursors, see page 6. For noble metal precursors, see page 11.

Metallic Element 
Z: Symbol Name Composition Magnetic Properties Physical Form Particle Size (nm) Cat. No.

26: Fe Iron oxide, magnetic 
nanoparticles solution

Fe3O4 magnetization 
30.6 emu/g (typical)

dispersion,  
5 mg/mL in toluene

5  (average)
4.5-5.5  (TEM)

700320-5ML

26: Fe Iron oxide, magnetic 
nanoparticles solution

Fe3O4 magnetization 
57.6 emu/g (typical)

dispersion,  
5 mg/mL in toluene

9-11  (TEM)
10  (average)

700312-5ML

26: Fe Iron oxide, magnetic 
nanoparticles solution

Fe3O4 magnetization 
80.1 emu/g (typical)

dispersion,  
5 mg/mL in toluene

15  (average)
13.5-16.5  (TEM)

700304-5ML

27: Co Cobalt, ≥99% Carbon coated (magnetic)
Carbon content < 8 wt. %

resistivity 6.24 μΩ-cm 
(20°C)

nanopowder <50  (TEM) 697745-500MG

29: Cu Copper iron oxide,  
98.5% trace metals basis

CuFe2O4 - nanopowder <100 (BET) 641723-10G
641723-50G

30: Zn Zinc iron oxide,  
>99% trace metals basis

ZnFe2O4 - nanopowder <100 (BET) 633844-10G
633844-50G

39: Y Yttrium iron oxide,  
99.9% trace metals basis

Y3Fe5O12 - nanopowder <100 (BET)
<50  (XRD)

634417-10G

Magnetic Metal Precursors
For general metal precursors, see page 6. For noble metal precursors, see page 11.

Metallic Element 
Z: Symbol Name Structure Cat. No.

21: Sc Tris[N,N-bis(trimethylsilyl)amide]scandium(III), 97%

TMS
N

Sc
N

TMS

TMS TMS

N
TMS TMS 547751-1G

24: Cr Chromium(III) nitrate nonahydrate, 99.99+% trace metals basis Cr(NO3)3 • 9H2O 379972-5G
379972-25G

25: Mn Manganese(0) carbonyl, 98% Mn2(CO)10 245267-1G
245267-10G

25: Mn Manganese(II) nitrate hydrate, 99.99% trace metals basis • xH2OMn(NO3)2 203742-25G
203742-100G

25: Mn Manganese(II) acetylacetonate

CH3

O-

Mn2+H3C

O

2

245763-5G
245763-100G

26: Fe Iron(0) pentacarbonyl, 99.999% trace metals basis Fe(CO)5 481718-25ML
481718-100ML

26: Fe Iron(III) nitrate nonahydrate, ≥99.999% trace metals basis Fe(NO3)3  • 9H2O 529303-25G

26: Fe Iron(II) acetate, 99.995% trace metals basis

H3C O-

O

Fe2+

2

517933-5G
517933-25G

26: Fe Iron(II) acetate, 95%

H3C O-

O

Fe2+

2

339199-10G
339199-50G

26: Fe Iron(II) acetylacetonate, 99.95% trace metals basis

H3C

O

CH3

O-

Fe2+

2

413402-10G

26: Fe Iron(III) ethoxide

O
Fe

O

O CH3

CH3H3C

697516-25ML

26: Fe Iron(III) tert-butoxide dimer, 99.9% trace metals basis

O Fe

OFe

O
t-Bu

O
t-Bu

O

O
t-Bu

t-Bu

t-Bu
t-Bu 698520-1G

27: Co Cobalt(II) nitrate hexahydrate, 99.999% trace metals basis Co(NO3)2   • 6H2O 203106-10G
203106-50G

27: Co Cobalt(II) acetate, 99.995% trace metals basis

H3C O-

O

Co+

2

399973-1G
399973-10G

27: Co Cobalt(II) acetylacetonate, 97%

CH3

O-

Co2+H3C

O

2

227129-50G
227129-250G
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Metallic Element 
Z: Symbol Name Structure Cat. No.

28: Ni Nickel(II) nitrate hexahydrate, 99.999% trace metals basis Ni(NO3)2   • 6H2O 203874-20G
203874-100G
203874-500G

28: Ni Nickel(II) acetate tetrahydrate, 99.998% trace metals basis

H3C O-

O

Ni2+

2

• 4H2O

379883-10G
379883-50G

28: Ni Nickel(II) acetylacetonate, 95%

H3C

O

CH3

O-

Ni2+

2

283657-5G
283657-25G
283657-50G

57: La Lanthanum(III) nitrate hexahydrate, 99.999% trace metals basis • 6H2OLa(NO3)3 203548-25G
203548-100G
203548-500G

57: La Tris[N,N-bis(trimethylsilyl)amide]lanthanum(III), 98%

TMS
N

La
N

TMS

TMS TMS

N
TMS TMS 547778-1G

58: Ce Cerium(III) nitrate hexahydrate, 99.999% trace metals basis Ce(NO3)3 • 6H2O 202991-25G
202991-125G

58: Ce Cerium(III) acetylacetonate hydrate

H3C

O

CH3

O-

Ce3+

3

• xH2O

381403-50G
381403-250G

58: Ce Cerium(III) 2-ethylhexanoate

O-

O

Ce3+

3
H3C

H3C

445576-5G
445576-25G

59: Pr Praseodymium(III) nitrate hexahydrate, 99.99+% trace  
metals basis

Pr(NO3)3   • 6H2O 254053-5G

59: Pr Praseodymium(III) acetylacetonate hydrate, 99.9+% trace  
metals basis

H3C

O

CH3

O-

Pr3+

3

• xH2O

517674-5G
517674-25G

60: Nd Neodymium(III) nitrate hydrate, 99.99% trace metals basis Nd(NO3)3   • xH2O 217204-25G

60: Nd Neodymium(III) acetylacetonate hydrate

H3C

O

CH3

O-

Nd3+

3

• xH2O

460427-10G
460427-50G

62: Sm Samarium(III) nitrate hexahydrate, 99.999% trace metals basis • 6H2OSm(NO3)3 518247-5G
518247-25G

62: Sm Tris[N,N-bis(trimethylsilyl)amide]samarium(III), 98%

TMS
N

Sm
N

TMS

TMS TMS

N
TMS TMS

547980-1G

63: Eu Europium(III) nitrate hydrate, 99.99% trace metals basis Eu(NO3)3 • 5H2O 254061-1G
254061-10G

63: Eu Europium(III) acetylacetonate hydrate

H3C

O

CH3

O-

Eu3+

3

• xH2O

393215-1G
393215-5G

64: Gd Gadolinium(III) nitrate hexahydrate, 99.99% trace metals basis • 6H2OGd(NO3)3 451134-10G
451134-50G

64: Gd Gadolinium(III) acetylacetonate hydrate, 99.9% trace metals basis

H3C

O

CH3

O-

Gd3+

3

• 2H2O

331716-5G
331716-25G

65: Tb Terbium(III) nitrate hexahydrate, 99.999% trace metals basis Tb(NO3)3   • 6H2O 217212-2G
217212-10G

66: Dy Dysprosium(III) nitrate hydrate, 99.9% trace metals basis • xH2ODy(NO3)3 298158-25G
298158-100G

67: Ho Holmium(III) nitrate pentahydrate, 99.99% trace metals basis • 5H2OHo(NO3)3 229687-5G
229687-25G

68: Er Erbium(III) nitrate pentahydrate, 99.9% trace metals basis Er(NO3)3   • 5H2O 298166-25G
298166-100G

69: Tm Thulium(III) nitrate pentahydrate, 99.9% Tm(NO3)5  •  5H2O 325996-1G
325996-5G

70: Yb Ytterbium(III) nitrate pentahydrate, 99.999% Yb(NO3)3   • 5H2O 217220-5G
217220-25G

70: Yb Tris[N,N-bis(trimethylsilyl)amide]ytterbium(III), 98%

TMS
N

Yb
N

TMS

TMS TMS

N
TMS TMS 547875-1G
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http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=203548&D7=0&D10=203548&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=203548&D7=0&D10=203548&N25=0&N1=S_ID&ST=RS&F=PR
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http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=202991&D7=0&D10=202991&N25=0&N1=S_ID&ST=RS&F=PR
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http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=381403&D7=0&D10=381403&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=381403&D7=0&D10=381403&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=445576&D7=0&D10=445576&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=445576&D7=0&D10=445576&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=254053&D7=0&D10=254053&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=517674&D7=0&D10=517674&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=517674&D7=0&D10=517674&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=217204&D7=0&D10=217204&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=460427&D7=0&D10=460427&N25=0&N1=S_ID&ST=RS&F=PR
http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=460427&D7=0&D10=460427&N25=0&N1=S_ID&ST=RS&F=PR
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http://www.sigmaaldrich.com/catalog/Lookup.do?N5=Keyword%20(fulltext)&N3=mode+matchpartialmax&N4=547980&D7=0&D10=547980&N25=0&N1=S_ID&ST=RS&F=PR
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Introduction
A mesoporous material is a material containing pores with 
diameters between 2 and 50 nm. The outstanding potential of 
mesoporous “carbonaceous” materials, in particular, has led to 
the search for a methodology that grants the desired control over 
surface chemistry and distribution of pore sizes; especially one that 
minimizes the formation of micropores, which are disadvantageous 
in applications that include chromatography1 and catalysis.2,3 
One approach that achieves this goal is the templating method. 
In a typical procedure,4 mesoporous silica is filled with a carbon 
precursor (e.g. sucrose), which is subsequently carbonized through 
a series of high temperature processes. The template is then 
removed using hydrofluoric acid or caustic soda. This method is 
multi-step, energy intensive, involves highly corrosive chemicals, and 
the resulting materials have a significant proportion of micropores. 
Nature can help with this; starch, for example, has a naturally, 
nano-channelled biopolymer structure which can be utilized as 
a template. Cooking starch in water opens its internal structure 
forming an accessible mesoporous network. This utilizes nature’s 
ability to form nano-channelled biopolymer structures in the 
starch granules of plants.5,6 It was found that at low temperature, 
further treatment with acid and heating will then convert the 
expanded starch template into stable, nanostructured, mesoporous 
carbonaceous networks. This approach to the generation of 
nanostructures and new types of carbon-based materials with 
controllable physico-chemical properties helped us to produce the 
novel family of materials called Starbons.7-9 Because of their complex 
surface molecular structure, Starbons can be used in a variety of 
applications including chromatography, catalysis, environmental 
remediation, etc. and recently for making nanoparticles.

Starbon Synthesis
Our strategy is to synthesize mesoporous carbonaceous materials 
(hereinafter referred to as “Starbons”) using mesoporous expanded 
starch7-9 as the precursor without the need for a templating agent. 
Starbon synthesis utilizes the natural ability of the amylose and 
amylopectin polymer chains within starch to assemble themselves 
into organized, largely mesoporous structures. The method 
comprises three key stages (Figure 1). Firstly, starch (typically from 
corn) is gelatinized by heating in water and subsequently cooled to 
5 ºC for one to two days to yield a porous gel block. The water in 
the block is then exchanged with ethanol, and oven dried to yield 
a predominantly mesoporous starch with a surface area of typically 
180 m2g-1.10,11 In the final stage, the mesoporous starch is doped 
with a catalytic amount of an organic acid (e.g. p-toluenesulfonic 
acid (Aldrich Prod. No. 402885)) and heated under vacuum.12 
A variety of mesoporous carbonaceous materials of controllable 
surface and bulk characteristics have been produced by heating to 
different temperatures ranging from 100-1400°C. These can be in 
a powder or a stable monolithic form as shown in Figure 1.

Figure 1. Method of Starbon preparation.
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Starbon Properties
The porous structure of the Starbon comes from the expanded 
starch, which prevents the problem of micelle collapse that 
occurs in micelle templated polymer methods for the synthesis 
of mesoporous carbons,13 and removes the need for synthesis of 
mesoporous templates such as silica to define the structure. As 
illustrated in SEM pictures of Starbon and original mesoporous 
starch, the morphology of the sample particles during pyrolysis is 
largely preserved (Figure 2).

Figure 2. Textural properties of 1) mesoporous expanded starch a) SEM;  
b) isotherm of adsorption; c) BJH desorption isotherm and 2) Starbon prepared 
at 400°C a) SEM; b) isotherm of adsorption; c) BJH desorption isotherm.

The total pore volume and the average pore diameter in the 
mesoporous region remain essentially constant throughout 
the carbonization process. The average pore diameter in the 
mesoporous region is around 10 nm indicating a predominance 
of mesopores in the structure of Starbons®. Although there is a 
substantial increase in the contribution of the microporous region 
to the total surface area, the actual volume that this corresponds 
to is small in comparison to the total mesoporous volume 
(Table 1). These structural properties make Starbons particularly 
suitable for applications such as catalysis and chromatography.

The surface energy, Esurface, measured by the Dubinin-Astachov 
method, illustrates an overall increase as the preparation 
temperature rises. More starch-like properties are retained until 
about 150°C, above which there is gradual change toward 
carbon-like properties.9,14 X-ray photoelectron spectroscopy (XPS) 
further supports these observations indicating a nearly linear 
increase of carbon/oxygen ratio on the surface from 1.2 for 
expanded starch to 8.5 for Starbon prepared at 800°C (Table 1).

The carbonization trend is also reflected in the elemental analysis, 
although the ratios are slightly lower for the bulk (elemental 
analysis) than for the surface (XPS) of the materials. This suggests 
that the mechanism of the carbonization process initiates from the 
outer surface into the inner bulk of the material. 

A greater carbon-like character imparts an increased thermal 
stability. Thermogravimetric analysis demonstrates that, when 
heated, the Starbons degrade to a lesser extent than starches  
(90% and 23% percent weight loss for starch and Starbon 
prepared at 450°C, respectively). Although the Starbons prepared 
at lower temperatures begin to decompose earlier than starch 
under the same conditions, the thermal stability and the onset 
decomposition temperatures increase with increasing carbon 
character eventually exceeding the values for starch.

The changes in the chemical composition that occur during the 
preparation of Starbons have also been investigated. Solid state 
13C CP/MAS (cross-polarization/magic angle spinning) NMR  
spectra of the materials show that there are three main chemical 
changes in the transition from starch to Starbon. In the first 
step (150-200°C), a fraction of the -CH2OH groups in the starch 
condense to form ether groups. In the second step (200-300°C) 
the remainder of the -CH2OH groups in the starch condense to 
carbonyl groups conjugated with olefinic groups to form aliphatic 
and alkene/aromatic functions. In the third step (>300°C), the 
aliphatic groups are almost completely converted to aromatic 
p-systems. Diffuse reflectance FTIR spectroscopy confirms 
these findings; a progressive decrease in the concentration of 
-CH2OH groups, and an increase in aliphatic and finally aromatic 
functionalities is evident.15 These changes are similar to those 
reported previously for ordinary starch, but here the corresponding 
steps occur at much lower temperatures.16

Table 1. Physical analysis of starch and Starbons.

Material

Surface  Area
m2 g-1

Pore Volume
cm3g-1 C/O atomic ratio

EDA
d

kJ mol-1
Pore diameter 

(nm)BET Mesoporous Total Mesoporous EAc XPS

Ex-sta 184 160 0.62 0.61 1.20 1.10 7.4 7.6

Ex-stH+
b 230 170 0.67 0.66 1.20 1.30 8.2 8.6

Starbon@100 °C 179 171 0.67 0.61 1.26 1.34 6.9 10.5

Starbon@150 °C 172 137 0.68 0.58 1.55 1.99 6.5 10.4

Starbon@220 °C 151 90 0.57 0.42 2.71 2.73 10.5 16

Starbon@300 °C 293 60 0.53 0.37 3.43 3.79 17.7 17.2

Starbon@350 °C 332 65 0.56 0.38 5.0 5.1 18.2 16.8

Starbon@450 °C 475 70 0.22 0.32 6.01 6.04 20.6 14.5

Starbon@600 °C 528 153 0.62 0.43 7.53 7.55 24.4 12.1

Starbon@700 °C 538 158 0.73 0.55 8.54 8.5 26.6 10.6

Starbon@800 °C 600 167 0.63 0.43 8.6 8.6 25.8 7.0

a Expanded starch
b Expanded starch doped 
c EA – elemental analysis
d EDA – Dubinin-Astachov energy
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The properties of Starbons measured using TGA, 13C MAS NMR, 
DRIFT and XPS spectroscopy are summarized in Figure 3. It 
can be seen that from a starch to graphite-like structure above 
700ºC, there is a progressive increase in the hydrophobicity of the 
functional groups present.

Hydrophobicity of starbons
functional groups

Amylose

Amylose

Mesoporous 
Starch

Mesoporous 
Carbon

100

150

170

220

300

450

600

700

T/°C

Stability

Stable in
aprotic solvents,

alcohols, acetone.

Stable in boiling 
toluene.

Stable in boiling 
water.

Stable to acid 
and base 
solutions

Figure 3. Influence of temperature of preparation on Starbon surface 
functionality. 

It should be noted, that Starbons® prepared in the temperature 
range of 100-700°C also have a potential for chemical modification 
to alter their physical and chemical properties. The data obtained 
by 13C MAS NMR and DRIFT spectroscopy indicate the presence 
of functional groups typical to both starch and carbons. This 
means that the materials may potentially be modified chemically 
using methodologies suitable for starch10 (e.g. silylation, alkylation, 
esterification, etherification, etc.) as well as those suitable for 
carbonaceous materials (e.g. bromination, amination, etc.),17 which 
offers future opportunities for novel hybrids.

Starbon Applications
Information about the mechanism of starch decomposition 
gives us an opportunity to predict the optimal temperature of 
Starbon preparation for a given application. The remaining starch 
functionality within Starbons at temperatures up to 250°C, enables 
the possible use of these materials in applications typical to 
starch such as the chromatographic separation of enantiomers.18 
Preliminary studies have confirmed that they are effective as a 
stationary phase for liquid chromatography, allowing separation of 
a standard test mixture of substituted ferrocene compounds. 

Low temperature prepared sulfonated aromatic carbonaceous 
materials have recently been shown to be effective solid acid 
catalysts. Since Starbons prepared between the temperatures 
of 300 and 600ºC have aromatic functionality, sulfonation of 
these materials should also result in useful solid acid materials. 
Remarkably, we have found that reactions of carboxylic diacids in 
aqueous alcohol demonstrate the excellent activities and particular 
characteristics of Starbon acids.19,20 Esterification reactions of 
organic diacids in water were chosen because they can offer several 
interesting features. Firstly, (di)carboxylic acids are forecasted within 
the top biomass platforms for near future, large scale applicability. 
Secondly, esterifications are one of the most useful transformations 
for organic acids, especially for a dicarboxylic acid since the diester 
can be used as an intermediate in the manufacture of polymers. 
Thirdly, traditional esterification methods are unselective, and use 
soluble mineral acids that need to be separated at the end of the 
reaction, and lead to hazardous waste.

Starbon acids, based on Starbons prepared at different 
temperatures, show an optimum catalytic activity for each one 
of the diacids screened in the esterification, with sharply reduced 
activities below or above this maximum. Perhaps the most 
interesting feature of the Starbon acids catalysis is the substrate-
dependent maximum temperature in catalytic activity (Figure 4); 
activities peaked at ca. 400°C for succinic acid (Aldrich Prod. No. 
398055), 450°C for fumaric acid (Aldrich Prod No. 240745) and 
550°C for itaconic acid (Aldrich Prod. No. I29204).

Figure 4. A) Normalized catalytic activity of Starbon acids in the 
esterification of succinic, fumaric and itaconic acids depending on the 
parent Starbon preparation temperature. Maximum catalytic activities were: 
Succinic acid (400°C, k = 32x10-5 s-1); Fumaric acid (450°C, k= 5.0x10-5 s-1); 
Itaconic acid (550°C, k= 15.4x10-5 s-1). B) Starbon acid activity in reaction of 
succinic acid esterification as compared with typical inorganic solid catalysts. 
C) Starbon acid activity in reaction of succinic acid esterification as compared 
with SO3H catalyst supports.

A further application for Starbons is as a solid carrier for precious 
metal catalysts. We have found that palladium metal supported 
on Starbons is an active catalyst for a model Heck reaction of 
iodobenzene (Aldrich Prod. No. I7632) with methyl acrylate 
(Aldrich Prod. No. M27301). Again, the importance of control 
over the surface chemistry of these materials is apparent; Starbons 
prepared at 220°C proved the most effective for this reaction.

http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=398055&Brand=SIAL
http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=240745&Brand=SIAL
http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=I29204&Brand=ALDRICH
http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=I7632&Brand=ALDRICH
http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=M27301&Brand=ALDRICH
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Conclusion
We described a new approach to the generation of nanostructures 
that is simple, utilizes natural materials, and avoids difficult and 
energy-intensive synthetic steps that are common in existing 
templating methods, and results in a new type of carbon-based 
materials with readily controllable physico-chemical properties. 
The approach utilizes nature’s ability to form nano-channelled 
biopolymer structures in starch granules of plants. The internal 
structure opens up by simply cooking starch in water and 
subsequently the biopolymer strands, through their natural self-
organizing ability, assemble to form a starch block with an inherent 
mesoporous network. This mesoporous structure is then fixed by 
thermolysis to produce new materials that we named Starbons®. 
In addition to good chemical and mechanical stabilities, Starbons 
exhibit controllable surface energies, unusually high mesoporous 
volumes, and a complex surface molecular structure readily 
amenable to chemical functionalization. These properties make 
Starbons potentially useful in chromatography, catalysis, adsorption 
and many other applications.
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Mesoporous Materials
Mesoporous Carbons

Name Composition Particle Size Pore Structure
Spec. Surface Area  
(m2/g) Cat. No.

Carbon, mesoporous, Starbon® 300 C/O Ratio 3.2-3.6 - mesoporosity 0.44-0.46 cm3/g
microporosity ≥ 0.13 cm3/g, 
hydrophilic pore surface

>300 (BET)
 ≥130 

702110-5G

Carbon, mesoporous, Starbon® 800 C/O Ratio 8.3-8.9 - mesoporosity 0.4-0.7 cm3/g
microporosity 0-0.2 cm3/g, 
hydrophobic pore surface

150-500 (BET) 702102-5G

Carbon, mesoporous - particle size distribution  
45 ± 5 μm

average pore diameter 100 Å ±10 Å
pore volume 0.488 cm3/g

>200 699640-5G

Carbon - particle size <200 nm (DLS) average pore diameter 64 Å
total pore volume 0.342 cm3/g

>200 699632-5G

Carbon - particle size <200 nm (DLS) average pore diameter 137 Å, 
graphitized

70 699624-5G

Starbon® is a registered trademark of the University of York.

Selected Mesoporous Materials

Name Composition Particle Size (μm) Pore Structure Type
Pore Structure 
Dimension

Spec. Surface Area 
(m2/g) Cat. No.

Silica, mesostructured SiO2 - MCM-41 type 
(hexagonal)

pore size 2.3-2.7 nm
pore volume 0.98 cm3/g

~1000  (BET) 643645-5G
643645-25G

Silica, mesostructured SiO2 - MSU-F (cellular foam) pore volume 2.31 cm3/g 562 560979-10G

Silica, mesostructured SiO2 3.05  (avg.) HMS (wormhole) pore size 3.9 nm (avg.)
pore volume 1.76 cm3/g

910 541036-5G
541036-25G

Silica, mesostructured SiO2 - MSU-H (large pore 
2D hexagonal)

pore size ~ 7.1 nm
pore volume 0.91 cm3/g

~750  (BET) 643637-5G
643637-25G

Aluminosilicate, mesostructured aluminum ~ 3%, 
(SiO2)x(Al2O3)y

- MCM-41 (hexagonal) pore size 2.5-3 nm
pore volume 1.0 cm3/g

940-1000  (BET) 643653-5G
643653-25G

Aluminosilicate, mesostructured aluminum 3.0% 
(mol), (SiO2)x(Al2O3)y

- Al-MSU-F (cellular 
foam)

pore volume 2.03 cm3/g 605  (BET) 643629-5G
643629-25G

Aluminum oxide, mesoporous - 5.65  (avg.) MSU-X (wormhole)
molecular sieve

average pore size 3.8 nm - 517747-5G

Aluminum oxide, mesoporous - 4.4  (avg.) MSU-X (wormhole)
molecular sieve

pore size 6.5 nm - 517755-5G
517755-25G
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Introduction
Carbon nanotubes are materials that possess remarkable properties 
and offer extraordinary possibilities. This article gives a brief overview 
of the physico-chemical nature and characterization of single-walled 
nanotubes (SWNTs). We describe the current state of efforts to 
explore the SWNT promise and the status of their commercialization. 
Except for a brief introductory comparison, we do not cover their 
“cousins”, the multi-walled carbon nanotubes (MWNTs).

Since their discovery in 1991 by Ijima1, single walled carbon 
nanotubes have stimulated a great deal of activity in both the 
global research community and industry, and have inspired much 
investment in manufacturing methods, characterization and 
application development. The reasons for this are quite clear,  
given the remarkable properties these materials possess and the 
diversity of distinct species, each with its own unique variations in 
those properties.

SWNTs and MWNTs share some similarities, but also striking 
differences. MWNTs can be thought of as a series of single walled 
tubes nested within one another. There may be as few as 2, or as 
many as 100 plus concentric walls. Their diameters may, therefore, 
be as great as 50nm as opposed to 0.7 - 2.0 nm for a typical 
SWNT. Only the outer wall generally contributes significantly to 
the electrical and mechanical properties of MWNTs when used in 
composites, for example, affording the opportunity for much lower 
loading of SWNTs versus MWNTs. Of the two carbon nanotube 
types, single walled nanotubes are the more remarkable. They 
have outstanding strength, can be highly electrically conducting 
or semiconducting, may be as thermally conductive at room 
temperature as any other known material, have a very large 
surface area per unit mass, and have unique optical properties. This 
range of unique properties has opened the doors to advances in 
performance in a wide range of materials and devices.

Structure of Carbon Nanotubes
Single walled carbon nanotubes are an allotrope of sp2 hybridized 
carbon, similar to fullerenes. The structure can be thought of as 
a cylindrical tube comprised of 6-membered carbon rings, as in 
graphite. The cylindrical tubes may have one or both ends capped 
with a hemisphere of the buckyball or fullerene structure.

An understanding of SWNT structure requires familiarity with 
the concept of nanotube chirality, since the chirality of a SWNT 
dictates many of its properties. A concept known as a Chirality 
Map, illustrated in Figure 1, has been developed as a tool for 
understanding chirality and its implications.

A SWNT can be envisioned as a sheet of graphite one atom thick 
rolled into a tube (see inset in Figure 1). The chirality describes 
both the orientation and diameter to which the sheet is rolled. 
Each SWNT on the chirality map is defined by two integers, (n,m). 
As indicated previously chirality defines many of the properties of 
the individual SWNT. For example, SWNT shown on the chirality 
map in blue are metallic in nature. These are tubes where n=m 
(armchair) or n - m = 3i, (where i is any integer.) Those depicted 
in yellow are semiconducting, displaying different band gaps 
depending on the length of the chiral vector.
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Figure 1. A graphic displaying a Chirality Map which shows the various 
types of SWNTs that can be forfmed.The properties are governed by the way 
in which they are rolled as shown in the insert. The SWNT will be metallic in 
the armchair configuration, or when m-n is a multiple of 3.

Unique Properties of Single Walled 
Carbon Nanotubes
Mechanical
Individual SWNTs are significantly stronger than steel. Calculated 
values for tensile strengths of SWNTs are ~ 100 times greater 
than steel at 1/16th the weight. The highest measured value is 
approximately half of the predicted theoretical strength,2 possibly 
due to defects in the structure.

Electrical
Individual SWNTs, have current carrying capacities of 109 amp/cm2, 
higher than those of copper or gold,3 and semiconducting species 
exhibit higher electron mobility than silicon.

Optical
SWNTs have a distinct optical absorption and fluorescence 
response, with each chirality demonstrating its own characteristic 
absorption and fluorescence spectrum. In general, coating formed 
with SWNT are highly transparent in the visible and IR regions of 
the spectrum, making SWNT an ideal candidate to replace ITO 
as the transparent conductor of choice for applications such as 
displays, solar cells and electroluminescent lighting etc.

Thermal
Room temperature thermal conductivity of a single nanotube may 
be comparable to that of diamond or in-plane graphite, which 
are generally thought to display the highest measured thermal 
conductivity of any known material at moderate temperatures.

Manufacturing, Characterization and Use of  
Single Walled Carbon Nanotubes
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The Challenges of Single Walled 
Carbon Nanotubes (SWNTs)
Technical hurdles in the areas of purity, selectivity and dispersibility 
have so far limited the widespread application of SWNTs. Much 
recent progress has been made to address each of these obstacles.

Purity
The various manufacturing processes used in the production 
of SWNTs lead to products which are contaminated to varying 
degrees with residual catalyst and other forms of carbon. For 
many applications, secondary processes are necessary to remove 
these contaminants to provide product of sufficient purity. More 
recently, methods of synthesis that minimize the ‘as manufactured’ 
impurities have become commercially available.

Selectivity
As described earlier, the SWNTs are a mixture of tubes of different 
chiralities, some of which are electrically conducting and some 
are semiconducting. It is desirable, for many applications, to 
isolate the types of tubes from one another, such as metallic from 
semiconducting, and for some applications, tubes with well-defined 
individual chiralities (see previous section for an explanation of 
SWNT chirality). Laboratory scale methods designed to achieve 
a very high degree of selectivity have been reported,4 and 
efforts to develop scalable processes are underway. In particular, 
manufacturing processes such as the CoMoCAT® catalytic CVD 
process have been shown to provide a substantial degree of 
selectivity toward certain chiralities in as-synthesized SWNTs, making 
the yield of secondary purification processes substantially higher.

Dispersibility
SWNTs can be difficult to disperse, partly because of their well-
known tendency to form ropes or bundles due to natural Van 
der Waals attraction between the tubes. However, they can be 
dispersed in aqueous solutions with the aid of suitable surfactants 
either as small bundles or as individual tubes. Exfoliation of bundles 
can be achieved by sonication of aqueous solutions of SWNTs in 
the presence of surface active molecules such as DNA, sodium 
deoxycholate (Aldrich Prod. No. D6750) and sodium cholate 
(Aldrich Prod. No. 270911). To quantify the degree of nanotube 
exfoliation obtained in a given dispersion, Tan and Resasco5 defined 
the concept of resonance ratio from the optical absorbance 
spectrum. The area of the resonant band divided by the area of 
the non-resonant background in this ratio allows easy comparison 
of results independent of the absolute absorption. Dispersants can 
then be ranked for their effectiveness using this parameter.

Additionally, dispersions of SWNTs in resins and thermoplastics 
is limited by a dramatic build up in viscosity caused by the 
entanglement of the SWNT bundles. Various proprietary methods 
exist to circumvent this problem, and new hybrid forms of SWNTs 
are being developed to address this issue.

SWNT Synthesis
Various methods have been used in the manufacture of SWNT. 
These include Laser Ablation, Carbon Arc and CVD processes, 
either involving a gaseous catalyst as in the HiPCo® process or 
using a supported catalyst as in the CoMoCAT process. The 
laser ablation process is used primarily for research materials. 
The Carbon Arc process produces long tubes with diameters 
in the range 1.4 to 2.0nm, but carbon arc material has a very 
large amount of impurity and for most applications will require 
extensive purification. The CVD processes offer the best approach 
to the manufacturing of larger SWNT quantities, with perhaps the 
most scalable being the CoMoCAT process which uses a fluidized 
bed reactor (Figure 2) similar to those used in petroleum refining, 
albeit, on a much smaller scale.

fresh 
catalyst in

gas out

product out

recycled CO

recirculating 
pump

Scalable Process

make-up CO

CO2 traps

P

Figure 2. An illustration of a fluidized bed reactor which is able to scale up 
the generation of SWNTs using the CoMoCAT process.

In this CoMoCAT method, SWNT are grown by CO disproportionation 
(decomposition into C and CO2) at 700-950ºC in flow of pure CO 
at a total pressure that typically ranges from 1 to 10 atm. In a three-
year research program of catalyst and reactor development, which 
included detailed characterization and testing of a large number 
of catalyst formulations and operating conditions, we developed a 
process that is able to grow significant amounts of SWNT in less than 
one hour, keeping a selectivity towards SWNT better than 90 percent. 
We discovered a synergistic effect between Co and Mo that is critical 
for the performance of the catalyst. The catalyst is effective when 
both metals are simultaneously present on a silica support with a low 
Co:Mo: separated, they are unselective. Figure 3 shows the selective 
synthesis of a SWNT using the CoMoCAT method.
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Figure 3. The Histogram for SG 65 material shows the very narrow 
distribution of SWNT diameters possible with the CoMoCAT process. 90% 
of the tubes have a diameter between 0.72 and 0.92 nm. 52% of the tubes 
are (6,5) chirality.
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Two of the unique characteristics of the CoMoCAT process 
are that it is readily scalable and its intrinsic high selectivity is 
preserved as the reactor size is scaled up. These characteristics 
impart the SWNT product of the CoMoCAT process the dual 
benefit of low cost and high product quality. This supported 
catalyst approach also offers the unique ability to provide a 
substantial degree of chirality control during synthesis.

Characterization of SWNTs and 
Quality Assurance Parameters
As discussed above the properties of carbon nanotubes vary with 
the individual SWNT chirality. Since at this time all SWNTs are 
produced as a mixture of chiralities, the properties of the material 
will depend on the proportions of chiralities present. Many analytical 
techniques have been deployed to elucidate the structure of SWNT 
materials. These range from observational techniques such as SEM, 
TEM, AFM and STM to spectroscopic techniques such as UV-Vis-
NIR, Photoluminescence, and Raman spectroscopy. In addition to 
these methods, X-ray diffraction has been used by Miyata et. al.6 to 
confirm the chirality assignments in the optical spectrum of SWNTs. 
Thermogravimetric analysis (TGA) has been used extensively to 
determine the onset of oxidation, maximum oxidation rate and the 
mass of catalyst retained in the product. In some cases it is possible 
to obtain a reasonable estimate of purity from the TGA curve.

TEM and SEM have been widely used to assess SWNT purity. 
However, these are unreliable for any quantitative estimation of 
purity. A typical TEM or SEM image uses ~ 1pg of material over 
an area of 1 to 4 µm2 and it would therefore take the analysis of 
many micrographs imaged randomly throughout a macroscopic 
sample to obtain any meaningful results of the overall purity. 
Furthermore, there are no suitable algorithms for objectively 
determining the relative proportions of the different species seen 
in typical unpurified SWNT material. Thus, while TEM and SEM 
can give good information on the structure of the product, they 
must be used with caution and considered only as qualitative 
indicators of purity.

There are three relatively straightforward and commonly available 
techniques that can be used in combination to ensure that 
consistent high quality SWNTs are produced, namely Raman 
spectroscopy, Absorbance spectroscopy and Thermogravimetric 
analysis (TGA). Combined, these three methods give a good 
measure of purity and consistency of the SWNT. However, as 
SWNT applications are developed further, functional testing, such 
as electrical conductivity measurements, will be needed to link the 
purity data to SWNT performance.

Analysis by Raman Spectroscopy
Raman spectroscopy has been widely used for determining both 
the detailed combination of chiralities present in the SWNT material 
and for assessing purity. There are three areas of the Raman 
spectrum of primary interest for SWNTs. The Radial Breath Mode 
(RBM) from approximately 120 to 300 cm-1 is unique to SWNTs and 
can be used to determine tube diameter from the equation:

ν= 238
    d0.93

where, d is the SWNT diameter in nm and ν is the wavenumber 
in cm-1.

It is important to note that to get a complete picture of the chiralities 
present, several lasers of different excitation frequency must be used. 
Using a continuously variable laser to excite the SWNT, Jorio, et.al. 
have mapped the chiral structure of SWeNT® SG 65.7 

There are two additional bands seen in the Raman spectrum of 
SWNT: the D band at 1300 to 1350 cm-1 is indicative of disordered 
carbon, multiwall tubes and microcrystalline graphite, and the G 
band at 1500 to 1586 cm-1 is a result of the tangential stretching 
mode from graphitic-like materials. The ratio of the height of the G 
band to that of the D band has been widely used as a measure of 
the purity of SWNT. However, caution must be used when measuring 
this ratio as the G band is a resonant band and is therefore much 
stronger than the D band. It is probably best used by stating that a 
high G:D ratio is a necessary condition for high purity SWNT, but it 
is an insufficient assurance of purity since other methods must be 
used in conjunction with this parameter. For example, other forms of 
graphitic carbon may contribute to a strong G band.

The Raman G:D ratio, with the cautions listed above can be used 
as a first measure of purity. A typical Raman Spectrum for SWeNT 
SG 65 is shown in Figure 4. For quality assurance purposes, the 
RBM region can be used as a rough purity fingerprint.

0 200 400 800 1000 1200 1400 1600 1800 2000600

150 200 300250 350 400
Radial Breathing Mode

Q=1- (D-B)/(G-B)

Raman Shift cm-1

D
B

G

Figure 4. Typical Raman spectrum of SWeNT SG 65, obtained with 633 nm 
laser excitation.



TO ORDER: Contact your local Sigma-Aldrich office (see back cover), or visit sigma-aldrich.com/matsci.sigma-aldrich.com26

M
an

uf
ac

tu
rin

g,
 C

ha
ra

ct
er

iz
at

io
n 

an
d 

U
se

 o
f 

Si
ng

le
 W

al
le

d 
C

ar
bo

n 
N

an
ot

ub
es

 

Analysis by Optical Absorbance Spectroscopy
Optical absorption (OA) measurements in the UV-Vis.-NIR region 
show peaks which are characteristic of individual (n,m) species 
superimposed on the π-plasmon background. For example,8-9  
the (6,5) species absorb at 566 and 976 nm and in response 
fluoresce at 983 nm. A (7,6) SWNT absorbs at 645 and 1024 nm 
and fluoresces in response at 1030 nm. These individual peaks 
have been used as a basis for estimating the purity of SWNT.10 
Nair et. al.11 have developed a method for computing the baseline 
for the spectrum, which then enables a calculation of peak 
heights and areas for the individual (n,m) species. For simplicity, 
we usually transform the measured OA spectrum to the energy 
domain, where the background becomes linear in the area of 
interest for SWNT characterization. Figure 5 shows a typical OA 
spectrum for SWeNT® SG 65. The inset shows the spectrum in 
the more conventional form with the absorption plotted as a 
function of wavelength, while Figure 5b shows the same spectrum 
converted to the energy domain. Measurements of the height of 
the strongest peak, (P2B) and integration of the overall signal, S2B 
can be used to ensure that the product is consistent. We primarily 
use P2B as a control parameter for SWeNT® SG 65 and SG 76 
nanotubes where one particular tube type is dominant. P2B is 
defined as the height of the highest peak in the spectrum between 
350 and 1,350 nm divided by the background at that wavelength

P2B = Height of (6,5) or (7,6) Signal Peak
           Height of Background Peak

It should be noted that the OA methodology as described here 
uses the OA spectrum measured after dispersing and centrifuging 
the SWNT sample. It is used as a measure of chirality control 
rather than overall purity. Measurement of the absorbance at 
a particular wavelength before and after centrifugation gives a 
measure of the dispersability of the SWNTs.

A
bs

or
ba

nc
e

Energy (eV)

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

1.0 1.5 2.0 2.5

Peak Height

Signal Wavelength (nm)
400

2

600 800 1000 1200

Background

Peak Background

Figure 5. Optical Absorbance spectrum for SWeNT® SG 65. The highest 
peak corresponds to the (6,5) tubes.

Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is used to assess the purity of 
the material. A typical TGA curve for SG 65 SWNT is shown in 
Figure 6. Studies have shown that the first peak in the derivative 
curve of the TGA trace represents the oxidation of SWNT, while 
the second peak is indicative of the presence of other forms of 
carbon. The quality parameters determined from the TGA analysis 
are T1% and residual mass at 625 °C.
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Figure 6. Thermogravimetric (TGA) Analysis for SWeNT® SG 65. The small 
peak in the derivative curce about 625 °C is due to changes in the residual 
catalyst as the material is heated.

T1%, as shown in Figure 6, is measured as a control parameter. 
It has been shown that this measurement typically underestimates 
the SWNT content by 3-5%. The position for T1 is taken at the 
minimum between the two peaks in the derivative curve. In the 
absence of a second distinct peak in the derivative curve, T1 is 
taken at the point of inflection. The weight loss % is recorded 
and the final value of T1% as a percentage of the carbon in the 
sample, corrected for the initial weight loss due to moisture in the 
sample is calculated from the following equation:

T1% =  Initial weight - T1% measured
            Initial weight - residual mass

The measurement of residual mass at 625 °C gives a measure of the 
non-carbon content of the material. The residual mass is expressed 
as a percentage normalized for the weight loss at 200 °C.

Residual Mass =  Weight Loss at 625 °C
                         Initial Weight Loss

SWNT Applications
The numerous unique properties of SWNTs have led to their 
application in a wide range of technological problems.12 Their 
extraordinary mechanical strength is exploited in enhanced 
carbon fiber13 and reinforced resins and elastomers; their highly 
conductive nature and large surface areas are utilized to prepare 
conductive polymer blends and films, improved lithium ion 
batteries, and super capacitors. Unique optical properties allow for 
their use as electrodes in displays, solarcells, and emerging solid 
state lighting technologies. The semiconducting nature of some 
SWNT species allow their adaptation to logic devices, non-volatile 
memory elements, sensors and security tags. It seems that new 
SWNT applications emerge regularly, limited only by the creativity 
of scientists and engineers working in the field.
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Conclusion
Despite early excitement about SWNT materials and the 
extraordinary amount of research inspired by their discovery, 
to date, commercial exploitation of the technology has been 
disappointing. Perhaps there is insufficient understanding of the 
practical hurdles to their commercialization. However, momentum 
seems finally to be building, driven by substantial recent progress 
in these fundamental areas:

Metrology and Quality Control: The concept of “if you can 
measure it, you can improve it” applies here. The means are 
now available to adequately characterize SWNTs and to assure 
consistency of the materials needed for commercialization. 
Supporting this is the soon to be available offerings by NIST of 
Standard Reference Materials for calibration purposes.

Improved selectivity: Driven by applications that require more 
than a near-random distribution of tube chiralities, there has been 
a demonstration of the means to substantially narrow the ‘as 
produced’ chirality distributions of commercial scale production 
products. There is also promising work toward achieving further 
selectivity through secondary processing. 

Dispersion: Recent years have seen the emergence of improved aids 
to disperse SWNTs for formulation in inks and composites.

Scale-up of manufacturing process: The last five years have seen 
development and a maturing of scalable SWNT manufacturing 
processes, which can provide commercial quantities of SWNT with 
high purity, controlled properties and consistent quality.

Trademarks: SWeNT® and CoMoCAT® and registered trademarks of Southwest 
Nanotechnologies, Inc. HiPCo® is a registered trademark of Carbon Nanotechnologies, Inc.
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Non-functionalized Carbon Nanotubes
For a complete list of nanotubes please vist sigma-aldrich.com/nanocarbon

Carbon Nanotubes, Single-Walled (SWNTs)
SWCNT Grade Description CNT Purity Production Method CNT Size Cat. No.

SWeNT® CG-100 - >75% carbon basis, carbon > 90% Produced by CoMoCAT® 
catalytic CVD process

L 450-2300 nm (mode: 800nm; AFM), 
diameter 0.7 - 1.3 nm

704113-250MG
704113-1G

SWeNT® SG-76 (7,6) chirality >80% carbon basis, carbon > 90% Produced by CoMoCAT® 
catalytic CVD process.

L 300-2300 nm (mode: 800nm; AFM), 
diameter 0.7 - 1.1 nm

704121-250MG

SWeNT® SG-65 (6,5) chirality >75% carbon basis, carbon > 90% Produced by CoMoCAT® 
catalytic CVD process.

L 450-2000 nm (mode: 900nm; AFM), 
diameter 0.7 - 0.9 nm

704148-250MG

CarboLex AP-grade - 50-70% carbon basis, carbon  50-70% Produced by Arc method diam. × L 1.2-1.5 nm × 2-5 μm 
(bundle dimensions)

519308-250MG
519308-1G

- - 40-60 wt. % carbon basis, carbon ≥ 70% Produced by Arc method diam. × L 2-10 nm × 1-5 μm 
(bundle dimentions)
1.3-1.5 nm (individual SWNT diameter)

698695-1G
698695-5G

SWeNT® and CoMoCAT® are registered trademarks of Southwest Nanotechnologies.

Carbon Nanotubes, Multi-Walled (MWNTs)
CNT Type CNT Purity Production Method CNT Size Cat. No.

Carbon nanotube, double-walled 50-80% carbon basis,  
carbon > 90% (trace metal basis)

Produced by CVD method O.D. × I.D. × L 5 nm × 1.3-2.0 nm × 50 μm 637351-250MG
637351-1G

Carbon nanotube, multi-walled >90% carbon basis,  
carbon > 90%

Produced by CVD method diam. × L 110-170 nm × 5-9 μm 659258-2G
659258-10G

Carbon nanotube, multi-walled >90% carbon basis,  
carbon > 90% (trace metal basis)

Produced by Catalytic Chemical Vapor 
Deposition (CCVD)

O.D. × I.D. × L 10-15 nm × 2-6 nm × 
0.1-10 μm 

677248-5G
677248-25G

Carbon nanotube, multi-walled >95% carbon basis, carbon 
content > 95% (trace metal basis)

Produced by CVD method. O.D. × I.D. × L 7-15 nm × 3-6 nm ×  
0.5-200 μm , bundled

694185-1G
694185-5G
694185-25G

Carbon nanotube, multi-walled >99% carbon basis,  
carbon > 99% (total metals 
impurities)

CVD followed by HCl demineralization O.D. × L 6-13 nm × 2.5-20 μm 
 12 nm (average diameter, HRTEM)
 10 μm (average length, TEM)

698849-1G
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Carbon Nanotube Arrays
CNT Type CNT Purity Production Method CNT Size Surface Coverage Substrate Dimensions Cat. No.

Carbon nanotube array, 
multi-walled, vertically 
aligned on silicon wafer 
substrate

>99.9% carbon basis, 
Carbon content > 99.9% 
(structured (sp2) carbon. 
<0.1% amorphous (sp3) 
carbon.)

Produced by PECVD 
method (plasma-
enhanced chemical 
vapor deposition)

diam. × L 100 nm 
±10% × 30 μm ±10% 

surface coverage   
~2 x 109 CNT/cm2 
(~20/μm2)

(1cm X 1cm Si wafer 
substrate, {100},  
650-1000µm thick, low 
n-doped (phosphorus), 
resistivity 1-30 ohm-cm.)

687804-1EA

Carbon nanotube array, 
multi-walled, vertically 
aligned on copper 
wafer substrate

>99.9% carbon basis,  
Carbon > 99.9% 
(structured (sp2) carbon. 
<0.1% amorphous (sp3) 
carbon.)

Produced by PECVD 
method (plasma-
enhanced chemical 
vapous deposition)

diam. × L 100 nm 
±10% × 30 μm ±10% 

surface coverage   
~2 X 109 CNT/cm2 
(~20/μm2)

(1cm X 1cm X 0.05cm 
high conductivity 
low-oxygen copper 
substrate)

687812-1EA

Functionalized Carbon Nanotubes
CNT Type CNT Purity Extent Of Labeling CNT Size Solubility Cat. No.

Carbon nanotube, single-walled, 
carboxylic acid functionalized

80-90% carbon basis extent of labeling atom% 
carboxylic acid 3 - 6

diam. × L 4-5 nm × 0.5-1.5 μm 
(bundle dimensions)

DMF 1.0 mg/mL
H2O 0.1 mg/mL

652490-250MG
652490-1G

Carbon nanotube, single-walled, 
octadecylamine functionalized

80-90% carbon basis extent of labeling   
30 - 40 wt. % (ODA)

diam. × L 2-10 nm × 0.5-2 μm 
(bundle dimensions)

chloroform , soluble
tetrahydrofuran >1 mg/mL
methylene chloride , soluble
carbon disulfide >1 mg/mL
toluene, soluble
benzene, soluble

652482-10MG
652482-100MG

Carbon nanotube, single-walled, 
poly(ethylene glycol) functionalized

80-90% carbon basis extent of labeling 30 wt. % 
(PEG), Mw ~600 g/mol (PEG)

diam. × L 4-5 nm × 0.5-0.6 μm 
(bundle dimensions)

H2O 5 mg/mL 652474-100MG

Carbon nanotube, single-walled, 
polyaminobenzene sulfonic acid 
functionalized

75-85% carbon basis extent of labeling 65%  
(PABS, typical), average  
Mw 400-600 g/mol (PABS)

diam. × L 1.1 nm × 0.5-1.0 μm 
(bundle dimensions)

ethanol 0.05 mg/mL
H2O 5.0 mg/mL, As 
determined by near-IR 
absorbance spectroscopy.
DMF 0.1 mg/mL

639230-100MG

Carbon nanotube, single-walled, 
amide functionalized

80-90% carbon basis extent of labeling per  
4 - 8 atom % (amide groups)

diam. × L 4-6 nm × 0.7-1.0 μm 
(bundle dimensions)

DMF 0.5-1.0 mg/mL,  
with sonication
acetone 0.5-1.0 mg/mL, 
with sonication
alcohols 0.5-1.0 mg/mL, 
with sonication

685380-100MG

Fullerenes
Name Structure Purity Solubility Cat. No.

Fullerene-C60 sublimed, 99.9% organic solvents, soluble 572500-250MG
572500-1G

99.5% organic solvents, soluble 379646-100MG
379646-1G
379646-5G

98% organic solvents, soluble 483036-1G
483036-5G

[5,6]-Fullerene-C70 99% benzene, soluble
toluene, soluble

482994-10MG
482994-100MG
482994-500MG

Fullerene-C76 - 98% - 482951-5MG

Fullerene-C84 98% - 482986-5MG
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