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Abstract

Much progress in nanoscience and nanotechnology has been made in the
past few years thanks to the increased availability of sophisticated physical
methods to characterize nanomaterials. These techniques include electron
microscopy and scanning probe microscopies, in addition to standard tech-
niques such as X-ray and neutron diffraction, X-ray scattering, and various
spectroscopies. Characterization of nanomaterials includes the determina-
tion not only of size and shape, butalso of the atomic and electronic structures
and other important properties. In this article we describe some of the impor-
tant methods employed for characterization of nanostructures, describing a
few case studies for illustrative purposes. These case studies include charac-
terizations of Au, ReOj3, and GaN nanocrystals; ZnO, Ni, and Co nanowires;

inorganic and carbon nanotubes; and two-dimensional graphene.

435



Annual Review of Analytical Chemistry 2009.2:435-462. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

Rietveld profile
analysis: method u:
to determine the
structure of powder
materials by
employing profile
analysis of the
experimental
diffraction data. Th

sed

€

results so obtained are
often as good as those

obtained by single-
crystal diffraction
techniques

XRD: X-ray
diffraction

XPS: X-ray
photoelectron
spectroscopy

TEM: transmission
electron microscopy

PL:
photoluminescence

436

1. INTRODUCTION

Characterization of nanomaterials is performed at different levels. Some characterization methods
are used to study the sizes, shapes, and morphology of nanostructures, whereas others are used to
obtain detailed structural information. The structures of materials can be studied at various levels
of sophistication, including crystal structure, microstructure, atom-level structure, and electronic
structure. X-ray and neutron diffraction are routinely used for determination of crystal structure,
and the use of synchrotron X-ray radiation and pulsed neutrons, along with Rietveld analysis, has
made these techniques more powerful. X-ray diffraction (XRD) is also used to obtain the average
size of the particles via the Scherrer formula:

a =0.9)1/Bcos#,

where « is the particle size, A is the X-ray wavelength, B is the full width of the half maxima (in
radians) of the X-ray peak, and 6 is the Bragg angle. Neutron diffraction is particularly useful for
the study of nanostructures of ceramic materials such as metal oxides. The study of hydrogen in
hydrides or on specificsites or pores of materials is best carried out by neutron diffraction or scatter-
ing. X-ray scattering is an invaluable technique for studying the distribution of shapes and sizes of
the nanocrystals. Several techniques, including X-ray photoelectron spectroscopy (XPS), provide
information about the electronic structure of nanomaterials. Transmission electron microscopy
(TEM) is employed not only to determine a nanomaterial’s size, shape, and crystal structure, but
also to unravel the composition and electronic structure via in situ techniques such as electron
energy-loss spectroscopy (EELS). Additionally, scanning probe microscopies have become invalu-
able in the study of nanostructures. These techniques help not only to characterize nanostructures,
but also to manipulate them and allow examination of their properties. Furthermore, techniques
such as Raman spectroscopy are invaluable when used with other techniques. Spectroscopic prop-
erties of nanostructures are employed to investigate their characteristics and some of the phenom-
ena they exhibit. For example, electronic emission spectroscopy [e.g., photoluminescence (PL)] is
extensively employed to characterize quantum dots that can be used in a variety of applications.

In this review, we briefly describe some of the important techniques employed for the charac-
terization of nanostructures, giving typical examples in each case. There are techniques that we do
not cover; therefore, we describe a few typical case studies involving a variety of physical methods
to demonstrate how characterization of nanomaterials requires diverse techniques.

2. CHARACTERIZATION TECHNIQUES
2.1. Powder X-Ray Diffraction

XRD is the most essential tool used to characterize crystal structures. Evaluation of crystal struc-
ture is important even for nanoscale materials (1, 2). Although a material’s properties may be
affected by structures on the nanometer scale, its crystal structures are determined by the ar-
rangement of atoms separated from one another by approximately 0.1 nm. The principle of
powder XRD is based on the well-known Bragg’s law (A = 2d sin 6). The most commonly used
database for the identification of crystal structures is the Joint Committee on Powder Diffraction
Standards—International Center for Diffraction Data (JCPDS-ICDD) system. Rietveld profile
analysis (3) of experimental XRD patterns provides information about a given material’s space
group and structural parameters. Figure 1 shows the pressure-dependent XRD patterns of 4.4-nm-
diameter CdSe nanocrystals under compression and decompression (4). CdSe nanocrystals show a
waurtzite-to-zincblende phase transition at an upstroke pressure of 6.3 GPa, which is twice the
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Figure 1

Changes in X-ray diffraction (XRD) patterns for 4.4-nm-diameter CdSe nanocrystals for (#) compression
and (b) decompression. ZB-WZ refers to a mixture of closely related zincblende and wurtzite structure.
Labeled arrows indicate XRD from a high-pressure cell-metal gasket. The X-ray wavelength is 0.9939 A.
Reprinted from Reference 4 with permission. Copyright 2005, AAAS.

upstroke pressure of approximately 3 GPa for bulk CdSe. In general, the XRD peaks of nanocrys-
tals are much broader compared to those of the bulk.

Evaluation of the average crystallite size using the Scherrer formula (1, 2) is an important
application of powder XRD in the study of nanomaterials. For example, in the case of MnO
(5), CoO (6), NiO (5), and ReOs (7) nanocrystals, Rietveld profile analysis and the Scherrer
formula were employed to determine the structure and average particle size. In the case of doped
nanomaterials, it is often possible to obtain the extent of doping from the shifts in the XRD
reflections. Although XRD is routinely carried out with standard laboratory diffractometers, it
may be necessary to use synchrotron X-rays to obtain better resolution and sensitivity for materials
such as metal oxides.

2.2. Electron Microscopies

Electron microscopes use electrons instead of photons because the former have shorter wave-
lengths, allowing the observation of matter with atomic resolution. There are two general types
of electron microscopes. In a TEM, electrons are shot through the sample, and changes in the
electron beam arising from scattering by the sample are measured. In a scanning electron micro-
scope (SEM), the electron beam is scanned over the surface of an object to measure the electrons
that are scattered back.

In a TEM, the incident electron beam is allowed to transmit through a thin sample at a high-
acceleration voltage, whereupon the interaction between the sample and the electron beam gives
rise to images (1, 2, 8). The spatial resolution in a modern TEM is less than 10~ nm, with an
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Figure 2

(#) Transmission electron microscopy (TEM) images, high-resolution TEM (HREM) images, and electron
diffraction patterns of monodisperse MnO nanocrystals. The lower right panel shows a lattice corresponding
to the (111) planes of cubic MnO, and the upper right panel shows a selected area electron diffraction
pattern of MnO nanocrystals. (/) TEM images of CdSe nanorods with an aspect ratio of 10:1. The sample
contains less than 5% tetrapods. () HREM image of a single CdSe nanorod. (¢) HREM image of a tetrapod
with branches growing out of each arm. There are zincblende layers near the ends of the original arms, and
the branches are made of wurtzite, with some stacking faults. Reprinted from References 9 and 10 with
permission. Copyright 2004, Nature Publishing Group; copyright 2000, American Chemical Society.

electron probe size measuring less than 5 x 107! nm. From the difference between the contrast
of the sample and the background, one can obtain direct information about the morphology
of nanomaterials (Figure 2). If a microscope has a sufficiently high point resolution, and if the
specimen is suitably oriented along the zone axis, high-resolution TEM (HREM) images can be
obtained. In many cases, atomic structures and growth directions of nanomaterials can be directly
investigated by HREM (Figure 2) (9, 10). Figure 3 shows typical HREM images of the different
types of carbon nanotubes (11-13).

Electron diffraction (ED) patterns obtained by TEM yield information about the orientations,
atomic arrangements, and structures of narrow regions of interest in nanomaterials. A selected
area electron diffraction (SAED) pattern of MnO nanocrystals (9) is depicted in Figure 24. Diffuse
rings in the SAED pattern correspond to different lattice planes of cubic MnO.
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Figure 3

Typical high-resolution transmission electron microscopy (HREM) images of () a single-walled nanotube
(SWNT), (b) a double-walled nanotube (DWNT), and (¢) a multiwalled nanotube (MWNT). (d) HREM
images of the isolated SWNT containing the Gd@Csg; fullerenes (the so-called peapods). Reprinted from
References 11, 12, and 13 with permission. Copyright 1993 and 1991, Nature Publishing Group; copyright
2000, American Physical Society.

EELS, which makes use of the inelastic scattering of the incident electrons on the sample, is
an important tool for qualitative and quantitative analysis of elements (14). It also unravels aspects
related to chemical bonding in very small regions of the sample. The EELS technique is available
via TEM,; for example, composition and elemental analysis of B-C-N, C-N, B-N, and nanotubes
have been carried out by EELS (15, 16).

SEM produces images by focusing a high-energy electron beam onto the surface of the sample,
then detecting signals from the interaction of the incident electrons with the sample’s surface (17).
SEM images have great depth of field, yielding a characteristic three-dimensional appearance that
is useful for understanding the surface structure of a sample. The spatial resolution of a SEM
image depends on the size of the electron spot, which in turn depends on both the wavelength
of the electrons and the magnetic electro-optical system that produces the scanning beam. Both
the spot size and the interaction volume may be large compared to the distances between atoms;
the resolution of the SEM, therefore, is not high enough to image individual atoms (as can be
done with TEM). However, SEM has other advantages, including the ability to image a relatively
larger area of samples and to image bulk materials such as thin films and foils. Depending on the
instrument, the resolution of SEM may be anywhere between <1 nm and 20 nm.

2.3. Scanning Probe Microscopies

2.3.1. Atomic force microscopy. Atomic force microscopy (AFM) is one of the scanning probe
microscopies employed for imaging surface profiles (18). A typical horizontal distance resolution
is approximately 0.2 nm. AFM can provide a resolution higher than that of typical SEM and
comparable to that of TEM.
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(2) Contact mode atomic force microscopy (AFM) image showing the boundary of Au film on a mica substrate. (b) The z profile of the
film boundary. The height profile estimates the thickness to be ~60 nm, which corresponds to approximately eight monolayers of
nanocrystals. The jagged line profile (right) corresponds to the variation in the film thickness, with trenches of ~7 nm indicating
missing particles in the top layer. () Contact mode AFM image of an Au nanocrystal pattern drawn on mica substrate by dip-pen
lithography. Reprinted from References 19 and 20 with permission. Copyright 2005, American Chemical Society; copyright 2004,
Royal Society of Chemistry.

STM: scanning
tunneling microscopy
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AFM provides real topographical images of sample surfaces. A typical vertical distance resolu-
tion is 0.01 nm, which is superior to those of SEM and TEM (2, 18). In a typical AFM setup, the
deflection of a microfabricated cantilever with a sharp tip is measured by reflecting a laser beam
from the back side of the cantilever as it scans over the surface of the sample. Several variants of
AFM are used to measure topography and investigate surface forces on the nanoscale. In contact
mode AFM, the tip in contact with the substrate provides high-resolution images but can dam-
age fragile surfaces. In tapping or intermittent contact mode AFM, the tip oscillates and taps the
surface. In non—contact mode AFM, the tip oscillates but does not touch the sample. Figure 44
shows contact mode AFM images of a nanocrystalline gold film, prepared at the toluene-water
interface, on mica substrate (19). Such imaging is possible to carry out in air, liquid, vacuum, and
gas. AFM techniques are used to measure surface properties such as the frictional force on the
nanoscale, the hardness of surfaces, surface charge distribution, surface magnetization, yield stress,
and the elastic plastic deformation dynamics of nanomaterials. AFM is also used as a lithographic
technique as in dip-pen lithography (Figure 4¢) (20). Using the conducting cantilever probe in
contact mode AFM (a technique known as conducting AFM), one can obtain current (/') versus
voltage (V) measurements of a given nanomaterial. H, and liquid petroleum gas sensors have
been fabricated based on WOs3, ZnO, and TiO, nanowires to carry out I-}/ measurements by
conducting AFM (21).

2.3.2. Scanning tunneling microscopy. Scanning tunneling microscopy (STM) is a powerful
technique for viewing surfaces at the atomic level (18). Using a tunneling current, STM probes

the density of the states of a material. When a conducting tip is brought near a metallic or
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(@) Current versus voltage (I-}”) data of isolated Pd nanocrystals of different sizes. The step width, which is 208 mV for the 3.3-nm
nanocrystal, decreases to 158 mV for the 4.4-nm nanocrystal and to 116 mV for the 6.4-nm nanocrystal. (5) I-V" data of N-doped
Y-junction carbon nanotubes. The data obtained at the Y-junction exhibit rectification behavior, with a distinct change of slope at

—1.5 Vand +1 V. A high rectification ratio of 4.75 is obtained for a bias voltage of & 1.5 V. (¢) Scanning tunneling microscopy images.
The I-V data-collection regions are marked with numbers. Reprinted from References 22 and 23 with permission. Copyright 2000 and

2005, Elsevier.

semiconducting surface, a bias allows electrons to tunnel through the vacuum between them. For
low voltages, this tunneling current is a function of the local density of states at the Fermi level of
the sample. Variations in the current as the probe passes over the surface are transformed into an
image. In STM, ~0.1 nm is a good lateral resolution and 0.01 nm is a good depth resolution. STM
is useful for obtaining information about the electronic states and the morphology of nanomateri-
als of different dimensionalities. The I~} data of isolated polyvinylpyrrolidone (PVP)-capped Pd
nanocrystals of different sizes (Figure 54) indicate the occurrence of Coulomb staircase phenom-
ena at room temperature in tunnel junctions (22). Figure 5b depicts the [~} data of a junction of
N-doped Y-junction carbon nanotubes (23).

2.4. Small-Angle X-Ray Scattering

Small-angle X-ray scattering (SAXS) enables evaluation of the sizes of small particles or the
modulation of the electron density ranging from several to 100 nm by analyzing the scattered
intensity of X-rays in a small angular range from approximately 0.1° to 3° (24, 25). In contrast
to XRD, SAXS can be applied not only to crystalline materials but also to amorphous materials,
polymers, and biomolecules. The SAXS intensity depends on the electron density and the form
factor [F(g)]: ¢ = 4 sin 6/X, where 0 is the scattering angle and X is the wavelength of the
X-ray of the particle and the structure factor [S(g)] (24, 25). The most basic application of SAXS
is the evaluation of the particle size, shape, orientation, and size distribution in dilute dispersions,
where the particle-particle correlation factor, S(g), is negligible. In order to evaluate particle size
distribution, experimental SAXS data are fitted to a theoretical model (Figure 6a) (26).

SAXS is also used to obtain information about the inhomogeneity within amorphous materials
and the pore sizes in porous materials. Analysis of SAXS data has been employed to evaluate long-
range ordering or interparticle distances in an assembly of nanocrystals or in polymeric materials.
To obtain good resolution in the SAXS data, one must use a high-energy X-ray source such as a
synchrotron.
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(a) Small-angle X-ray scattering (SAXS) patterns for CdSe nanocrystals ranging from 30 to 75 A in diameter
(dots). Also shown are computer simulation data (so/id /ines) used to obtain the size distribution of CdSe
nanocrystals. Fits are used to devise the NC sample size, reported in equivalent diameters, and size
distributions, ranging from 3.5 to 4.5% for the samples shown. (b) Pair-distribution functions (PDF) of gold
nanocrystals at 15 K. The filled circles represent the experimental data, and the solid line indicates the model
PDEF. (¢) The nearest-neighbor region of the PDF. The sharp intense peak at 2.8 A is due to the shortest
Au-Au distance, and the peak at 2.4 A is due to the Au-S (gold to capping thiol) distance. A structural feature
at7 = 0.235 nm is marked by an arrow. Reprinted from References 26 and 28 with permission. Copyright
2000, Annual Reviews; copyright 2004, Elsevier.

2.5. Pair-Distribution Functions

In many materials, especially those with intermediate-range order, structural coherence dis-
appears at the nanometer scale, making it difficult to obtain structural solutions by standard
crystallographic techniques. Significant advances have recently been made in the use of atomic
pair-distribution function (PDF) analysis of powder diffraction data coupled with the use of ad-
vanced high-energy X-ray and neutron sources and fast computers (27). The PDF technique makes
use of the Fourier relationship between the diffraction intensities and the real-space arrangement
of pairs of atoms. The PDF can be defined in real space in terms of atomic coordinates. Because the
peaks in the PDF arise from pairs of atoms in the material, a peak shifted to a lower-r (i.e., lower
distance) indicates that the pairs of atoms have a shorter bond. PDF analysis of X-ray and neutron
diffraction data, which account for both the Bragg and the diffuse components of scattering, are
used to solve structures of nanomaterials, amorphous materials, and gels, which cannot otherwise
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be examined by traditional crystallographic techniques. PDF analysis gives local structural infor-
mation on a material that cannot be obtained by crystallography. In Figure 6b—c, we show the
neutron PDF data of fluorothiol-capped gold nanoparticles measuring 4 nm in diameter (28). It
is possible to obtain other structural information, such as lattice parameters, from model fits to
the experimental data.

2.6. Energy-Dispersive X-Ray Analysis

Energy-dispersive X-ray spectroscopy (EDAX) is used mainly for elemental analysis and for chem-
ical characterization of samples (17). The technique is based on the fact that every element has a
unique atomic structure such that X-rays characteristic of different atomic structures are readily
distinguishable from one another. In EDAX, the incident electron beam excites an electron in an
inner shell, causing its ejection and the formation of an electron hole in the electronic structure
of the atom. An electron from a higher-energy (outer) shell fills the hole, and the difference in
energy between the higher-energy shell and the lower-energy shell is released as X-rays. The X-
rays thus released are analyzed by means of an energy-dispersive spectrometer. EDAX systems are
commonly found with SEM, as well as with TEM. For example, EDAX has been used to obtain
elemental analysis of Au-Ag-alloy nanocrystalline films generated at the liquid-liquid interface
(29).

2.7. X-Ray Photoelectron Spectroscopy

XPS is a quantitative technique that measures the elemental composition, empirical formula,
chemical state, and electronic state of the elements within a nanomaterial (1, 2). Spectra are ob-
tained by irradiating a given material with a beam of Al or Mg X-rays and simultaneously measuring
the kinetic energy and number of electrons that escape from the top 1-10 nm of the material.
XPS requires ultrahigh vacuum. For example, XPS analysis indicates the presence of B and N in
B-C-N nanotubes and reports the composition as BC,sN (15). Photoelectron spectroscopy tech-
niques, which include XPS, can be divided into two subgroups according to the exciting radiation.
Specifically, () XPS uses soft X-rays (200-2000 eV) to examine core levels (inner-shell electrons),
whereas (¥) ultraviolet (UV) photoelectron spectroscopy employs UV radiation to investigate va-
lence levels (outer-shell electrons). Thus, valence bands and changes in the Fermi level of materials
can be effectively studied by UV photoelectron spectroscopy.

2.8. Electronic Absorption Spectroscopy

Electronic absorption spectroscopy involves measuring the attenuation of a beam of light after it
passes through a sample or after it is reflected from the sample surface (1, 2). This attenuation may
arise from absorption, scattering, reflection, or interference. The simplest optical measurements
are transmission (absorption) and reflectivity. For transmission measurements in wavelengths
ranging from 150 nm (ultraviolet) to 3000 nm (near-infrared), commercially available dual-beam
spectrophotometers may be used. One can obtain information about the size and shape of metal
nanocrystals by measuring the position and nature of the surface plasmon absorption bands in
the UV-visible region. In the case of semiconducting nanocrystals, electronic spectra are directly
related to the band gap of the materials. Thus, with decreasing diameter, a blueshift of the band edge
absorption appears. Figure 74 shows the UV-visible spectra of monodisperse CdSe nanocrystals
(26), and Figure 7b shows the diameter versus band edge peak position plots for CdS, CdSe, and
CdTe nanocrystals (30).
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Figure 7

(#) Optical absorption spectra for a series of monodisperse CdSe nanocrystals ranging in diameter from 1.7
to 15 nm. The blueshift of the absorption edge occurs progressively with decreasing particle size. (b) First
absorption peak change versus the size of CdS, CdSe, and CdTe nanocrystals. The curves depicted enable
one to estimate the average diameter of semiconductor nanocrystals from the optical band edge peak
position, or vice versa. (¢) Photoluminescence (PL) spectra of CdSe nanocrystals with diameters ranging
from 2.4 to 4.4 nm. The band edge luminescence of these nanocrystals shifts to lower energy with decreasing
diameter. Reprinted from References 26, 30, and 32 with permission. Copyright 2000, Annual Reviews;
copyright 2003, American Chemical Society; copyright 1998, American Chemical Society. (d) Fluorescence
induced by exposure to ultraviolet light in vials containing CdSe quantum dots of various sizes. Data taken
from http://nanocluster.mit.edu/research.php.

UV-visible spectroscopy is also useful for tracking the in situ growth kinetics of small semi-
conductor nanocrystals such as CdSe and CdS (31). It is also an important tool for obtaining
information about the electronic structure of carbon nanotubes.

2.9. Photoluminescence

PL spectroscopy is a powerful technique for investigating the electronic structure of both intrinsic
and extrinsic semiconducting nanomaterials (1, 2). The PL spectrum provides information about
a sample’s quality and is helpful in determining impurity concentration, identifying defect com-
plexes, and measuring the band gaps of semiconductors. When a semiconductor is excited by a
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light source with a photon energy greater than the band gap energy of the material, electrons are
promoted to the conduction band and leave holes behind. When the electron-hole pair recom-
bines, it emits a photon that has a wavelength characteristic of the material and the particular
radiative process involved. Figure 7c shows the PL spectra of CdSe nanocrystals at different times
after growth (32). A PL spectrum (as of the nanocrystals in Figure 7¢) can be translated into a size
distribution curve by assuming a § function emission for each single size and the same emission
efficiency for different sizes (32). Imaging luminescence from individual nanocrystals has also been
achieved via dilution of nanocrystal solutions. Useful information can be obtained from the time
dependence and the efficiency of luminescence. A pulsed-laser source and a gated detection in
time-resolved PL can provide details about the energies and lifetimes of the trap states.

2.10. Raman Spectroscopy

Raman spectroscopy is based on the inelastic scattering of light by matter. It probes the structures
of gases and liquids as well as those of amorphous and crystalline solids. Raman activity is a function
of the space group symmetry of a crystalline solid. It provides a wide range of information about
the strength of interatomic and intermolecular bonds within the material, mechanical strain, the
material’s degree of crystallinity, and the effects of pressure and temperature (33). The incident
radiation induces transitions in the atoms or molecules in the scattering medium. The transitions
can be rotational, vibrational, electronic, or a combination of these. In general, a Raman spectrum
plots the intensity of the inelastically scattered light as a function of the shift of the radiation
in wave number. Each peak in the spectrum corresponds to one or more vibrational modes of
the nanostructures. Because carbon exists in a variety of solid forms ranging from diamond to
graphite to amorphous carbon, Raman spectroscopy is most effective in characterizing carbon
nanostructures and is extensively used to study carbon nanotubes (34). If a scattering system has
an absorption band close to the excitation frequency, resonance Raman scattering (RRS) results
(33). The intensity of RRS is generally several orders of magnitude greater than that of normal
Raman scattering. RRS is common in the case of carbon nanotubes. Surface-enhanced Raman
scattering (SERS) is employed to detect adsorbed molecules on metal nanocrystal surfaces at the
parts-per-million level (33, 35).

2.11. Magnetic Characterization

Magnetic characterization of nanomaterials is generally carried out with a vibrating sample mag-
netometer (VSM) or with a superconducting quantum interference device (SQUID) (1). The most
common VSMs use a transverse-coil configuration, where the vibration (z) axis is perpendicular
to the field applied by the electromagnet and where the pickup coils are arranged to sense the
moment along the field direction. For higher fields, transverse-field superconducting magnets are
used. A SQUID is an extremely low-impedance, high-sensitivity flux detector that can operate
over a wide range of frequencies. The magnetometer detects the flux produced by a sample passing
through a pickup coil. The SQUID does not measure the field from the sample directly, but it is
coupled inductively to a superconducting pickup coil located in the high-field region. From these
techniques, one can obtain magnetization versus temperature or magnetization versus field data.

Ferromagnetic materials generally show a decrease in transition temperature with a decrease
in particle size. When the particle size is very small (<10-15 nm), the particles become super-
paramagnetic. Nanocrystals of many materials show evidence of the presence of ferromagnetic
interactions atlow temperatures. This is especially true of nanocrystals of antiferromagnetic oxides
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Temperature (K) H (kOe)

() The temperature dependence of direct current magnetic susceptibility (x) and the inverse magnetic susceptibility (x ~!) of 11.5-nm
CoO nanocrystals. () The inverse susceptibility versus temperature curve of 16-nm CoO. The Curie-Weiss temperature () values
are —1894, -1030, and -300 K for the 11.5-, 8.5-, and 4.5-nm samples, respectively; the magnetic moments are close to 5 uB.

(¢) Magnetization (M) versus field (H) at 1.8 K for 4.5-, 11.5-, and 18-nm CoO nanocrystals. Hysteresis does not occur in the 18-nm
sample. Reprinted from Reference 6 with permission. Copyright 2005, American Chemical Society.
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such as MnO, CoO, and NiO (5, 6). Thus, 16-nm or 18-nm particles of CoO reveal the pres-
ence of an antiferromagnetic transition, as evidenced by a broad peak at approximately 300 K in
the inverse susceptibility data (Figure 8b). The antiferromagnetic transition is wiped out as the
particle size decreases due to the increased ferromagnetic interaction with decrease in particle
size (Figure 84). Accordingly, the magnitude of the Curie-Weiss temperature obtained from the
extrapolation of the high-temperature inverse susceptibility data decreases with the increase in
particle size. Samples of 4.5- and 11.5-nm diameters show hysteresis at low temperatures below
a blocking temperature, Tp, due to superparamagnetism (Figure 8c¢). The blocking temperature
increases with the rise in particle size in the case of NiO and exhibits the reverse trend in the
case of MnO (5). Room-temperature ferromagnetism has been observed even in nanocrystals
of nonmagnetic materials, including CeO,, Al, O3, ZnO, In,0s, SnO,, GaN, and CdS (36, 37).
All of these materials showed characteristic magnetic hysteresis that was not found in the bulk
samples. Given that no magnetic impurities were present, the origin of ferromagnetism may be
the exchange interactions between the localized electron spin moments that result from anion or
cation vacancies at the surfaces of nanocrystals. Thus, ferromagnetism may indeed be a universal
characteristic of nanocrystals.

Electron paramagnetic resonance is employed to characterize paramagnetic centers due to
transition metal ions, defects, etc. Nuclear magnetic resonance spectroscopy can be effectively
employed to study phenomena in nanomaterials, provided there are appropriate nuclei with pre-
cise spins. For examples, water in carbon nanotubes is studied by variable-temperature nuclear
magnetic resonance (38).

2.12. Other Techniques

Several other techniques are employed to characterize nanomaterials. For instance, mass spec-
troscopy is used to determine the nuclearity of metal clusters. Infrared spectroscopy covers a range
of techniques, most commonly a form of absorption spectroscopy that is frequently used to iden-
tify molecules covering nanomaterial surfaces (1). Infrared spectroscopy of materials provides
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Figure 9

Transmission electron microscopy (TEM) images of (2) spherical, () rod-shaped, and (¢) tripod-shaped gold
nanocrystals. () High-resolution TEM (HREM) image of an arm of a tripod-shaped Au nanocrystal, which
exhibits (111) planes with an interplanar distance of 0.235 nm. Analysis of the growth directions for the three
pods, which are separated from one another by approximately 120°, shows that the orientation of the
crystallite is [011] and that the possible growth directions are of <211> type. (Inset in ¢) The crystal planes
and the tripod growth directions extracted from the HREM analysis. The pods extend in [112], [211], and
[121] directions. Reprinted from References 41, 42, and 43 with permission. Copyright 2003, 2002, and
2005, American Chemical Society.

information complementary to that provided by Raman spectroscopy. Isothermal titration
calorimetry (IT'C) measures small changes in enthalpy arising from reactions involving nano-
structures, such as the assembly of nanocrystals (39) and the binding of nucleobases with the nan-
otube (40). Electrical properties such as resistivity, thermopower, and the Hall effect are measured
wherever electron transport and related aspects are of relevance.

3. CASE STUDIES

3.1. Zero-Dimensional Nanocrystals

3.1.1. Gold. TEM is one of the most important techniques used to characterize the sizes and
shapes of gold nanocrystals. Figure 9 shows TEM images of spherical (41), rod-shaped (42), and
tripod-shaped (43) gold nanocrystals.

Colloidal solutions of gold nanocrystals exhibit characteristic colors due to the well-known
phenomenon of surface plasmon absorption. As their size increases, spherical Au nanocrystals
show redshift of the plasmon band to longer wavelengths (44). The plasmon resonance band of
nanorods splits into transverse and longitudinal components (45). As the aspect ratio increases,
the energy separation between two plasmon bands increases, with the longitudinal plasmon band
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position shifting to a longer wavelength (46). The transverse band is insensitive to the aspect
ratio.

SAXS is effective for tracking the in situ growth of gold particles in solution (47). The growth
kinetics of gold nanocrystals cannot be explained by diffusion-limited Ostwald ripening (47, 48).
In order to understand the thermodynamics of the growth of gold nanocrystals, the change in heat
associated with the growth prepared with different concentrations of HAuCl; was measured
by ITC (47). The interaction between gold nanorods with cysteine as well as with 3-
mercaptopropionic acid to form necklaces has also been investigated by I'T'C (39).

-V data of isolated PVP-capped gold nanocrystals of different sizes have been measured by
STM (22). The curves are characteristic of metal-insulator-metal junctions, which are modulated
on either side of the zero bias by a series of I-V steps. The I-} curves show characteristics of the
Coulomb staircase.

Ultrathin nanocrystalline films of gold formed at different temperatures at the organic-
aqueous interface have been investigated by XRD, TEM, AFM, and electronic spectroscopy (19).
Figure 10 shows TEM images, XRD patterns, and UV-visible spectra of the nanocrystalline gold
films obtained at the liquid-liquid interface held at different temperatures.

3.1.2.ReO;. ReOsisanunusual metal oxide: It has a cubic structure and exhibits metallic conduc-
tivity (49). Itis comparable to copper in both appearance and electronic properties. Metallic ReO;
nanocrystals exhibit a surface plasmon band of approximately 520 nm, which undergoes blueshifts
as it decreases in size (Figure 114) (7). STM measurements of ReOj; nanocrystals confirm their
metallicity. Pressure-induced phase transitions in the nanocrystals of ReOj; have been investigated
in detail by using energy-dispersive high-pressure synchrotron XRD, and the results have been
compared with the literature data of bulk samples of ReOj; (50). Core@shell nanocrystals based
on ReOj cores (ReO;@Si0;, ReO;@Ti0,, ReO;@Au, and ReO;@Ag) have been characterized
by TEM and electronic spectroscopy (51) (Figure 115). ReO;@Au and ReO;@Ag core-shell
nanocrystals show composite plasmon absorption bands that comprise contributions from both
ReO; and Au (Ag) (Figure 115), whereas ReO;@Si0O, and ReO;@TiO, show shifts in their
plasmon bands depending on the refractive index of the shell material.

SERS of pyridine, pyrazine, and pyrimidine on ReOs nanocrystals of three different sizes has
also been performed recently (52). As with Au and Ag, the plasmon in ReOj can be utilized for
SERS. The surface enhancement factor for pyridine adsorbed on ReO; nanocrystals is on the
order of 10°, which is comparable to the results for Au, Ag, and Cu (35).

3.1.3. GaN. Solvothermally prepared GaN nanocrystals of various sizes have been character-
ized by XRD, TEM, and PL spectroscopy (53). Figure 12 shows typical TEM images of 2.5-nm
N-cetyl-N,N,N-trimethylammonium bromide (CTAB)-capped GaN nanocrystals, a HREM im-
age of a single CTAB-capped nanocrystal, and PL spectra of GaN nanocrystals of different sizes.
Nanocrystals of GaN doped with 3% and 5% prepared at relatively low temperatures are found
to be ferromagnetic above room temperature (54).

3.2. One-Dimensional Nanowires and Nanotubes

3.2.1. ZnO. ZnO nanostructures have potential applications as short-wavelength nanolasers,
field-effect transistors, solar cells, ultrasensitive nanosized gas sensors, biosensors, nanores-
onators, transducers, actuators, nanocantilevers, and field emitters (55). ZnO exhibits diverse
nanostructures that are richer than most other nanomaterials. TEM characterization of ZnO
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Figure 10

Transmission electron microscopy (TEM) images of ultrathin nanocrystalline Au films comprise
close-packed arrays of nanocrystals prepared at the liquid-liquid interface at (#) 30° C, (b) 45° C, (¢) 60° C,
and (4) 75° C. With an increase in temperature, particles of uneven shapes and sizes tend to form, some of
them exhibiting multiply twinned structures. The histograms shown alongside the TEM images reveal that
the size range of the nanocrystals increases progressively with the increase in temperature. (Inser) A
high-resolution TEM (HREM) image of an individual particle shows distinct (111) planes with a separation
of ~2.3 A. (¢) X-ray diffraction (XRD) patterns of nanocrystalline Au films obtained at different
temperatures. Although the films obtained at 45° C and 60° C exhibit prominent (111) peaks (d = 2.33 A),
the film obtained at 30° C shows weak and broad reflections due to the small particle size. (f') Evolution of
electronic absorption spectra with growth of nanocrystalline Au films at the interface. The Au films exhibit a
strong plasmon absorption band around 700 nm. Note that the plasmon absorption band is observed at
~530 nm in colloidal Au nanocrystals in solution. The position and the intensity of the plasmon band in
nanocrystal assemblies are indicative of the nanocrystals’ state of aggregation. Reprinted from Reference 19
with permission. Copyright 2005, American Chemical Society.

nanohelics has been carried out by Wang and coworkers (56). Figure 13 shows Wang etal.s TEM
images of distinctive helical structures of ZnO made of a superlattice-structured nanobelt formed
spontaneously in a solid-vapor growth process. The superlattice nanobelt is a periodic, coherent,
epitaxial, and parallel growth of two alternating nanostripes of ZnO crystals oriented with their
¢ axes perpendicular to each other. The ED pattern from a single period of a nanohelix shows
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(@) Ultraviolet (UV)-visible absorption spectra of ReO3 nanocrystals with average diameters of 8.5, 12, 17, and 32.5 nm. (Inset) A
high-resolution transmission electron microscopy (HREM) image of single 8.5-nm ReO3 nanocrystals. The lattice spacings of 3.77 A
and 2.67 A correspond to the (100) and (110) interplanar distances, respectively. (b)) UV-visible absorption spectra of ReO3; @Au
core-shell nanocrystals (1:2 and 1:4). (Inser) HREM image of ReO3; @Au formed over an 8.5-nm ReOjs particle. Reprinted from
References 7 and 51 with permission. Copyright 2006, American Chemical Society; copyright 2007, Royal Society of Chemistry.
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Figure 12

(@) Transmission electron microscopy (TEM) image of N-cetyl-N,N,N-trimethylammonium bromide
(CTAB)-capped 2.5-nm GaN nanocrystals prepared with Ga cupferron. (Inset) High-resolution TEM
(HTEM) image. (b)) Photoluminescence (PL) spectrum of CTAB-capped 2.5-nm GaN nanocrystals. The
spectrum shows bands centered at 375 nm and 265 nm under an excitation wavelength of 235 nm. The
265-nm blueshifted band corresponds to the 315-nm band exhibited by the ~4-nm particles in panel 4.

(o) The particles’ size distribution. (d) PL spectra of 4-nm, 12-nm, and 1-pm GaN nanocrystals. Although
the 12-nm and 1-um crystals’ spectra show a broad band around 375 nm at excitation wavelengths of 250
and 260 nm, the 4-nm nanocrystals show an additional band around 315 nm, which is believed to be a
signature of quantum confinement. The 375-nm band is insensitive to particle size. Reprinted from
Reference 53 with permission. Copyright 2004, Wiley-VCH Verlag.
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(@) Typical low-magnification transmission electron microscopy (TEM) image of a ZnO nanohelix, showing
its structural uniformity. (/) Low-magnification TEM image of a ZnO nanohelix with a larger pitch-to-
diameter ratio. The selected area electron diffraction (SAED) pattern (inset) is from a full turn of the helix.
(¢) Dark-field TEM image from a segment of a nanohelix. The edge at the right and side is the edge of the
nanobelt, which has a periodic superlattice structure across its entire width with a periodicity of ~3.5 nm.
With a 5° offset, the stripes are parallel to the growth direction and run along the length of the nanohelix.
(d) High-resolution TEM (HREM) image of a ZnO nanohelix with the incident beam perpendicular to the
surface of the nanobelt. The lattice structure of the two alternating stripes is visible. (¢) SAED pattern
corresponding to the image in panel d. The ED pattern of the nanobelt shows that the growth directions of
the two types of stripes have a rotation of @ ~ 4°, indicating that the adjacent stripes rotate in the plane of
the nanobelt for the same magnitude of the angle when forming the superlattice. () Enlarged HREM
image showing the interface between the two adjacent stripes. Reprinted from Reference 56 with permission.

Copyright 2005, AAAS.

mirror symmetry. The mirror symmetry is caused by superposition of several ZnO diffraction
patterns rotated around the axial direction of the nanohelix.

Aligned ZnO nanowires have been explored for stimulated emission by measuring the excitation
density-dependent emission (57). Light emission collected in the direction normal to the end
surface plane (along the ¢ axis) of the nanowires reveals lasing in the absence of any mirrors with
increasing pump power (Figure 14).

An AFM-based technique has been utilized for measuring the elastic modulus of individual
ZnO nanowires aligned on a solid substrate without destroying or manipulating the sample (58).
By simultaneously acquiring the topography and lateral force image of the aligned nanowire, the
elastic modulus of individual nanowires can be derived (Figure 15). The measurement is based
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Figure 14

(#) Emission spectra from ZnO nanowire arrays below (i) and above (i and ) the lasing threshold. The
pump powers for these spectra are 20, 100, and 150 kW cm™2, respectively. (c) Integrated emission intensity
from nanowires as a function of optical pumping energy intensity. () Schematic illustration of a nanowire as
a resonance cavity. Reprinted from Reference 57 with permission. Copyright 2001, AAAS.

on quantifying the lateral force required to induce the maximal deflection of the nanowire, where
the AFM tip scans over the surface in contact mode.

A strain-induced conductance transition in ZnO nanowire has been studied by a four-tip STM
(59). Figure 16 shows the procedure for the -} measurements. Researchers have found that after
bending the nanowire with the STM, the conductance is reduced by five orders of magnitude.
These studies demonstrate that strain has a strong effect on the alignment of the Fermi level
and the electron states of defects in ZnO nanowires, whose surfaces contain a large number of
defects.

Omega-shaped-gate nanowire-based field effect transistors with channels composed of ZnO
nanowires have been fabricated by photolithography (60). The hydrogen- and ethanol-sensing
characteristics of thick films of ZnO nanocrystals, nanorods, nanowires, and nanotubes impreg-
nated with Pt have also been studied (61, 62). Growth kinetics of both uncapped and PVP-capped
ZnO nanorods have been investigated with a combination of TEM and SAXS to obtain direct
information on time-dependent changes in size and shape (63).

3.2.2. Ni and Co. Single-crystalline Ni and Co nanowires fabricated by electrodeposition us-
ing anodic aluminum oxide as the template exhibit excellent magnetic properties such as large
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Figure 15

(@) Procedures for measuring the elastic modulus of aligned ZnO nanowire arrays in atomic force
microscopy (AFM) contact mode. (5) Topography image and (c) lateral force image of the aligned ZnO
nanowires received in AFM contact mode. (4, ¢) Line scanning profile along the dashed lines in panels 4 and
¢, respectively. Reprinted from Reference 58 with permission. Copyright 2007, Royal Society of

Chemistry.

anisotropy, large coercivity, and high remanence (64). Ni- and Co-homogeneous nanowires show
typical anisotropic magnetoresistance of approximately 1.0% (65).

3.2.3. Inorganic nanotubes. Layered inorganic compounds such as boron nitride, metal
dichalcogenides, halides, and oxides can form nanotubes (66). Inorganic nanotubes are mainly

characterized by TEM (Figure 17) (67-70).

3.2.4. Carbon nanotubes. Ever since the discovery of carbon nanotubes, several means of
characterizing them have been explored. Raman spectroscopy has provided important insights
into the structure of carbon nanotubes. Studies of single-walled carbon nanotubes (SWN'I5) by
Dresselhaus and coworkers (71) reveal many of the characteristic normal modes of an armchair
(n, ) carbon nanotube and show a diameter-selective resonance behavior (Figure 18).
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Figure 16

Intrinsic current-voltage (I-7) studies of a ZnO nanowire by four-probe scanning tunneling microscopy.
(@) Two outer tips fix the nanowire and measure the /- curves. (b)) The middle probe pushes down and
bends the nanowire. () The middle tip retracts and loosens the nanowire. (d) The middle tip moves away.
(e) The curve indicated by filled rectangles corresponds to panel 4; the curve indicated by empty circles
corresponds to panel . (f) Results from another experiment that pushed the nanowire with several small
steps. Shown are the corresponding I-} curves after each step. Reprinted from Reference 59 with
permission. Copyright 2006, American Institute of Physics.
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Figure 17

High-resolution transmission electron microscopy (HREM) images of (#) WS, and (b)) GaSe nanotubes.
Cross-sectional transmission electron microscopy (TEM) images of different types of VO, nanotube with
interacted amines of varying chain lengths: (c) C16-VO, nanotubes show single-layer scrolls with narrow
cores and thick walls composed of several vanadium oxide layers. (d) Double-layer scroll of C;9-DA-VO,
nanotubes obtained from Ci5-VO, nanotubes by a template exchange reaction with dodecyldiamine.

(e) HREM image of a BN multiwalled nanotube with uniform layer separation of 0.34 nm. The layered
structures are similar to those in carbon nanotubes. (Upper right inset) The atomic columns in the wall
fragments show lattice fringes separated by an average of ~0.22 nm and an angle of 12.5° with respect to the
tube axis, exhibiting 7~BN stacking order. (Lower right inset) The hexagonal fringes of 1010 spacing in the
core region. Reprinted from References 67-70 with permission. Copyright 2000, 2005, 1999, and 2001,
American Chemical Society.

Electronic absorption spectra of SWNTs show transitions in the visible and near-infrared
regions (Figure 19) (72). Due to their one-dimensional nature, carbon nanotubes exhibit van Hove
singularities in the electronic density of states (73); visible-near-infrared spectroscopy provides
evidence for supporting their one-dimensional nature. The first and second peaks arise from Sy;
and Sy, transitions of the semiconducting nanotubes, and the third peak is due to the My, transition
of the metallic nanotubes. STM has been used to elucidate the unique structural and electronic
properties of SWNTs (74).

3.3. Two-Dimensional Graphene

Graphene refers to a flat monolayer of carbon atoms tightly packed into a two-dimensional hon-
eycomb lattice; it is a basic building block of graphitic materials of all other dimensionalities.
Graphene has been characterized with various microscopic and spectroscopic techniques (75).
AFM is one of the basic characterization tools for graphene and provides information about the
numbers of layers present in the sample (Figure 20a) (76). TEM has been proven to deter-
mine the number of layers as well as the structure of graphene (Figure 2056) (77), as has STM
(Figure 20¢) (78), XRD (Figure 20d) (79, 80), and Raman (Figure 20e) (81).
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Figure 18
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(#) Raman spectra showing the diameter-dependent scattering in single-walled nanotubes. An asterisk in the
spectrum refers to a feature assigned tentatively to second-order Raman scattering. The five red curves
shown in panel # are the individual Raman modes that were obtained after deconvolution of the broad
experimental peak (black curve). (b—e) Calculated Raman spectra for armchair (7, 7) nanotubes ( = 8-11).
The downward-pointing arrows indicate the positions of the remaining weak, Raman-active modes. The
strongest experimentally observed band is a graphite band that splits into bands at 1567 and 1592 em~!. The
1347-cm~! band is the diamond band that arises from sp® carbon. The band at 186 cm™"! arises from the
radial breathing mode of SWN'T, and it is diameter dependent. Reprinted from Reference 71 with
permission. Copyright 1997, AAAS.
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Absorption spectra of purified HIPCO-, purified Laser—, and soluble Arc—produced single-walled nanotubes
after baseline correction. Abbreviation: DOS, density of states. Reprinted from Reference 72 with
permission. Copyright 2001, American Chemical Society.
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Figure 20

(#) Atomic force microscopy (AFM) image of single-layer graphene. The folded edge exhibiting a relative
height of ~4 A clearly indicates that the graphene comprises a single layer. (b)) Transmission electron
microscopy (TEM) images of folded edges of monolayer and bilayer graphene. A folded graphene sheet is
locally parallel to the electron beam and, for monolayer graphene, a fold exhibits only one dark line (/eft
panel), similar to TEM images from one half of a single-walled carbon nanotube. For comparison, the right
panel shows a folded edge of bilayer graphene that exhibits two dark lines, as in the case of double-walled
nanotubes. (¢) High-resolution scanning tunneling microscopy (STM) images of single-layer graphene over
a 1-nm? area. In the regions that were identified as consisting of single-layer graphene, a honeycomb
structure can be observed. (4) X-ray diffraction (XRD) pattern of few-layer graphene. The broad peak
around 25° is due to the (002) reflection of graphene. (Inser) Double Lorenzian fit for (002) reflection. The
average number of layers is found to be four. (¢) Raman spectrum of graphene with an increasing number of
layers (n = 1-19) supported on a SiO;:Si substrate along with highly oriented pyrolitic graphite (HOPG)
(n = infinity). Reprinted from References 76, 77, 78, and 81 with permission. Copyright 2005, National
Academy of Science USA; copyright 2007, Nature Publishing Group; copyright 2007, National Academy of
Science USA; and copyright 2006, American Chemical Society.
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SUMMARY POINTS

L.

Although XRD can provide information about the gross crystal structure of nanomate-
rials, TEM provides not only direct information about size and shape but also structural
information. The resolution of the SEM is not high compared to that of TEM, but SEM
can image larger areas.

. Scanning probe microscopies provide information about the morphology as well as the

electronic states of nanomaterials of different dimensionalities.

. SAXS is a useful technique for determining the sizes and shapes of nanocrystals in dilute

dispersions. SAXS is most effective for in situ study of the growth of nanocrystals.

. EDAX and EELS are both useful for the elemental analysis of nanomaterials. EELS has

certain advantages over the EDAX and can differentiate different allotropes of carbon.
EELS can also provide information about the electronic structure of nanomaterials.

. Raman spectroscopy is an important tool for the characterization of nanomaterials,

especially carbon nanotubes and graphene.

. Electronic absorption spectra and PL spectra are essential for obtaining information

about the electronic structure of nanomaterials and the size dependence of the electronic
structure.

. We have illustrated the use of a combination of techniques in the cases of Au, ReOs, and

GaNN nanocrystals; ZnO nanowires and nanorods; carbon nanotubes; and graphene.

FUTURE ISSUES

L.

There are several challenges to developing better techniques for the characterization
of nanomaterials. Improved resolution of microscopic and spectroscopic techniques will
provide valuable insights into the properties of nanomaterials.

. There are certain materials for which characterization is not straightforward. For exam-

ple, exact methods of characterization of graphene with more than one layer need to be
explored.

. Aspects of nanomaterials such as self-assembly and reactions at the nanoscale can be

studied with improved physical techniques.
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