
1667

Pure Appl. Chem., Vol. 78, No. 9, pp. 1667–1689, 2006.
doi:10.1351/pac200678091667
© 2006 IUPAC

Vapor-phase synthesis of metallic and
intermetallic nanoparticles and nanowires:
Magnetic and catalytic properties*

Garry Glaspell, Victor Abdelsayed, Khaled M. Saoud, and
M. Samy El-Shall‡

Department of Chemistry, Virginia Commonwealth University, Richmond,
VA 23284-2006, USA

Abstract: In this paper, we present several examples of the vapor-phase synthesis of inter-
metallic and alloy nanoparticles and nanowires, and investigate their magnetic and catalytic
properties. In the first example, we report the vapor-phase synthesis of intermetallic alu-
minide nanoparticles. Specifically, FeAl and NiAl nanoparticles were synthesized via laser
vaporization controlled condensation (LVCC) from their bulk powders. The NiAl nanoparti-
cles were found to be paramagnetic at room temperature, with a blocking temperature of ap-
proximately 15 K. The FeAl nanoparticles displayed room-temperature ferromagnetism. In
the second example, we report the vapor-phase synthesis of cobalt oxide nanoparticle cata-
lysts for low-temperature CO oxidation. The incorporation of Au and Pd nanoparticles into
the cobalt oxide support leads to significantly improved catalytic activity and stability of the
binary catalyst systems. Finally, we report the synthesis of nanowires of Ge, Mg, Pd, and Pt
using the vapor–liquid–solid (VLS) method where the vapor-phase growth of the wire is cat-
alyzed using a proper metal catalyst present in the liquid phase.
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INTRODUCTION

It is now well established that nanoparticles (1–100 nm) exhibit unique chemical and physical proper-
ties that differ from those of the corresponding bulk materials [1–4]. Due to their finite small size and
the high surface-to-volume ratio, nanoparticles often exhibit novel, and sometimes unique properties.
The characterization of these properties can ultimately lead to identifying many potential uses and ap-
plications, ranging from catalysis, ceramics, microelectronics, sensors, pigments, and magnetic storage
to drug delivery and biomedical applications. The applications of nanoparticles are thus expected to en-
hance many fields of advanced technology particularly in the areas of catalysis, chemical and biologi-
cal sensors, optoelectronics, drug delivery, and media storage. Recently, bimetallic alloy nanoparticles
have gained significant interest due to new properties that arise from the combination of different com-
positions of metals on the nanoscale. Their unique properties have been utilized in electronic, optical,
and catalysis applications [1–4].
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5–9 September 2005. Other presentations are published in this issue, pp. 1619–1801.
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The work presented in this paper deals with the vapor-phase synthesis of different classes of
nanostructured materials. The vapor-phase synthesis of nanoparticles involves the generation of the
vapor of the material of interest, followed by the condensation of clusters and nanoparticles from the
vapor phase [5]. The vapor may be generated by thermal, laser, electron beam, etc. evaporation.
Different sources of energy can be used to decompose the precursor such as microwave plasma, laser
pyrolysis, laser photolysis, combustion flame, etc. The size of the nanoparticle is determined by the par-
ticle residence time, temperature of the vapor, precursor composition, and pressure. Low-temperature
flames can also be used to supply the energy to decompose the precursors. Flame synthesis is most com-
mon for the production of oxides [1–4]. For the synthesis of metal nanoparticles, inert gas condensa-
tion has been typically used [3,4]. In spite of the success of this method, there are, however, some prob-
lems and limitations, such as: possible reactions between metal vapors and oven materials,
inhomogeneous heating which can limit the control of particle size distribution, limited success with re-
fractory metals due to low vapor pressures, and difficulties in controlling the composition of the mixed
metal particles due to the difference in composition between the alloys and the mixed vapors. 

Laser vaporization provides several advantages over other heating methods such as the produc-
tion of a high-density vapor of any metal, the generation of a directional high-speed metal vapor from
the solid target which can be useful for directional deposition of the particles, the control of the evapo-
ration from specific spots on the target as well as the simultaneous or sequential evaporation of several
different targets [4]. Recently, we described a novel technique to synthesize nanoparticles of controlled
size and composition [5–12]. Our technique combines the advantages of pulsed laser vaporization with
controlled condensation (LVCC) in a diffusion cloud chamber under well-defined conditions of temp-
erature and pressure. It allows the synthesis of a wide variety of nanoparticles of metal oxides, carbides,
and nitrides.

In this paper, we present three examples of the synthesis of nanoparticles and assemblies of
nanoparticles and discuss their selected properties. In the first example, we focus on the synthesis of
intermetallic NiAl and FeAl nanoparticles and the characterization of their magnetic properties.
Intermetallic aluminides of nickel and iron alloys have many important applications, especially for
high-temperature structural applications due to their high melting points and thermal conductivity.
These materials are further characterized by a low density, a high strength-to-weight ratio, and corro-
sion and oxidation resistance especially at high temperatures [13–16]. However, their poor room-tem-
perature ductility and low high-temperature strength limit their usage [17,18]. Interestingly, nano-
particles prepared from these materials were proposed to overcome the bulk materials limitations. For
example, iron aluminide and nickel aluminide nanoparticles exhibit room-temperature ductility and
superplasticity [19–21]. Consolidated nanoparticles may show enhanced plasticity, i.e., they may ex-
hibit exceptionally large tensile elongation during stretching compared with conventional materials
[19–22]. With smaller grain sizes, it is expected that superior mechanical properties can be achieved
which would enhance the room-temperature ductility and the high-temperature strength of the iron and
nickel aluminides. Recently, we reported the vapor-phase synthesis of iron aluminide nanocrystals from
bulk iron aluminide alloy targets using the LVCC method [10,23,24]. In the present work, we describe
a different approach for the synthesis of FeAl and NiAl intermetallic nanoparticles through laser va-
porization of targets made from mixtures of the elemental metallic powders with controlled composi-
tions.

In the second example, we report the vapor-phase synthesis of Co oxide nanoparticles and the in-
corporation of Au and Pd nanoparticles within the Co oxide support as efficient catalysts for low-tem-
perature oxidation of carbon monoxide. The monitoring and detection of environmental pollution and
contamination by various harmful gases is one of the most important applications of nanoparticles
[25–27]. Nanophase metal and metal oxide catalysts, with controlled particle size, high surface area,
and more densely populated unsaturated surface coordination sites could potentially provide signifi-
cantly improved catalytic performance over conventional catalysts [25–27]. The large number of sur-
face and edge atoms provides active sites for catalyzing surface reactions. Research in this area is mo-
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tivated by the possibility of designing nanostructured catalysts that possess novel catalytic properties
such as low-temperature activity, selectivity, stability, and resistance to poisoning and degradation ef-
fects [27–34]. Such catalysts are essential for technological advances in environmental protection, im-
proving indoor air quality, and in chemical synthesis and processing. For example, the low-temperature
oxidation of carbon monoxide is one of the current important environmental issues since small expo-
sure (ppm) to this odorless invisible gas can be lethal [35].

Although Au is a noble metal and is known to be a chemically inert, it has been shown that it can
be used as an active catalyst for a variety of reactions, including CO oxidation, selective hydrogenation
of unsaturated hydrocarbons, and selective reduction of NO by hydrocarbons in the presence of a high
concentration of oxygen [36–40]. Haruta et al. have shown that supported Au nanoparticle catalysts
with a particle size between 2 and 5 nm, are exceptionally active for low-temperature CO oxidation
[37,38,41]. When compared to highly dispersed Pt, the Au-based catalysts are an order of magnitude
more active [38]. The catalytic activity of the Au-based catalysts for low-temperature CO oxidation de-
pends on various factors such as the type of the support, the Au precursor, the preparation conditions,
the pretreatment conditions and the catalytic reaction conditions [42–45]. For example, it has been
shown that the activity of an Au/TiO2 catalyst is very sensitive to water vapor pressure [42]. In other
catalyst systems such as Au/Al2O3, water is needed to obtain good catalytic activity and the presence
of hydrogen prevents the catalyst deactivation [45]. It is, therefore, interesting to investigate the cat-
alytic activity of nanoparticle catalysts prepared by the LVCC method in the absence of any chemical
precursors or solvents [12]. We also present results for the catalytic activity of unsupported bimetallic
alloy nanoparticles prepared by the LVCC method. Our goal here is to demonstrate that the LVCC
method can provide a simple and yet effective synthetic route for supported and unsupported contami-
nation-free, crystalline nanoparticle catalysts.

Finally, in the third example we present the synthesis of Mg, Pd, and Pt nanowires using the
vapor–liquid–solid (VLS) method [46–50]. In this approach, a liquid binary metal cluster acts as a cat-
alyst for the absorption of gas-phase species of the desired wire material. The equilibrium phase dia-
gram is used to rationally choose the catalyst material and the growth conditions so that there is a co-
existence of liquid alloy (catalyst) and solid nanowire material. Wire formation is possible when the
clusters become saturated with the building material (the metal selected to form wires) from the vapor
phase, resulting in precipitation of the wire. Ultimately, the growth terminates when the nanowires are
transferred out of the high-temperature region where the metal catalyst can exist in the liquid state. 

In the present work, we report on the synthesis of Ge, Mg, Pd, and Pt nanowires and investigate
the factors that determine the dimensions of the resulting wires. Magnesium nanowires may find im-
portant applications for hydrogen storage due to the high storage capacity of 7.6 wt % hydrogen in the
light-weight magnesium metal [51]. Nanowires, in general, represent ideal systems for dimension-de-
pendent optical, electrical, and mechanical properties, and are expected to play an important role as
building blocks in devices and processes such as light-emitting diodes, solar cells, single electron tran-
sistors, lasers, and biological labels [46–50,52–54].

EXPERIMENTAL METHODS 

The intermetallic and alloy nanoparticles and the supported nanoparticle catalysts were prepared using
the LVCC method as described previously in several references [5–12]. Here, we only provide the nec-
essary information relevant to the preparation of the alloy nanoparticles and supported nanoparticle cat-
alysts. A sketch of the chamber with the relevant components for the production of nanoparticles is
shown in Fig. 1A. The chamber consists of two horizontal, circular stainless steel plates, separated by
a glass ring. A metal target of interest is set on the lower plate, and the chamber is filled with a pure
carrier gas such as Ar (99.99 % pure). The metal target and the lower plate are maintained at a temper-
ature higher than that of the upper one. The top plate can be cooled to less than 150 K by circulating
liquid nitrogen. The large temperature gradient between the bottom and top plates results in a steady
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convection current, which can be enhanced by using a heavy carrier gas such as Ar under high-pressure
conditions (103 Torr). The metal vapor is generated by pulsed laser vaporization using the second har-
monic (532 nm) of a Nd-YAG laser (15–30 mJ/pulse, 10–8 s/pulse). The role of convection in the ex-
periments is to remove the small particles away from the nucleation zone (once condensed out of the
vapor phase) before they can grow into larger particles. The rate of convection increases with the tem-
perature gradient in the chamber. Therefore, by controlling the temperature gradient, the total pressure
and the laser power (which determines the number density of the metal atoms released in the vapor
phase), it is possible to control the size of the condensing particles. No particles are found anywhere
else in the chamber except on the top plate; this supports the assumption that nucleation takes place in
the upper half of the chamber and that convection carries the particles to the top plate where deposition
occurs.

The charged nanoparticles produced through laser vaporization can be classified based on their
electrical mobility in a dilute inert gas flow using a differential mobility analyzer (DMA) [55–57]. To
prepare size-selected nanoparticles and measure the size distribution produced under specific experi-
mental conditions, the LVCC chamber is coupled to a DMA as shown in Fig. 1B. 

For the synthesis of the intermetallic NiAl and FeAl nanoparticles, a mixture of the appropriate
elemental powder (micron-sized particles) was prepared in a specific molar ratio using a mortar and a
pestle. The mixture was then pressed at 500 MPa, using a hydraulic press, in order to shape it into a
cylindrical disk target. The pure metal nanoparticles were prepared as well, from bulk metals as refer-
ence materials, under the same experimental conditions.

For the synthesis of the nanowires, a Nd-YAG laser is used to ablate a target containing a metal
catalyst and the desired wire material in a specific composition determined by the binary-phase diagram
and the experimental growth temperature. The target is placed within a quartz furnace tube, shown in
Fig. 2, in which the temperature, pressure, and residence time can be varied.

Lattice parameter/composition measurements of the nanoparticles were performed using X-ray
powder diffraction (XRD) on an X’Pert Philips Materials Research Diffractometer with Cu Kα1 radia-
tion. The elemental analyses were performed using an inductively coupled plasma/optical emission
spectrometer (ICP/OES, Varian VISTA-MPX instruments) to measure the amount of gold in the
nanoparticles. The UV/vis absorption spectra were obtained using a Hewlett-Packard HP 8453 diode
array spectrometer.

Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and scanning
transmission electron microscopy (STEM) measurements were performed using a Quantum DS-130S
Dual Stage Electron Microscope. A carbon substrate was placed inside the LVCC chamber (on the top
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Fig. 1 (A) Experimental set-up for the synthesis of nanoparticles using the LVCC method. (B) Experimental set-
up for the LVCC method coupled with a DMA.



plate) to observe the size and morphology of the as-deposited nanoparticles under SEM. Additional
transmission electron microscopy (TEM) analyses were performed using a JEOL 2010F field-emission
gun operating at 200 kV.

Temperature and magnetic field variations of the magnetization (M) of the intermetallic and alloy
nanoparticle samples were measured using a commercial superconducting quantum interference device
magnetometer (SQUID, Quantum Design) with a remnant field of 7 Oe.

The catalytic activities of the nanoparticle catalysts for the CO oxidation are measured using a
Thermolyne 2100 programmable tube furnace reactor (length 50 cm, i.d. 0.9 cm) coupled to an infrared
gas analyzer (ACS, Automated Custom Systems, Inc.) [12,58]. The sample temperature is recorded
using an Omega K-type thermocouple inserted in the middle of the sample. The reactant gas mixture
contains 3.40 wt % CO and 20.0 wt % O2 in helium (BOC Gases). 100 cc/min of the mixture is flown
over the catalyst while the catalyst is heated to different temperatures. The temperature and the con-
centration data are recorded using a LabView-based program. All the catalytic activities were measured
(using 20 mg sample) after heat treatment of the catalyst at 200 °C in the reactant gas mixture for 15 min
in order to remove moisture and adsorbed impurities. 

RESULTS AND DISCUSSION

FeAl and NiAl intermetallic nanoparticles

Morphology and composition
The FeAl and NiAl nanoparticle powders prepared by the LVCC method appear to consist of flakes with
lateral dimensions of about some fractions of a mm. The surface is slightly corrugated, and the flakes
appear to have a low density, since the free-fall in air is quite slow. All the nanoparticle powders dis-
play a black color. The SEM images of the as-deposited Ni and NiAl nanoparticles show the typical
web-like structure morphology, similar to the morphology observed for other nanoparticles prepared by
the LVCC method [5–10]. The web network is characterized by well-defined pores with diameters of
1–2 µm. The high porosity could make these nanoparticles suitable for catalytic applications.

Figure 3 displays typical TEM images of the FeAl and NiAl nanoparticles. Most of the primary
particles have average diameters in the range of 5–7 nm with a few percent (~2–4 %) larger particles
that are approximately 20–30 nm in diameter. Figure 4 displays several TEM images of 30- and 14-nm
selected FeAl nanoparticles prepared using the LVCC-DMA system [56,57]. Although the nanoparti-
cles are still aggregated (Fig. 4A), the primary particles appear to exhibit identical sizes. Individual
monodisperse particles can be deposited only if the number density of the particles is kept very low to
avoid the aggregation of the particles as shown in Figs. 4B and 4D.
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Fig. 2 Laser ablation deposition system coupled with a high-temperature quartz furnace tube (700–1200 °C) for the
preparation of nanowires and nanobelts via the VLS approach.



The compositions of the intermetallic NiAl and FeAl nanoparticles were examined using the ICP
technique. For the target metal powder mixtures containing 75.0, 50.0, 25.0, and 10.0 atom % Ni, there
are 40.84, 31.25, 15.51, and 6.69 atom % Ni, respectively, in the nanoparticles as determined by the ICP
analyses. It is obvious that the Ni content in the nanoparticles is always less than in the bulk powder
mixtures. This can be explained by the difference in the evaporation speeds of the Ni and Al where the
evaporation of Al is expected to be faster than Ni. A similar result has been obtained by Liu and cowork-
ers who observed that the content of Al in the FeAl nanoparticles prepared by a hydrogen plasma-metal
reaction is higher than that in the bulk alloy [59,60]. Similar results have been obtained for the Fe–Al
system, although, the Fe content in the nanoparticles was not significantly less than in the bulk powder.
Six different nanopowder samples were prepared from bulk powder mixtures with 75, 50, 33, 28, 25,
and 10 atom % Fe. The Fe content in the nanopowder samples was determined using two different tech-
niques, EDX and ICP. Similar results were obtained using these two techniques, indicating that the
Fe/Al ratio is almost homogeneous (constant) throughout the nanoparticle sample prepared in the vapor
phase. For example, the metal powder mixtures containing 75.0, 50.0, and 25.0 atom % Fe, produce
nanoparticles containing 65.8, 52.0, and 24.6 atom % Fe, respectively. 
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Fig. 3 TEM of (A) FeAl, and (B) NiAl nanoparticles, respectively. Scale bar is 20 nm.

Fig. 4 TEM of selected FeAl nanoparticles 30 and 14 nm shown as (A,B,C), and (D,E), respectively.



The XRD patterns for Ni and Al nanoparticles have four strong lines assigned to reflections from
the 111, 200, 220, and 311 planes at scattering angles (2θ) of 44.49, 51.81, 76.41, and 92.89, respec-
tively, for Ni and 38.47, 44.71, 65.09, and 78.21, respectively, for Al. The lattice constants, assuming a
cubic unit cell, for Ni and Al nanoparticles were calculated to be 3.5242 and 4.0495, compared to 3.523
and 4.0494 for the bulk materials, respectively [61]. The XRD pattern for nanoparticles’ sample ob-
tained following the ablation of the Ni–Al powder mixture (51.8 atom % Ni) is shown in Fig. 5 along
with the XRD patterns for pure Ni and Al nanoparticles. It is clear that the XRD pattern of the NiAl
sample does not match any of the XRD peaks of pure Ni or Al nanoparticles. However, it matches the
diffraction pattern of bulk Ni0.58Al0.42 alloy [61], which means that NiAl intermetallic nanoparticles
were formed in the vapor phase using the LVCC method. The strong diffraction lines at the scattering
angles (2θ) of 31.11, 44.63, 64.97, and 82.27 were assigned to the diffraction from 100, 110, 200, and
211 planes, respectively, of the B2 crystal structure of NiAl. The calculated lattice parameter for NiAl
nanoparticles (2.868) is in good agreement with bulk lattice parameter (2.871) [61].

A mixture of Ni and Al nanoparticles, as the major product, was produced from the vaporization
of a powder mixture with (75 atom % Ni), as identified from the XRD data. When the molar percent-
age of Ni was decreased to 50 atom % in the target, alloy nanoparticles NiAl were obtained, and the ab-
sence of pure Ni and/or Al nanoparticles was evident. The alloy nanoparticles were assigned to
Ni0.9Al1.1 as identified from the XRD pattern which matched the pattern of the Ni0.9Al1.1 bulk alloy
[61]. A mixture of pure Al and intermetallic Ni0.9Al1.1 nanoparticles was obtained when a target with
25.0 and 10 atom % Ni was vaporized in the LVCC chamber. A mixture with more Al nanoparticles
was obtained from 10.0 atom % Ni target as compared to that prepared from the 25.0 atom % Ni tar-
get. It is evident that only one intermetallic phase (NiAl) is obtained in the preparation of Ni/Al
nanoparticles using targets consisting of mixtures of Ni and Al bulk powders. However, by increasing
the molar ratio of Al or Ni content, alloy nanoparticles, in addition to the pure components (depending
on which metal is in excess) are obtained. This result can be explained by the greater stability of the
NiAl phase compared to other nickel aluminide phases such as NiAl3, Ni2Al3, and Ni3Al, since the
NiAl phase has the highest heat of formation [62,63]. 
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Fig. 5 XRD of (a) NiAl, (b) Ni, and (c) Al nanoparticles prepared by the LVCC method.



The XRD pattern for the nanocrystalline sample prepared from (50:50 atom %) of Fe and Al
metallic powder mixture is shown in Fig. 6, along with the diffraction patterns of pure Fe and Al
nanoparticles. Neither the Fe nor Al diffraction pattern matched the nanopowder sample patterns pre-
pared from the Fe–Al (50:50) powder mixture. By comparing the XRD data to the database, good
agreement was found between the XRD patterns of prepared nanopowder and bulk Fe0.5Al0.5 inter-
metallic alloy [61]. The observed prominent peaks at scattering angles (2θ) of 30.91, 44.15, 64.23, and
81.27 are assigned to scattering from the 100, 110, 200, and 211 planes, respectively, of the FeAl crys-
tal lattice [61].

Effects of electric and magnetic fields
Application of an electric field between the bottom and top plates of the LVCC chamber during the
preparation of the metallic and intermetallic nanoparticles results in the formation of filaments and
fibers [11]. The nanoparticles aggregate as little chains and stack end to end. Generally, the chains grow
perpendicular on the top and bottom plates of the LVCC chamber. Eventually, the chains bridge the top
and bottom metal plates (electrodes), indicating that both negatively and positively charged particles are
involved. The XRD of the nanoparticles of the chain aggregates are similar to those obtained from the
nanoparticles prepared in the absence of the field, thus indicating that the field has no effect on the com-
position of the nanoparticles. 

Figures 7a and 7b display SEM images of the as-deposited Fe and Ni filaments on glass slides
placed on the top plate of the LVCC chamber. It is clear that the filament and fiber morphology is quite
different from the web-like morphology observed with no electric field applied during the experiment. 

The electrostatic aggregation is attributed to dipole forces between nanoparticles to form chain
aggregates, and between the chain aggregates to form tree-like filaments. The filament- and tree-like
aggregates may have some special applications as fillers (additives) to increase the elastic modulus and
tensile strength of polymers such as low-strength rubbers. This may allow for stronger interactions be-
tween the polymer chains and the nanoparticle chain aggregates [11].
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Fig. 6 XRD of (a) Fe0.5Al0.5, (b) Fe, and (c) Al nanoparticles prepared by the LVCC method.



We have also observed a strong orientation effect resulting from the application of a magnetic
field during the preparation of Fe nanoparticles. Figure 8 displays SEM images of as deposited Fe
nanoparticles in the presence of a weak magnetic field (0.4 Tesla). It is clear that the nano-particles as-
semble in the form of long chains under the influence of the magnetic field. The combination of elec-
tric and magnetic fields can lead to the formation of assembled arrays of nanoparticles which may pro-
vide a simple means of constructing three-dimensional structures for device applications.
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Fig. 7a SEM micrographs of Fe nanoparticles deposited in the absence (left image) and presence of electric field
(200 V/cm) (right image).

Fig. 7b SEM micrographs of Ni filament nanoparticles prepared under the influence of an electric field (60 V/cm).



Magnetic properties
We have previously reported that nanoparticles generated from a paramagnetic FeAl target display fer-
romagnetism [10]. Thus, we have extended this study to investigate the magnetic properties of FeAl
nanoparticles generated in the vapor phase by vaporization of a target consisting of the Fe and Al bulk
powders as decribed above. SQUID measurements of the temperature variation of the moment χ for the
FeAl nanoparticles display ferromagnetism similar to nanoparticles generated from the alloyed target
as shown in Fig. 9A. Hysteresis loops, shown in Fig. 9B, were measured for temperatures ranging from
5 to 300 K. The coercivity at 300 and 5 K were found to be 50 and 650 Oe, respectively similar to the
values previously reported [10].

SQUID measurements reveal that the NiAl nanoparticles are predominately superparamagnetic.
Zero-field-cooled (ZFC) measurements reveal a blocking temperature TB of approximately 15 K, below
which hysteresis is observed with a coercivity of approximately 325 Oe, as shown in Fig. 10. The slope
of the temperature variation of χ below the blocking temperature for the field-cooled (FC) data is rep-
resentative of noninteracting particles, and the convergence of the FC spectra at the blocking tempera-
ture is suggestive that the nanoparticles are of uniform size. The average magnetic size domain can be
determined from the slope of the magnetization near zero field with the major contributions arising from
the largest particles. Using eq. 1 below, where k = Boltzmnn constant, T = temperature, dM/dH = the
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Fig. 8 TEM image of Fe nanoparticles produced by the LVCC method in the presence of a 0.4 Tesla magnetic field.

Fig. 9 Temperature dependence of the magnetic susceptibility (χ) for FeAl under FC and ZFC conditions (A) and
M vs H variation measured at 5 K (B).



slope near zero field, Ms is the saturation magnetization (assumed here to be bulk Ni with the accepted
value of 253 emu/g) and ρ = bulk density, an upper bound for the magnetic domain size was determined
to be approximately 3 Å [64,65]. From the Curie-constant C = 1.4 × 10–2 (emu-K/gOe) (C = Nµ2/3kB
with N being the number of magnetic ions/g, kB = Boltzmann constant and µ = magnetic moment),
µ(Ni) = 3.0 µB is obtained. This magnitude of µ is slightly lower than the accepted value of 3.2 for the
spin state of Ni2+.

(1)

In conclusion, the results reported here clearly indicate that nanoparticles of FeAl and NiAl can
be synthesized in the vapor phase via the LVCC method from their bulk counterparts. SEM data indi-
cates that the as-prepared samples exhibit a web-like morphology which may be suitable for catalytic
applications. XRD analysis reveals that by carefully controlling the stoichiometry of the starting mate-
rials, single-phase alloys can be produced without any indication of the presence of the starting materi-
als. EDX and ICP were also employed to confirm the composition of the alloyed products. Finally,
SQUID measurements revealed that the FeAl nanoparticles prepared in the vapor phase from the ele-
mental Fe and Al powder mixture displayed similar characteristics to nanoparticles formed from abla-
tion of an intermetallic bulk target [10].

Nanoparticle catalysts for CO oxidation

As mentioned in the introduction, the recent advances in the synthesis and characterization of nanoscale
materials have promoted an extensive search for methods to prepare highly efficient nanostructured cat-
alysts for the removal of chemical contaminants and harmful gases such as sulfur dioxide and carbon
monoxide [26–31]. In this section, we present the vapor-phase synthesis and characterization of Au- and
Pd-doped cobalt oxide and bimetallic alloy nanoparticle catalysts for CO oxidation. Using the LVCC
method, the nanoparticle catalysts are prepared from micron-sized commercial metal powders. This
method allows us to explore the effect of pre-oxidation on the catalytic activity simply by varying the
amount of oxygen present during the preparation of the catalyst. Furthermore, the method does not in-
volve the use of any chemical precursors or solvents, and, therefore, it provides a simple and yet effec-
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Fig. 10 Temperature dependence of the magnetic susceptibility (χ) for NiAl under FC and ZFC conditions (A) and
M vs. H variation measured at 5 K (B).
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tive synthetic route for supported and unsupported contamination-free, crystalline nanoparticle catalysts
[12,57].

Cobalt oxide, Au- and Pd-doped cobalt oxide catalysts
Figure 11 displays TEM images of (A) Co nanoparticles prepared in an Ar atmosphere in the absence
of O2 and (B) Co oxide nanoparticles prepared in 50 % O2 in Ar using the LVCC method. The average
particle size for pure Co was ~19 and ~32 nm for Co ablated in oxygen.

The XRD patterns of the nanoparticles prepared in the absence and presence of O2, shown in
Figs. 12A and 12B, match well the patterns of Co (ICCD 01-089-7093) and CoO (ICCD 01-075-0533),
respectively [61]. It is significant to note that when Co is ablated in the presence of O2, only CoO is
formed with no evidence of the presence of other cobalt oxide phases such as Co3O4. However, after
the heat treatment in the reactant gas mixture (4 wt % CO and 20.0 wt % O2 in helium), the Co nanopar-
ticles are converted into the Co3O4 phase as shown from the XRD data in Fig. 12A, while the CoO
nanoparticles result in a mixture of Co3O4 and CoO.

Interestingly, the activity of the Co nanoparticles prepared in the presence of oxygen increases
with increasing the % of oxygen used during the LVCC synthesis. As shown in Fig. 13, the as-prepared
Co nanoparticles (using Ar as a carrier gas with no O2 present) exhibit 50 and 97 % conversions of CO
to CO2 at temperatures of 125 and 145 °C, respectively. However, the Co nanoparticles prepared using
5 % O2 in Ar show 50 and 97 % conversions of CO to CO2 at temperatures of 110 and 120 °C, re-
spectively. For the samples prepared in 50 and 100 % O2 (CoO as shown from the XRD data), 84 and
100 % conversions, respectively, are observed at room temperature (25 °C). The XRD data shown in

G. GLASPELL et al.

© 2006 IUPAC, Pure and Applied Chemistry 78, 1667–1689

1678

Fig. 11 TEM micrographs of as-prepared Co (A) and CoO (B). The scale bars are 100 and 50 nm, respectively.

Fig. 12 XRD patterns for (A) the as-prepared Co and (B) Co generated in 50 % O2 before and after catalysis.



Fig. 12 indicate that both the Co and the CoO nanoparticle samples prepared in the absence and pres-
ence of O2, respectively are converted mainly into Co3O4 after the heat treatment. However, the sam-
ple prepared in the presence of O2 still contains some of the CoO phase even after the heat treatment,
as shown in the XRD data of Fig. 12B. This suggests that the CoO phase is responsible for the increased
catalytic activity of the Co nanoparticles prepared in the presence of O2. It is interesting to note that the
improved activity of the pre-oxidized cobalt nanoparticles has been used to explain the reported differ-
ences in the catalytic activities of Co nanoparticles prepared under different oxidation conditions
[66–68].

In spite of the high catalytic activity of Co oxide nanoparticles, the activity decreases with the
prolonged exposure of the catalyst to the reaction mixture [67,68]. For example, the CoO nanoparticle
sample generated in 50 % O2 loses its activity after ~200 min of exposure to the reactant gas mixture.
However, once the sample has lost its activity it can be regenerated by heating the sample up to ~150 °C
in the reactant mixture. This activation step appears to be essential to remove the adsorbed species that
tend to poison the catalyst. 

In order to improve the stability of the Co oxide nanoparticles, we prepared Au -and Pd-doped
CoO nanoparticles using the LVCC method. The activation (Run 1) and the catalysis after activation
(Run 2) for the 2 and 10 % Au- and Pd-doped CoO nanoparticles generated in 50 % O2 are shown in
Fig. 14A. After activations of the 2 % Au and Pd samples by heating to 150 °C, and then cooling down,
both samples display about 75 % conversion at room temperature. For the 10 % Au and Pd samples,
100 % CO oxidation is observed when cooling the samples to room temperature. Even more remark-
able are the stability measurements for these samples shown in Fig. 14B. After activating the 5 % Pd
sample by heating to about 160 °C and then letting the sample cool down in the presence of the reac-
tion mixture, 54 % conversion of CO to CO2 is observed after 10 h with no external heat applied. For
the 10 % Pd and 10 % Au samples, 78 and 82 % conversions, respectively, are observed after 10 h from
the activation step. 

In conclusion, the incorporation of Au and Pd nanoparticles within cobalt oxide catalysts im-
proves both the activity and stability of these catalysts in the CO oxidation process.

© 2006 IUPAC, Pure and Applied Chemistry 78, 1667–1689

Vapor-phase synthesis of nanomaterials 1679

Fig. 13 Temperature dependence for the CO oxidation after the heat treatments of the cobalt and cobalt oxide
nanoparticles prepared by the LVCC method using different amounts of oxygen.



Bimetallic nanoparticle catalysts
Several unsupported bimetallic nanoparticles such as PdxAu1–x, PdxCu1–x, AuxCu1–x and AuxAg1–x
with controlled compositions have been prepared by the LVCC method from mixed metal targets and
the elemental compositions of the resulting alloy nanoparticles have been determined using the ICP
technique. Figure 15 displays typical examples of the TEM images of the AuPd and AuCu alloy
nanoparticles. 

The XRD data provides direct evidence for the preparation of bimetallic alloy nanoparticles and
not simply a mixture of the two metal nanoparticles. For example, the XRD diffraction pattern of the
bimetallic Pd0.6Au0.4, nanoparticles, shown in Fig. 16A, confirms the formation of an alloy in the vapor
phase without any indication of the presence of pure Pd or pure Au nanoparticles. The XRD pattern of
the Pd0.6Au0.4 alloy is quite different from the pattern obtained for a physical mixture of Pd and Au
nanoparticles shown in Fig. 16B. Furthermore, the XRD obtained following the catalysis test on the
Pd + Au nanoparticle mixture shows the formation of PdO, as shown in Fig. 16C, thus indicating that
a significant amount of the free Pd nanoparticles in the mixture are oxidized to PdO by the reaction with
O2 present in the CO reactant mixture. Interestingly, the XRD of the PdxAu1–x alloy nanoparticles is
identical before and after the catalysis test with no new peaks observed, thus confirming that the sam-
ple does not contain free Pd nanoparticles. Figure 17A displays a comparison between the XRD data of
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Fig. 14 (A) Temperature dependence for the CO oxidation on Au- and Pd-doped CoO nanoparticles. (B) Stability
measurements for the Au- and Pd-doped CoO nanoparticle samples.

Fig. 15 TEM micrographs of as-prepared AuPd (A) and AuCu (B) alloy nanoparticles. 



the Pd0.12 Au0.88 and Pd0.35Au0.65 alloy nanoparticles and the XRD patterns of pure Au and Pd
nanoparticles. It is clear that all the diffraction peaks in the alloy nanoparticles are observed at 2θ val-
ues that lie between the corresponding values of the pure components and gradually shift between these
values depending on the composition of the alloy. These results demonstrate that alloy nanoparticles
with well-defined compositions can be prepared by the LVCC method.

The CO oxidations over several bimetallic nanoparticles, shown in Fig. 17B, reveal some inter-
esting observations. First, the activity of the unsupported bimetallic nanoparticles can be tuned to the
desired performance depending on the composition of the catalyst. For example, the 3, 50, and 100 %
CO conversions occur at the temperatures of 38, 119, and 145 °C for the bimetallic Cu0.90Au0.10,

© 2006 IUPAC, Pure and Applied Chemistry 78, 1667–1689

Vapor-phase synthesis of nanomaterials 1681

Fig. 16 XRD of (a) Pd0.6Au0.4 nanoparticles, (b) a physical mixture of Pd + Au nanoparticles, and (c) Pd + Au
nanoparticle mixture after the reaction of CO + O2. 

Fig. 17 (A) XRD patterns of Au and Pd nanoparticles, and Au88Pd12 and Au65Pd35 bimetallic nanoparticles
prepared by the LVCC method. (B) CO oxidation as a function of temperature for the unsupported bimetallic
nanoparticle catalysts.



Cu0.50Pd0.50 and Cu0.12Pd0.88 nanoparticle catalysts (as-prepared target compositions), respectively.
These are significantly lower temperatures as compared to the bimetallic PdAu nanoparticles supported
on TiO2 where the 1 and 100 % CO conversions occur at 150 and 250 °C, respectively [69].

Another important finding is obtained from the XRD data taken after the catalysis reaction over
the CuPd alloy nanoparticles (shown in Fig. 18A), which indicate the formation of CuO from the reac-
tion of O2 with the bimetallic CuPd nanoparticles. Therefore, CuPd alloy nanoparticles, unlike the
AuPd alloy nanoparticles, are converted into a mixture of CuO and Au nanoparticles following the re-
action with O2. Interestingly, a significant increase in the catalytic activity is observed following the for-
mation of CuO as shown in Fig. 18B. Therefore, the improved conversion efficiency of the oxidized
CuPd alloy nanoparticles after the catalysis test is attributed to the formation of CuO, which is known
to have a higher catalytic activity than Cu for CO oxidation [70,71].

Finally, the high activity and stability of the nanoparticle catalysts prepared using the LVCC
method are remarkable and imply that a variety of efficient catalysts can be designed and tested using
this approach. Figure 19 summarizes the catalysis results for the CO oxidation on different Au-X
bimetallic nanoparticles prepared by the LVCC method. It is clear that both the Co- and Cu-containing
catalysts show excellent catalytic activities due to the formation of CoO and CuO during the activation
step. 
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Fig. 18 (A) XRD patterns of Au10Cu90 bimetallic nanoparticles before and after the CO catalysis test. (B)
Temperature dependence for the CO oxidation on Au10Cu90 for the first and second catalysis tests.



The use of the unsupported bimetallic nanoparticles as catalysts provides an opportunity of tun-
ing the catalytic activity to the desired performance depending on the specific application. The signifi-
cance of the current method lies mainly in its simplicity, flexibility, and the control of the different fac-
tors that determine the activity of the nanoparticle catalysts. For example, control of the composition of
the active metal (Pd, Au, Cu) and the oxide support (CeO2, ZrO2, TiO2, Al2O3, and SiO2) can be
achieved by controlling the compositions of the initial targets. Nonstoichiometric oxide supports can be
prepared by using metal powders such as Ce, Zr, Ti, Al, and Si in the selected targets and carrying out
the LVCC process in the presence of varying concentrations of oxygen/helium carrier gas mixtures.
Control of the size distribution of the nanoparticle catalysts is accomplished by controlling the pressure
of the carrier gas and the temperature gradients during the LVCC synthesis. Size selection is possible
through the coupling of the LVCC method with a DMA. The method allows the incorporation of one
or more type of active metals such as Pd, Pt, Au, and Cu, or bimetallic alloys such CuAu, PdAu, and
CuPd as well as one or more type of oxide supports.

Synthesis of metal and metal oxide nanowires

Nanowires and nanobelts of controlled dimensions, morphology, and compositions can be synthesized
using the VLS approach developed by Lieber [46–48], Zhang [49,50], and Yang [72,73]. In the VLS
growth process, a liquid binary metal cluster acts as a catalyst for the absorption of gas-phase species
of the desired wire material. The requirement of a liquid cluster provides a preferential site for absorp-
tion since the sticking probability is much higher on liquid than on solid surfaces. The equilibrium
phase diagram is used to rationally choose the catalyst material and the growth conditions so that there
is a coexistence of liquid alloy (catalyst) and solid nanowire material. Preferential wire growth in 1D
occurs as long as the catalyst remains liquid. 

For the synthesis of a variety of metal and semiconductor nanowires, Au has typically been the
catalyst of choice [46–48,72]. However, for the synthesis of Ge nanowires, we used Fe rather than Au
since Fe would be economically preferable in a scaled-up process. The binary Ge–Fe phase diagram in-
dicates that there is an area above 820 °C and below 940 °C with Fe less than 20 wt %, where the cat-
alyst is in the liquid phase while Ge remains a solid [74]. To optimize the wire growth conditions, we
prepared three binary targets containing 20, 15, and 10 % (wt) Fe. Laser ablation of the Fe–Ge target
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Fig. 19 CO oxidation as a function of temperature for the unsupported Au-X bimetallic nanoparticle catalysts
where X = Co, Cu, Pd, Ni, Ag, and Fe.



creates a supersaturated binary vapor which, under the current experimental conditions, immediately
undergoes nucleation to form small binary Fe–Ge clusters. These clusters remain in the liquid phase
while in the hot zone of the furnace and as the clusters become saturated with Ge, precipitation of the
Ge wire occurs. The wire growth is terminated when the gas flow carries the clusters out of the hot zone
of the furnace. Three factors that effect the growth of the wires are temperature, flow rate, and pressure.
The temperature of the furnace needs to be high enough to ensure that the cluster remains in a liquid
state, which again is determined from the equilibrium-phase diagram. The flow rate directly affects the
residence time of catalyst cluster in the hot zone, longer times result in the formation of longer wires.
The pressure within the quartz tube affects the size of the initial catalyst cluster formed, which ulti-
mately determines the diameter of the growing wire.

Figure 20 displays SEM images of the Ge nanomaterials generated using laser ablation of 20, 15,
and 10 wt % Fe-containing Ge targets at 820 °C with Ar carrier gas flowing at rate of ~100 sccm with
a total pressure of 760 torr. It is clear that when the composition of the Fe catalyst is high (20 wt %),
only spherical particles are generated. At 15 wt % Fe we observe a mixture of both particles and wires;
while a 10 wt % Fe catalyst produces an abundance of Ge wires. Of course, these compositions are spe-
cific for the furnace temperature of 820 °C used in the current experiments. By increasing the furnace
temperature above 820 °C, it is possible to grow Ge nanowires using targets containing 15 and 20 wt %
Fe-containing Ge targets.

It should be noted that the generated wires are naturally separated from any formed particles since
the wires deposit first in the “hot zone” followed by particles depositing in the cooler region of the
quartz tube. This is demonstrated by the analysis of the materials collected from two different regions
of the furnace for the 10 wt % Fe-Ge sample as shown in the SEM images displayed in Fig. 21. The
presence of nanoclusters at the end of the wires confirms that the growth process proceeds by the VLS
mechanism. Based on the results shown in Fig. 20, the VLS experiment can be used to simultaneously
generate nanowires and spherical alloy nanoparticles by utilizing the separation capability of the flow
system. 
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Fig. 20 SEM images of the Ge nanomaterials generated using laser ablation of (A) 20 wt %, (B) 15 wt % and (C)
10 wt % Fe-containing Ge targets at 820 °C. 



Recent studies have indicated that during the growth process of nanowires and nanobelts, the pre-
ferred crystallographic orientation can change with variations in temperature and pressure resulting in
the formation of nanorings or nanobows at the end of the wires and belts [75,76]. Thus, it is perceiv-
able that introducing a barrier that is significantly cooler than its surroundings located immediately after
the “hot zone” in the quartz tube would induce bends and kinks in the growing Ge wires. Figure 22
demonstrates these features in the SEM images of the as-deposited Ge wires on the surface of the bar-
rier. It is plausible that when the wire comes into contact with the cooler surface the sudden change in
temperature alters the preferred crystallographic orientation inducing a kink in the wire. The presence
of spherical particles is also evident in the background due to the location of the barrier, which did not
allow for the natural separation of the nucleated particles. 
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Fig. 21 SEM images of the Ge nanomaterials generated using laser ablation of a 10 wt % Fe-containing Ge target
at 820 °C. (A) nanowires and (B) spherical nanoparticles deposited on the high- and low-temperature zones,
respectively. 

Fig. 22 SEM images demonstrating the non-uniform wire growth of the Ge nanowires resulting from the presence
of a cold surface immediately after the hot zone of the furnace. Note the formation of kinks, extensive bending, and
rings. 



We have extended this study to generate Mg wires of various diameters. The synthesis of Mg
wires was accomplished using Al as a catalyst. The phase diagram for Mg–Al indicates that wire for-
mation is possible above 437 °C between 70 and 90 wt % Al (74). This region ensures that the Al clus-
ter is in the liquid phase, which again is vital for wire formation. Thus, Mg wires were synthesized by
ablating a target consisting of Mg85Al15 wt % at 550 °C. Figure 23 shows the SEM and TEM micro-
graphs of the Mg wires synthesized at three different pressures, 760 torr (A), 200 torr (B), and 100 torr
(C).

It is significant to note that the diameter of the resulting wire diminishes as the pressure decreases.
Specifically, the Mg wires produced at 760 torr resulted in a diameter of ~4.8 µm, while the wires pro-
duced at 200 and 100 torr had diameters of ~190 and 16 nm, respectively. One possible explanation is
that at higher pressures larger catalyst clusters are formed following the laser ablation process. This is
consistent with the VLS mechanism, which assumes that the diameter of the resulting wire is deter-
mined by the diameter of the initial catalyst cluster. The XRD diffraction pattern for the Mg nanowires
exhibits asymmetrical-shaped peaks occurring at 2θ values of 43.1 and 62.5 indicating that multiple
phases are present. Further analysis confirms that the phases are Mg (ICSD 03-065-7219) and MgO
(ICSD 03-065-0476) [61]. The formation of MgO is most likely a result of the surface oxidation of the
Mg wires upon exposure to air. 

We have also generated Pd and Pt wires using Ge as a catalyst by utilizing Pd90Ge10 and Pt90Ge10
targets ablated at 1000 °C. The SEM micrographs of the synthesized wires are shown in Fig. 24. The
average diameters of the Pd and Pt wires are ~280 and ~830 nm, respectively. 
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Fig. 23 SEM (A and B) and TEM (C) images of Mg wires synthesized using an Al catalyst at 550 °C with the Ar
pressure (torr): (A) 760, (B) 200, and (C) 100.

Fig. 24 SEM of Pd (A) and Pt (B and C) wires synthesized using a Ge catalyst at 1000 °C.



In conclusion, we have synthesized Ge, Mg, Pd, and Pt nanowires of varying diameters and
lengths by controlling the experimental parameters of the VLS process. Full characterizations of these
materials including their hydrogen storage capacities are currently in progress.

CONCLUSIONS

Based on the work presented in this paper, we conclude the following: (1) intermetallic FeAl and NiAl
can be synthesized in the vapor phase via the LVCC method from their bulk powder counterparts, (2)
the intermetallic nanoparticles prepared in the vapor phase from the elemental powder mixtures display
similar characteristics to nanoparticles formed from ablation of intermetallic bulk targets, (3) the in-
corporation of Au and Pd nanoparticles within cobalt oxide catalysts improves both the activity and sta-
bility of these catalysts in the CO oxidation process, (4) the activity of the unsupported bimetallic
nanoparticles can be tuned to the desired performance depending on the composition of the catalyst pre-
pared by the LVCC method, (5) the improved catalytic activity of the oxidized AuCo and AuCu
nanoparticles is due to the formation of CoO and CuO, respectively, during the activation step, and (6)
the properties of the Ge, Mg, Pd, and Pt nanowires can be controlled by adjusting the experimental para-
meters of the VLS process. Full characterizations of the nanowires including their hydrogen storage ca-
pacities are currently in progress.
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