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Abstract
The formation of iron particles without and with carbon coating was studied
in a hot wall flow reactor. The precursors ironpentacarbonyl (IPC, Fe(CO)5)
and ethylene (C2H4) both diluted in N2 were used in a concentric tubular
flow arrangement and were heated to temperatures between 570 and 1170 K
at pressures between 50 and 500 mbar. In experiments without C2H4, either
individual iron particles in the size range of 8 nm � dp � 15 nm or long iron
chains composed of several hundreds of individual iron particles were found
depending on the reaction conditions. In experiments with C2H4 addition,
these particles or particle chains were covered by a thin carbon/carbide
layer. The size of the primary particles was measured in situ by
time-resolved laser-induced incandescence (TR-LII) and ex situ by rapid
thermophoretic particle probing and TEM imaging.

1. Introduction

Iron is one of the most widely used materials in the
technological world. In recent years, nanostructured materials
and nanoparticles have opened the possibility of new far-
reaching usage of old materials. This is mostly a result of
size effects which can drastically modify the bulk material
properties. Also, iron and iron oxides are in this context of
interest because of the size-dependent magnetic, electronic,
and catalytic properties. Various gas phase (aerosol) synthesis
routes [1–6], are known, by which precursors can be
transformed via chemical and physical rate processes into
nanoparticles, e.g. flames, laser reactors, plasma reactors, and
hot wall reactors.

The synthesis of iron particles via the gas phase route
is strongly controlled by both the decomposition of the
precursor and the single-iron-cluster formation and growth
[7–9]. An aerosol model for the formation of iron particles
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was introduced by Bilodeau and Proulx [10] and by Giesen
et al [11]. As iron particles are very reactive, showing
e.g. spontaneous oxidation in air, it is useful to cover the
particle surface by a thin oxidic layer or to encapsulate the
particles e.g. by a carbon/carbide shell.

In the present paper, the synthesis of iron particles by
thermal decomposition of ironpentacarbonyl (Fe(CO)5) in a
hot wall flow reactor is reported. The reaction has some
interesting features: the decomposition starts at very low
temperatures and a complete conversion of the precursor
without the formation of by-products can be achieved. The
lifetime of Fe(CO)5 at 570 K has been measured to be
5.3 ms [12]. The relative ease of scaling up hot wall reactors
qualifies this production route for industrial purposes. Even
with the present set-up, production rates in the range of 1–
2 g h−1 have been realized. The size of the synthesized
particles was determined in situ by time-resolved laser-
induced incandescence (TR-LII). Size distribution and particle
morphology was also examined by rapid thermophoretic
particle sampling and visualization by transmission electron
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microscopy (TEM). The role of the second precursor C2H4

used in an additional series of experiments was unclear when
starting these measurements. In the temperature/residence
time window of the present study, a significant homogeneous
thermal decomposition of C2H4 is very unlikely. On the
other hand, the surface of the iron particles can catalyse C2H4

reactions resulting in carbon layers or C–Fe reactions.

2. Experimental details

2.1. Hot wall flow reactor

The experimental set-up used in the present study is
schematically shown in figure 1. It consists of a hot wall
flow reactor to produce the particles, a TR-LII measurement
system connected at the end of the flow tube for in situ particle
sizing, a rapid thermophoretic TEM probing system, and a filter
for collecting the particles. The flow reactor consists of three
concentric tubes, which are positioned inside a tubular furnace.
Mixing and heat-up of the precursor flows can be varied by
relative shift of the concentric tubes. The Fe(CO)5/N2 mixture
enters the reactor through a nozzle which is situated inside
the main reaction tube of 22 mm inner diameter and located
200 mm above the furnace. The C2H4/N2 mixture enters the
reaction tube at the top of the reactor above the furnace. At the
exit of the reaction tube outside the furnace, the gas/particle
flow can be quenched or diluted by a N2 flow to avoid particle
deposition at the wall and to stop sintering. The particles
produced during the material synthesis were collected in a
ceramic filter element made of sintered silicon carbide. The
total flow rate through the reactor was around 10 L min−1

(standard conditions) and the pressure was varied between 50
and 500 mbar.

The temperature was measured along the reactor axis by
several thermocouples, but only the mean furnace temperature
will be given later. Depending on reaction conditions, the
temperature profile of the fluid has its maximum between half
the length and the end of the furnace and is about 10% below
the indicated furnace temperature. The fluid temperature at
the nozzle inlet is about 300 K for a furnace temperature of
670 K. All gas flows were controlled by mass flow meters. The
precursor Fe(CO)5 was introduced into the reactor by bubbling
nitrogen through a flask containing liquid Fe(CO)5. The flow
rate of Fe(CO)5 was calculated from the measured weight loss
of the flask during operation.

2.2. TR-LII and TEM probing system

At the exit of the reaction tube (see figure 1) both the
in situ time-resolved laser-induced incandescence (TR-LII)
diagnostic and a rapid TEM probing system are adopted to
the measurement chamber. The TR-LII experiments allow
the determination of the particle size by heating the particles
due to a short laser pulse and recording the complete time-
dependent particle emission during particle cooling [13]. From
the measured cooling curves, particle size information can
be obtained, as larger particles need a longer period to cool
down than smaller ones. In the present case, the particles are
heated by a Nd:YAG laser with a wavelength of 1064 nm and
a pulse time of 8 ns, which crosses the particle–gas stream
perpendicular. The pulse energy was adjustable between 50

Figure 1. Experimental set-up with hot wall flow reactor, TR-LII
measurement technique, and thermophoretic particle sampling.

and 300 mJ/pulse, which corresponds to a fluence of about 0.1
and 1 J cm−2 at a screened off laser beam diameter of 6.5 mm.
The optical detection system is arranged perpendicular to the
laser beam axis and is composed of an optical lens, which
collects the thermal emission of the particles and a following
beam splitter; see figure 1. Narrow band pass filters with
centre-wavelengths of 550 and 694 nm are placed in each
beam to limit the radiation to a small spectral range. Finally,
two further collecting lenses focus the beams on the photo-
cathodes of two high-speed photo-multipliers with integrated
amplifiers. The signals were digitized and stored by a digital
storage oscilloscope at a sample rate of 5 Gs, corresponding
to a time resolution of 0.2 ns. For particle size evaluation the
signal at 550 nm is used, while the second signal at 694 nm
is utilized to determine the particle heat-up temperature by
two-colour pyrometry.

The pneumatic particle sampling system (see figure 1)
is comparable to that of Dobbins and Megaridis [14]. It
was also adapted to the measurement chamber. A TEM-grid
positioned on a holder is mounted on top of the double-acting
pneumatic cylinder. It is rapidly moved into the particle flow
and removed after a certain precipitation time. The residence
time inside the flow is about 150 ms, which ensures minimized
heating of the grid and reduced disturbance. In order to avoid
uncontrolled pre-deposition of particles during the experiment,
the pneumatic cylinder is separated from the reaction tube
by a vacuum slide. The sampled particles were visualized
by transmission electron microscopy. Resulting images were
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used for particle size measurements. These data were fitted
to lognormal size distributions, from which mean particle
diameters and standard deviations of the size distribution were
extracted.

2.3. Further characterization of the particle material

The filter-collected particles were further analysed by x-
ray diffraction (XRD) using Cu Kα radiation to identify
the phase structures. The microstructures of the particle
samples were examined both by TEM and by HRTEM
(high resolution transmission electron microscopy) and by
TEM-adapted analysing methods, like energy dipersive x-
ray-analysis (EDX) and electron energy loss spectroscopy
(EELS). The BET specific surface area of collected powder
was measured by using the adsorption of nitrogen at 77 K.
Assuming spherical, monodisperse particles without pores,
the mean particle diameter can be calculated from: dp =
6000/(ρS), where dp is the particle diameter in nanometres, S
is the specific surface area in m2 g−1, and ρ is the bulk density
in g cm−3 of the particle material. Magnetic properties were
analysed by a superconducting quantum interference device
(SQUID).

3. Results and discussion

3.1. Pure individual iron particles and self-assembled
particles

In the first series of experiments, pure iron particles were
synthesized in the hot wall flow reactor. Initial gas mixtures
of N2 with IPC concentrations of 800 ppm � [Fe(CO)5] �
12 000 ppm were used. Temperature, pressure, and flow rate
were varied in a wide range of conditions as follows: 570 K �
T � 1170 K, 50 mbar � p � 500 mbar, 2 L min−1 �
Vg � 7 L min−1 (at standard state conditions). In all cases,
the thermal decomposition of IPC starts in the upper hot zone
of the reactor flow with subsequent nucleation and particle
formation. At the lower end of the flow reactor, particles were
thermophoretically sampled on grids by the earlier described
pneumatic system and subsequently visualized by TEM. Three
typical examples of TEM pictures illustrating the size and
morphology of particles obtained under the various reaction
conditions are shown in figure 2. At low IPC concentration,
low pressure and high flow rate, individual, nearly spherical
particles were obtained; see figure 2(a). At lower temperature
and flow rate, the particles are higher aggregated showing
loosely structured agglomerates, see figure 2(b). At high IPC
concentration and at higher pressure, long particle chains were
obtained, see figure 2(c), having a chain length of several
micrometres. To make clear that these chains were formed
in the gas phase and not on the TEM grid, holey carbon grids
have been used.

From the practical point of view, the individual iron
particles (figure 2(a)) and the particle chains (figure 2(c))
are of interest and were therefore further analysed. In the
case of the individual, nearly spherical particles, the TEM
images were analysed by counting the number and diameter
of the individual discs. A typical result is shown in the
form of a histogram in figure 3. These data were fitted
by a lognormal size distribution function (see the curve in

Figure 2. Examples of TEM images of thermophoretically sampled
particles by a rapid pneumatic probing system.

figure 3) to determine the count median diameter (CMD) and
the geometric standard deviation (σg) [15]. In the present
example, the values are CMD = 9.1 nm and σg = 1.5. For
a group of experiments, the trends in CMD for the lowest
pressure experiments as a function of IPC concentration and
temperature were determined. Under these conditions, either
individual particles or very loose agglomerates were obtained,
for which the CMD of the primary particles increases from
about CMD = 7.5 nm to about CMD = 15 nm for the higher
IPC concentration. The temperature effect is less distinct,
which is somewhat surprising.

The most interesting iron particles are those forming
long chains by self-assembly in the gas phase. They only
appear at the highest pressure and IPC concentration of the
present study. According to figure 4(a) the size of the primary
particles in such chains is dp > 30 nm and they have a more
rectangular, crystalline form; see the inset of figure 4(a). TR-
LII measurements were performed and the exciting question is
what is in this case the answer obtained from particle emission.
A typical, normalized TR-LII signal (only the cooling part)
obtained from the iron chains is shown in figure 4(b) (noisy
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Figure 3. Size distribution of evaluated TEM image (histogram)
and lognormal size distribution fit.

grey graph). According to Kock et al [13], the curve was fitted
by an extended heat transfer model assuming point contact
between the particles of the chain. By varying the CMD of the
primary particles and the translational energy accommodation
coefficient αT, the black curve in figure 4(b) was obtained as
a best fit with values of CMD = 34.6 nm and αT = 0.15.
The CMD result is very close to the value determined from the
TEM picture (CMD = 36 nm). Similar results were obtained
for other flow and reaction conditions with slightly different
chain structures.

The remaining question is what is the driving potential
that either individual particles or long particle chains are
formed in the reactive flow. It is very likely that the magnetic
properties play a role. A closer look with the HRTEM at
the morphology indicates differences: The small individual
particles of dp < 15 nm are more spherical; the primary
particles in a chain (dp > 20 nm) have a faceted structure.
It is known that magnetic particles show strong size effects.
It can be calculated [16] that iron particles with dp < 16 nm
are superparamagnetic at T > 300 K, e.g. they do not carry
a remanent magnetization since the magnetization direction
is unstable due to thermal fluctuation. Iron particles in the
size range dp > 16 nm are ferromagnetic but still small
enough to be single magnetic domains. In other words: they
behave like permanent magnets. This has consequences for
the particle behaviour in the reactive flow. Beside van der
Waals forces, the magnetic forces between the particles seem
to dominate the collision behaviour. The particles have a
certain mobility in the gas suspension and stick together in
the direction of the magnetic dipoles of the primary particles.
This leads to the observed self-assembling into long chains
with probably further internal sintering. The assumption of
magnetic forces dominating the collision behaviour can be
assisted by an estimation of the order of magnitude of the
magnetic Fm and van der Waals forces FW using functions
given by Cullity [16] and Friedlander [17]. Assuming 30 nm
iron particles separated by a distance of 1 nm, the estimated
values are Fm ≈ 10−7 N and FW ≈ 10−10 N, respectively.

The particle material, produced under the various
operation conditions in the flow reactor, was further
characterized by various ex situ methods (XRD, EDX, EELS,
BET, SQUID). The details can only be described without
showing the various graphs. The material is mostly α-Fe
with a thin layer of γ -Fe2O3 originating from handling in

Figure 4. (a) TEM/HRTEM structure of iron particle chains.
(b) Normalized TR-LII rough signal (noisy line) and fitted curve
(drawn line) based on an extended heat transfer model.

air. This thin, stable oxidation layer seems to prevent the
iron particles from self-ignition. The magnetic measurements
reveal superparamagnetic behaviour of small particles at T >

200 K. The lattice parameters determined from HRTEM
images correlate either with iron or with iron oxide. The BET
measurements confirm the measurements by TEM and TR-LII.

3.2. Carbon/carbide coated individual iron particles and
particle chains

In the second series of experiments, particles were synthesized
in the hot wall flow reactor under conditions given earlier
except C2H4, which was added to the precursor gas flow
in relative concentrations of 1/14 � [IPC]/[C2H4] � 1/1.
Although homogenous thermal decomposition of C2H4 is
very unlikely under the temperature conditions used in the
present experiments, the surface of iron particles can catalyse
C2H4 reaction by which either elementary carbon or Fe/C-
products can be formed. To make sure that the C2H4 addition
does not significantly change the overall morphology of the
particles formed in the hot wall flow reactor, experiments were
performed under conditions similar to those of figures 2(a)
and (c). Particles thermophoretically sampled on grids are
shown in the TEM images of figure 5. Although the resolution
is not high, a clear core–shell-structure of the individual,
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Figure 5. Examples of carbon/carbide coated iron particles.
(a) Spherical individual particles. (b) Particle chains.

spherical particles in figure 5(a) is visible. In this example the
determined mean particle size is dp ≈ 12 nm (dcore ≈ 7 nm,
thshell ≈ 2.5 nm, dcore is the diameter of the core and thshell

is the thickness of the shell). Reactor experiments under
conditions where particle chains must be expected again show
chains formed by self-assembly of the individual particles; see
figure 5(b). The inset in figure 5(b) clearly shows the particle
coating. The overall chain length obtained is similar to the
previous experiments without C2H4 addition.

A better insight into the detailed particle structure was
obtained from HRTEM images and from EELS line scans
over individual particles. Such measurements are somewhat
difficult to perform due to particle drift and interferences
between the electron beam and the magnetic particles,
especially with the chainlike particles. Figure 6(a) shows a
STEM picture (scanning transmission electron microscopy) of
neighbouring spherical particles with diameter dp ≈ 9 nm. The
core–shell structure is clearly visible and is further confirmed
by the EELS line scan; see the inset of figure 6(a) and the
graph in figure 6(b). The intensity profiles show carbon peaks
in the surface region of the particle and an Fe maximum in
the particle core. The C signal cannot completely disappear in
the particle centre because the electron beam always passes
the outer carbon/carbide layer of the spherical structure.
The EELS spectrum also shows some oxygen to be present,
which originates from exposure to air. Other experiments
which we cannot show in detail revealed a strong relation
between the C2H4 concentration in the precursor gas and
the thickness of the particle shell. For reaction conditions
[IPC]/[C2H4] = 1/1, the iron particle shell is very thin
and difficult to visualize, whereas for higher relative C2H4

concentrations of [IPC]/[C2H4] = 1/7 or 1/14 the particle

Figure 6. (a) STEM of coated iron particles. (b) EELS line scan
over an individual particle.

shell was found to be up to 3 nm thick. The core–shell structure
of the particle chains was also further analysed by HRTEM and
by EELS. The results are more or less the same as illustrated
for the spherical primary particles.

The nature of the layer by which the iron nanoparticles
are covered is not completely clear up to now. XRD spectra
of particle powder, which are not sensitive to amorphous
carbon, revealed strong peaks of α-Fe and weak indications
of Fe3C (iron carbide). These data are assisted by Mössbauer
spectroscopy, which reveals the existence of iron carbide, α-
Fe, and a certain amount of magnetite. We speculate from all
the various observations that the particle formation process
proceeds in the following steps: from the two precursors,
IPC starts to decompose in the upper part of the reactor at
considerably low temperature. The process of iron nucleation
and iron particle formation proceeds very rapidly with collision
frequency. During this process, the interference with catalytic
reactions of C2H4 at the rapidly formed iron surface must be
low. C2H4 catalysis seems to become significant later in the
reacting flow, as soon as the iron particles and their catalysing
surface are further developed and the gas phase has been heated
up to a certain catalysis-starting temperature. The carbon
atoms present at the outer surface diffuse into the Fe particles,
forming Fe carbides.

3.3. Further preliminary test on iron particle chains

A certain amount of powder composed of self-assembled iron
particles (without carbon coating) was produced under reaction
conditions described earlier. The powder was dispersed in
ethanol, later deposited on a silicon substrate, and visualized
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Figure 7. SEM images of iron chains deposited on silicon substrate
from dispersion of powder product in ethanol.

by SEM analysis. The result is shown in figure 7 in various
magnifications. A dense network of chain structures can be
seen with individual primary particles still being observable.
They are surprisingly equal in size. The handling of the powder
seems not to affect or destroy the formed chain structures.
The random organized network of particle chains and their
highly accessible surface implies applications such as filtering
or catalysis.

In further experiments, individual iron particle chains
were deposited by use of the pneumatic probing device on
interdigital capacitor (IDC) structures; see figure 8 (a part
of an IDC is shown in the upper left corner of figure 8).
The SEM images clearly reveal the faceted, nearly cubic
structure of the primary particles. The aim is to characterize
a single iron chain as well as an array of chains to discover
possible applications in the range of conductive nanowires.
First current–voltage spectra on multiple iron chains indicate
an ohmic behaviour. Measurements on the powder product
pressed in pellets show a specific DC resistance of P =
8 � m. The electrical characterization by experiments with
a conducting AFM (atomic force microscope) are in progress.
With this instrument the conductivity of a single nanowire can
be determined.

4. Conclusion

Iron nanoparticles in the size range 8 nm � dp �
35 nm were synthesized in a hot wall flow reactor by
thermal decomposition of ironpentacarbonyl (IPC, Fe(CO)5).
Depending on the reaction conditions, either individual

Figure 8. SEM images of iron chains deposited thermophoretically
on IDC structure.

particles with 8 nm � dp � 15 nm or long chains formed
by self-assembly and composed of up to 400 primary particles
with dp ≈ 30 nm were found. The formation of such long
particle chains must be a result of self-organization driven
by magnetic dipole forces. Other reactor experiments with
mixtures of IPC and C2H4 diluted in N2 revealed iron particles
or iron chains covered by a carbon/carbide shell. The thickness
of the carbon or the Fe carbide layer depends on the mixture
ratio of IPC and C2H4. The detailed structure of the shell
layer could up to now not be classified with certainty. Such
coated iron particles are expected to find possible application
in magnetic fluids or in magneto-thermography.
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