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Gas phase synthesis of fcc-cobalt nanoparticlest

Robert N. Grass and Wendelin J. Stark*

Received 23rd January 2006, Accepted 13th March 2006

First published as an Advance Article on the web 28th March 2006

DOI: 10.1039/b601013;j

Air stable cobalt nanoparticles have been prepared continuously at a production rate of 30 gh ™!
by a modified flame synthesis method under highly reducing conditions. Nanoparticles of

20-60 nm in diameter consisted of metallic face-centered-cubic cobalt. The metal particles were
protected against oxidation by a surface layer of less than 1 nm of cobalt oxide. The material was

highly magnetic exhibiting a high saturation magnetisation (>124 emu g~!) together with a low

(<100 Oe) coercivity. Experiments under varying fuel to oxygen ratio were combined with

thermodynamic calculations to illustrate the necessity for highly reducing conditions and
enhanced gas mixing to enable the formation of metallic cobalt nanoparticles in flames.

Introduction

The enhanced mechanical, electronic and magnetic properties’
of metallic nanoparticles have triggered proposals for applica-
tions as high-density magnetic storage devices,” hall sensors,’
soft magnetic materials exhibiting higher permeability or
lower coercivity* and heterogeneous catalysts,” amongst
others. Metallic cobalt nanoparticles have been available from
wet-phase synthesis methods for more than 50 years,® today
offering good control of product size and shape.” The wide
range of synthetic, mainly liquid based, preparation methods
offers access to cobalt nanoparticles of primary particle sizes
starting from only several nanometers up to submicron sized
materials. While most preparations result in particles of a
broad particle size distribution, almost monodisperse distribu-
tions could be obtained from controlled reduction using
specific additives.® However, in the case of oxides, the large
scale production of nanoparticles at high purity preferably
requires continuous gas-phase processes which avoid drying,
follow-up treatment and purification of the products. Today
flame aerosol processes are used commercially for the synthesis
of more than 10 million metric tons of particles per year.
They provide a route to a wealth of ceramic products,” salts'®
and composites for applications in optics,'" electronics'? and
catalysis.'> In comparison to other gas-phase methods using
hot-wall reactors, laser or plasma synthesis,'* flames use
hydrocarbons as a low cost source of energy.

Most recently, a scalable'® flame spray synthesis method
was developed as a suitable tool to manufacture nanoparticles
of metal oxides,'® salts'”'® and noble metals'® from liquid
precursors. Amongst others, the use of metal carboxylates®
allowed the preparation of nanoparticles with narrow size
distributions.'® Extension of this process to the synthesis
of cobalt nanoparticles would be most attractive. Prior
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1 Electronic supplementary information (ESI) available: schematic
showing both the original flame spray set up used for run 4 and the
modified reducing flame spray set-up used for runs 1-3. See DOI:
10.1039/b601013;j

investigations on the formation of carbon nanotubes,?' carbon
black and fullerenes or noble metals®® in flames have shown
that metals can coexist in sufficiently fuel rich flames. Cobalt,
iron”* and copper® nanoparticles were used to catalyse the
formation of carbon nanotubes and exclusively resulted in
samples consisting of small metallic clusters embedded in a
carbonaceous matrix and carbon-coated copper nanoparticles.
We therefore used a flame spray burner in an oxygen free
atmosphere. Shielding through a porous tube allowed for
enhanced gas mixing and operation under the required fuel-
rich conditions to prepare carbon-free metallic cobalt
nanoparticles. Experiments under varying atmospheres and
thermodynamic calculations provided further insight into the
formation of metallic cobalt nanoparticles in flames.

Experimental
Powder preparation

Precursor preparation. Cobalt 2-ethylhexanoate in mineral
spirit (S.C. Soctec S. A., 12 wt% Co) was diluted 2 : 1
(weight/weight) with tetrahydrofuran (Fluka, tech.) and
filtered (Satorius, fluted filter type 288) prior to use.

Conventional flame spray set-up. The Co-carboxylate-based
precursor was fed (5 ml min~!, HNP Mikrosysteme, micro
annular gear pump mzr-2900) to a spray nozzle*® (see ESIT)
where it was dispersed by oxygen (5 1 min~!, PanGas tech.)
and ignited by a premixed methane-oxygen flame (CHy:
1.2 1 min~!, O, 2.2 1 min~!, PanGas tech.). The produced
particles were separated from the off-gas using glass fiber
filters (Schleicher & Schuell, GF6).

Reducing flame spray synthesis. The spray nozzle’® was
placed in a glove-box fed with nitrogen (PanGas, 5.0) which
was recirculated by a vacuum pump (Busch, Seco SV1040CV)
at about 20 m> h™'. CO, and H,O were continuously removed
from the recycle stream using two adsorption columns, packed
with zeolite 4A and 13X (Zeochem), respectively. To avoid the
accumulation of CO, NO and other impurities in the glove-box
atmosphere a purge gas stream continuously passed through
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Fig. 1 Enclosure of a flame spray reactor in a porous metal tube
allowed confinement of the flame reactor (a). Open flame burning in a
N,-H,-CO atmosphere (b).

the box (see ESIt). A sinter metal tube (GKN Sintermetalle,
inner diameter 25 mm) surrounding the flame (Fig. 1a) allowed
radial inflow of an inert mixing gas (PanGas, CO, or N,
99.995%) at a flow rate of 25 1 min~ ' and stable combustion. A
mass spectrometer (Balzers, GAM 400) was applied for the
detection of the gas concentrations of H,, N,, CO,, NO, NO,
and O,. A separate data acquisition and control unit allowed
controlling of the mass spectrometer, the liquid feed pump,
mass flow controllers (Brooks) for sheath, dispersion and
ignition gases as well as temperature of the box atmosphere
and the adsorption columns. An oxygen concentration of
below 100 ppm (volume/volume) was maintained during all
experiments performed in the glove-box. The dispersion,
ignition and combustion of the Co carboxylate based
precursor was performed in the same way as the original
flame spray set-up. While keeping a constant dispersing
oxygen flow rate (5 1 min~ ") the liquid flow rate was changed
from 4.5 ml min~! (for ¢ = 1.5) to 6 ml min~" (for ¢ = 2).
For all experiments the fuel to oxygen ratio is defined as:*®

__moles of O, required for complete combustion

1
moles of O, supplied M

¢

where the moles of O, supplied account for all oxygen
available for combustion and include the feed stream as well
as oxygen from entrained gas.

Powder analysis

The nanoparticles were analyzed by X-ray diffraction (Siemens
powder X-ray diffractometer with Ni-filtered CuK,, radiation,
step size 0.3°), transmission electron microscopy (CM30

Table 1 Synthesis conditions and metallic nanoparticle properties
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Fig. 2 X-Ray diffraction patterns of the as-produced powders
using conventional flame synthesis (top trace). Reducing flame spray
synthesis at ¢ = 1.5 (middle trace) and at ¢ = 2 using a sinter metal
tube for cooling the flame (bottom trace). (&: Co30y4 (Fd3m); [ CoO
(Fm3m); A fcc-Co (Fm3m)).

ST-Philips, LaB¢ cathode, operated at 300 kV, point resolution
~2 A), scanning electron microscopy (LEO 1530 Gemini,
Accelerating voltage 10 kV), magnetic hysteresis susceptibility
(Quantum Design, Physical Property Measurement System)
and thermal gravimetric analysis (Mettler Toledo SDTAS851°¢,
25-500 °C, 10 °C min~"). The carbon content was measured by
microanalysis (LECO, CHN-900).

Nitrogen adsorption was performed on a Tristar
(Micromeritics Instruments) after sample pre-treatment under
vacuum at 150 °C during 1 h. The mean particle diameter
dggr (Table 1) was calculated from the specific surface area
(SSAn») and the material bulk density (p) using the following
correlation:*®

6

—_— 2
SSAN2p @

dpET =

Results and discussion
Continuous production of metallic cobalt nanoparticles

Under ambient conditions (in air: ¢ « 1, run 4) conversion of
cobalt 2-ethylhexanoate in a conventional spray flame yielded
cobalt(11,111) oxide nanoparticles (Fig. 2, 1st trace). In a glove-
box filled with nitrogen the flame reactor (Fig. 1b) could be
operated at fuel rich conditions with ¢ up to 1.5 (reduced flame
spray synthesis). The N, atmosphere allowed complete control
of the amount of oxygen supplied to the combustion process.
The nanoparticles produced under these conditions (run 3)

Run Synthesis conditions (0y)" (ppm) g XRD* 0, uptake” (wt%) C? (Wt%) dppr//nm dxrp®mm
1 CO, <100 2.0 Co (fec) 31.5 0.4 54 20

2 N, <100 2.0 Co (fce) 30 0.5 35 18

3 no tube/N, <100 1.5 CoO" — 4 — 4"

4 no tube/Air 21% «1 C030, <0.5 0.2 11 10

“ Oxygen content in the flame off-gas (volume/volume). ” Fuel to oxygen ratio. © Predominant crystal phase by X-ray diffraction (Fig. 2). ¢ As
determined by thermo-gravimetric analysis. ¢ Carbon content as measured by microanalysis. / Particle size calculated from the specific surface
area,”® error +10%. € Mean crystallite size as detected by XRD using the Scherrer formula.?” ” Mainly amorphous (see Fig. 2, 2nd trace)
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were not metallic but consisted of reduced cobalt(i1) oxide as
shown by X-ray diffraction (Fig. 2, 2nd trace). The reduced
oxide contained considerable amounts of solid carbonaceous
species in the product (4 wt%, Table 1). Further increasing the
fuel to oxygen ratio resulted in increasingly unstable flames.
Incomplete conversion of the provided oxygen was evidenced
by oxygen remainders in the off-gas. This observation may be
attributed to incomplete mixing of fuel and oxygen within the
reaction zone. Extensive formation of soot and measurable
amounts of methane (~1 vol%) in the off-gas corroborated a
lack of oxygen in some parts of the reaction zone and further
supported the assumption of insufficient mixing. In order to
better confine and mix the reactants within a highly turbulent
reaction zone, the flame was encased in a sinter-metal tube
(Fig. 1a). The porous tube allowed radial inflow of inert gases
thus preventing particle deposition on the tube. This modified
flame reactor could be operated at up to ¢ = 2. Stable
conversion of the fuels (2-ethylhexanoic acid and tetrahydro-
furan) and oxygen to a mixture of H,, CO, CO, and water
reduced the O, concentration in the off-gas to below 100 ppm.
Using a cobalt carboxylate solution as fuel, metallic cobalt
nanoparticles (Fig. 2, 3rd trace) could be produced at 30 gh ™!
while avoiding the formation of undesired soot (carbon
content <0.5 wt%, Table 1). While the detailed role of the
chemical reactivity of the mixing gas requires further investiga-
tion, the larger particle size dggr of cobalt nanoparticles
prepared using CO, (run 1, Table 1) as a mixing gas in
comparison to using N, (run 2, Table 1) indicated different
oxidation and sintering behaviour during BET sample
preparation.

Powder collected on a glass fiber filter from the off gas of
a flame operated under these highly reducing conditions
was light-weight and displayed excellent air stability (run I,
Table 1). Fig. 3a shows a scanning electron microscopy (SEM)
image of the products displaying nearly spherical, slightly
agglomerated nanoparticles with a primary particle diameter
ranging from about 20-60 nm. The particle size distribution
evaluated by particle counting (Fig. 3b) could be fitted to a
log-normal distribution with a number based geometric
standard deviation ¢, of 1.5 £+ 0.03.

The X-ray diffraction pattern of the cobalt powder (Fig. 2,
bottom trace) showed the formation of face-centered-cubic
(fcc) cobalt and no evidence of the formation of the
thermodynamically favoured hexagonal-closed-packed (hcp)
cobalt?® or crystalline oxidic species. Particle size further
correlated to the crystal size as determined from the peak
width using the Scherrer formula.”’” The mean crystallite
diameter as determined from the XRD pattern dxgrp (Table 1)
was smaller than the mean particle size observed visually from
SEM image analysis (Fig. 3). The difference may be attributed
to the formation of polycrystalline particles or the formation
of twins. The particle size calculated from nitrogen adsorption
(dget) overestimated the actual, visually determined particle
size which has been attributed to micropores between adhering
nanoparticles® (see Fig. 4).

The thermal stability and oxygen uptake of the cobalt
nanoparticles were measured in a thermobalance. The mass
profile (Fig. 5) showed that the cobalt nanopowder was stable
under air up to about 150 °C where it ignited (mass gain of

Number fraction (%)

0 T T T
0 30 60 90

Primary particle diameter / nm

Fig. 3 Scanning electron microscopy (SEM) image of the cobalt
particles after synthesis (a). Counted particle size distribution (b) with
a fitted narrow log-normal distribution (line).

about 17%) followed by a slow oxidation to a total mass gain
of 31.5%. The surface of the particles was investigated by
transmission electron microscopy (TEM, Fig. 4) and showed
crystalline spheres with an amorphous edge of about 1 nm
thickness. The metallic particles also showed stacking faults as
previously reported for nanocrystalline fcc-cobalt.>

St

Fig. 4 High resolution transmission electron micrograph of the as-
prepared metallic cobalt nanopowder.
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Fig. 5 Cobalt nanopowder mass gain upon oxidation measured by
thermogravimetry.

The composition of the cobalt nanoparticles may be
discussed in terms of the oxidation profile (Fig. 5), the surface
structure (Fig. 4) and the saturation magnetisation (Fig. 6).
From the thermogravimetric data the metallic content of the
nanoparticles can be computed assuming full oxidation of
cobalt metal to Co3;04 (theoretical mass gain of 36.2 wt%)
and the measured values. This resulted in a calculated metal
content of 87 wt%. A very low carbon content (Table 1;
0.4 wt%) may be attributed to adsorbed gaseous carbon species
(CO, CO,) and is insufficient to account for a carbon layer
(monolayer: ~2 wt% carbon) covering the individual particles.
The presence of oxides on the surface may explain the
reduced oxygen uptake in thermogravimetry (Fig. 5) and the
air stability up to 150 °C. Two—four monolayers of CoO 33
(~4-8 wt%) covering the metallic cobalt would explain the
diminished mass gain. This interpretation is supported by
transmission electron microscopy (Fig. 4) showing an
amorphous layer of about 1 nm thickness covering the
individual crystalline particles.

Fig. 6 shows the magnetic hysteresis loops of the as-
prepared material recorded at 298 and 100 K. Both loops

Bulk cobalt -------------------—---
400 nm, Ref. 32 ------------f-----

M:ODK =162 emu/g

-1

(@] 1000x30 nm, Ref. 34
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~
C
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=
@©
N
=
2
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Fig. 6 Magnetic hysteresis of as-prepared cobalt nanopowder mea-
sured at 298 K or 100 K exhibiting a small coercivity and a large
saturation magnetization (124-162 emu g '). Broken lines show
reference saturation magnetizations for bulk cobalt,?' cobalt nano-
particles®*** and cobalt platelets.**

showed a very small coercivity (<100 Oe) together with a high
saturation magnetisation. While the saturation magnetisation
at 298 K of 124 emu g ! lay below the reference value for
bulk cobalt metal (163164 emu g~ '), at 100 K the saturation
magnetisation was within 98% of the reference value (164—
165 emu g .3' The saturation magnetisation at room
temperature was similar or enhanced, compared to recent
publications on nano-scaled cobalt materials®>>* (see
reference values in Fig. 6) favouring the use of the present
material for magnetic applications.

A further measure for the purity of the sample was
provided by the mass weighted saturation magnetisation taken
from magnetic hysteresis loops (Fig. 6). The data at 100 K
suggested a high content of magnetic cobalt (>90%). The
reduced saturation magnetisation at 298 K indicated a strongly
temperature dependent magnetic response and a reduced Curie
temperature which agrees with prior observations on ultra-thin
cobalt films.*® The measured low coercivity (<100 Oe) was
found to be characteristic for single domain magnetisation
well below the critical single cobalt domain size of 70 nm>® and
is in agreement with the counted particle size distribution
(Fig. 3b). The log-normal shape of the particle size distribution
as well as the number based geometric standard deviation
(04,n) are in close agreement with modelling results’’ based on
Brownian aggregation of nanoparticles in the gas phase
(theoretical value o, , = 1.46, spheres, free molecular regime).

The results presented here show that the degree of reduction
of the formed material can be controlled by the fuel to oxygen
ratio. While at a low fuel to oxygen ratio cobalt(11,111) oxide
was formed, an increased fuel to oxygen ratio resulted in the
formation of cobalt(il) oxide. Further increasing the fuel to
oxygen ratio finally resulted in the formation of metallic
cobalt nanoparticles. In order to achieve full combustion at
these fuel rich conditions the reaction had to be controlled by
encasing the flame in a sinter-metal tube. It is believed that
enhanced mixing of fuel and oxidizer and the increased
reaction temperature in the sinter-metal tube allow for a more
homogeneous combustion avoiding both the formation of soot
and a higher oxygen yield. It is assumed that the formation of
thin layers of cobalt oxide on the metallic particles can be
ascribed to oxidation of the cobalt core by water or CO,
during the cooling of the flame.

Equilibrium gas composition during reducing flame synthesis

Assuming equilibrium conditions the thermodynamic gas
composition could be calculated using the following three
independent gas phase reactions:

CH, + 0, ¢ 2H, + CO, 3)
C02 + H2 <~ CO + H20 (4)
2H2 + 02 &~ 2H20 (5)

In this simplified case the fuel was assumed to consist of purely
methane (CHy) instead of the higher hydrocarbons used in the
experiments. The calculated gas compositions (Fig. 7) clearly
showed a large influence of the fuel to oxygen ratio on the
combustion products at high temperatures (>1200 K). In the
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Fig. 7 Equilibrium gas composition calculated from reactions (3)—(5)
as a function of temperature for ¢ = 2 (left) and ¢ = 1.5 (right).

case of ¢ = 2 (left) the combustion products consisted of a
near equimolar amount of H,, H,O and CO with only traces
of CO,. Lowering the fuel to oxygen ratio to ¢ = 1.5 resulted
in a strong increase of the oxidising species (H,O and CO,)
together with a decrease of reducing species (H, and CO).
These results were consistent with flame off-gas analysis
performed by mass spectroscopy. With the use of an
Ellingham diagram® it can be concluded that at high
temperatures (>1000 K) both flames were reducing enough
for the manufacture of metallic cobalt. Upon cooling the
metallic form becomes less favourable in the case of the lower
fuel to oxygen ratio and CoO is formed presumably through
reaction with abundant water or CO, (Fig. 7, right). The
measurements of increased water and CO, concentrations in
the flame off-gas by mass spectroscopy assist this assumption.
The calculations presented here however can only be used
as very qualitative guidelines since real flames are not at
thermodynamic equilibrium and do exhibit very strong kinetic
and mixing effects.’

Conclusion

Highly air stable, face-centered-cubic cobalt nanoparticles
were prepared by a modified flame spray based preparation
method at up to 30 gh~!. Nanoparticles of a mean diameter of
~30 nm exhibited a narrow size distribution with a geometric
standard deviation ¢,, of ~1.5. The cobalt nanoparticles
were covered with a thin layer of cobalt oxide protecting the
material from oxidation in air. The use of fuel rich flames
and a sinter-metal tube for enhanced gas mixing during the
reaction gave rise to highly reducing conditions favouring
the formation of metallic cobalt. In addition, reducing
flame synthesis may further give access to the cost-efficient
nanoparticle preparation of metals and alloys for use in
electronic or magnetic applications.
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