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Laser pyrolysis was employed to synthesize iron-based magnetic nanocomposites from fixed Fe(CO)5 and  various CS2 
vapor flows by using C2H4 as sensitizer.  The resulted nanopowders were composed from a mixture of iron-containing 
phases: metallic, carbides, oxide (maghemite) and sulfide (pyrrhotite). The γFe2O3 was formed after post-synthesis air 
exposure, the highest oxygen content being found in the powder obtained from the lowest CS2 flow. TEM images reveal 
aggregates of core-shell nanoparticles (7-25 nm in size) for the sample with the highest sulfur content, whereas chained 
particles (15-30 nm) with empty core/porous shell morphology was observed for those with the lowest sulfur content. 
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1. Introduction 
 

Fe-based nanoscale particles can contain iron in 

various forms: either metallic or carbidic as Fe
0
 

(zerovalent) or ionic as Fe
2+

 and/or Fe
3+

 or even as 

mixtures of them. The zerovalent metallic Fe nanoparticles 

(usually stabilized with a thin oxide layer) have been used 

for water purification by the degradation of organic 

contaminants (especially halogenated compounds) [1], [2] 

or precipitation/sequestration of toxic inorganic ions such 

as Cr(VI) or Pb(II) [3]. The most utilized and studied ionic 

iron-containing nanoparticles are the oxides Fe3O4 

(magnetite) and Fe2O3 (gamma phase - maghemite or 

alpha phase - hematite). The first two phases have a 

relative high magnetization (with ferrimagnetic or 

superparamagetic behavior), whereas the last is a weak 

magnet (antiferromagnetic). Due to their biocompatibility 

associated with good magnetic properties and the 

possibility to be coupled with various functionalized  

molecules, the Fe3O4 or γFe2O3 nanoparticles have wide 

applications in biomedicine  for diagnosis (as MRI 

contrast agents [4]  or fluorescent markers [5]) and therapy 

(as drug carriers  [6] or hyperthermia agents [7]). Much 

less reported, the nanoscale iron sulfides were also used in 

various applications such as: water treatment (aqueous 

dechlorination of C2Cl4 pollutant (using cobalamin) [8], 

La(III) absorption (coated with Fe3O4) [9], reductive 

sequestration of radioactive pertechnate 
99

TcO4
-
 (starting 

from Fe
0
) [10]), thin film photovoltaics (as colloidal 

pyrite) [11]), anode material for Li-ion batteries 

(embedded in carbon microspheres) [12] or catalyst in 

either solvolysis liquefaction of soda lignin for renewable 

oil and gas production [13] or coal liquefaction (after 

sulfidizing of metallic/carbidic nanoiron with (CH3)2S2) 

[14]. 

The laser pyrolysis is a versatile technique, allowing 

the continuous manufacturing of various iron-based 

nanopowders such as carbidic/metallic ones [15] and 

oxidic (maghemite) [16]. Using the same method, we had 

also obtained core-shell nanocomposites such as 

Fe/FexC@C with high [17] or low [18] iron content or 

Fe/γFe2O3@Polycarbosiloxane reticulated polymer [19]. 

In this paper, we report the use of this method for the 

synthesis of new metallic/carbidic/sulfidic/oxidic complex 

multhiphase iron-based magnetic nanocomposites.  

 
 
2. Experimental 
 

As raw materials we used Fe(CO)5 (99.998%) and 

CS2 (>99.9%) volatile liquids from Sigma-Aldrich, 

whereas C2H4 (99.95%) sensitizer and auxiliary Ar 

(99.998%) were purchased from Linde Gas. The 

experimental set-up was described in [18] and, as 

presented in the Fig. 1, contains a vertical injector having 

three concentric nozzles through which the reactive 

precursors and the ethylene sensitizer (laser energy 

absorber) are introduced in the reaction chamber where 

they encounter the focused continuous-wave CO2 

horizontal laser beam (λ = 10.6 μm). Fe and S precursors 
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are vaporized from separate bubblers using C2H4 and Ar, 

respectively, as carriers and are also separately introduced. 

The reaction zone (where the nanoparticles are formed) is 

visible as a small sooting flame protected by an annular Ar 

coflow. The resulted nanocomposites were entrained by 

the inert gas and captured next on a porous ceramic filter 

situated inside the collection chamber, while the gases 

which passed through pores were directed towards the 

vacuum pump. The system pressure is kept constant by 

controlling the incoming and the exhaust flows. The main 

parameters of the three pyrolysis experiments where we 

used the same flow of Fe(CO)5 and various CS2 flows are 

summarized in the Table 1. The flame temperature was 

monitored using an IRtec Optical Pyrometer, and the 

powders atomic composition was obtained using an 

EDAX device mounted on a SEM FEI Inspect S scanning 

electron microscope. The nanocomposites morphology 

was analyzed with a Philips CM120ST transmission 

electron microscope under 100 kV acceleration voltage, 

whereas their crystalline phase composition was revealed  

using a PANalytical X`Pert MPD theta-theta X-ray 

diffraction  (XRD) apparatus using a Cu Kα source 

(0.15418 nm). 

 

 
 

Fig. 1. The experimental set-up for the laser pyrolysis  

synthesis of the iron-based nanoparticles. 

 

 

Table 1. The experimental parameters for nanopowders laser pyrolysis synthesis and their atomic composition from EDX analysis. 

 

Sample Inner 

flow 

 

[sccm] 

Second annular 

flow 

 

[sccm] 

Laser 

power 

density* 

[W/cm
2
] 

Flame 

tem-

perature 

[°C] 

EDX elemental composition  

 

 

[atomic %] 

 C2H4/Fe(CO)5 Ar/CS2 C2H4   C O Fe S Fe/S 

CF-S1 33/3.33 6.67/3.33 80 3570/3230 ~ 638 30.3 24.7 26.8 18.1 1.5 

CF-S2 33/3.33 3.33/1.67 80 3400/3170 ~ 646 36.1 24.0 26.2 13.7 1.9 

CF-S3 33/3.33 1.67/0.83 80 3400/3230 ~ 680 33.6 30.0 29.3 11.1 2.6 

*measured without absorption under 100% Ar/ measured after the laser absorption in the reaction zone 

Other flows: third annular Ar (2500 sccm) flow for the reactive flows confinement, flushing windows Ar (2 × 750 sccm) flows ; 

Working pressure: 550  mbar 

 

 

3. Results and discussions 
 

The simultaneous presence of metallic iron and 

different iron carbides (Fe3C cohenite and Fe7C3) in the as-

synthesized nanopowders (see the diffractogram from Fig. 

1) can be explained by the rapid decomposition (sequential 

decarbonylation) of  Fe(CO)5 precursor in the center of the 

pyrolysis flame under the action of laser-excited ethylene 

molecules [20]. The resulted Fe(CO)5-x  fragments and Fe 

atoms rapidly coalesce to form hot iron clusters which can 

act as catalyst for ethylene decomposition and carbon 

monoxide disproportionation (to carbon and carbon 

dioxide). The resulted carbon atoms dissolve then into the 

active iron nanoparticles and, with the temperature 

reduction after leaving the laser beam, part of them form 

stoechiometric Fe3C and Fe7C3 carbides and other part 

precipitates at the particle surfaces, forming a more or less 

disordered carbonaceous shell. This mechanism is affected 

by the presence of CS2 molecules introduced together with 

Ar and supplementary ethylene on the coflow. The carbon 

disulfide molecules encounter also hot ethylene molecules, 

triggering a cascade of chemical reactions. Some of the 

initial products can be ethylene sulfide and vinylthiol, 

found also in the silent electrical discharge at atmospheric 

pressure in CS2 - C2H4 mixture [21].  These molecules can 

also react to form trithioethylenecarbonate [22] or to 

further react with other ethylene molecules, forming 

various sulfur-containing polymers which can undergo 

dehydrogenation, finally resulting carbon which 

incorporate sulfur-based groups. Yet, the XRD analyses do 

not reveal any of elemental sulfur peaks in the obtained 

nanocomposites. This can be explained by the presence of 

hydrogen provided by the dehydrogenation reactions, 

which can react with sulfur to form H2S. Moreover, the 

CS2 hydrogenation reaction can be catalyzed by the 

transition metal-carbonyl clusters [23].  The resulted 

hydrogen sulfide can interact with the freshly-formed iron 

nanoparticles to form iron sulfide. The presence of the 

sulfide was confirmed by X-ray diffractograms, where the 

non-stoechiomeric Fe1-xS pyrrhotite phase was identified 

(see Fig. 2).  
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Fig. 2. The superposed X-ray diffractograms of the three 

nanopowders; right inset: magnetic hysteresis curves of  

                        CF-S2 and CF-S3 samples. 

 

 

From the same figure one can observe that the CF-S1 

sample with the highest sulfur content exhibits also the 

highest disorder degree, reflected by the broad peaks with 

low intensity. It seems thus that a higher concentration of 

sulfur compounds in the pyrolysis flame disturbs the 

nanoparticles crystallization. 

Concerning the identification of the maghemite phase 

in all samples, their presence can only be explained by the 

post-synthesis  reaction with oxygen from the ambient air, 

since in the pyrolysis processes no reactive oxygen-

containing species were introduces. This molecular O2 

partially oxidize the zerovalent iron, similar with the case 

of the Fe@Fe2O3 nanoparticles obtained (also by laser 

pyrolysis) by us [24]. The highest oxygen content (after 

EDX measurements) was found in the powder obtained 

from the lowest CS2 flow (CF-S3) which also contains the 

highest amount of iron (see right part of Table 1). 

 

 

 

Fig. 3. TEM image from CF-S1 nanopowder. 

 

 

Fig. 4. TEM image from CF-S2 nanopowder. 
 

 

TEM images of nanopowders from samples CF-S1 

(Fig. 3) and CF-S2 (Fig. 4) show different morphologies.  

For the sample with less crystallinity (CF-S1), aggregated 

nanoparticles (having sizes between ~ 7 and 25 nm)   - 

many of them with a core-shell morphology - can be 

observed. In some cases the shells are common to multiple 

nuclei which seem to be embedded in a less dense 

conformal matrix. Chained nanostructures are also visible 

in the TEM image from the  more crystalline sample CF-

S2, yet their structure consists in  porous shells composed 

from smaller (~ 4 – 6 nm) interconnected nanoparticles 

which surround  an empty core, forming bigger vesicle-

like or worm-like nanoparticles with diameters around 15 

– 30 nm. These complex morphologies can be a result of 

the anisotropic oxidation of the metallic/carbidic cores 

(containing also some sulfide) which are poorly protected 

by their disordered/discontinuous carbonaceous shells. 

Finally, the room temperature hysteresis curves from 

the more crystalline nanopowders (CF-S2 and CF-S3), 

presented in the Fig. 2 inset attest their ferro/ferrimagnetic 

behavior. Their saturation magnetization Ms values (18 

emu/g for CF-S2 and 23 emu/g for CF-S3) are near to the 

~ 20 emu/g value reported by us for Fe-Fe2O3-

Polycarbosiloxane core-shell nanoparticles obtained by the 

same laser pyrolysis method [25]. The higher Ms value of 

the CF-S3 sample vs. those of CF-S2 powder can be 

correlated with their higher iron content observed from 

EDX analysis (see Table 1). 

 
 
4. Conclusions 
 

In summary, we have synthesized in a single step 

novel multiphase Fe - S - C - O magnetic nanoparticles 

using laser pyrolysis technique. The sulfide content can be 

tuned by controlling the amount of the introduced CS2 

precursor. They can have applications in various fields 

such as water decontamination/treatment, biomedicine as 

theranostic agents, liquefaction catalysts for fuel 

production or anode materials for Li-ion batteries. 
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