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Abstract Iron carbide nanoparticles were synthesized by laser ablation of iron in alcohols
(methanol and ethanol). A new cell, designed to allow the ablation to be conducted in a
flowing solvent, enabled separation and collection of the nanoparticles immediately after
production, thus preventing further photochemical reactions of the colloids. The nanopar-
ticles were investigated using Mössbauer spectroscopy, X-ray diffraction, and transmission
electron microscopy. In methanol, they consisted of α-iron, γ -iron, iron carbide, and amor-
phous paramagnetic iron carbides, whereas in ethanol they consisted of iron carbides and
amorphous paramagnetic iron carbides. The difference in products depending on the alcohol
was attributed to the different carbon supplies for methanol and ethanol. For both solvents,
the average particle size was found to be 16 nm, and the nanoparticles were dispersed in
amorphous carbon. We also examined the effect of further laser irradiation of the colloids
using stagnant solvent, and the particle size was found to increase and a very small amount
of carbonization was observed.
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1 Introduction

Iron carbides have been studied extensively because of their applications to catalysis and
magnetic materials. Iron carbide Fe5C2 nanoparticles were found to be an active phase for
Fischer-Tropsch synthesis catalyst [1], and Fe3C nanoparticles encased by uniform graphitic
layers catalyzed oxygen reduction [2]. The application of iron carbide nanoparticles as tun-
able magnetic hyperthermia materials has been reported [3]. Various iron carbides with
different compositions and structures, such as ferrite, austenite, martensite, cementite Fe3C,
Hägg carbide Fe5C2 and Eckstrom-Adcock carbide Fe7C3 have been reported. Mössbauer
spectroscopy is a useful and powerful tool for characterizing the properties of these com-
pounds. Recently, iron carbon composites have received renewed attention because iron was
found to catalyze the synthesis of carbon nanotubes [4, 5]. Various methods to produce iron
carbide nanoparticles have been reported, such as laser pyrolysis [6], ball milling [7, 8],
sonochemistry [9], and the polyol method [10].

Laser ablation synthesis in solution (LASiS) is the conventional method for producing
nanoparticles [11] without the need for expensive chemicals and a large-scale appara-
tus. Iron carbide nanoparticles produced using laser ablation of an iron target in an
organic solvent have been reported [12, 13]; however, in those studies, the laser ablation
was conducted in a vessel open to the atmosphere, and the particles underwent oxi-
dization by the oxygen dissolved in the solvent. In order to prevent such oxidation, we
reported a synthesis of iron carbide nanoparticles employing an airtight vessel and degassed
solvents [14].

With the laser ablation technique, laser irradiation of the metal target generates plasma
vapor, and the vaporized metal atoms react with solvent molecules and condense rapidly
to produce particles. Metastable particles are produced by the rapid quenching of highly
excited states, and the metastable phase may stabilize as a result of large surface effects of
the nanoparticles. However, the reaction mechanism for this process is not well understood.
Further laser irradiation of a nanoparticle colloid promotes aggregation [15, 16].

In this study, in order to reduce the effects of laser irradiation on the suspended parti-
cles, we prepared iron carbide nanoparticles via the laser ablation of iron in a circulating
solvent flow of either methanol or ethanol while simultaneously filtering out the products.
We investigated the difference in products formed depending on the alcohol used and the
effects of further laser irradiation of the colloids using stagnant solvent.

2 Experimental

A new cell consisting of an airtight vessel, a cellulose acetate filter (pore size: 0.45 μm),
a three-necked flask and a diaphragm pump was developed for synthesizing nanoparticles
using laser ablation (Fig. 1a). Prior to use, 200 mL of solvent (methanol or ethanol) was
degassed and transferred to the airtight vessel. An iron block (57Fe enriched) was placed
in the solvent, and argon gas was introduced above the surface of the solvent to prevent
oxidation in the vessel. The pressure of the vessel was kept at the atmospheric pressure
by using a balloon attached to the three-necked flask. Laser ablation was performed for 60
minutes using a Nd:YAG laser (Continum, Surelite I-10; λ = 532 nm; repetition rate: 10
Hz; pulse energy: 150 mJ). The laser beam was introduced through a convex lens directly
attached to the glass vessel. During the laser irradiation, the solvent was circulated at a flow
rate of 0.45 L/min using the diaphragm pump. The nascent particles were collected on the
filter, and were investigated using Mössbauer spectroscopy (Wissel, MDU1200, 57Co/Rh
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Fig. 1 The schematic of the experimental setup. a The cell with a circulating solvent, and b the cell with a
stagnant solvent

source), X-ray diffraction (XRD; Rigaku, RINT2000, Cu-Kα, operated at 50 kV/300 mA),
and transmission electron microscopy (TEM; JEOL, JEM-2100, operated at 200 kV).

We also investigated the effects of further laser irradiation of the nanoparticle colloids. To
do so, similar experiments to those described above were conducted using an airtight vessel
without the pump and the filter (Fig. 1b). Laser ablation was performed in a stagnant solvent
for 270 minutes under the same irradiation conditions, and the products were subsequently
collected by centrifugation.

3 Results and discussion

TEM images of the nanoparticles produced in methanol and ethanol are shown in Fig. 2a
and b, respectively, from which it can be seen that the particles were spherical and formed
in large regions of amorphous carbon. The particle size distributions presented in Fig. 3
show that, in both solvents, the particles ranged from 1–40 nm in size (average size: 16
nm). Mössbauer spectra of the particles measured at 293 K are presented in Fig. 4, and their
Mössbauer parameters are summarized in Table 1. The Mössbauer spectrum of the sample
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Fig. 2 TEM images of
nanoparticles produced in a
methanol and b ethanol using the
vessel equipped with the
circulation system

(a)

(b)

produced in methanol (Fig. 4a) was fitted to a combination of a singlet, a doublet, and three
sextets. The singlet was assigned to γ -Fe based on the isomer shift δ, and the paramagnetic
doublet was assigned to amorphous iron carbide. The magnetic components appeared as a
broad absorption, indicating that the absorption peak consisted of a combination of several
components. The most intense sextet was assigned to cementite Fe3C (H = 20 T), and the
sextet exhibiting the largest hyperfine magnetic field was assigned to α-Fe (H = 33 T).
The remaining component was fitted to a sextet (δ = 0.18 mm s−1, � Eq = –0.01 mm s−1,
H = 26 T) with a relatively large peak width � = 1.10 mm s−1. Although several types
of iron carbides other than Fe3C have been reported, such as Hägg carbide (Fe5C2) and
Eckstrom-Adcock carbide (Fe7C3) [6], the Mössbauer parameters for these iron carbides
did not fit the sextet obtained in our experiments. Therefore, this spectral component was
assigned to a “Fe-C alloy” previously reported in the literature [8], which consists of a metal
iron lattice containing a small amount of carbon atoms and has a smaller hyperfine magnetic
field than that for α-Fe as well as a large line width.

As can be seen from Fig. 4b, the shape of the Mössbauer spectrum of the sam-
ple produced in ethanol was very different from that of the sample produced in
methanol. The spectrum was fitted to a combination of a doublet and three sextets.



Hyperfine Interact  (2016) 237:110 Page 5 of 10 110 

Fig. 3 Size distribution of
nanoparticles produced in a
methanol and b ethanol using the
vessel equipped with the
circulation system

(a)

(b)

Table 1 Mössbauer parameters of the spectra shown in Fig. 4

Sample Component δ mm s−1 �Eq mm s−1 H T � mm s−1 Yields %

(a) methanol γ−iron −0.05(0) 0.33(2) 5.9

amorphous 0.03(0) 0.71(1) 0.66(1) 27.8

Fe3C 0.18(1) 0.02(1) 20.0(1) 0.92(2) 38.7

Fe-C alloy 0.18(1) −0.01(2) 26.2(1) 1.02(6) 22.5

α−iron 0.00∗ 0.00∗ 33.0∗ 0.81(15) 5.1

(b) ethanol amorphous 0.20(0) 1.08(1) 0.48(1) 7.1

Fe3C 0.18(0) 0.02(0) 20.7(0) 0.59(1) 30.7

Fe7C3 0.16(0) −0.00(1) 16.7(1) 0.97(2) 25.6

Fe-C alloy 0.20(1) −0.10(1) 25.4(0) 1.23(2) 36.6

*Parameter were fixed in the fitting procedure

The γ -Fe singlet mentioned above was not present in the ethanol spectrum, and the
doublet assigned to amorphous iron carbide was less intense. The magnetic compo-
nents also appeared as a broad absorption peak, but had a different shape compared
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Fig. 4 Mössbauer spectra of nanoparticles produced in a methanol and b ethanol using the vessel equipped
with the circulation system. The spectra were measured at 293 K

(a)

(b)

Fig. 5 XRD patterns for the particles produced in a methanol and b ethanol using the vessel equipped
with the circulation system. The labels γ , α, and c correspond to γ -Fe (PDF #04-003-1443), α-Fe (PDF
#00-006-0696), and Fe3C (PDF #00-035-0772), respectively

to the methanol case. The most intense sextet was assigned to cementite Fe3C (H =
21 T), which had a smaller line width due to the higher crystallinity of the parti-
cles. The intensity of the sextet assigned to Fe-C alloy (H = 25 T) was higher,
and the α-Fe sextet was not observed. The remaining sextet with a smaller hyperfine
magnetic field was assigned to Fe7C3. Although Fe7C3 was reported to have several
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Fig. 6 TEM image of particles
produced in a methanol and b
ethanol using the airtight vessel
without solvent circulation

(a)

(b)

sites having closer Mössbauer parameters [6], the absorption was fitted to a sextet with a
larger line width because it was not possible to resolve the sites in our spectrum.

Metallic α-Fe and γ -Fe were observed only in the particles produced in methanol. A
decrease in amorphous iron carbide and the increase in the iron carbides Fe3C, Fe-C alloy,
and Fe7C3 were observed in the particles produced in ethanol. The carbonization of iron was
clearly enhanced in ethanol compared to in methanol. These differences can be attributed
to the different carbon supplies for the two solvents. Upon decomposition in the plasma
reaction field, an ethanol molecule supplies two times the amount of carbon atoms of a
methanol molecule. As a result, carbon-rich phases were obtained in the particles produced
in ethanol.

As can be seen in Fig. 5a, the XRD pattern for the sample produced in methanol exhibited
α-Fe and γ -Fe peaks, in agreement with the Mössbauer spectrum. The amorphous com-
ponent was not observed in the XRD pattern. In addition, peaks corresponding to Fe3C or
other iron carbides were not observed in the XRD pattern, as the crystallinity of the iron car-
bide crystals was too low to exhibit the long-range ordering detected by XRD. In contrast,
as can be seen in Fig. 5b, the XRD pattern for the sample produced in ethanol exhibited



 110 Page 8 of 10 Hyperfine Interact  (2016) 237:110 

Fig. 7 Size distribution of
nanoparticles produced in a
methanol and b ethanol using the
airtight vessel without solvent
circulation

(a)

(b)

only peaks corresponding to Fe3C, in agreement with the Mössbauer spectrum. The Fe3C
peak appeared because of the higher crystallinity of the particles produced in ethanol. The
peaks corresponding to Fe7C3 and other iron carbides were not observed in the XRD pat-
tern, as the crystallinity of the iron carbides was too low to exhibit the long-range ordering
detected by XRD. In previous reports [12, 13], iron oxide nanoparticles were observed fol-
lowing laser ablation of iron in ethanol. In contrast, iron oxide production was not observed
in the present study because the dissolved oxygen in the solvent was removed and exposure
to the atmosphere was restricted.

In the experiments described above, the influence of laser irradiation on the nanoparticle
colloids was intentionally limited by carrying out the ablation in a circulating solvent. In
order to clarify the influence of laser irradiation on the nanoparticle colloids, similar exper-
iments were conducted without employing the cell equipped with a pump. Instead, using
an airtight vessel and a stagnant solvent, laser ablation was carried out for 270 min, and
the particles were collected by centrifugation. Thereby, the nanoparticles were subjected to
laser irradiation following their formation.

As shown in Fig. 6a and b, TEM images revealed that the sizes of the spherical particles
increased as a result of the additional irradiation. The particle size distributions shown in
Figs. 7a and b for methanol and ethanol, respectively, show that the additional irradiation
led to enhanced aggregation and a widening of the distributions. The average sizes of the
particles were 28 nm and 32 nm, respectively, for methanol and ethanol. The amorphous
carbon observed in the TEM images of the particles produced in the solvent flows (Fig. 2)
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Fig. 8 Mössbauer spectra of nanoparticles produced in a methanol and b ethanol using the airtight vessel
without solvent circulation. The spectra were measured at 293 K

was not dominant in the TEM images of the particles produced in the stagnant solvents
(Fig. 6).

Figure 8 shows Mössbauer spectra measured at 293 K of the particles produced using
the airtight vessel and a stagnant solvent, and the Mössbauer parameters are summarized
in Table 2. The effects of laser irradiation on the particles were clearly observed for the
particles produced in methanol (Figs. 4a and 8a). Although the yield of Fe3C increased at
the expense of α-Fe and amorphous iron-carbon, the change in the chemical compositions of
the nanoparticles was small. The laser irradiation of the colloids led to enhanced aggregation
and lattice formation, while the effect on carbonation was relatively small. The difference
in the Mössbauer spectra of the particles produced in ethanol (Figs. 4b and 8b) was very
small, showing that the chemical composition did not change and that only the nanoparticle
aggregation was enhanced by the laser irradiation of the colloids.

Table 2 Mössbauer parameters of the spectra shown in Fig. 8

Sample Component δ mm s−1 �Eq mm s−1 H T � mm s−1 Yields %

(a) methanol γ−iron 0.07(0) 0.38(2) 6.0

amorphous 0.25(0) 0.91(1) 0.50(1) 22.3

Fe3C 0.17(0) −0.00(1) 20.1(0) 0.70(1) 48.8

Fe-C alloy 0.15(1) −0.05(2) 26.2(1) 1.10(5) 22.9

(b) ethanol amorphous 0.25(2) 1.01(3) 0.75(7) 11.4

Fe3C 0.19(1) 0.01(2) 20.5(1) 0.63(9) 28.6

Fe7C3 0.18(2) −0.06(4) 17.5(3) 0.91(34) 26.4

Fe-C alloy 0.31(5) −0.07(8) 26.8(4) 1.70(15) 33.6
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4 Conclusion

Spherical particles 16 nm in diameter were produced by laser ablation of iron metal in a flow
of either methanol or ethanol. By circulating the solvent, the influence of further laser irradi-
ation of the colloids that is unavoidable when using a stagnant solvent was eliminated. The
particles produced in methanol consisted of metallic iron (α-Fe and γ -Fe) and iron carbides
(mainly Fe3C), while the particles produced in ethanol consisted of iron carbides. This dif-
ference can be attributed to the different carbon atom supplies for ethanol and methanol: an
ethanol molecule supplies two times more C atoms than a methanol molecule. Laser abla-
tion was also performed in a stagnant solvent to investigate the effect of laser irradiation on
the nanoparticle colloids. Laser irradiation was found to induce aggregation, approximately
doubling the particle sizes to ∼30 nm, but no significant change in the chemical identity of
the particles was observed.
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