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Annomayusn. Hccneoosanvl mopgonozus, MazHumHuvle U CMpPYKMYypHble CEOUCMEA HAHOYACMUY
cynouooe scenesa (Fe,S,), nonyuennvix memooom mepmuiecko2o pasznodtcenus ¢ UCHOIb308aHUEM
cypdpakmanmos oneunamuna, I-cexcadeyunamuna u okmaodeyunamuna. Hanuuue nosepxnocmmuo-
akmueno2o cnos noomeepowcoaemcs HK-Pypve cnekmpockonueli u mepmocpasuMempuieckum
ananuzom. CmpyKmypHulil aHaIu3 u Meccoayspoeckas cneKmpoCKonus CUHMe3UPOSaAHHbIX HAHOYA-
cmuy nokaszanu, ymo 6 caydae cypgpakmanmoe OJIA u I[JIA ocnoenoii gpazou sensemca FesSy c
sxatouenuamu FeoSy;, u, snauumenvuas npumecwv FeS,, u oasxce Fe;O3 6 cnyuae ONA cyppaxkman-
ma. OmKIoHeHUs pacnpeoeneHuss UOHO8 Jicene3d no NO3UYUAM 8 KPUCMATIUMAx om pacnpeoeienus
JKrcenes3a no NO3UYUAMU 6 MOHOKPUCIALE YUCTNO20 2peticuma U 3amMemuble USMEHEeHUs 6 CNeKmpax
MazHumnoz20 Kpy2oeozo ouxpousma (MKJ]) obvacuaromea enusanuem cypgakmanmos na npoyecc
006pa306aHUs YACMUY, A MAKIHCE POJILIO SPAHUYbL MENCOY MACHUMHBIM SOPOM U OP2AHUYECKOU 000-
JIOYKOI.
Knwuesvie cnoea: cpeiicum, mepmuueckoe pasiodiceHue, Nno8epXHOCHMHO-AKMUBHbIE 6euecmed,
agpgpexm Meccoayspa, HK-Dypve cnekmpbi, MazHUMHbLL KPY2080U OUXPOU3M, CYIbDUObL Jicenesa.
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Annotation. Morphology, magnetic, and structural properties were investigated of the iron sul-
phides (Fe.S,) nanoparticles fabricated by the thermal decomposition method using oleylamine, 1-
hexadecylamine and octadecylamine surfactants. The presence of surfactant layer is confirmed by
FT-IR spectroscopy and thermo-gravimetric analysis. The structural analysis and Mossbauer spec-
troscopy of synthesized nanoparticles showed in main Fe3S, phase with inclusions of FeoS;;in cases
of OLA and HDA surfactants and significant admixture of FeS, and even Fe;Oj3 in case of ODA sur-
factant. Deviations of iron ions distribution among crystal positions from that in bulk pure greigite
and the pronounce changes in the magnetic circular dichroism (MCD) spectra are explained with
the influence of surfactants on the particles formation process as well with the role of the boundary
between magnetic core and organic shell..

Keywords: greigite, thermal decomposition, surfactants, Mossbauer effect, FT-IR spectra, magnetic
circular dichroism, iron sulphides

An increasing interest in chalcogenide nanoparticles (NPs), in particular, iron sulfides NPs is
due to the transition from the ionic character of bonds in the widely studied and applied iron oxides
to the covalent character in the chalcogenides which leads to an appearance of transport and optical
properties, similar to those of semiconductors or even metals, and the emergence of new fields of
application.

The chemical and phase composition, magnetic properties, and possibilities of practical ap-
plications of NPs can be controlled by synthesis methods. One of the most frequently used is the
thermal decomposition method [1], the advantages of which are the simplicity of the experiment,
mild conditions, and a relatively short reaction time. In this case, it is possible to use surfactants that
perform a double function: controlling the growth of particles and preventing their aggregation.
Many researchers have used surfactants to control the properties of the magnetite NPs (e.g., [2]).
For iron sulfide NPs, such studies are just beginning; in particular, we recently published the first
results of studying the effect of surfactants on the Mdssbauer and magneto-optical spectra of greig-
ite NPs [3]. This work is devoted to the in-depth study of the effect of three different amines on the
morphology, phase composition, and magnetic properties of iron sulfide (FexSy) NPs.

NPs were synthesized with the thermal decomposition of the mixture of complexes of the
fatty amines: oleylamine, C;gH3sNH,, — sample OLA, 1-hexadecylamine, C;sH3sN, — sample HDA
and octadecylamine, C;sH3N, with iron nitrate, (Fe(NOs);-9H,0), sulfur powder, and oleic acid
(OA). OLA, HDA and ODA being kinds of alkyl-amines were used here as surfactants, oleic acid
provided more rapid kinetics. The reaction parameters used in the synthesis of a series of iron sul-
fide NPs are listed in (Tab. 1).

Table 1. The brief description of the synthesis process and phase composition according to the
Mossbauer effect
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Sample name Synthesis description Phase composition
Fe;S4-OLA)* S-powder+Fe(NO;);-9H,0+OLA+OA (240 FesSy+
OC, 3Om1n) ~2% Fegs11
Fes3S4-HDA S-powder+Fe(NO;);-9H,O+HDA+OA (240 °C, FesSq+
30min.) ~5% FeoSy
Fe;S4-ODA S-powder+Fe(NO3);-9H,0+ODA+OA (240 °C, FesS4+
30min.) ~33% FeS, + ~45% Fe, 05

*) The formula is used here and hereinafter only for designation of samples.

Morphology of the synthesized NPs was examined using a JEM-2100 transmission electron
microscope (JEOL Ltd.) operating at an accelerating voltage of 200 kV. Selected-area electron dif-
fraction (SAED) was used to determine the structure of separate NPs. Fourier transform infrared
absorptlon (FT-IR) spectra were recorded w1th the VERTEX 70 (Bruker OP'[IC GMBH) spectrome-
ter in the spectral region of 400 + 4000 cm™ with spectral resolution 4 cm™ . To obtain FT-IR spec-
tra, a transparent tablets were prepared by pressing a mixture of powders of KBr and of nanoparti-
cles with a concentration 0.7%. The differential Scanning Calorimeter DSC 204 F-1 Phoenix (NE-
TZSCH) was used to estimate the strength of the surfactants bonding with the magnetic core. The
Maossbauer effect spectra of the samples were obtained on an MS-1104Em spectrometer in trans-
mission geometry with a >’Co (Rh) radiation source at 300 K. Magnetic properties of the samples
were studied using MCD in energy range 1.25-3.5 eV in a magnetic field of 1.3 T at a temperature
of 300 K in transmitted light on the transparent containing NPs composite plates made in a special
way in weight ratio of NPs to silicon as the 0. 5 /100 [3,4]. The measurement accuracy was about
10", and the spectral resolution was 20-50 cm ', depending on the wavelength.

For all samples, NPs observed with electron microscope were of different shapes - mainly regular
hexagons and parts of hexagons and with a large size distribution (Fig. 1). Absence of contact be-
tween neighboring NPs (for example, Fig. 1b) may indicate the presence of an organic NPs coating.
SAED patterns confirmed good NPs crystallinity, and the crystal structure of larger NPs belonging
to the Fe;S4 of Fd-3m space group but admixtures of sulfur compounds with the higher S content
could not be excluded in smaller NPs.

Fig. 1. TEM images in different scales of the Fe;S,-OLA (a), FesS,-HDA and Fe;S,-ODA (c) NPs.

Presence of the coating organic layers on nanoparticles was confirmed by DTA and the FT-IR
spectra analysis of all three samples in comparison with FT-IR spectra of uncoated Fe;Ss NPs and
pure OLA, ODA and HDA surfactants. In all FT-IR spectra, bands are observed characteristic of C-
S chemical bonds of organic shell with crystal core of samples. The DTA results showed the stabil-
ity of the core structure of all samples up to 850 °C. The weight losses upon heating indicated that
the organic coatings of the magnetic core is much thicker in the HDA and ODA samples as com-
pared to the OLA sample, which agrees with the electron-microscope image. After heating during
DTA experiments for Fe;S4-HAD and Fe;S4-OLA samples the FT-IR spectra became similar to the
FT-IR spectrum of uncoated Fe;S4 NPs. Judging by the weight loss upon heating, the organic coat-
ing on the magnetic core is much thicker in the ODA sample as compared to the HDA and in the
HDA sample comparing to the OLA, which agrees with the electron-microscope images.

Mossbauer spectra analysis revealed a superparamagnetic state at room temperature of about
one third of the nanoparticles both for Fe;S4~-OLA and Fe;S4-HDA and three quarters for Fe;Ss-
ODA. In this last case, doublet in the Mossbauer spectrum characteristic of superparamagnetism is
preserved even at 4 2K though less intense. Besides, Mossbauer spectra revealed deviations in the
distribution of Fe’* and Fe*" ions over crystal positions from that in the inverted spinel in which
greigite belongs. The population of the tetrahedral positions of the inverted spinel, in our case
FesS4, should be half of that of the octahedral ones, which is not observed in the present samples. At
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that, a deficiency of iron ions in A positions are observed for sample Fe;Ss-OLA and Fe;Ss-ODA
while for Fe;S4-HDA sample there are not enough ions in the B positions. It is assumed that differ-
ent chemical activity and different degree of unsaturation of the surfactant molecules effects on the
properties of the NPs magnetic core in the course of its formation.

In Fig. 3, MCD spectra are shown for all samples together with spectrum of the greigite NPs
synthesized earlier with polyol mediated process. All three spectra are close to each other in shape;
the energy of maximum near 2 eV stays, practically, unchanged, while the point of the MCD curve
intersection with the energy axis shifts differently to higher energies. The shifts are evidently
stronger for the HDA sample, even a new negative peak near 1.3-1.4 eV becomes apparent for this
sample. These changes can be explained by the influence of types of coatings on the Fe ions distri-
bution between octahedral and tetrahedral crystal positions. This can lead to some changes in the
density of states and, consequently, to the observed shift of bands in the MCD spectrum and a redis-
tribution of the maxima intensities.

Summarizing the results of the work. Differential thermal analysis revealed a different per-
centage of the surfactants absorbed on the particles surface. The major weight loss was observed for
the octadecylamine. FTIR spectra suggested the coordination of the different surfactant to the sur-
face of the synthesized nanoparticles. Mossbauer data indicated close to the single phase, Fe;Sa,
composition for OLA and HDA surfactants while several phases Fe;S4, FeS,, and even Fe,O3 coex-

isted in particles forming with ODA. Only for the

1.0f OLA sample, MCD spectrum (ext.ren‘lely sqnsitive
SIRY L Sl ) to a sample phase compo.smon). coincides with tha}t
o i of the Fe;S4 NPs synthesized with the polyol medy
B o 3 o ated process [3]. For the HDA sample the redistri-
E I o bution of the spectral maximum intensities and the
& et whole spectrum shift to higher energies are ob-
s e served. In the case of ODA, the MCD signal de-
b creases dramatically. Thus, all three types of sur-
= : :3:4 ik factants used ensure the formation of an organic
o FEES:_HDA shell chemically bound to the magnetic core of the
; ¢ Fe,S,-ODA particle, but only in thg: case of OLA, the magnetic

s 20 = - core of the particle is single-phase.

Energy (eV)

The reported study was funded by Joint

Research Project of Russian Foundation for Basic
Research Ne 19-52-52002 and Ministry of Science
and Technology, Taiwan MOST Ne 108-2923-M-
153-001-MY3 and Ne 106-2112-M-153-001-
MY3, and by Russian Foundation for Basic Re-
search with Government of Krasnoyarsk Territo-
ry, Krasnoyarsk Regional Fund of Science, the
research project number 19-42-240005: “Features of the electronic structure, magnetic properties
and optical excitations in nanocrystals of the multifunctional magnetic chalcogenides Fe;Ss and
FeSe”.
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Fe;S; NPs, synthesized with the polyol mediated
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HDA (3) and ODA (4) samples in magnetic field
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