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Abstract

Bi,S; and Fe;04 nanostructures as well as Bi,S;@Fe;04 nanocomposites were produced using hydrothermal synthesis.
Scanning electron microscopy (SEM), energy dispersive spectra (EDS) and X-ray diffraction (XRD) were used in the charac-
terization of the nanocomposites. The effect of heat treatment on chemical, physical and magnetic properties of the nanostructures
was investigated in this study. It was determined that the duration of heat treatment affects the size and shape of the nanostruc-
tures. Bi,S; samples produced using less than 12 h of heat treatment formed in nanoflower-like shapes whereas when the heat
treatment was extended to 24 h, the samples formed in nanoribbon-like shapes. The study concludes that an increase in the
duration of heat treatment enhances the saturation value of magnetization of Fe;O4 nanostructures. Bi,S3 nanostructures were
doped with Fe;04 nanostructures to produce Bi,S;@Fe;04 nanocomposites which have significant magnetic properties. An
increased duration of heat treatment increases the magnetic saturation values of Fe;0, and Bi,S; @Fe304 nanostructures. Bi,Ss,
Fe;0,4 and Bi,S;@Fe;0,4 samples show X-ray imaging contrast enhancement properties.

Keywords Ferromagnetic nanoparticles - Bi,S; @Fe;0,4 nanostructures - Bi,S; nanoflowers - Nanocomposites - Magnetic
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1 Introduction

Nanostructures have attracted attention in different fields such
as physics, chemistry, material science and medical science
and are used in many technological applications [1-3].
Nanomaterials are often considered a special phase between
the bulk state and the atomic state. Chemical, physical and
electronic properties of the nanomaterials may change de-
pending on the size of the nanoparticles [4]. A size change
in the nanostructures induces variation in the surface volume
ratio of the materials which in turn affects the electronic prop-
erties and chemical and catalytic activity of the nanostructures
[5, 6]. Various types of nanostructures such as nanotubes,
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nanowires and nanoparticles were reported in the literature
[7-9].

Metallic nanostructures have an important place in sensor
applications [10—15]. Metallic nanostructures have proven to
significantly enhance the electronic and magnetic properties
of'thin films [16, 17]. For instance, using metal nanostructures
in thin films applications such as photodetectors and sensors
enhances device efficiency [18-20]. Each type of nanoparticle
presents different properties. For example, Au and Bi nano-
particles show catalytic properties [21, 22] while CoO, GdO
and FeO nanoparticles have ferromagnetic, antiferromagnetic
and superparamagnetic properties [23—29]. Bi nanostructures
show catalytic and photocatalytic properties with low bandgap
energy that allows Bi nanostructures to be used in optoelec-
tronic and thin film device applications [30, 31]. Moreover, Bi
nanostructures are used in different types of medical applica-
tions. For example, Bi nanostructures have a high atomic
number and high X-ray attenuation capacity; therefore, it has
the potential to be used as an X-ray tomography contrast agent
[2]. The surface of the Bi nanostructures could be modified
and they can be targeted to a specific tissue and/or an organ
[32, 33]. Bi,S; nanostructures have also proven to have
photothermal properties. Applying an 800-nm laser light on
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Bi,S5 nanostructures is found to increase the temperature of
the nanoparticles. Liu et al. managed to visualize cancerous
tissues and treat them using the photothermal therapy proper-
ties of Bi,S3 nanostructures [34].

Similar to Bi,S; nanostructures, Fe;O,4 nanostructures have
potential medical applications. For instance, Fe;O, nanostruc-
tures were reported as a potential MRI (Magnetic Resonance
Imaging) contrast agent; the results reveal that they increased
the MRI image quality [35-38]. Hyperthermia properties of
the Fe;O,4 nanostructures are well understood, and studies
show that Fe;O,4 nanostructures can be used as a multimodal
contrast agent where both imaging and therapy properties can
simultaneously be used [39-45]. Giving these observations in
the previous studies, producing Bi,S; @Fe;0,4 nanostructures
may provide many benefits where nanoparticles showing high
catalytic properties with magnetic properties may be obtained.
Such nanoparticles may have MRI and X-ray computed to-
mography contrast properties with photothermal therapy and
magnetic hyperthermia therapy properties. Using
Bi,S; @Fe;0,4 nanostructures in medical applications can help
researchers to treat and visualize cancerous tissues
simultaneously.

Prompted by the motivation above, we attempted to opti-
mize the Bi,Ss, Fe;s04 and Bi,S; @Fe;0,4 nanostructures that
were produced using the hydrothermal method (Table 1). We
investigated the production parameters of morphological,
structural and magnetic properties of Bi,S;, Fe;04 and
Bi,S;@Fe;0,4 nanostructures (Table 1). It was found that the
increased heat treatment alters the morphological structures of
Fe;04 and Bi,S; nanostructures (Fig. 1) and increased the

ferromagnetic properties of Fe;O4 and Bi,S;@Fe;04
nanostructures.

2 Materials and Methods
2.1 General Chemicals

All chemicals used in the experiments were of analytical
grade; they were used without any further purification.
Bismuth nitrate pentahydrate (Bi(NO3);.5H,0), thiourea
(CH4N,S), Iron(Il) sulfate heptahydrate (FeSO4.7H,0) and
sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich. Deionized water (DI) with a resistance of
18.25 MS2 was used in all experiments.

2.2 Sample Preparation
2.2.1 Synthesis of Magnetic Micro/Nano Fe3;0, Particles

Magnetic nanoparticles were synthesized using a hydrother-
mal synthesis approach. A total of 0.656 g of FeSO,4.7H,O
was dissolved in 40 mL of deionized water, and 3.2 g of
NaOH was then added to the solution. This solution was
stirred for 10 min and then transferred into a 50 mL stainless
steel—coated Teflon-lined autoclave. This Teflon-lined auto-
clave was then placed in a conventional oven and heated at
150 °C for 24 h. The resulting black precipitate was collected
by centrifugation at 8000 rpm for 20 min and washed several
times with deionized water and absolute ethanol. The solid

Table 1 Structure shape and saturation magnetization values of samples regarding the preparation conditions
Materials Reactant Medium Reaction Structure Saturated magnetization value
time/temperature (emu/g)

(Fe304)1n FeS0O,.7H,0; NaOH D.I 1 h/150 °C Nanospheres 18.4

(FesO04)12n FeSO,4.7H,0; NaOH D.I 12 h/150 °C Nanospheres 87.7

(FesO04)24n FeSO,4.7H,0; NaOH D.I 24 h/150 °C Nanospheres 90.4

(Bi2S3)12n Bi(NO3);.5H,0; CH4N,S D.I 12 h/150 °C Nanoflower -

(Bi2S3)24n Bi(NO3);.5H,0; CH4N,S D.I 24 h/150 °C Nanoribbon -

(BizS3)12h@(FE304)1h BI(NO3)35H20, (CH4N2$), D.I 1 h/150 °C Nanoflower 2.24
FeS0O,4.7H,0; NaOH

(BizS3)12h@(Fe3O4)12h BI(NO3)35H20, CH4st; FCSO4.7H20; D.I 12 h/150 °C Nanoflower 3.73
NaOH

(BizS3)12h@(Fe3O4)24h BI(NO3)35H20, CH4N2S; FCSO4.7H20; D.I 24 h/150 °C Nanoribbon 12.6
NaOH

(BizS3)24h@(Fe304)1h BI(NO3)35H20, CH4st; FCSO4.7H20; D.I 1 h/150 °C Nanoribbon 2.67
NaOH

(BizS3)24h@(FE304)|2h Bl(NOg)g,SHzO, CH4st; FeSO4.7H20; D.I 12 h/150 °C Nanoribbon 18.6
NaOH

(Bi283)24h@(FC304)24h BI(NO3)35H20, CH4st; FCSO4.7H20; D.I 24 h/150 °C Nanoribbon 22.5
NaOH

D.I deionized water
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Fig. 1 Schematic representation of the synthesis of Bi,S; nanoflower and nanorod and Bi,S; @ Fe;0O,4 nanostructures

was placed in a vacuum oven at 40 °C for 1 h [46]. The same
procedure was repeated in a stainless steel-coated Teflon-
lined autoclave and heated to 150 °C for 6 and12 h.

2.2.2 Synthesis of Micro/Nano Bi,S; Structures

For the synthesis of Bi,S; nanoparticles, after dissolving
0.25 g of thiourea in 40 mL of deionized water, 0.61 g of
Bi(NOs),.5H,0O was added. The solution was stirred while
at a termperature of 60 °C for 20 min on a magnetic stirrer.
The solution was transferred into a 40 mL stainless steel—
coated Teflon-lined autoclave and heated to 150 °C for 12 h.
The resulting black precipitate was collected by centrifugation
at 8000 rpm for 20 min and washed several times with deion-
ized water and absolute ethanol. The precipitate was stored at
80 °C for 24 h [47, 48]. The same process was repeated in a
stainless steel-coated Teflon-lined autoclave and kept at
150 °C for 24 h.

2.2.3 Synthesis of Magnetic Bi,S;@Fe30,

A total of 0.2 g of Bi,S; (obtained after 12 and 24 h) was
dispersed in 20 mL of deionized water in an ultrasonic bath.
In a separate beaker, 0.332 g of FeSO,4.7H,0 was dissolved in
20 mL of deionized water. A total of 1.6 g of NaOH was then
added to the solution and stirred for 10 min. The prepared
solution was then poured onto Bi,S5. This mixture was stirred
in an ultrasonic bath for a further 5 min in a stainless steel—

coated 40 mL capacity Teflon-lined autoclave, was taken and
kept at 150 °C for 1 h. The resulting black precipitate was
collected by centrifugation at 8000 rpm for 20 min and
washed several times with deionized water and absolute eth-
anol. The precipitate was placed in an oven at 80 °C for 24 h.
The same procedure was repeated in stainless steel-coated
Teflon autoclave and kept at 150 °C for 12 and 24 h.

2.3 Characterization

X-ray diffraction (XRD) patterns were obtained on a
RIGAKU miniflex600 X-ray diffractometer equipped with
Ni-filtered Cu K« source at a scan range of 10 <26 <90.
The infrared spectrum was recorded by a JASCO FTIR-
6700 spectrometer between wavelengths of 400 to 4000
ecm ', The surface morphology of nanostructures was also
investigated using scanning electron microscopy (SEM).
SEM-energy dispersive X-ray spectroscopy (EDX) analysis
was performed on FEI Quanta 400F model device, and the
profiles were used to determine the elemental composition.
HR-TEM (high-resolution transmission electron
microscopy) studies were carried out on a Jeol 2100F electron
microscope at an acceleration voltage of 200 kV. Magnetic
measurements were performed at room temperature using a
vibrating sample magnetometer, Cryogenic Limited PPMS,
with the maximum magnetic field of =1 Tesla. A medical-
type X-ray imaging system was used in the assessment of
the contrast properties of the samples.
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3 Results and Discussion

3.1 Phase Composition and Morphology of Samples
(XRD)

To assess the physical and crystal properties of the samples,
X-ray diffraction method was used. X-ray diffraction patterns
of Fe;0y4(a), Bi,S3(b) and Bi,S; @Fe;0,4(c) nanostructures are
presented in Fig. 2. In Fig. 2a, b and c, all crystal orientations
observed for Fe;04, Bi,S; and Bi,S;@Fe;0,4 samples were
tagged upon each peak. The detailed structural formation of
the samples is given as follows. Figure 2a illustrates the XRD
pattern of Fe;O,4 nanostructures where a distinctive peak was
observed at 35.6°, 30.4° and 62.8°. The peak indicates the
existence of (311), (220) and (400) face-centred cubic (fcc)
crystal orientation of Fe;O, structure which shows good ac-
cordance with the previous results reported by Zhu et al. [49].
Overall, peaks at 18.3°, 30.4°, 35.6°, 37.08°, 43.3°, 53.36°,
57.3°,62.8°,70.98°, 74.12°, 74.98° and 78.94° were observed
which indicates (111),(220),(311),(222),(400),(422),
(511),440),(620),(533),(622)and (4 4 4) structure
formation [46, 50, 51].
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Figure 2b illustrates XRD patterns of Bi,S; nanostructures
which were produced in 24 h and 12 h, respectively. Both
Bi,S3-24 h and Bi,S3-12 h have almost identical X-ray pat-
terns. Similar XRD patterns indicate that both Bi,S3-12 h and
Bi,S3-24 h samples have the same chemical form and same
crystal order. Two distinctive peaks were obtained for Bi,Ss-
12 h and Bi,S3-24 h samples for 25.07° and 28.67° which
indicate the orthorhombic structure at (111) and (230) orien-
tations, respectively. Overall, peaks observed at 15.74°,
17.65°, 22.44°, 23.74°, 25.07°, 27.42°, 28.67°, 31.86°,
32.7°, 33.96°, 35.69°, 36.61°, 39.13°, 40.06°, 42.69°,
45.60°, 46.60°, 48.38°, 49.16°, 51.41°, 52.71°, 52.92°,
54.67° and 59.29° that illustrate the existence of orthorhombic
formation at (02 0),(120),(220),(101),(111),(021),(23
0),(221),301),(311),(240),(231),(041),(141),(42
1),(002),(431),(060),(251),(222),(312),(061),(23
2) and (6 4 0) orientations, respectively [48, 52].

Figure 2c illustrates the XRD pattern of Bi,S;@Fe;0,4
sample. The Bi,S;@Fe;04 sample was produced by doping
Bi,S; nanostructures with Fe;04 nanostructures. To assess the
alteration in the nanostructure after the doping mechanism,
both Bi,S; and Fe;0, XRD patterns were presented along
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Fig. 2 XRD patterns of Fe;Oy4 (a), Bi,S; (b) and Bi,S;@Fe;0, (¢) samples
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with the XRD patterns of Bi,S; @Fe;0,. It was observed that
the XRD pattern of Bi,S; @Fe;0,4 nanostructures consists of a
combination of XRD patterns of Bi,S; and Fe;04 nanostruc-
tures where Bi,S3; and Fe;O,4 patterns overlapped. The ob-
served peaks of both XRD patterns of Bi,S; and of Fe;0,4
were also identified in the XRD patterns of Bi;,S;@Fe;0y,.
XRD patterns of the Bi,S;@Fe;0, structures indicate that
chemical structures of Bi,S; and Fe;O,4 nanostructures were
not changed after doping. Therefore, it reveals that Fe;O4
nanostructures were physically doped on Bi,S; nanoparticles.
It is highly possible that Bi,S; and Fe;0,4 nanostructures were
formed as a composite structure in Bi,S;@Fe;0,4 nanostruc-
tures. TEM and SEM images also confirm that physical dop-
ing of Fe;0,4 on Bi,S; nanostructures occurred.

3.2 Morphology and Structure (SEM-EDX, HR-TEM)

Morphology and physical structure of the Bi,S;, Fe;O4 and
Bi,S; @Fe;0,4 nanostructures were assessed using microscop-
ic methods. SEM was used as a primary tool for microscopic
investigation while HR-TEM was utilized to investigate the
structural properties of the samples. SEM images reveal that
(Fe504) 1, and (Fe3Oy4)12 nanostructures were formed in
nano-size and mostly spherical form. TEM image of
(Fe;04)1, was also presented in Fig. 3d and reveals that the
size of the (Fe304);, nanoparticles was found to be less than
10 nm where the nanoparticles formed a stacked lump. The
size of (Fe304),4n nanoparticles was found to be in nanocube
form which is larger than that of (Fe304)q, and (Fe;O4)1n
nanoparticles. SEM and TEM images reveal that nanoparti-
cles constituting the Fe;04 samples possess a narrow size
distribution. However, it was observed that nanoparticles
stack on each other resulting in producing big agglomerates
where the size of agglomerates may reach up to 1 pum.
Therefore, the increased thermal treatment duration results in
increased agglomeration and size. TEM results confirm that
such agglomerates consist of smaller Fe;O,4 nanoparticles
which are smaller than 100 nm.

EDS results confirm that Fe;O,4 nanoparticles were
consisting of Fe and O molecules where no contamination
was observed in the structure. SEM investigations of Bi,S;
samples reveal that Bi,S; samples show two different forma-
tions: nanoflowers (i) and nanorods (if). Nanoflowers were
observed in the Bi,S; samples that received heat the treatment
for less than 12 h. On the other hand, Bi,S; having heat treat-
ment more than 12 h gradually loses the flower-like forma-
tions where fibre and/or ribbon like formations were observed.
(Bi,S3)15, samples consist of nanoribbons and its thickness is
less than 60 nm and agglomerated in a special form. Such an
agglomeration forms a flower-like shape where increased sur-
face volume ratio was obtained for the (Bi,S3);,y, structures.
The thickness of the nanorods in nanoflowers was found to be
less than 60 nm while the length of each rode in nanoflower

can reach up to 1 pm. SEM images reveal that (Bi,S3),4p
samples were formed in nanoribbon form where stacked rib-
bon like stripes can be seen in the figures. It was understood
that the increased heat treatment causes an alteration in the
morphological structure of the nanoparticles where the shape
was deformed. The ribbon-like structures which were forming
the flower-like shape were individually observed. With the
increased heat treatment, the size of the rods increases and
forms as nanoribbon-like fibres. The thickness of the ribbons
was found to be about 200 nm while the length of the ribbons
may reach up to a couple of micrometres. EDS results confirm
the exitance of Bi and S molecules in Bi,S; nanostructures
where no contamination peak was observed in the
nanoparticles.

SEM images of (Bi;S3)24n@(Fe304)24, nanostructures
were presented in Fig. 4. Further evidence from the images
confirms that the increased heat treatment decomposes the
flower-like structure. Flower-like structures have a high sur-
face volume ratio. Heat treatment may change their thermo-
dynamic instability. Therefore, the nanoflower form may be
decomposed and nanoribbon-nanofibre-like structures can be
seen in the images. The thickness of the nanoribbon-like struc-
ture was found to be less than 100 nm. The length of the
nanoribbons changes which may reach up to a couple of
micrometres. It was confirmed by the microscopy images that
the increased heat treatment also increases the length of the
nanoribbons. EDS results confirm the existence of Fe, O, Bi
and S elements in the nanostructures which indicate that Fe
nanostructures were successfully doped on Bi,S; nanostruc-
tures. Moreover, TEM images confirm the stripy shape of
Bi,S; nanostructures where Fe,O3 nanoparticles could be
identified. It was understood from the TEM images of
(Bi283)24n @ (Fe304)24n that (BizS3)24n and (Fe304)24n physi-
cally united with the heat treatment. XRD analysis shows that
both Fe;0,4 and Bi,S; nanostructures retain their crystal form
which demonstrates that (Bi,S3),41,@(Fe3O04)241, Was formed
in nanocomposite form. The heterogeneous colour difference
in the structure of the (Bi2$3)24h@(Fe3O4)24h can be seen in
the TEM images providing further evidence of nanocomposite
formation.

SEM images of (Bi283)12h@(FC304) 1h and
(B15S3)24n@(Fe304)11, samples and element-based EDS map-
ping results were presented in Fig. 5. It was observed in SEM
images that the flower-like form of Bi,S3 in
(Bi,S3)1on@(Fe304)11, was sustained. This confirms that
Fe;04 nanoparticles were stacked between the nanoribbons
which give flower form to Bi,S; nanostructures. Since the size
of (Fe304), structures was found to be relatively smaller than
other Fe;O,4 samples, it is more likely to have the formation of
a coating shell over the nanoflower-like structures in such
nanoparticles. Moreover, Bi,S; nanostructures which consti-
tute (Bi2S3)24,@(Fe304);, were formed as nanoribbons.
Bi,S; nanoribbons were found to be accumulated randomly
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Element | Weight % | Atomic %
o 21.71 49.18 3|
Fe 78.29 50.82

0 Ka

Element | Weight % | Atomic %
S 19.00 60.46
Bi 81.00 39.54

Bi

400 600 8.00 1000 1200 keV

Fig. 3 SEM images of (Fe304)11, (a), (Fe304)121 (b), (Fe304)24n (€), (BiaS3)12n (d) and (BizS3)24n (€); TEM images of (Fe304) 1y, (); and EDX spectrum

of Fe;0y4, Bi,S; (g) nanostructures

where Fe;04 nanostructures were stacked on them. Since the
size of the Fe;0,4 nanoparticles was very low compared with
the size of the Bi,S; nanoribbons, their visualization was
found to be difficult. However, elemental EDS mapping con-
firms the exitance of Fe and O structures in the
(Bi5S53)24n @ (Fe304) 1, samples.

3.3 Magnetic Properties of the Fe;0, and Bi,S:@Fe;0,
Nanostructures (VSM)

Bi,S; nanostructures were observed to show good
photothermal and photocatalysis properties. Such structures

@ Springer

do not exhibit a ferromagnetic property. Vibrating sample
magnetometry (VSM) is often used to assess the ferromagnet-
ic properties of the materials. There is no paper in the literature
that illustrates that Bi,S5 structures show ferromagnetic prop-
erties. Therefore, magnetic properties of Bi,S5 structures were
not assessed using VSM. Magnetic properties of the Fe;Oy
and Bi,S;@Fe;04 nanostructures were investigated using
VSM, and the results are presented in Fig. 6. VSM assess-
ments give information about the magnetic properties of the
nanoparticles. Magnetic response of Fe;O4 and Bi,S; @Fe;0,
nanostructures produces hysteresis curves, which indicates
that Fe;04 and Bi,S;@Fe;0,4 nanostructures reflect
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Fig.4 TEM images (a and b) and
EDS spectra (¢) of Bi,S; @Fe;04
magnetic nanostructures

Element | Weight % | Atomic %
(o] 15.41 39.54

S 4.78 6.12

Fe 28.17 20.71

Bi 4435 8.71

ferromagnetic properties. Figure 6a shows the magnetic be-
haviours of Fe304 nanostructures. The lowest magnetic satu-
ration is obtained for (Fe;04)q,, sample which is 18.4 emu/g.
Increased saturation was obtained for the increased heat treat-
ment where 87.7 and 90.4 emu/g were obtained for (Fe304)1o1,
and (Fe304),4p, respectively. It was observed that our nano-
structures have higher magnetic saturation values than that of
results reported in the literature. For example, Zhu et al. re-
ported maximum magnetic saturation values of 66.5 emu/g for
Fe;0,4. The thickness of the hysteresis curves indicates that
(Fe304)11, shows harder magnetic behaviour than other
(Fe304) samples, since the curve reveals thicker characteris-
tics [53]. It concludes that (Fe;04)1, sample has harder ferro-
magnetic properties.

It was previously mentioned that increased heat treat-
ment increases the particle size of Fe;O,4 nanostructures,
which alters the surface volume ratio. The increases in
size may help to form bigger domains and therefore
increase the saturation values of Fe;O4 nanostructures

(©

[54]. Size-related magnetic behaviours of nanoparticles
were previously reported [55, 56]. Therefore, results
show coherence with the previously reported results in
the literature. Figure 6b and ¢ show VSM results of
Bi,S;@Fe;0,4 nanostructures. Originally, Bi,S; does
not possess a ferromagnetic property. However, Fig. 6b
and ¢ show the hysteresis curves, which confirm that
Bi,S;@Fe;0,4 structures have ferromagnetic properties.
Similar cases were also reported in the literature [50,
57]. Graphs indicate that doping the Bi,S; with Fe;04
nanoparticles alters the magnetic properties of the Bi,S3
nanostructures and gives Bi,S; nanostructure ferromag-
netic properties.

In Fig. 6b, saturation values were found to be 2.24 emu/g,
3.73 emu/g and 12.6 emu/g for (Bi;S3)12n,@(Fe;04)1p,
(Bi2S3)12n@(Fe304) 12 and (Bi3S3)12,@(Fe304)24n, respec-
tively. It was understood that the increased heat treatment
increases the ferromagnetic saturation values. The results also
support the size-related scenario of the Fe;O4 nanostructures

@ Springer
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Fig. 5 SEM images of (Bi,S3)12,@(Fe304)1y, (a and b) and (BiS3)24, @ (Fe304)1y, (¢ and d) nanostructures. Elemental maps of nanostructures were
presented below the SEM image of Bi,S; @Fe;0,4 sample where Bismuth (Bi) (e), Sulphur (S) (f), Oxygen (O) (g) and Iron (Fe) (h) maps were presented

where increased size may result in increased domain area [54].
Increased domain size increases the area of magnetic moments
that enhances the magnetic saturation limits. Figure 6c illus-
trates the magnetic behaviours of (BiyS3)24n @ (Fe304)1n,
(Bi2S3)24n @ (Fe304) 121 and (BizS3)24n,@(Fe304)24n, TESpEC-
tively. Magnetic saturation values were found to be
2.67 emu/g, 22.5 emu/g and 28.6 emu/g, for
(Bi253)24n @ (Fe304) 1h, (Bi2S3)24n@(Fe304)12n and
(Bi2S3)24n @ (Fe304)24n, respectively. Results presented in
Fig. 6¢ were found to be parallel to the results presented in
Fig. 6a and Fig. 6b. Similarly, the increased heat treatment
results in the increased saturation values which may depend
on the increased domain size. Moreover, saturation values
presented for (BiyS3),4, samples were found to higher than
that of the results presented for (Bi,S3);op. It was previously
reported that the increased thermal treatment decomposes the

flower-like structure and forms nanoribbon-like structures.
Bi,S; @Fe3;0,4 nanocomposites reflect higher magnetic satura-
tion values than that of values reported in the literature. For
example, Zhu et al. reported 0.65 emu/g for their
Bi,S;@Fe;04 nanostructures which is much lower than our
results [49].

At this point, doping different types of nanostructures with
Fe;0, will provide various ferromagnetic properties. It is pos-
sible that the structure of the nanoflower will enable Fe;O,4
nanostructures to be doped inside the nanoflowers since sur-
face volume ratio of the flower-like structures is much higher
than nanoribbons [54]. On the other hand, in the doping pro-
cess of Bi,S3 nanoribbon with Fe;0, nanoparticles, most of
the Fe;0,4 nanoparticles will be doped on the surface of the
nanoribbons. Therefore, bigger Fe;04 domains can be formed
on the surface of Bi,S; nanoribbon which will give rise to

(@) (b) (c)
75 20
10 o)
50
10|
5
2 %7 ) 2 5
g s :
w 0 5 o E o
25 - 54
=7 104
504 (Fe,0,),, (Bi,S,),,,@(Fe,0,),, — (Bi,S,),,,@(Fe,0,),,
- —(Fe0)y, | -0 —(BiS),,@Fe0),, | 7] — (Bi,S)),,@(Fe0),,
(Fe304)24h (Bi233)|2h@(Fe304)2‘h 20 (BiZSJ)ZJh@(Fe3°4)24h
-100 ~— T T T 15— T T T 25— T T T T
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Fig. 6 Magnetic hysteresis of (a) Fe30,4 and Bi,S; @Fe;04 (b and ¢) nanostructures

@ Springer



J Supercond Nov Magn

higher magnetic saturation values than that of flower-like for-
mations. The structural difference affects the ferromagnetic
characteristics of the samples.

3.4 X-Ray Imaging Contrast Enhancement Properties
of Bi,S;, Fe;0, and Bi,S;@Fe;0, Nanostructures

Bi,S; nanoparticles have the potential to be used as X-ray
computed tomography contrast agents. Since the aim of this
work is to produce nanoparticles that can potentially be used
in medical applications, we investigate the X-ray computed
tomography contrast enhancement properties of nanoparticles
(Fig. 7). To study the contrast enhancement properties prop-
erly, empty (1), water filled (2), (Fe304)24p + wWater (3),
(BizS3)24h + water (4) and (Bi283)24h@(Fe3O4)24h + water (5)
Eppendorf tubes were prepared, and an X-ray imaging proce-
dure was performed. The highest contrast was obtained for
(B1,S3)24n, which confirms that Bi,S3 nanoparticles have con-
trast enhancement properties (Fig. 7). Visual inspection con-
firms that (Bi;S3)24n @ (Fe304)245, nanocomposite shows a
good contrast enhancement but not as good as the pure
(B1,S3)241, sample. (Fe304),4, nanoparticles also show con-
trast enhancement properties where (Fe304),4, sample gives
better contrast enhancement than water (2) and air (1) sample.
Visual inspection reveals that (BiyS3),41, gives the best contrast
enhancement which was slightly better than the contrast en-
hancement of (Bi»S3)24n@(Fe304)-4,. Such a result indicates
that doping (Bi,S3)24n With (Fes04),4, samples decreases the
contrast enhancement properties of the nanocomposite where
(Fe304),4, nanoparticles do not have as high contrast en-
hancement properties as (Bi>S3)o4p.

4 Conclusions

Bi,S3, Fe;0,4 and Bi,S;@Fe;0,4 samples were successfully
produced using the hydrothermal method. Chemical and
physical properties of the samples were characterized using
spectroscopic and diffractive methods. Bi,S; samples were
found to be in orthorhombic crystal structure while FesO4
samples were in a face-centred cubic (fcc) crystal form. The

Fig. 7 X-ray imaging of empty (1), water filled (2), Fe304+ water (3),
Bi,S; + water (4) and Bi,S; @Fe;0,4 + water (5) Eppendorf tubes

increased heat treatment does not change the crystal structure
which was confirmed by XRD. XRD patterns also confirm
that crystal structure was protected as the peaks observed in
Bi,S;3 and the peaks observed in Fe;0, XRD patterns were
also seen in the XRD pattern of Bi,S;@Fe;0,4. Fe- and O-
related peaks were seen in EDS spectra of Fe;0,4 Bi, and S-
related peaks were seen in the EDS spectra of Bi,S; samples.
Fe-, O-, Bi- and S- related peaks were seen in EDS spectra of
Bi,S;@Fe;04 where no contamination related peaks were
observed. Further heat treatment enhances the size of Fe;Oy4
nanoparticles and also results in an alteration to the shape of
Bi,S; nanostructures. Magnetic properties of the samples
were assessed using VSM Fe;0,4 samples showing ferromag-
netic behaviour. It was illustrated that the magnetic properties
of the Bi,S; samples were changed with doping nanostruc-
tures of Fe30,4 nanoparticles. The extended heat treatment
augmented the magnetic saturation points of the sample. X-
ray contrast agent properties of the samples were investigated
using X-ray imaging. All the nanostructures produced possess
X-ray contrast enhancement properties. Observations con-
firmed that nanoparticles may be considered a potential con-
trast agent to be used in medical applications. In addition,
magnetic and photothermal properties of the nanocomposites
may find a role in photothermal therapy and magnetic hyper-
thermia therapy applications.
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