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Simple Summary: The phase diagram of the Fe-Sb-S system predicts that phase separation should
occur at synthesis temperatures below 540 ◦C. In this paper we test the efficacy of alloying Fe into
Sb2S3 using a molecular precursor approach which may be able to produce Fe-Sb-S alloys with a
single pure phase. We find that whilst we do see a large degree of phase separation as predicted, we
also find that there is some evidence that incorporation of Fe into the Sb2S3 host lattice occurs from
this approach which could be a way to produce new magnetic materials.

Abstract: The antimony-iron sulfide system in general does not produce alloys below 540 ◦C from
traditional solid-state methods. However, single source precursors have been known to produce
unexpected products that arise from kinetically trapped polymorphs. In this paper, we test the
efficacy of this approach toward the Fe-Sb-S system. Antimony and iron diethyldithiocarbamate
complexes of the form Sb[S2CN(Et2)]3 (1) and Fe[S2CN(Et2)]3 (2) were synthesised, characterised,
and used as single-source precursors for the preparation of Sb2S3, FexSy, and mixed iron antimony
sulfide Sb2(1−x)Fe2xS3 (0 ≥ x ≥ 1) powders using the solvent-less thermolysis method at different tem-
peratures ranging from 300 to 475 ◦C. The effect of different mole fractions of the iron precursor was
evaluated on morphology, shape, and optical and magnetic properties of Sb2(1−x)Fe2xS3 (0 ≥ x ≥ 1).
The obtained powders were characterized by X-ray diffraction (XRD), Raman spectroscopy scanning
electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, magnetometer measure-
ment, and UV/vis/NIR spectroscopy. The results demonstrated that the crystalline structure, mor-
phology, and elemental composition of the samples changed with the mole fraction of the precursor.
There was significant phase separation between Sb and Fe sulfides noted from EDX spectroscopic
mapping, yet an optoelectronic study monitoring the direct band gap energy of antimony sulfide
shows that the band gap energy increases as a function of Fe content, which suggests limited alloying
is possible from the single source route.

Keywords: metal chalcogenides; solvent-less thermolysis; diethyldithiocarbamate complexes; optical
properties; antimony; iron

1. Introduction

In the past few decades, semiconductor nanocrystals have gained considerable interest
in electronics, energy, and catalysis owing to their non-linear optical, magnetic, thermoelec-
tric, and ferroelectric properties [1–3]. The advantages of semiconducting nanostructures
include a large absorption coefficient, a tunable energy band gap (Eg) due to the quan-
tum size effect, and multiple exciton generation (MEG) by a single high energy photon
(hv > 2 Eg) [4,5]. Most of the established single junction photovoltaic technologies face
numerous challenges, for example, use of toxic elements, long-term stability, cost of raw
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materials, and power conversion efficiency limitations. These all are the most relevant
considerations that must be taken into account in order to look towards an era of terawatt
solar photovoltaic power generation. Keeping the limitations of these mature technologies
in mind, there is an urgent need to look for emerging photovoltaic solar cell absorbers
including chalcogenides (sulphides, selenides, and tellurides) [6]. Binary chalcogenide
semiconductors including antimony and iron chalcogenides have attracted much attention
thanks to their potential photovoltaic applications [7–9]. Stibnite (Sb2S3) crystallizes in the
orthorhombic system and has a direct bandgap of 1.5–2.5 eV that covers the visible and
near-infrared region of the electromagnetic spectrum [10,11]. Some recent applications of
Sb2S3 are in solar energy conversion, [12] television cameras, [13] microwave devices [14],
and switching devices [15]. Recently, low dimensional absorber systems have attracted
great attention because of their simple and earth abundant composition and improved
performance; for example, quasi-1D antimony-based chalcogenide solar cells are nontoxic,
stable, and have achieved respectable power-conversion efficiencies (PCEs) of 7–10% [16].
In photovoltaic devices, stibnite Sb2S3 is a promising candidate thanks to its respectable
power-conversion efficiencies (PCEs), which are a result of its bandgap commensurate
in energy with solar flux and large absorption coefficients, as well as having beneficial
features such as the earth abundance of its constituent elements and stability with low
toxicity [17–20].

Sb2S3 thin films are employed as absorbing materials and semiconductors with a
smaller bandgap in CdS/Sb2S3 heterojunctions [21]. They are also used in Grätzel solar
cells as a light sensitizer [22]. Magnetic iron chalcogenides nanocrystals are important
because of their use in magnetic data storage devices and as magnetic resonance imaging
(MRI) contrast agents [23–25]. Berthierite (FeSb2S4) is an iron antimony sulfide mineral
with interesting magnetic properties [26].

A large number of methods are reported for the preparation of metal chalcogenides
such as wet-chemical synthesis (hydrothermal, ion-exchange, hot injection, and self-
assembly), chemical vapour deposition (CVD)-based epitaxial growth, thermolysis, and
solid-phase chemical synthesis [27]. Multi-component methods have some inherent dis-
advantages of changing composition, which varies from batch to batch, leading to poor
reproducibility. Besides, multi-component precursor synthesis methods require a longer
time, higher temperature, and high cost. Single source precursors (SSPs) offer specific
benefits of stability, volatility, precise composition with fewer defects, and stoichiome-
try [28,29]. SSP-based synthesis methods are the preferred choice over multi-component
source methods for the preparation of binary, ternary, and quaternary metal chalcogenide
and thin films [30]. This method is potentially beneficial over others because of its simplicity,
high purity, and ability to yield high-quality materials with better control over composi-
tion [31,32]. Recently, the use of metal dithiocarbamates for the synthesis of metal sulfides
is being investigated thanks to their low decomposition temperature, clean decomposition,
ease of synthesis, and solubility in many organic solvents [33].

Iron and antimony dithiocarbamates single-source precursors have previously been
used for the preparation of pure binary sulfides [34,35]. Moreover, ternary and quater-
nary sulfides are also synthesized using metal dithiocarbamates complexes [36]. For
example, flower-like Sb2−xBixS3 (x = 0.4, 1.0) nanostructures have been synthesized using
both antimony diethyldithiocarbamate (Sb(DDTC)3) and bismuth diethyldithiocarbamate
(Bi(DDTC)3) by a solvothermal method [36]. Similarly, ternary copper-antimony sulfide
nanocrystals are prepared using copper diethyldithiocarbamate trihydrate (Cu(DDTC)2)
and antimony diethyldithiocarbamate trihydrate (Sb(DDTC)3) using a facile one-pot
thermo-decomposition dual-precursor strategy [37].

Solvent-less thermolysis is a low-cost and simple solid-state method that involves
the decomposition of precursors under thermal stress. Metal chalcogenides with different
morphologies such as cubic nanoparticles, [38] nano disks [39], and nanorods are prepared
using the pyrolysis method [40]. Compared with other methods, the solvent-less method
has several advantages such as being solvent-free, cost-effective, environment-friendly,
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high yield, and easy control of reaction parameters [41]. It has also been shown that,
by this type of route, unexpected products can be isolated; for example, the production
of various polymorphs of the W-Mo-S system [42] that are kinetically locked in because
the decomposition of precursors is rapid compared with the timescales required for ions
to move through the lattice at low temperatures. The antimony-iron sulfide system is
interesting in this respect as, below ca. 540 ◦C, the phases are separate [43]. However, if the
use of precursors could circumvent phase separation, then we may be able to unlock new
antimony sulfides with bespoke properties; e.g., iron-doping for magnetic materials. This
work presents the attempted synthesis of Sb-Fe-S systems using different precursor stoi-
chiometries using a mixture of metal dithiocarbamates (Sb[S2CNEt2]3 and Fe[S2CNEt2]3)
by the solvent-less thermolysis method at 450 ◦C. Sb2(1−x)Fe2xS3 (x = 0, 0.2, 0.4, 0.6, 0.8,
and 1) samples prepared are characterized by powder X-ray diffraction (p-XRD), scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) technique, Raman
spectroscopy, and UV/vis/NIR spectroscopy and SQUID magentometry.

2. Experimental
2.1. Chemicals

Sodium diethyldithiocarbamate trihydrate ((C2H5)2NCS2Na·3H2O, ≥99.0%), anti-
mony trichloride (SbCl3, ≥99.5%), iron(III) chloride anhydrous (FeCl3, ≥99.99%), methanol
(CH3OH, ≥99.8%), absolute ethanol (CH3CH2OH, ≥99.5%), chloroform (CHCl3, ≥99%),
and isopropyl alcohol ((CH3)2CHOH, ≥99.7%) were purchased from Sigma-Aldrich and
used without further purification. The synthesis of all precursors was carried out in the air
and no special handling was required.

2.2. Instrumentation

Elemental analysis (EA) was carried out in the micro-analytical laboratory at the
Department of Chemistry, University of Manchester. TGA data were obtained using
Perkin Elmer TGA 4000 in the temperature range of 30 to 800 ◦C with a heating rate of
10 ◦C min−1 under N2. The XRD patterns were recorded using PANalytical X’Pert Pro
theta-theta diffractometer (435 mm diameter, Malvern, UK). The data were collected using
detector scans at a grazing incidence angle of 3◦, and were undertaken with a scan range
from 5◦ to 85◦ with 0.03◦ step and 8 s/step. SEM imaging was performed using FEI 200
Quanta 3D SEM for imaging and EDX analysis using an accelerating voltage of 20 kV.
Magnetic data were measured using a MPMS XL SQUID magnetometer prepared with a
7 T magnet.

2.3. Synthesis of Antimony(III) Diethyldithiocarbamate, [Sb(S2CN(Et)2)3] (1)

The synthesis of precursor (1) was adapted from the method reported in the litera-
ture [37,44,45]. Briefly, sodium diethyldithiocarbamate trihydrate (6.76 g, 30 mmol) was
dissolved in 100 mL of methanol and stirred. A solution of antimony (III) chloride (2.26 g,
10 mmol) was prepared in 25 mL of methanol and added dropwise to the sodium salt
solution with constant stirring. The reaction mixture was further stirred for 30 min at
room temperature. A yellow precipitate was obtained, which was filtered and washed
several times using deionized water and finally with methanol. The product was dried
overnight at room temperature in the open air, resulting in a clear yellow solid. Yield: 4.3 g
(86%); elemental analysis found: C, 31.35%; H, 5.19%; N, 7.25%; S, 33.22%; Calc. C, 31.81%;
H, 5.34%; N, 7.42%; S, 33.90%. IR (solid, νmax/cm−1): 2966–2867ν(N–H); 1485 ν(C–N);
980 ν(C–S).

2.4. Synthesis of Iron(III) Diethyldithiocarbamate, [Fe(S2CN(Et)2)3] (2)

For the synthesis of precursor (2), sodium diethyldithiocarbamate trihydrate (5 g,
22.2 mmol) was dissolved in 100 mL of methanol and stirred, followed by the addition of
iron (III) chloride anhydrous (1.19 g, 7.3 mmol) solution in 25 mL of methanol dropwise
with constant stirring for 30 min. The resulting black precipitate was filtered and dried
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at room temperature. Yield: 3.4 g (92%); elemental analysis found: C, 35.61%; H, 6.01%;
N, 8.25%; S, 38.34% Calc. C, 36.01%; H, 6.05%; N, 8.40; S, 38.37%. IR (solid, νmax/cm−1):
2973–2866 ν(N–H); 1490 ν(C–N); 993 ν(C–S).

2.5. Synthesis of the Sb2S3 System by Solvent-Less Thermolysis

Solvent-less thermolysis was used for the synthesis of Sb2S3 using single-source
precursors (1). A measured amount (0.40 mmol) of the precursors was placed into a
ceramic boat inside a tube furnace and annealed at 300 ◦C, 400 ◦C, 425 ◦C, 450 ◦C, and
475 ◦C, respectively, for one hour under nitrogen flow, resulting in a black coloured residue.
Samples were collected after cooling to room temperature for characterization (Figure S1).

2.6. Synthesis of Fe-Sb-S System by Solvent-Less Thermolysis Method

The antimony-iron sulfide (Sb2(1−x)Fe2xS3) system was prepared by the solvent-less
thermolysis method using a mixture of precursors (1) and (2) with various molar ratios,
as shown in Table S1. The complexes were dissolved in 10 mL of chloroform to form a
homogeneous mixture. Subsequently, the solvent was evaporated and a complex mixture
was obtained. The uniform mixture was then placed into a ceramic boat for heating inside
a tube furnace at 450 ◦C for 1 h under nitrogen. Finally, the obtained black product was
cooled to room temperature and stored in a vacuum for characterization.

3. Results and Discussion
3.1. Thermogravimetric Analysis (TGA)

The thermal decomposition behaviour of the precursors was studied using TGA under
nitrogen at a temperature ranging from 30 to 600 ◦C. TGA of the complexes Sb[S2CNEt2]3
(1) and Fe[S2CNEt2]3 (2) indicated single step decomposition with a rapid weight loss
between 275 and 340 ◦C and 260 and 340 ◦C, respectively. Complex (1) showed a sharp
loss (74%) in the first step followed by a gradual loss after 450 ◦C corresponding to the
loss of further sulfur atoms. The percentage residue of complex (1) was 23%, which was
close to the calculated value for Sb2S3 (29%). On the other hand, the weight loss percentage
for complex (2) was 17%, which is in good agreement with the calculated value of 17.5%
for FeS. Compared with complex (2), the lower percentage for precursor (1) might be
due to the loss of sulfur atoms at higher temperatures [46]. The TGA results of the two
complexes indicated that both precursors decompose to their metal sulfide at a similar
range of temperatures. The TGA results and the theoretical value of weight loss for the
residues obtained from precursors are shown in Figure 1.
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Following the successful synthesis of binary antimony and iron sulfide powders from
their respective metal dithiocarbamates (see Figures S1 and S2 for analysis of these by
powder XRD), both precursors were then investigated for their ability to synthesize the
Sb2(1−x)Fe2xS3 system. The TGA results indicated that these complexes decomposed to
their corresponding metal sulfide in a similar temperature range. Furthermore, both metals
(iron and antimony) carried similar charges (+3). Accordingly, a mixture of these complexes
was applied for the attempted synthesis of the Sb2(1−x)Fe2xS3 systems at different molar
ratios of Fe.

3.2. X-ray Diffraction (XRD)

Figure 2 illustrates the XRD patterns of Sb2(1−x)Fe2xS3 powder where x is the molar
fraction of Fe synthesized by the solvent-less thermolysis method at 450 ◦C using a mixture
of precursors (1) and (2). The XRD peaks for the prepared samples indicated the pure
orthorhombic phase of Sb2S3 at x = 0 with lattice parameters of a = 11.313 Å, b = 3.833 Å,
and c =11.225 Å, which were in agreement with the reported values in the literature (ICDD:
01-073-0393), and pure hexagonal pyrrhotite Fe1.05S0.95 at x = 1 with lattice parameters
of a = 3.4303 Å, b = 3.4303 Å, and c = 5.6802 Å, which were also in agreement with the
reported literature (ICDD:01-075-0600). A mole fraction of iron x = 0.2 resulted in diffraction
peaks similar to Sb2S3 with some evidence of a small shift to a larger angle, implying the
contraction of the lattice for the antimony peaks. Increasing the molar fraction to x = 0.4
resulted in a small reduction in the peak intensity (Figure 2). The peaks at 22◦, 25◦, 28◦,
36◦, 37◦, 40◦, 46◦, 54◦,60◦, 61◦, and 63◦ shifted to higher angles with less intensity as the
x value increased to x = 0.4, 0.6, and 0.8, representing the iron addition into the Sb2S3
samples. P-XRD analysis showed concentration-dependent phase changes at different
concentrations of Fe (x = 0.2, 0.4, 0.6, and 0.8) and the majority of crystalline materials
matched the pattern of orthorhombic Sb2S3 with Fe1.05S0.95. This indicates, as expected,
some degree of phase separation as per the phase diagram, but also some evidence that the
approach is successful in doping in some iron into the antimony sulfide structure.
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x = 0.6, x = 0.8, and x = 1 with a standard pattern of Sb2S3 (bottom) and Fe1.05S0.95 (top).

3.3. Energy Dispersive X-ray Spectroscopy

The atomic percentages of antimony, iron, and sulfur in the Sb2(1−x)Fe2xS3 (0 ≤ x ≤ 1)
were measured using EDX spectroscopy and are presented in Figure S3 and summarised in
Table S2. The sample prepared at x = 0 showed a composition with an atomic percentage
of Sb/S as (38:62), which is close to the expected stoichiometry for Sb2S3. Likewise, for
x = 1 (FeS), no additional peaks, except Fe and S, were observed in the spectrum. The



Inorganics 2021, 9, 61 6 of 13

atomic ratio of Fe to S was 45:55, which is close to the expected stoichiometry of iron sulfide
determined from the XRD of Fe1.05S0.95. The EDX spectra of Sb2(1−x)Fe2xS3 with x = 0.2, 0.4,
0.6, and 0.8 displayed the characteristic peaks of antimony, iron, and sulfur (Figure S3).
The atomic percentages of antimony, iron, and sulfur at x = 0.2 were measured and all the
compositions were found to be in good agreement with the stoichiometric ratio calculated
from the feed rate (Table S2). Increasing the molar fraction to x = 0.4 resulted in a higher
elemental composition of iron and antimony. This might be because the EDX analysis uses
a very small area of the samples that had a lower amount of sulfur. At x = 0.6 and 0.8,
the amount of antimony was slightly higher and the amount of sulfur was lower, which
revealed that the prepared materials were sulfur-deficient. A linear relationship between
the amount of iron in the precursor feed and the amount of iron found in the Sb2(1−x)Fe2xS3
samples determined by the EDX analysis is shown in Figure 3.
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3.4. Scanning Electron Microscopy

The SEM images of the Sb2(1−x)Fe2xS3 systems synthesized using 0, 0.2, 0.4, 0,6 0.8,
and 1-mole fraction of Fe are presented in Figure 4. SEM images of pure Sb2S3 (x = 0)
revealed rod-like structures (Figure 4a). Previously, Xie et al. prepared nanostructures with
similar morphology from antimony diethyldithiocarbamate precursor by the hydrothermal
method [35]. The morphology changed to a mixture of a thicker rod and sheet clusters at
x = 0.2, 0.4, and 0.6, as shown in Figure 4b,c. A further increase in the molar fraction of Fe to
x = 0.8 showed a sheet-like structure of crystallites (Figure 4d). Besides, the morphology of
pure iron sulfide at x = 1 showed flower-like structures (Figure 4f). EDX elemental mapping
of the Sb2(1−x)Fe2xS3 system is presented in Figure 5 to show the spatial distribution of
elements in the system. It can be seen that, at this length scale, sulfur was evenly distributed
throughout the sample, while iron and antimony were unevenly distributed throughout
the entire sample. Again, this is not entirely unexpected for these samples based on their
phase diagram. What is interesting is that, in regions with a high antimony content, there is
also a low iron content, suggesting that some iron is incorporated into the antimony sulfide
structure, which is commensurate with the peak shifts observed in the P-XRD patterns
(vide supra), and suggests that the single source precursor route can produced doped
materials, albeit as a mixture of products, but still can circumvent the product expected on
the reported phase diagram [43].
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3.5. Raman Spectroscopy

Raman spectroscopy was used to study the Sb2(1−x)Fe2xS3 (0 ≤ x ≤ 1) samples pre-
pared (Figure 6). The pure Sb2S3 (x = 0) sample showed dominant peaks at 53, 69, 98,
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145, 184, and 249 cm−1 and three low-intensity peaks at 272, 366, and 445 cm−1 (x = 0),
which are in agreement with the Raman analysis reported for the pure Sb2S3 [47]. Similarly,
the Raman spectrum of the pure FeS indicated peaks at 122, 155, 175, 224, and 325 cm−1,
which are in agreement with the Raman analysis reported for the iron sulfide [48]. For the
Sb2(1−x)Fe2xS3 (x = 0.2, 0.4, 0.6, and 0.8), the peaks shifted continuously toward a higher
wavenumber with increasing iron content in the precursor, again suggesting doping is
possible using metal dithiocarbamate precursors.

Inorganics 2021, 9, x  9 of 14 
 

 

3.5. Raman Spectroscopy 
Raman spectroscopy was used to study the Sb2(1–x)Fe2xS3 (0 ≤ x ≤ 1) samples prepared 

(Figure 6). The pure Sb2S3 (x = 0) sample showed dominant peaks at 53,69, 98, 145, 184, 
and 249 cm−1 and three low-intensity peaks at 272, 366, and 445 cm−1 (x = 0), which are in 
agreement with the Raman analysis reported for the pure Sb2S3 [47]. Similarly, the Raman 
spectrum of the pure FeS indicated peaks at 122, 155, 175, 224, and 325 cm−1, which are in 
agreement with the Raman analysis reported for the iron sulfide [48]. For the Sb2(1–x)Fe2xS3 
(x = 0.2, 0.4, 0.6, and 0.8), the peaks shifted continuously toward a higher wavenumber 
with increasing iron content in the precursor, again suggesting doping is possible using 
metal dithiocarbamate precursors. 

 
Figure 6. Raman spectra of Sb2(1–x)Fe2xS3 (0 ≤ x ≤ 1) samples prepared by the melt method from a 
mixture of antimony and iron diethyldithiocarbamate at 450 °C with different mole fractions of Fe. 

3.6. Optical Properties 
For optical bandgap measurements, solutions of Sb2(1–x)Fe2xS3 (0 ≤ x ≥ 1) powder were 

prepared in methanol, and spectra were recorded in the wavelength range of 300–900 nm. 
The bandgap energy of the Sb2(1–x)Fe2xS3 (0 ≤ x ≥ 1) was calculated using the following equa-
tion: 

(αhν)n = A(hν − Eg), 
where Eg is the optical band gap; hν is the photon energy; α is the absorption coefficient; 
A is a constant characteristic of the material; and n = 2 and ½ for allowed direct and al-
lowed indirect transitions, respectively. Plots of the (αhν)n versus hν showed a linear be-
havior for n = 2, which confirmed the direct transition in all the samples. Figure S4 (Sup-
porting Information) presents the absorption and the Tauc plot to determine the band 
gaps for all Sb2(1–x)Fe2xS3 samples. For binary FeS and Sb2S3 compositions, the direct band 
gaps were 3.92 and 2.71 eV, respectively. The obtained bandgaps were in agreement with 
the reported values for these materials [49]. The bandgap for the mixed samples Sb2(1–

x)Fe2xS3 was 3.39, 3.47, 3.57, and 3.66 eV for x = 0.2, 0.4, 0.6, and 0.8, respectively, values 
that lie between pure FeS and Sb2S3. Figure 7 represents the composition dependence of 
the bandgap of the Sb2(1–x)Fe2xS3 samples, demonstrating that the bandgap of Sb2(1–x)Fe2xS3 

increased from 2.71 to 3.92 eV with increasing iron concentration. This gradual change in 
the bandgap is due to a small amount of iron being doped into the Sb2S3, which again 
suggests that the metal dithiocarbamate precursor route is able to produce materials that 
would not be predicted using a traditional phase diagram. 

Figure 6. Raman spectra of Sb2(1−x)Fe2xS3 (0 ≤ x ≤ 1) samples prepared by the melt method from
a mixture of antimony and iron diethyldithiocarbamate at 450 ◦C with different mole fractions of
Fe.Raman spectra of Sb2(1−x)Fe2xS3 (0 ≤ x ≤ 1) samples prepared by the melt method from a mixture
of antimony and iron diethyldithiocarbamate at 450 ◦C with different mole fractions of Fe.

3.6. Optical Properties

For optical bandgap measurements, solutions of Sb2(1−x)Fe2xS3 (0 ≤ x ≥ 1) powder
were prepared in methanol, and spectra were recorded in the wavelength range of 300–
900 nm. The bandgap energy of the Sb2(1−x)Fe2xS3 (0 ≤ x ≥ 1) was calculated using the
following equation:

(αhν)n = A(hν − Eg),

where Eg is the optical band gap; hν is the photon energy; α is the absorption coefficient; A
is a constant characteristic of the material; and n = 2 and 1

2 for allowed direct and allowed
indirect transitions, respectively. Plots of the (αhν)n versus hν showed a linear behavior
for n = 2, which confirmed the direct transition in all the samples. Figure S4 (Supporting
Information) presents the absorption and the Tauc plot to determine the band gaps for all
Sb2(1−x)Fe2xS3 samples. For binary FeS and Sb2S3 compositions, the direct band gaps were
3.92 and 2.71 eV, respectively. The obtained bandgaps were in agreement with the reported
values for these materials [49]. The bandgap for the mixed samples Sb2(1−x)Fe2xS3 was
3.39, 3.47, 3.57, and 3.66 eV for x = 0.2, 0.4, 0.6, and 0.8, respectively, values that lie between
pure FeS and Sb2S3. Figure 7 represents the composition dependence of the bandgap of the
Sb2(1−x)Fe2xS3 samples, demonstrating that the bandgap of Sb2(1−x)Fe2xS3 increased from
2.71 to 3.92 eV with increasing iron concentration. This gradual change in the bandgap
is due to a small amount of iron being doped into the Sb2S3, which again suggests that
the metal dithiocarbamate precursor route is able to produce materials that would not be
predicted using a traditional phase diagram.
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3.7. Magnetic Properties

Variable temperature magnetisation measurements on Sb2(1−x)Fe2xS3 powder contain-
ing different amounts of paramagnetic Fe (x = 0.2, 0.4, 0.6, 0.8, and 1) were performed in
both zero-field cooled (ZFC) and field-cooled (FC) conditions to better characterise the
systems. Data were collected under an applied magnetic field of 100 Oe and are presented
in Figure 8a.

The most pronounced split between the ZFC and FC magnetisation curves was ob-
served for the sample with the highest Fe content (x = 1), though irreversibility was
observed in all samples. This may indicate that the insertion of anisotropic Fe ions results
in large nanoparticle anisotropy and possible ferromagnetic behaviour. Data are presented
in Figure 8b.
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Figure 8. Plots of magnetization vs. temperature for Sb2(1−x)Fe2xS3 (a) x = 1 (b) 0.2 ≤ x ≤ 0.8, measured in zero-field-cooled
(ZFC) and field-cooled (FC) regimes, with 100 Oe applied field.

Measurements of magnetic hysteresis at 5 K (Figure 9a) and 300 K (Figure 9b) report
open hysteresis loops in all cases. The coercivity and saturation of the magnetization
increase with the increasing amount of iron in the sample, but a full saturation of the
magnetisation is not reached even at a 7 T applied field. This could be the result of a too
large anisotropy or occurrence of ferrimagnetic rather than ferromagnetic ordering [50].
More information about the coercive field (Hc), remnant magnetization (Mr), and maximum
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magnetisation values at 5 and 300 K, as deducted from the data in Figure 9, are listed in
Table 1.
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Table 1. Coercive field, maximum magnetization at 7 T, and remnant magnetization values at 300
and 5 K, based on Figure 9 for Sb2(1−x)Fe2xS3 (0.2 ≤ x ≤ 1).

Sample T (K) Hc (Oe) Mr (emu/g) Mmax (emu/g)

x = 0.2
5 2220.60 0.028 0.35

300 867.85 0.014 0.147

x = 0.4
5 575.04 0.006 0.48

300 352.04 0.002 0.26

x = 0.6
5 852.40 0.016 0.89

300 376.64 0.0059 0.65

x = 0.8
5 1327.64 0.034 1.24

300 396.41 0.0063 0.95

x = 1
5 3110.58 0.22 3.12

300 2374.44 0.12 2.24

4. Conclusions

The phase diagram of the Sb-Fe-S system predicts phase-separated solid products in
all cases and at all Fe-Sb ratios below ca. 540 ◦C using traditional solid-state synthesis. In
this paper, we tested the hypothesis that precursors could circumvent this thanks to their
ability to rapidly form products. Sb-Fe-S powders were synthesized by the solvent-less
thermolysis of metal diethyldithiocarbamate single-source precursors at different molar
ratios of iron at 450 ◦C. TGA of two complexes indicated that the precursors decomposed to
their corresponding metal sulfides at a similar range of temperatures. XRD analysis of the
powder synthesised revealed that a mixture of two phases including orthorhombic Sb2S3
and hexagonal pyrrhotite was synthesised as one might expect from the phase diagram.
However, some incorporation of iron into antimony sulfide led to changes in X-ray powder
patterns, Raman spectra, and band gap energies. EDX mapping showed the co-localisation
of both Sb and Fe alongside the phase-separated binary materials. We conclude that the
molecular precursor approach thus may have some merit in producing novel materials in
this system, but it must be acknowledged that the synthetic conditions would have to be
optimised to produce phase pure materials.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/inorganics9080061/s1. Supplementary materials are available for this paper which includes
recipes used for decomposition, details on decomposition and structural characterisaiton of the
binary compounds, and absorption spectra. Figure S1: P-XRD patterns of Sb2S3 nanoparticles at
(a) 300, (b) 400, (c) 425, (d) 450 and (e) 475 ◦C deposited from decomposition of Sb(S2CN(Et)2)3 using
melt method for 1h. All peaks corresponded to standard pattern of stibnite (ICDD 01-073-0393);
Figure S2: P-XRD patterns of FeS nanoparticles at (a) 300 ◦C, (b) 400 ◦C (c) 450 ◦C and (d) 475 ◦C
from decomposition of Fe(S2CN(Et2))3 using melt method for 1h. All peaks corresponded to standard
pattern of pyrrhotite (ICDD 01-075-0600); Figure S3: The EDX spectra of Sb2(1−x)Fe2xS3 samples
prepared by melt method at 450 ◦C at various Iron mole fraction (a) x = 0, (b) x = 0.2, (c) x = 0.4,
(d) x = 0.6, (e) x = 0.8 and (f) x = 1.; Figure S4: Absorption spectra of Sb2(1−x)Fe2xS3 and inset the tauc
plot of Sb2(1−x)Fe2xS3 samples prepared by melt method at 450 ◦C at various Iron mole fraction x = 0.2,
0.4, 0.6, and 0.8.; Table S1: Composition used for the synthesis of Sb2(1−x)Fe2xS3 system, Table S2: The
content of Fe, Sb and S in Sb2(1−x)Fe2xS3 prepared by melt method at 450 ◦C (x = 0, 0.2, 0.4, 0.6, 0.8
and 1 molar fraction of iron) calculated from the feed rate and found by EDX measurement.
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