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1 Introduction

ABSTRACT

This is the first report on the thermoelectric properties of a catalyst-free polyol
method used to prepare stoichiometric Bi,,Cu,S; samples, x = 0.1, 0.2, 0.3, 0.4,
via hot pressing. Various systematic approaches to arrive at in their stoichiometric
compositions are explored precisely with introduction of excess precursor of S.
X-ray diffraction data analysis using Rietveld refinement confirms a polyhedral
orthorhombic crystal structure with a space group Pnma, in contrast to Pbum
reported earlier. Raman data further substantiates this. X-ray photoelectron
spectroscopy confirms the valence states of the constituent elements (Bi*", Cu®,
and S*) and energy dispersive X-ray analysis corroborates their compositions.
The particle sizes of the pure Bi,S; nanoparticles were 20, 35, and 82 nm as
determined from the Scherrer formula, atomic force microscopy, and dynamic
light scattering, respectively. Their transmission electron microscopy image
shows rod-like nanostructures elongated in the <010> direction with an average
diameter of 23 nm and a length of several hundreds of nanometers. A 34%
improvement in the thermoelectric figure of merit is observed for Bi; 4Cu,4S; as
compared to pure Bi,S; at 300 K.

of compounds of the type A,X; (where A = Bi, Sb,
Pb and X =S, Se, Te), which are considered among

Bismuth sulfide (Bi,S;), a direct band gap (1.3-1.7 eV)
semiconductor having a large absorption coefficient
[1,2], is an excellent candidate for fabrication of
thermoelectric devices [3], visible-light photocatalytics
[4], lithium ion batteries [5], solar cells, Schottky
diodes [6], and gas sensors [7]. It belongs to the family
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the most promising candidates for thermoelectric
applications [8, 9]. However, so far the high resistance
of Bi,S; has been an obstacle to its commercial use
[10-14]. Mizoguchi et al. [10] showed that the resistivity
of Bi,S; drops considerably as a result of vacuum
annealing for both whiskers and pellets. They suggested
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that this could be due to sulfur vacancies at the grain
boundaries and in the bulk of the samples. Vacancies
not only generate conduction electrons but also
scatter phonons, resulting in significant suppression
of resistivity (p) and thermal conductivity (x). Chen
et al. [14] found that p can be reduced by 5-6 orders
of magnitude while maintaining a relatively large
thermopower (>300 uV-K™) and low thermal con-
ductivity by introducing sulfur vacancies into the
lattice. The reason for the reduction was enhanced
phonon scattering on sulfur vacancies, possible large
numbers of weak ionic and chemical bonds with van
der Waals forces [15]. Similar to S deficiency, studies
of Se deficiency in TiSe, have been reported [16].
Enhanced selenium deficiency with increasing hot-
press sintering temperature led to reduced resistivity
and an improved dimensionless thermoelectric figure
of merit, ZT, where T is the absolute temperature.
The doping of transition metals in inorganic semicon-
ductors (such as Bi,X;, X = Te, Se, S) prepared using
a solid-state route and mechanical alloying in order
to reduce the resistivity has been thoroughly studied
[3, 17-20]. Ge et al. [20] found in Bi,_,Cu,S; that tailoring
of the Cu content could reduce both the electrical
resistivity and the thermal conductivity, which led
to the high peak ZT value of 0.34 at 573 K for
Bi; 09sCU10.0055;. Recently, Biswas et al. [3] reported ZT
values of up to 0.6 at 760 K for crystalline ingots of
preferentially oriented Bi,S;, which greatly exceeds the
previous value of powder-processed Bi,S; samples.

In materials engineering, not only simple elemental
doping but also nanostructuring has been very popular
by theoretically proving the enhanced value of ZT
[21]. As a result, researchers are much attracted to
nanostructures synthesized by the chemical route
because it allows them to manipulate such nano-
structures on an atomic or molecular level. Thus,
several types of Bi,S; nanostructures have been
synthesized by various methods such as hydrothermal
or solvothermal routes, sonochemical techniques,
electrochemical processes, and chemical vapor deposi-
tion, resulting in nanostructures of different sizes and
shapes such as nanorods [22], nanowires [23], and
nanotubes [24] and network-like [25], sphere-like [26],
and flower-like [27] structures. Among all these
synthetic processes, the polyol method [28, 29] is
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an environmentally friendly yet inexpensive, non-
hazardous, simple, quick, and versatile route to
synthesizing colloidal dichalcogen particles [29, 30].
In this method, a metal precursor is heated in high-
boiling-point alcohol (=200 °C) that acts as a surfactant,
a reducing agent, or both.

As for bismuth telluride (Bi,Te;)-based alloys, even
though they possess a ZT value close to 1 at appro-
ximately room temperature and are the best com-
mercially available thermoelectric (TE) materials,
they are rare and toxic due to the tellurium, which
must therefore be replaced by a suitable element. In
this context, a good choice is Bi,S; because it contains
naturally abundant and environmentally friendly
elements. However, its resistance is high as compared
to Bi,Te; and Bi,Se;, and therefore it has received less
attention. In this regard, Wang et al. [22] reported
the synthesis of Bi,S; nanorods by a polyol-assisted
solvothermal method at 120 °C for 62 h but concluded
that the sample could not be synthesized in the absence
of an extra base catalyst. In contrast, we report here
the synthesis of Bi,S; nanorods in the absence of
any base catalyst using a simple polyol method. We
optimized the reaction temperature and quantity of
sulfur precursor within a span of only 2 h. Not only
did we prepare stoichiometric samples successfully
by a polyol method with vacuum annealing and Cu
doping of Bi,S; nanomaterials but also an enhanced
ZT value was found.

2 Experimental

2.1 Synthesis process of Bi,S; nanorods

In a typical synthesis, 2 mmol of Bi(INO;);-5H,O (=98%,
MERCK) and 7.5 mmol of thiourea (99%, MERCK)
as Bi and S sources, respectively, were dissolved in
50 mL of diethylene glycol (DEG, 298.5%, MERCK).
The mixture was transferred to a three-neck round-
bottomed flask and heated in N, atmosphere at a rate
of 6 °C-min". The thiourea was taken in excess to take
care of the volatile nature of sulfur. The solution
immediately turned from a pinkish-yellow color to
black at 97-100 °C, which indicated the initial formation
of Bi,S; nanoparticles (NPs). However, for a better
crystalline product and a complete reaction, the
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temperature was maintained at 175-180°C for 2h
with continuous flow of nitrogen gas. Then, the
solution was allowed to cool naturally. Centrifugation
for 12 min at 12,000 rpm and decantation removed
the precipitate from the suspension. The precipitate
was then dispersed in ethanol and subjected to 2 min
of probe ultrasonication for uniform dispersion.
The dispersed precipitate was then centrifuged for
another 4 min at the same rpm, followed by 5 min of
sonication. These cleaning steps were repeated three
times. Finally, the transparent layer of ethanol was
discarded and the precipitate was vacuum-dried at
60 °C for 1 h. The powder thus obtained was used
for various characterizations and further processing.
Notably, we optimized the reaction conditions, which
were a temperature of 180 °C and a quantity of thiourea
that was 2.5 times that of the nominally required
amount. The samples are denoted as BSX, where X
is the sample number. For Cu doping in bismuth
sulfide (Bi,-.Cu,S; x = 0.1, 0.2, 0.3, 0.4), appropriate
amounts of Bi(NO;);-5H,O were replaced by Cu(NO3),:
3H,O (99%, MERCK); the other parameters remained
the same.

2.2 Hot-press sintering

The as-prepared Bi,,Cu,S;, x = 0.1, 02, 0.3, 04,
nanoparticles were highly resistive, and therefore
needed further heat treatment. They were hot-press
sintered in a vacuum of 10~ mbar at 480 °C with an
applied load of 10 kg for 1 h after optimizing them by
sintering pure sample pellets at various temperatures.
Details are given in the Electronic Supplementary
Material (ESM).

2.3 Experimental techniques

The formation of a crystalline phase was characterized
by X-ray diffraction (XRD) data collected using a Bruker
D8 Advance/Bruker D2 Phaser X-ray diffractometer
with Cu Ka radiation (1.54 A) in an angle range (26)
from 10° to 70° Elemental analysis was performed
by energy dispersive X-ray analysis (EDAX) using a
Model JEOL JSM 5600 scanning electron microscope
equipped with EDAX. The nanostructure and particle-
size distribution were examined using atomic force
microscopy (AFM), and measurements were performed
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in air using an AFM NanoScope E (Digital Instruments)
operated in contact mode. A silicon nitride-coated
cantilever was used to probe different positions of the
cold-pressed pellet surface. The hydrodynamic size
and surface charge of the nanoparticles were measured
in deionized water (as the suspension medium) at
pH 7 and 25°C using a zeta/particle-size analyzer
(NanoPlus-3). Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) measurements
were performed with a TECHNAI-20-G* system
operated at a 200 kV accelerating voltage. Samples
were prepared by dispersing the products in ethanol
by ultrasonication and placing a drop of the suspension
on a copper grid coated with an amorphous carbon
film. For analysis of the chemical states of the con-
stituent elements, X-ray photoelectron spectroscopy
(XPS) measurements were performed on a X-ray
photoelectron spectroscope (SPECS, Germany) using
Al Ka radiation with an anode voltage of 13 kV
and an emission current of 22.35 mA; a full-scan
spectrum was recorded with an energy of 40 eV and a
high-resolution spectrum was recorded with an energy
of 30 eV. Raman spectroscopy measurements were
performed using a LabRAM HR Visible instrument
equipped with an Ar ion laser with a wavelength of
488 nm at room temperature. Seebeck coefficient (S)
and resistivity measurements of the hot-pressed samples
in the temperature range of 5-300 K were performed
in a specially designed commercially available Dewar
using differential direct current and a home-made
four-point probe setup [31], respectively.

3 Results and discussion
3.1 XRD and EDAX analysis

To optimize the reaction conditions, four samples
were synthesized at varying reaction temperatures
using nominal amounts of the initial precursors
(Fig. 1(a)). The characteristic peaks of the BS2 sample
synthesized at 180 °C matched exactly those of the
standard Bi,S; patterns (JCPDS 652431), not for others.
At higher reaction temperatures, many extra peaks
appeared in addition to the characteristic peaks.
At lower reaction temperatures, many characteristic
peaks were invisible, indicating an incomplete reaction
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below 180 °C and poor crystallinity.

We synthesized two more samples, namely BS14
and BS22, at 180 °C with double and triple the quantities
of the initial precursors used in BS2 in order to

increase the final yield. For BS14, one extra peak was
found at 30.56° (Fig. 1(b)), which became more intense
in BS22, indicative of enhanced oxidation into impurity

phases.

The results corroborated the EDAX data, which
showed a deficiency of sulfur but an excess of oxygen

as a result of the formation of complexes of Bi, S, and
oxygen or metal sulfite, Bi-SOy (Figs. 2(a) and 2(b)).

To circumvent this oxide complex formation, we tried

to take excess sulfur. This worked well, which is

evident in BS26 (Fig. 2(c)) and Bi; ¢Cuy;S; (Fig. 2(d)).
The probable formation of H,S or SO, gas could be
one of the reasons for these results.

Therefore, an excess amount of thiourea was
required to achieve the expected stoichiometry with
better crystallinity. For further optimization of the
quantities of the precursors, three samples were
synthesized at 180 °C by taking 4.5, 6, and 7.5 mmol
of thiourea with a fixed 3 mmol of bismuth nitrate.
The samples are denoted as BS23, BS25, and BS26,
respectively. Clear peak intensity enhancement with
increasing thiourea concentration was evident from
the XRD patterns (Fig. 3(a)). This indicates that the
increase of thiourea led to an improvement in the
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Figure 1 (a) XRD patterns of nominal Bi,S; prepared at the reaction temperatures indicated; the optimum temperature is 180 °C.
(b) Nominal quantity variation of both Bi and S precursors (in mmol) at 180 °C. Arrow indicates impurity peak.
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Figure 2 EDAX spectra of (a) BS14, (b) BS25, (c) BS26, and (d) Bi; ¢Cug;S; samples.
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Figure 3 XRD patterns of quantity variation of (a) sulfur source with fixed Bi source and (b) both sources with optimized quantity of

sulfur precursor.

crystalline quality and hence to suppressed background
noise, along with relatively more intense peaks.
This was checked for quantities up to 2.5 times the
nominally required quantity. The EDAX pattern of
BS26 (Fig. 2(c)) showed the ratio of Bi:S as 39.36:60.64
for the cold-pressed pellet of Bi,S;, indicating no sulfur
deficiency in the final product, which is in good
agreement with the theoretical stoichiometry of Bi,S;
without oxygen. The particle size calculated from
the Scherrer formula for BS26, which had the best
crystallinity, was 20 nm. The results for BS2, BS14, and
BS22 (Fig. 1(b)) and for BS23, BS25, and BS26 (Fig. 3(a))
motivated us to look for further improvement in
the quality and yield of the samples prepared. We
therefore re-synthesized the BS2, BS14, and BS22
samples at 180 °C with the optimized quantity of
thiourea, denoting the samples as rBS2, rBS14, and
rBS22, respectively (Fig. 3(b)). In these samples, no
extra peak at 30.56° was found and all peaks were
well-matched with single-phase Bi,S; (JCPDS 652431).

After optimizing the reaction conditions, we
synthesized a series of Cu-doped bismuth sulfide,

Bi,..Cu,S;, x=0.1, 0.2, 0.3, 0.4, nanoparticles and found
that all samples exhibited a single phase (Fig. 4(a)).
However, the peak intensities decreased somewhat
as the Cu doping increased, which is indicative of
modified unit cells with doping. Figure 2(d) shows
the typical EDAX pattern of the cold-pressed pellet of
the Bi; ¢Cu,,S; sample. The figure shows the atomic
percentage ratio of Bi:Cu:S as 38.87:1.18:59.95, indicating
a slightly lower copper content. This implies some
interesting behavior of the Cu-doped samples.
Therefore, further EDAX data were collected for the
Bi,_,Cu,S;, x =0.2, 0.3, 0.4, samples. The collected data
are shown in Fig. S2 (in the ESM) and presented in
Table 1. It is clear that although Bi and S maintained
their theoretical contents (at.%), Cu showed contents
of 2.87 at.%, 4.82 at.%, and 6.71 at.% instead of the
theoretical 4 at.%, 6 at.%, and 8 at.%, indicating a Cu
deficiency, irrespective of the sample. This may be
most probably due to Cu removal during centrifugation
as CuS because CuS is lighter than Bi,_,Cu,S;, which
agrees with the XPS data (Fig. 5) that suggests presence
of Cu?, S*, and Bi®*" states, not in elemental states,
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Figure 4 XRD patterns of Bi,_,Cu,S;, x = 0.1, 0.2, 0.3, 0.4, (a) before and (b) after hot-press pelletization.
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Figure 5 High-resolution XPS spectra of (a) Bi 4f, (b) S 2s, (¢) Cu 2p, and (d) O 1s of the Bi, 4Cuy;S; sample. Experimental XPS data
are noisy curves and continuous smooth curves are software-fitted peaks.

Table 1 The atomic percentage ratios of Bi:Cu:S in Bi,_,Cu,S;,
x =0-0.4, samples

Nominal chemical Bi(at.%) Cu(at.%) S (at.%)
formula
Bi,S; 39.36 0.0 60.64
Bi; oCuq;S; 38.87 1.18 59.95
Bi; gCug,S; 36.36 2.87 60.77
Bi; 7Cuq3S;3 35.17 4.32 60.02
Bi; ¢Cug4S; 33.85 6.71 59.45

and also its valence states would be immaterial in
either CuS or Bi,.,Cu,S;. Further details on CuS
formation is discussed later.

These as-prepared samples required further hot-
pressing treatment to reduce their resistivity and
enhance other transport properties. The diffraction
peaks of hot-pressed pellets of BS26 were somewhat
narrower (Fig. 4(b)) than those of the as-prepared Bi,S;
sample (Fig. 4(a)). This is attributed to the enhanced
crystallite size, from 20 to 22 nm, after hot pressing.
However, in the hot-pressed samples, second-phase
peaks due to Bi, sCu,04Sy (JCPDS 655469), as indicated
by the filled diamond (¢) signfor x = 0.3 and 0.4, are
seen clearly, whereas only vestiges of second-phase
peaks for x = 0.1 and 0.2 are apparent. A composition
similar to that of BiysCu,0:Se that matched the impurity

TSINGHUA
UNIVERSITY PRESS

phase formed after the hot-press procedure at 472 °C
was reported [32, 33]. The generation mechanism
of this composition may therefore be described as
follows. When Bi,S; is doped with Cu, a mixture of
an impurity CuS phase with the majority Bi,S; or
Bi,.,Cu,S; phase may be formed owing to the low
reaction temperature (180 °C), whereas Cu might not
replace Bi easily because of the large difference in
their ionic radii [34]. The concentration of the CuS
phase may be too low as compared to the major host
Bi,S; or Bi,.,Cu,S; phase, giving rise therefore to no
observable extra peaks in the powder XRD patterns
(Fig. 4(a)). However, when Cu-doped Bi,S; samples
are hot pressed at 480 °C, a transformation appears to
take place to form Bi,sCu,0.S, as observed, as in the
following reaction

480 C

4.8Bi,5; +2.94CuS ——— 2.4 Bi,5; +

Bi; sCuy04Se +1.14 S*1 (1)

To ascertain the crystal structure precisely, we
performed structural Rietveld refinement by using
FullProf software for the XRD patterns of the as-
prepared Bi,_.Cu,S;, where x = 0-0.4, and hot-pressed
(HP) pure Bi,S;. The initial refinement parameters
were taken from Lundegard et al. [35]. The refined

@ Springer | www.editorialmanager.com/nare/default.asp
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XRD graphs for the as-prepared pure Bi,S; in powder
form, as well as the HP pellets, are shown in Fig. 6;
those of the other samples are shown in Fig. S1 (in
the ESM). Note that Rietveld fitting using the space
group Pbnm could not be fit; however, space group
Pnma could be fit. Because of this, to our knowledge,
there is no report on the Rietveld fitting of this com-
pound. This was related to the exchange of lattice
parameters 4, b, and c.

The data in Table 2 are rather intriguing. Although
parameter a varies somewhat randomly, parameters b
and ¢ somewhat decrease and increase, respectively,
with increasing Cu content. This is evidence of the
replacement of smaller atomic radii Cu atoms for
larger atomic radii Bi atoms in the lattice of Bi,S;.
These data therefore prove that copper was successfully
doped in Bi,S;. Accordingly, the unit cell volume
decreased somewhat marginally with increasing Cu
content, although not very systematically, with the
exception of Bi;¢Cuy,Ss. This suggests that doping of
Cu in the Bi,S; lattice was not very straightforward,
showing complicacy in its lattice structure, which
might be beneficial in terms of the thermoelectric
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properties.

In this scenario, looking into the crystal structure
of Bi,S; (Fig.7(a)) may be interesting. The crystal
structure of bismuth sulfide with space group Prnma
consists of tightly bonded infinite (Bi,Ss), ribbons
extending along the <010> direction in a herring-
bone arrangement (Figs. 7(b) and 7(d)). There are two
independent Bi positions, Bil at the margin of the
Bi,Se ribbon and Bi2 placed around the center of the
ribbon. Kyono et al. [36] reported that the Bil sites
can be coordinated to seven ligand atoms of sulfur
with three short and strong bonds and four weak and
long bonds, whereas the Bi, sites are also seven-
coordinated but with five short and strong bonds and
two weak and long bonds. These five short bonds are
arranged at the vertices of a square pyramid (Fig. 7(c)),
and below these square pyramids lone-pair electrons
of Bi2 are interposed between the two longer bonds.
Although both positions are seven-coordinated (Fig. 7(c))
in relation to the 4 A axis, Bil-S; is a monocapped
“lying” prism, whereas Bi2-S; is a “standing” prism
[35]. The Bil polyhedrons are perpendicular to the
b axis, and therefore they are monocapped lying

@) ——1 . (BS26) (b) /. (hotpressed BS26)
— [, (fitting) —1_, (fitting)
-y Difference (/,_— /) - —Difference (/1)
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Figure 6 Structural Rietveld refinement of XRD patterns of BS26 as (a) a powder and (b) a hot-pressed pellet with slow scan rate.

Table 2 Lattice parameters and density of the compound obtained after Rietveld refinement for powder XRD patterns of Bi,_Cu,S;,

x = 0-0.4, and HP-pellet XRD pattern of Bi,S;

Parameter BS26 powder x=0.1 powder x=0.2powder x=0.3powder x=0.4powder HP Bi,S; pellet
a(d) 11.315 11.316 11.318 11.312 11.327 11.299
b(A) 3.986 3.981 3.983 3.982 3.980 3.982
c(A) 11.161 11.157 11.158 11.152 11.163 11.148
V(A% 503.334 502.53 502.898 502.318 503.267 501.609

py (g/em’) 6.785 6.683 6.510 6.339 6.151 6.808

x* value 2.14 1.22 1.23 1.170 1.05 2.18

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Figure 7 Three-dimensional (3D) crystal structure of Bi,S;. (a) A unit cell, which contains 4 molecules (20 atoms), (b) two-dimensional
(2D) polyhedral structure of (BisS¢),, (c) polyhedral crystal structure of unit cell by taking additional atoms if any atoms are included in
the boundary, and (d) slightly tilted structure of (Bi4Sg), ribbons, which show infinite chains attached to Bi;S¢ rods parallel to the b axis.

prisms, whereas Bi2S; polyhedrons are standing
prisms because they are parallel to the b axis.

3.2 Microstructure studies

3.2.1 Atomic force microscopic study

In order to understand the morphology of the samples,
typical 2D and 3D AFM images of the BS26 sample
are shown in Figs. 8(a) and 8(b), respectively. The
scan size is 500 nm and the scan rate is 15.26 Hz.
In the 2D image, a large number of small clusters
roughly 100 nm in size are present, and these clusters
themselves consist of many sub-particles with an
average diameter of 35 nm. These particles are either
spherical or elliptical in shape with slight variations
in size, which indicates the polycrystalline nature
of Bi,S; nanoparticles. Larger clusters are due to
aggregation of the smaller particles because the pellets
were compacted using ~1 GPa pressure. Here, the
average size of the small particles is 35 = 5 nm, with
particle sizes ranging from approximately 20 to 100 nm.
This average particle size is greater than the crystallite

(a) ) a4 nm

Y (nm)

0 100 200 300 400
X (nm)

Figure 8 (a) 2D AFM image and (b) 3D image of Bi,S;
nanoparticles (BS26).

size calculated from XRD (20 nm) that was theoretically
expected.

3.2.2  Transmission electron microscopic study

To obtain a more accurate nanoparticle size, TEM
measurements were carried out for BS26. Figure 9
shows a typical TEM image of the as-synthesized
Bi,S; sample. This image reveals that the product
consists of many quite uniform nanorods and that
their diameters are in the range of 12-49 nm, with an
average diameter of ~23 nm, and that they have a
length of several hundreds of nanometers (Figs. 9(a)
and 9(b)). An HRTEM image of Bi,S; nanorods is
shown in Fig. 9(c), which shows the clear single-
crystal structure of a nanorod with a regular estimated
fringe spacing of 0.798 nm, which is in good
agreement with d value of the [101] crystal planes of
orthorhombic-phase Bi,S; parallel to the axis of the
nanorods. This implies that the nanorod axis elongates
in the <010> direction [15]. Figure 9(d) shows the
selected area electron diffraction (SAED) pattern of a
nanorod, which clearly shows that the constituent
Bi,S; nanorod is a single crystal. On the other hand,
dynamic light-scattering (DLS) data (see ESM for
details) showed the particle size as 82 nm.

3.3 X-ray photoelectron spectroscopic studies

The valence states of the constituent elements in the
resulting product were studied by X-ray photoelectron
spectroscopy. To calibrate the spectra, the binding
energy (BE) of carbon (C 1s) was used as the internal
reference. Full-scan data were recorded from 0 to
1,000 eV, as shown in Fig. 54 (in the ESM). The high-
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Figure 9 (a), (b), and inset of (a) Transmission electron microscopy images of Bi,S; nanorods (BS26) at different magnifications.

(c) HRTEM image and (d) SAED pattern of nanorods.

resolution spectra of Bi 4f, Cu 2p, and S 2s were
recorded to determine the oxidation states of the
constituent elements. They were fitted with XPS peak
software, as shown in Figs. 5(a)-5(d). BEs of Bi 4f;,
and 4fs, found at 158.1 and 163.4 eV, respectively, at
two peaks have a constant separation of 5.3 eV over
the entire region of the compounds, corresponding to
the Bi** chemical state (Fig. 5(a)) [37]. This confirms
the presence of the Bi** state in Bi,S;. The peak of Bi
4f;, was somewhat asymmetric because of merging
with the S 2p peak at 160.5 eV, which is clearly seen
in the de-convoluted graph. The binding energy of the
S2s peak (Fig.5(b)) found at 225.1 eV is consistent
with the S* state in BiS; [15]. Figure 5(c) shows
the high-resolution spectrum of Cu 2p, with BEs of
the Cu 2p;, and 2p;, peaks at 931.79 and 951.58 eV,
respectively, with a separation of 19.79 eV. The peak
at 931.79 eV is characteristic of Cu?, and it is 1.1 eV
lower than that of the typical Cu* [38, 39]. In addition,
the very weak broad peak at 943 eV corresponds to

the satellite peak (KLyL,;) of Cu?* [40]. The oxygen
peak at 531.5 eV (Fig. 5(d)) is due to either O, molecules
or surfactant associated/adsorbed on the surfaces of the
NPs because normal oxide peaks have higher energies.

3.4 Raman spectroscopic studies

Raman spectroscopy is an effective tool for structural
characterization. The Raman spectra of samples
synthesized with different quantities of the sulfur
precursor while the bismuth source remained fixed
were recorded in the frequency range 50-600 cm™ at
300 K (Fig. 10(a)). Figure 10(b) shows the multi-peak
Lorentzian fitting of the experimental Raman spectrum
of BS26, which was synthesized with a Bi:S initial
precursor ratio of 2:7.5 mmol; the results for the other
samples are shown in Fig. S5 (in the ESM). The Raman
mode positions, along with their full width at half
maximum (FWHM), are listed in Table 3. The observed
Raman modes for the BS26 sample at 87.58, 99.82,
125.38, 168.18, 186.62, 236.43, 261.45, and 275.07 cm™

@ e -, 8om | (b) © - BS26 (2:7.5)
BS23(45) <+« | * ° Ag(99.30m) ) ;
£ 4 By, (237:20m’) o~ © ¥— Lorentzian
3,000 BS25 (6) I (240 LY A (2607cm-‘) b2 25 o
= ——BS26(7.5) | |= por @ fitting
2 [ W ; . T o
c i ool « = = = = o N ~
3 Wi T v o © © < © ]
3 2,500} Jv ] = &R ., B¢ ~
- Ol *\ ); 3.0 45 60 75 > 5 4 - o~
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7 W \ M “A“u c al
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Figure 10 (a) Raman spectra of samples synthesized with different quantities of S precursor (thiourea, written in brackets) with fixed

2 mmol Bi source. Inset: effect of S content on FWHM of B, modes at 86 and 260.7 cm’!

and A, mode at 99.3 and 237.2 em L,

(b) Multi-peak Lorentzian fitting (red solid line) from summation of all the Lorentzian (green) curves of the experimental Raman
spectrum (open circle) of the BS26 (2:7.5) sample. Numbers indicated are the fitted peak positions in cm .
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Table 3 Raman phonon modes (1;,) and FWHM (Av,) obtained
through first-principles calculations [41] and the experimental
values by Lorentzian peaks fitting in Bi,S; for varying S for fixed Bi

Raman mode BS2 BS23 BS25 BS26
(theoretical v, 2:3), (2:4.5) (2:6)v, (2:7.5)
incm™, (Avy) v, (Avy) (Avy) v, (Awp)
Ref. [41]) (ecm™) (em™) ) (cm™)
By, (86) 85.23 85.57 87.24 87.58
(25.93)  (222)  (20.56)  (19.49)
A, (99.3) 98.16 99.93 99.81 99.82
(19.71)  (11.01)  (1026)  (9.57)
Bj, (119.3) 125.41 12583 12563  125.38
(40.6)  (35.46)  (42.62)  (44.96)
B, (173.4) 17678  167.92  168.03  168.18
(84.61)  (33.58)  (3529)  (34.03)
A, (184) — 187.96  186.85  186.62
(44.06)  (40.31)  (38.80)
A, (237.2) 23591 23588 23624 23643
(57.72)  (38.87)  (37.32)  (36.21)
By, (260.7) 262.10  260.73  261.63  261.45
19.37) (16.6)  (1432)  (13.42)
B, (277.3) 287.10 27659 27501  275.07
(46.13)  (35.52)  (4927)  (47.52)

are much closer to the reported theoretical and
experimental values [41, 42].

The observed Raman modes unambiguously identify
the orthorhombic phase of Bi,S;, which is consistent
with the XRD data (Fig. 3(a)). No impurity modes
were detected in the case of thiourea amounts greater
than 3 mmol in the synthesis, i.e., in BS23, BS25, and
BS26. In particular, no extra peak from the Bi-O
mode was observed, which generally shows Raman
bands at approximately 117-118, 310-314, 430-432,
and 519-525 cm™ [43, 44]. In the case of BS2 (2:3), one
A; mode at 184 cm™ merged with the B;; mode at
173.3 cm™ and one B;, mode at 277.3 cm™ is observed
at 287.1 cm™, with a large deviation of ~10 cm™. Other
modes were broadened and much deviated from the
theoretically estimated value, which is attributed to
the non-stoichiometric Bi,S; of the BS2 sample.

Deviation from the original positions and broadening
of the modes could also be related to its reduced size
(Table S1 in the ESM). The intensity of all the Raman
modes (Fig. 10(a)) and FWHMs of the B,; modes at 86
and 260.7 cm™ and the A, modes at 99.3 and 237.2 cm™
decreased with increasing S content (Fig. 10(a), inset).
This trend is consistent with the decrease in average

Nano Res. 2016, 9(11): 3291-3304

particle size (Table S1 in the ESM) of the samples,
and it is in agreement with an earlier report [45]. This
can be explained based on the Raman intensity
dependence on the quantum dot radius (R) as R for
the optical deformation potential mechanism [45, 46].

3.5 Resistivity and thermopower

The resistivity (p) of cold-pressed (1 GPa at 27 °C)
pellets of pure Bi,S; was very high (Fig. 11), and hence
high-temperature sintering was needed to reduce it
[3, 10-14]. For this, hot-press sintering was performed
at 27, 200, 320, 480, and 520 °C in vacuum (107 Torr)
under 10 kg axial force for 1h to consolidate Bi,S;
NPs into pellets and to determine the optimum
sintering temperature. A negligible reduction in p
was observed for the first hot-pressed sample at
200 °C as compared to that made at 27 °C (Fig. 11).
With increasing hot-press sintering temperature, p
decreased systematically (Fig. 11, inset). This reduction
in p is attributed to the formation of sulfur vacancies
and the increase in density by removing porosity. Here,
each sulfur vacancy provided two free electrons to
the host lattice; this increase in the number of sulfur
vacancies led to the characterization of Bi,S; as an
n-type semiconductor [3, 10-14]. Although the p value
of the sample hot pressed at 520 °C was the lowest
(Fig. 11, inset), but organic, moiety-related fume came

11
10 [ - BS26 (27 °C)

1 BS26 (200 °C)
] —+—BS26(320°C)
10°F -~ Bs26 (480 °C)
[ BS26 (520 °C)

T ¥
: 5
c 10 r
Q » RAARRRAR
AON VVW,W
102: %\m& AR A
!- %
3
107" y

50 160 1!';0 2(I)0 2!'.)0 300
T(K)
Figure 11 Temperature dependence of p of Bi,S; (BS26)
nanorods hot pressed at 27, 200, 320, 480, and 520 °C. The p
values of the HP samples at 27, 200, and 320 °C were measured
by using the two-probe method, whereas those at 480 and 520 °C
were measured by the four-probe method. The errors in the
measurements were 5% and 3%, respectively [31]. The inset
shows the effect of hot-press sintering temperature on p at 300 K.
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out during hot pressing. Therefore, all the doped
samples, i.e., Bi,.,Cu,S;, x = 0.1, 0.2, 0.3, 0.4, were
hot-pressed at 480 °C and their Seebeck coefficients (S)
and electrical conductivities (o) were investigated in
the temperature range of 5 to 300 K (Figs. 12(a) and
12(b)). It is pointed out here that because their crystal
structure was peculiar and hot pressed, we checked
the direction-dependence of the S and o data for the
hot-pressed pellets parallel and perpendicular to
the applied force. A typical example of measurements
on pure Bi,S; is shown in Fig. 56 (in the ESM). Their
absolute values along the parallel direction were in
general relatively more than those along the perpen-
dicular direction that gave higher power factor. These
configurations were used in all the data presented.
The S values ranged from -3 to -353 uV-K™ for all
doped samples, whereas for pure Bi,S; the maximum
absolute value was 577 uV-K™ at 300 K. The negative
sign of S indicates that the majority charge carriers
were electrons for the whole temperature range of
the investigation.

The electrical conductivity o (Fig. 12(b)) increased
with increasing Cu content, indicating the increasing
electron concentration as S shows n-type conduction
(Fig. 12(a)). Further, o increased exponentially with
temperature, thus showing semiconducting behavior.
Around 300 K, all the Bi,_Cu,S;, x = 0.1-0.4, samples
possessed higher o values as compared to pure Bi,S;.
This increase in 0 was much more significant for x =
0.3 and 0.4. This is understood tentatively to be due
to the formation of a probably more conducting second
phase, BiysCu,0:Se (JCPDS 655469), as seen in the XRD
results (Fig. 4(b)). This higher conductivity is based
on a probable excess of Cu content, and hence on the
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extra electrons of BissCu,0:Sy as compared to, say,
Bi; 6Cu4S; because when Bi; 4Cuy,S; is multiplied by
3, Bi,sCu;,Ss is obtained. This is inconsistent with the
better conductivity (4.3 S-em™) in CuBiS, [32]. The
above results showing the probable enhanced electron
concentration with increasing Cu content are in good
agreement with the loffe theory [47] up to x = 0.3.
According to this theory, the Seebeck coefficient for
most metals and semiconductors is inversely pro-
portional to the carrier concentration.

Although the x = 0.3 and 0.4 samples show almost
equal o values at 300 K, the value of S for the x = 0.4
sample is higher than that for the x = 0.3 sample in
the 5-300 K range, which cannot be explained by the
Ioffe theory. This may be due to a competitive process
in contributing carriers from Bi; 6Ct194S; and BisysCt1504So
that favor an enhanced S value but almost the same o
value as that of the 0.3 sample. This could lead to an
enhanced power factor (PF). This in fact is observed,
and it is the highest of all samples at 300 K. In PF
(Fig. 12(c)), a 34% enhancement was seen at 300 K for
hot-pressed pellets of Bi;Cu,4S; as compared to the
pure sample, whereas all the other doped samples
showed PF values lower than that of the pure sample.
If we take the value of the thermal conductivity («)
of bulk Bi,S;, which is 0.7 W-m™-K?according to the
literature [13], then the ZT value turns out to be
enhanced from 1.34 x 107 to 1.8 x 107 at 300 K, which
is a 34% enhancement for the Bi;¢Cu(sS; sample
(Table S2 in the ESM). The estimated low value of ZT
is attributed to the absence of their actual thermal
conductivity data and better stoichiometry. However,
the present nanorods of the Bi,S; and Cu-doped
samples synthesized by the chemical route are likely

a) ofy b - c -
(a) s"nff;,’fz:%ﬁ#mawm»»mmm k) [ Bi,S, b ( )0.04- +— BiS, ;
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Figure 12 Temperature dependence of (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor for Bi,_,Cu,S;, where

x =0.1-0.4 for hot pressing at 480 °C.
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to have significantly reduced values of «x that may
consequently result in much larger ZT values.

4 Conclusions

Nanostructured Bi,,Cu,S; (x = 0.1-0.4) samples were
successfully synthesized by a simple polyol method
without using any base catalyst. The particle size
determined from XRD, AFM, TEM, and DLS was
in good accordance with the theoretical size. The
individual nanorods showed a single crystalline
structure, which played a very important role in the
transport properties. The presence of obvious B,
(87.58, 168.18, 261.45, and 275.07 cm™) and Ay, (99.82,
186.62, and 236.43 cm™) optical modes of the Bi-S
bonds in the Raman data confirmed that the Bi,S,
nanostructure was perfectly synthesized. In addition,
a reduction in electrical resistivity by hot-press
sintering and Cu doping was demonstrated. The rod-
like structure of Bi,S; appeared to play a very
important role in achieving a high Seebeck coefficient.
The absolute value of the thermopower decreased with
increasing Cu doping. Consequently, an enhancement
in the figure of merit of 34% was observed for the
Bi; 6Cuy4S; sample as compared to undoped Bi,S; at
300 K.
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