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Abstract
Cadmium sulfide (CdS) nanoparticles were synthesized by hydrothermal process and have been characterized by x-ray
diffraction (XRD), transmission electron microscopy (TEM), and energy-dispersive x-ray spectroscopy (EDXS) system. The
effect of added CdS nanoparticles on the superconducting properties and flux pinning capability in (Bi,Pb)2Sr2Ca2Cu3Oy

system (denoted as (Bi,Pb)-2223) has been reported. Hydrothermal method is an effective route to synthesize CdS
nanoparticles with good crystallinity and having average grain size of about 12 nm. Then, small amounts (0–0.4 wt%) of
nanosized CdS particles were added to Bi-2233 samples using a solid-state reaction route. The transport critical current
densities and the electrical resistivity ρ (T , H) were performed using the four-probe technique. The results show that samples
sintered by small amount of CdS nanoparticles (≤0.3 wt%) exhibit the higher critical current densities and energy pinning in
applied magnetic fields compared to free added sample. Consequently, the addition of CdS could introduce effective pinning
centers which account for the improvement in superconducting properties in the Bi-2223 materials.

Keywords Bi-2223 superconductors · Hydrothermal method · CdS nanoparticles · Superconducting properties · Flux
pinning

1 Introduction

Semiconductor cadmium sulfide (CdS) nanoparticles have
attracted considerable attention because of their wide direct
band gap of 2.4 eV and their specific properties that are not
observed by their bulk materials [1, 2]. Such nanoparticles
are used in various fields such as optoelectronics, photonics,
photovoltaics, and photocatalysis [2]. Based on previous
studies, CdS nanostructures have been prepared using
numerous physical and chemical techniques such as sol-
gel [3], hydrothermal [1], solvothermal [4], co-precipitation
[5], polyol [6], and microwave-assisted methods [7]. Among
these different methods, low-temperature hydrothermal
process is the most frequently used because of its non-
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toxicity, biocompatibility, eco-friendliness, and low-cost
facility. Furthermore, by controlling various parameters
such as temperature, reaction time, pressure, precursors, and
surface ligands, one can get various dimensions, structure,
and morphology of nanoparticles.

Since the discovery of Bi-based superconducting sys-
tems (BSCCO), several studies regarding the preparation
methods, superconducting characteristics, and the structure
of these compounds have been made [8–10]. Indeed, these
materials have a particular place owing to their high critical
transition temperature Tco and especially a good mechanical
performance [11, 12]. Moreover, Bi-based superconduct-
ing materials are composed of the layered structures that
make the mobile charge carriers confine to the Cu–O2 layers
[13, 14]. In the Bi-based superconducting compounds, there
are three basic superconducting phases with respect to the
number of Cu–O2 planes in the unit cell. The phase which
exhibits the high critical transition temperature Tco = 110 K
corresponds to Bi2Sr2Ca2Cu3O10 (denoted Bi-2233). Nev-
ertheless, the main constraints of BSCCO superconductors
are weak links between the grains resulting in weak crit-
ical current density Jc in bulk samples. The addition of
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Fig. 1 X-ray powder diffraction patterns of CdS nanoparticles

nanosized particles or substitution of elements are one of
the most effective ways for controlling the superconducting
properties of high Tc superconductors (HTS) [15–21]. The
improvement or devastation of the superconducting proper-
ties is heavily dependent on the characteristics of the dopant

in the crystal structure. A suitable amount of nanometer par-
ticles can cause a significant improvement in the flux pin-
ning ability and transport properties of compounds. Among
various classes of nanoparticles, semiconductor nanoparti-
cles have emerged as important materials with promising
applications and have proved its effectiveness in improving
the critical current densities in superconducting materials
[22–24]. Although many papers have been already reported
as regards to the effect of nanoparticles on the enhancement
of the Jc, on the best of our knowledge, no report on the
effect of CdS nanoparticles was published in the BSCCO
system.

The first part of the present work concerns the synthesis
of CdS nanoparticles via the hydrothermal method. Then,
we have used the prepared nanoparticles as additives and we
aim to study their effect on the superconducting properties
and flux pinning mechanisms in BSCCO system.

2Material andMethods

2.1 Nanoparticles Synthesis

Hydrothermal method was used to prepare semiconductor
CdS nanoparticles starting from cadmium chloride hydrate

Fig. 2 a Transmission electron
microscopy image of CdS
nanoparticles prepared by
hydrothermal method. b EDXS
spectrum taken from the area
with nanoscale entities. c The
corresponding size distribution
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Fig. 3 Resistivity dependence on the temperature for samples added
with various amounts of CdS nanoparticles. Inset: Evolutions of the
zero-resistivity temperature Tco and the onset temperature of the
superconducting transition T on

c of samples sintered with different
amounts of CdS

(CdCl2–H2O) and thiourea CH4N2S as precursors and
using propanoic acid C3H6O2 as surface ligand, which
is necessary in the stability of the nanocrystals. For the
synthesis of CdS nanocrystals, 0.1006 g of CdCl2–H2O
was dissolved in 5 ml of distilled water to obtain a
0.1-M solution, 0.0342 g of CH4N2S was dissolved in
4.5 ml of distilled water to obtain a 0.1-M solution, and
0.25 ml of propanoic acid was dissolved in 20 ml of
distilled water. The cadmium chloride hydrate solution
and propanoic acid solution were mixed together and then
were dropped under vigorous stirring. To make a basic
solution, a 2-M sodium hydroxide solution NaOH is added
until a pH = 10. Thiourea solution is thereafter added
to the previous solution as a source of sulfur. The result
precursor mixture was stirred at room temperature for 24 h,
placed into a teflon-lined autoclave, and finally subjected
at heat treatment 180 ◦C for 7 h. The orange precipitates
were collected, washed with ethanol for several times to
remove soluble inorganic impurities, and then dried at 80 ◦C
in air before further characterization. We have examined
the structure, the average particle sizes, and the phase
composition of the resulting product by powder XRD using
a Philips 1710 diffractometer with CuKα radiation and FEI
Tecnai G2 transmission electron microscopy coupled with
an energy-dispersive x-ray spectroscopy (EDXS) system.
Figure 1 displays the XRD patterns of CdS nanoparticles.
Strong and sharp diffraction peaks have been observed
indicating the good crystallinity of the product. The indexed
diffraction peaks in Fig. 1 correspond to the hexagonal

Table 1 Characteristic parameters of pure and CdS added samples

Samples Characteristic parameters

T on
c (K) Tco(K) ρo(m� cm) α(μ� cmK−1)

0.0 wt% CdS 113.20 104.07 0.45 6

0.1 wt% CdS 113.80 104.13 0.28 4.4

0.2 wt% CdS 113.70 103.94 0.32 4.8

0.3 wt% CdS 113.20 103.86 0.25 3.9

0.4 wt% CdS 113.50 103.57 0.35 5.1

structure with lattice parameters a = 4.121 Å and c =
6.682 Å. Figure 2a is a transmission electron microscopy
image showing an almost monodispersion of nanoentities
with oval or spherical shape. EDXS analyses performed
on areas with nanosized particle indicate the presence of
cadmium (Cd) and sulfur (S) elements (Fig. 2b). Based on
statistical analysis of more than 100 entities in a single
region (Fig. 2c), the average size of nanoparticles is about
12 nm. While the diameter of CdS nanoparticles, estimated
with the Debyee-Scherrer formula, was found to be 10 nm,
which is in good agreement with the TEM observations.

2.2 Superconducting Samples Preparation

Details of the preparation of BSCCO polycrystalline
samples have been presented elsewhere [21] and we give
herein a brief description. Samples were synthesized using
solid-state reaction route by considering three thermal
cycles comprising additives at the beginning of each
cycle. During the final treatment phase, the synthesized
CdS nanoparticles were added to BSCCO. The additional
amount of CdS, varied from x = 0 to x = 0.4 wt% of the
total mass of sample. The mixture were pressed into pellets
under a uniaxial pressure of 1 GPa and finally sintered
in air at 835 ◦C for 72 h. The temperature dependence
of the electrical resistivity ρ(T H) under applied magnetic
fields ranging from 0 to 100 mT measurements and the
current-voltage (I–V ) characteristics were carried out using
the four-probe technique. The critical current density (Jc)
values were determined at various temperatures using a
5 μV/cm criterion. A magnetic field was applied along
the short axis of the sample and the excitation current was
injected along the length axis of the samples.

3 Results and Discussion

Measurements of the resistivity dependence on the tem-
perature ρ(T ) for pure and CdS added Bi-2223 samples
are shown in Fig. 3. All samples show (above the onset
transition temperature (T on

c )) a metallic behavior in the
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Fig. 4 Variations of the
electrical resistivity with
temperature at different applied
magnetic fields of samples
sintered with different amounts
of CdS
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normal state followed by a sharp superconducting transition
to zero-resistivity Tco confirming the decrease of the poros-
ity, grain boundary resistivity, and grain boundary weak
links in the system. The resistivity curves in the metallic
behavior can be expressed by the linear equation such as:
ρn (T ) = ρo + αT , where ρo is an indicator of the sample
homogeneity and defect density and the slope α is consid-
ered as a parameter that depends on the intrinsic electronic
interaction. The obtained values of critical temperatures
(T on

c , Tco), ρo and α for pure and added samples are listed in
Table 1. The data show that all CdS-added samples exhibit
the lower normal-state resistivity and residual resistivity ρo.
This implies the good quality process of synthesis and pos-
itive effect of CdS doping. Furthermore, it is clearly seen
from the inset of Fig. 3 that the zeroresistance temperature,

Tco, was practically maintained in Bi-2223 with different
amounts of CdS. Also, we found an almost constant value
of the onset temperature of the superconducting transition
(T on

c close to 114 K) for all sintered samples.
In order to examine the relevant effect of CdS addition

under applied magnetic field (H ), we have measured the
resistivity of pure and CdS added samples with different
values of magnetic fields. It is clearly seen from Fig. 4 that
the lower region of the curves (T < Tc), where Tc is the
peak temperature of the dρ

dT
versus T curves, is strongly

affected by the application of applied magnetic field. It
is commonly known that the flow of superconducting
carriers through the weak couplings and nanocrystallites is
prevented by the application of a magnetic field. Indeed, an
applied magnetic field is expected to suppress the critical

Table 2 Values of a and n

obtained from ρ(T H)

measurements for free and
CdS-added samples

Samples 0.0 wt% CdS 0.1 wt% CdS 0.2 wt% CdS 0.3 wt% CdS 0.4 wt% CdS

a 5.70 4.90 5.65 5.85 6.46

n 0.24 0.24 0.23 0.23 0.22
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Fig. 5 Typical curve of ln
ρ
ρo

versus 1
T

at various magnetic fields

current of a Josephson junction and consequently result in
the appearance of a junction resistance. We note that the
addition of CdS nanoparticles narrows the width of the
resistive transition width �T = Tco (0) − Tco (H). The �T

data are well adjusted according to a scaling relationship of the
power law �T = aH−n. In our case, the parameter n is found
to be similar 0.23 ± 0.01 for all sintered samples. However,
the values of the factor, a, are lower for samples sintered
with CdS concentration <0.3 wt% as listed in Table 2. This
result confirms the beneficial effect of CdS addition on the
improvement of the electrical conduction in the material.

The dependence of ρ (T , H) is expected to provide
information about the mechanism of the vortices pinning.
Indeed, the magneto-resistivity ρ (T , H) curves in the
polycrystalline HTSC has been found to obey to the
Arrhenius relation as follows [25, 26]: ρ (T , H) =
ρo exp

(
−Uo(T ,H)

kBT

)
where Uo is the flux pinning energy

depends on both the temperature and the magnetic field and
kB is the Boltzmann constant. The Uo value can be directly
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Fig. 6 Variations of the pinning energy Uo with applied magnetic
fields for samples sintered with different amounts of CdS
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Fig. 7 The variation of the critical current density with applied
magnetic fields of samples added with various amounts of CdS
nanoparticles. Magnetic field was applied perpendicular to the samples
wide surface

determined from the linear data in the tail part of the slope
of the plot of ln

ρ
ρo

versus 1
T

; a typical curve is depicted
in Fig. 5. Figure 6 displays the deduced Uo, for different
amounts of CdS addition. The value of Uo decreases as
the magnetic field increases for each sample. Compared to
CdS-added samples, the pure one shows a rapid decrease
of Uo on magnetic field. Besides, it is clearly seen that
Uo for samples sintered with CdS concentration <0.3 wt%
is much higher than for a pure one in the whole range
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Fig. 9 Temperature dependence
of critical current density at self
and applied magnetic field for
free and 0.1 and 0.2 wt% added
samples
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of the considered magnetic field. This result confirms the
important role of CdS addition in improving the transport
capabilities of Bi-2223 materials.

Figure 7 shows Jc measurements under applied magnetic
fields. All sintered samples exhibit deterioration of Jc on
increasing the magnitude of magnetic field. It is notable that
Jc is increased for samples sintered with CdS throughout
the whole range of applied magnetic fields. For lower
temperatures, the CdS-added samples exhibit less sensitivity
to magnetic fields compared with the non-added one (inset

of Fig. 7). These results suggest that the CdS nanoparticles
act as effective pinning centers yielding to the improvement
of critical current density behavior.

Figure 8 shows the temperature dependences of critical
current densities at applied magnetic field for free and
CdS-added samples. The critical current density increase
monotonically on decreasing temperature from near Tco

down to T = 25 K for each sample. The samples sintered
with CdS concentration ≤0.3 wt% exhibit the highest values
of Jc in almost the entire temperature range at self-magnetic
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Scatters mark the experimental data. Lines are theoretical fits obtained

based on the model of the δl (blue curves), the δTc (red curves), and
the δε (black curves) pinning mechanisms
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field; however, when the addition of CdS exceeds 0.4 wt%,
one can observe a decrease of Jc(T ) values. For an applied
magnetic field (i.e., 100 mT), we note that the values
of Jc (T ) remain very higher for samples sintered with
a small amounts of CdS (≤0.3 wt%) compared to the
non-added one. For clarity, we have plotted in Fig. 9 the
temperature dependence Jc (T ) for 0.0, 0.1, and 0.2 wt%
CdS-added samples. A comparison between samples shows
that the critical current density of the added samples has
increased for the whole-temperature range either on self
or applied magnetic field. This effect could be the result
of further homogeneity and better connection between the
superconducting grains following the addition of CdS.
Therefore, it seems that small amount of CdS nanoparticles
are acting as conductors. So, it can enhance the connections
of grains boundary of BSCCO compound and improve the
transport the electrical current in the material.

In order to determine the contribution of each pinning
mechanism for free and CdS-added samples, we have
analyzed the critical current density dependences on
temperature Jc (T ) based on the thermally activated flux
motion and the collective flux-pinning models [27]. For
HTS materials, the pinning mechanism can be classified
into three types: (1) δTc, which is due to the randomly
distributed spatial variations in the transition temperature Tc

[28]; (2) δl, mostly due to crystal lattice defects and related
to spatial fluctuation of the charge-carrier mean free path
[27]; and (3) δε, due to the stress/strain field [29]. According
to these models, the global transport critical current density
Jc(T ) is expressed as follows:

Jc (T ) ≈ Jc (0) (1 − t2)
α
(1 + t2)

β
(1)

where Jc (0) is the critical current density at 0 K, t = T
Tco

is the reduced temperature, and the exponents α and β are
related to the pinning mechanism;

for the δε pinning mechanism, Jc (T ) = Jc (0) (1 − t2)
7
6

(1 + t2)
− 11

6 (2)

for δTc pinning mechanism, Jc (T )=Jc (0) (1−t2)
7
6 (1+t2)

5
6

(3)

and for δl pinning mechanism, Jc (T )=Jc (0) (1−t2)
5
2 (1+t2)

− 1
2

(4)

Figure 10 shows the plots of the experimental data
Jc (T ) for free, 0.1 and 0.2 wt% CdS-added samples. The
theoretical curves of (2), (3), and (4) are also presented
in the figure by the solid lines. As can be seen, the
experimental Jc (T ) values at self-applied magnetic fields
are in a good agreement with the model of δTc pinning

over the main temperature range for all sintered samples.
However, for an applied magnetic field μoH = 100 mT, the
δTc pinning mechanism suppressed completely and Jc (T )

values agree with the δε mechanism for pure sample while
the experimental results of CdS added samples cannot be
explained by a single model over the whole region of the
Jc (T ) curves. Indeed, the δl pinning mechanism is mainly
responsible at low temperatures, decreased with increasing
temperature, and then transformed to δε at temperatures
close to Tco. It can be noted that the addition of CdS
nanoparticles inside the superconducting matrix causes the
fluctuations in the mean free path that are responsible for the
δl pinning at low temperatures. Similar behavior has been
found in the case of nano-Si-doped MgB2 superconductor
[30]. These results provide strong evidence that the CdS
nanoparticles produced very strong pinning centers in the
Bi-2223 matrix.

4 Conclusion

CdS nanoparticles with average grain size of about
12 nm were successfully synthesized by hydrothermal
method. The effect of nanosized CdS particles addition on
the superconducting properties of polycrystalline Bi-2223
compounds was systematically studied. CdS nanoparticles
were added up to 0.4 wt% to Bi-2223 superconductors using
solid-state reaction. The results of ρ(T ) measurements
show that the addition of CdS has acted in an effective
manner and decreased the normal-state resistivity and
the residual resistivity ρo. It also showed that the onset
temperature of the superconducting transition, T on

c , and the
zero-resistance temperature, Tco, values were maintained in
Bi-2223 bulks with the addition of CdS nanoparticles. From
the measurement of ρ(T H), we have found that samples
sintered by small amount of CdS possess a narrower
resistive transition width �T under applied magnetic
fields and higher values of pinning energy indicating the
beneficial role of CdS nanoparticles on the improvement
of the electrical conduction in the material. Critical current
densities Jc were also investigated under applied magnetic
fields at various temperatures. It is revealed that Bi-2223
bulk sintered with low concentration of CdS exhibits higher
Jc values under applied magnetic fields compared to the
pure one. From the temperature dependence of the critical
currents, we have evaluated the pinning mechanism. The
results show that the addition of CdS nanoparticles favors
more than one pinning mechanism. It therefore concluded
that the CdS nanoparticles produced very strong pinning
centers in the Bi-2223 matrix. So an enhancement can
be beneficial in Jc of CdS-added Bi-2223 compounds
for the practical applications of these high temperature
superconducting materials.
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