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Abstract
Bi1.8Sr2AuxCa1.1Cu2.1Oy (Bi-2212) polycrystalline ceramics with x = 0.25, 0.3 and 0.35 have been prepared by the solid-state 
reaction method. XRD results showed the Bi-2212 phase as the major one in all samples, accompanied by metallic Au, and 
some secondary phases such as  Bi2CaO4.  Tc values are very similar for all samples, indicating that the carrier concentration 
is independent of the amount of Au. Magnetic properties of samples, determined through magnetic hysteresis measurements 
(M–H) performed at both T = 2 and 10 K, showed that samples maintain their diamagnetic characteristics in all cases. In 
addition,  Jc values, calculated from their magnetic hysteresis loops using the Bean’s model, showed that addition of metallic 
Au in high contents leads to an important increase when compared to the samples with low Au content.

1 Introduction

Global climate change has created serious dangers such as 
acid rains, flash floods, hurricanes, and more rapid melting 
of glaciers over the environment at the present time, show-
ing that urgent precautions should be instantaneously taken. 
The release of harmful gases occurred by the use of fossil 
fuels as energy sources should be minimized for a healthier 
environment.

One of the most important precautions to be taken to 
maintain the ecological stability of our world is reduc-
ing excessive losses in the generation and consumption of 
energy, providing energy efficiency. It is obvious that super-
conductors enabling the conduction of large currents with-
out resistance are very important materials also for many 
technological applications such as maglev system, magnetic 
field sensor, trapped flux magnet, magnetic bearings, power 
cables, etc., leading to a more efficient use of energetic 
resources [1–5]. Bi–Sr–Ca–Cu–O system, with the general 
formula  Bi2Sr2Can−1CunO4+2n, comprises different phases 
such as 2212 (n = 2) and 2223 (n = 3). This system has been 
widely studied due to its various advantages such as high 
electrical conductivity, large-scale synthesis of the desired 

phases, and high thermal stability range, when compared to 
other superconductor families [6, 7].

The improvement of electrical properties in Bi-2212 
ceramics is normally based on two different approaches. The 
first one is centered on the preparation conditions, such as 
pelletization pressure, sintering time, post-annealing tem-
perature, grinding time, melting techniques, etc. [8–13]. 
The other one is based on adequate chemical substitutions 
such as Na and Li, or metallic additions (Ag, Au) [9–20]. 
Those studies clearly point out that substitution or addition 
of alkaline elements to the BSCCO system produces larger 
grains due to the formation of a liquid phase at the sintering 
temperatures. Moreover, addition of metals such as Au and 
Ag enhances electrical grain connectivity due to their good 
electrical conductivity and their insolubility in the supercon-
ducting phase, appearing between the grains.

On the other hand, it is well known that the main prob-
lems of BSCCO superconductors are high anisotropy, weak 
links between grains and the rapid decrease of critical cur-
rent density  (Jc) under high magnetic fields and high tem-
peratures. In spite of all these limitations, it has been shown 
that  Jc values in BSCCO superconductors can reach the 
order of 1.3 × 103 A/cm2 at 77 K by both Na substitution 
and using the laser floating zone (LFZ) technique, which 
provides good grain orientation [21]. Moreover, the traveling 
solvent floating zone method leads to  Jc values of 2 × 106 A/
cm2 at 20 K [22], and the electrically assisted LFZ reaches 
5.8 × 103 A/cm2 at 77 K [23].
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Our recent investigation on superconducting properties of 
 Bi1.8Sr2AuxCa1.1Cu2.1Oy (x = 0.0, 0.05, 0.1 and 0.2) studying 
the effect of nano-sized metallic Au addition in low con-
tent, showed that the superconducting properties of Bi-2212 
phase could be improved due to a better electrical connec-
tivity between the grains [24]. In fact, the Bi–Sr–Ca–Cu–O 
system has a high thermodynamic stability, implying that it 
is possible to make different additions or substitutions with-
out drastically affecting the superconducting characteristics 
of Bi-2212 phase.

In this paper, Bi-2212 ceramics are synthesized 
through the classical solid state method with the addition 
of nanosized metallic Au (15 nm) in high concentrations 
(0.25 ≤ x ≤ 0.35). Their structural and microstructural fea-
tures have been studied and related to the superconducting 
properties.

2  Experimental procedure

Commercial  Bi2O3 (Panreac, 98 + %),  SrCO3 (Panreac, 
98 + %),  CaCO3 (Panreac, 98.5 + %), CuO (Panreac, 97 + %) 
and metallic Au (Nanografi Co. Ltd.,15  nm, 99.9 + %) 
powders were used for the preparation of polycristalline 
 Bi1.8Sr2AuxCa1.1Cu2.1Oy samples with x = 0,25, 0.3, and 
0.35. They were weighed in the appropriate proportions, 
mixed, and milled for 2 h in an agate mortar to get a homo-
geneous mixture. After the milling process, the powders 
were uniaxially pressed into pellets of 2.9 cm diameter under 
375 MPa for 2 h. The pellets were then calcined at 750 °C 
for 12 h, reground, repressed, and recalcined twice at 820 °C 
for 24 h to start the formation of the superconducting phase. 
Detailed information about material preparation processes 
can be found in previous works [24]. Finally, the prepared 
samples after all re-sintering, grinding and pressing pro-
cesses were annealed at 850 °C for 120 h in order to reach a 
large amount of pure 2212-BSCCO.

Resistivity and magnetic measurements were carried 
out in a Cryogenic Limited PPMS (from 5 to 300 K) which 
could reach 2 K in a closed-loop He system. X-ray pow-
der diffraction analyses were performed by using a Rigaku 
Ultima IV X-ray diffractometer with a constant scan rate 
(2°/min) in the range 2θ = 3–60°. Lattice parameters have 
been automatically calculated by the PDXL software ver-
sion 1.6.0.1 with the ICDD version 6.0 database. Surface 
morphologies of the samples were studied by using a Zeiss/
Supra 55 Scanning Electron Microscopy (SEM).

Samples with x = 0.25, 0.3, and 0.35 Au contents will 
hereafter be named A, B, and C, respectively.

3  Results and discussion

3.1  XRD characterization

Figure 1 shows the powder XRD patterns of all samples. 
It is obvious that all samples present the Bi-2212 phase 
as the major one, accompanied by small amounts of sec-
ondary phases such as  Bi2CaO4. Moreover, metallic Au 
can be also identified, implying that Au is not incorpo-
rated in the crystal structure of Bi-2212 phase. This fact 
is confirmed when observing the peaks associated to the 
Bi-2212 phase, which appear at the same angles. Moreo-
ver, the lattice parameters displayed in Table 1 for all 
samples clearly show that there is no significant differ-
ence between them (even considering the data obtained in 
[24]), further confirming that Au does not enter into the 
Bi-2212 crystal structure. In fact, the Au behaviour can be 
related to the observed for metallic Ag, which promotes 
better grain connectivity by filling the pores between the 
grains [25].

In addition, it is quite difficult to estimate the grain 
thickness of a Bi-2212 crystallite due to the fact that they 
form aggregates with their ab-planes parallel to each 
other. However, it can be correctly calculated using the 
Debye–Scherrer equation [26]. It is clear from Fig. 1 that 
the peak intensities and shapes do not significantly change, 
indicating that grain sizes are very similar in all cases.

Meanwhile, it should not be forgotten that supercon-
ducting properties of the bulk ceramics can be not only 
influenced by the amount of superconducting phase, but 
also by the presence of weak or strong grain boundaries, 
grain alignment, etc.

3.2  SEM analysis

Representative SEM micrographs taken on the sam-
ples surfaces are shown in Fig. 2a–c. As it can be easily 
observed in the pictures, all samples present randomly 
oriented plate-like grains, which is the typical situation 
for classically sintered materials. Moreover, the surface 
morphology is practically the same, independently of the 
Au addition, as well as the grains sizes. This fact, together 
with the data obtained through XRD, clearly indicates that 
metallic Au do not substitute any cation in the Bi-2212 
crystal structure. Similar results were also observed in the 
previous study, including the effect of the small amount of 
nano-sized metallic Au addition on Bi-2212 phase [24].

Moreover, the addition of nano-sized elements into the 
BSCCO system can lead to defect formation within the 
superconducting grains. When these defects (point defects, 
dislocations, or secondary phases) have the right size and 
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physical characteristics, they can act as effective flux pin-
ning centers leading to higher critical current densities 
[27–35].

3.3  Electrical measurements

Figure 3 shows the electrical resistivity versus temperature 
curves for all the samples, from 5 to 150 K. As it can be 

Fig. 1  XRD patterns of the A, B, and C samples. The symbols indicate the different phases: + Bi-2212; (filled circle)  Bi2CaO4; (filled triangle) 
Au

Table 1  Lattice parameters and 
electrical resistivity values for 
all samples

As reference, values obtained in lower Au content samples [24] are also included
*The values are taken from previous article

Au contents (x 
values)

a (Å) b (Å) c (Å) Tonset
c

 (K) T
offset
c  (K) R (mohm-

cm) at 
150 K

0.0 3.8186* 3.8186* 30.833* 82.2* 52* 2.45*
0.05 5.4067* 5.4067* 30.821* 79.8* 52.6* 1.79*
0.1 5.4184* 5.4184* 30.868* 78.4* 53.9* 1.64*
0.2 5.4076* 5.4076* 30.826* 77.3* 55.7* 1.37*
0.25 5.4122 5.4122 30.834 76.4 58.2 1
0.3 5.4128 5.4128 30.844 76.7 57.8 0.997
0.35 5.4117 5.4117 30.842 76.4 57.7 0.935
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observed in this graph, all curves show the same behavior 
in the whole measured temperature range. Moreover, their 
superconducting transition is quite narrow, between 78 and 
60 K, and all samples display metallic characteristics in the 
normal state, in greement with a low content of Bi-2201 sec-
ondary phase. However, in the metallic zone, the electrical 
resistivity values are very small even at high temperatures, 
being in fact, slightly lower for sample C in this temperature 
range. These data can be explained by the large volume frac-
tion of metallic Au in sample C, which can lead to a slight 
decrease of porosity in the samples, being responsible of its 
lower resistivity. Furthermore, the effect of these metallic 

additions are not limited to the electrical properties, as they 
also influence mechanical properties in agreement with pre-
vious works in metal-ceramic composites [36, 37].

The numerical electrical resistivity results of all samples 
are given in Table 1, together with the results obtained in 
[24]. When comparing these data, it is very clear that the 
variation of  Tc (offset) values with Au content are negligible. 
It is probably due to the fact that Au does not incorporate 
into the Bi-2212 crystal structure.

Actually, it is considered that the adding of nano-particles 
at high contents can increase the cooper pair breaking rate 
[38]. However, it is obvious that despite the addition of large 

Fig. 2  SEM micrographs obtained in the surfaces of a A; b B; and c C samples
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amounts of the nano-sized metallic Au into Bi-2212 system, 
its superconducting properties are not negatively affected. 
This effect can be also explained taking into account that the 
charge carrier concentration will be maintained constant, as 
the Bi-2212 phase composition is not modified by the pres-
ence of metallic Au.

3.4  Magnetic properties

The magnetic–hysteresis cycles have been measured in all 
samples, between ± 2 T applied field, at both 2 and 10 K, 
and are presented in Figs. 4 and 5, respectively. The reason 
for recording M–H curves at very low temperature (2 K), is 

because it allows observing the effect produced by nano-sized 
metallic Au additions. When observing both graphs, it can be 
observed that small differences between the samples appear 
at 2 K, while they overlap at 10 K. This behaviour can be 
explained the very similar nature of all samples with respect 
to the Bi-2212 phase.

As expected, the largest area of the M–H curves has been 
obtained at 2 K in all samples. In these conditions, it is gener-
ally suggested that the dominant effect is the volume fraction 
of the superconducting phase. At higher magnetic fields and 
temperatures, the changes in M–H curves strongly depend on 
flux pinning properties and the strong-links between the grains 
[39]. It can be clearly seen in Fig. 5 that no significant differ-
ences in magnetization values are produced, indicating that 
the diamagnetic character of the Bi-2212 phase is not affected 
by Au, in spite of the remarkable changes observed in the I–V 
curves. This difference is due to the fact that I–V behaviour 
reflects microstructural effects such as defects, voids and con-
ductivity between grains. Moreover, the presence of metallic 
Au can contribute to the intergrain electrical conductivity [40], 
while it is not affecting the diamagnetic response due to its non 
magnetic nature.

The  JC values of the samples were calculated at both 2 and 
10 K, using the Bean’s model [41, 42]:

where  Jc is the magnetization current density in ampèresper 
square centimeter of a sample. Δ M = M+ − M− is measured 
in electromagnetic units per cubic centimeter, a and b (a < b) 

Jc = 20
ΔM

a

(

1 −
a

3b

)

Fig. 3  Electrical resistivity as a function of temperature curves for the 
samples

Fig. 4  Magnetization hysteresis curves for all samples measured at 
2 K and ± 2 T external applied magnetic field

Fig. 5  Magnetization hysteresis curves for all samples measured at 
10 K and ± 2 T external applied magnetic field
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are the dimensions in centimeters of the crosssection of the 
sample parallel to the applied field. It is important to note 
that the  Jc values calculated in this study mainly reflect intra-
grain  Jc, which are usually larger than the real ones obtained 
by direct measurements which are influenced by the pres-
ence of weak links and other type of defects [2, 42–44].

Figure 6 shows  Jc values for all the samples at both 2 and 
10 K. It is obvious that even if the  Jc values of all samples 
including the additions of nano-sized metallic Au in high 
contents prepared in this study are close to each other, they 
are higher than the reported in samples with low Au content 
[24]. The highest values at 2, and 10 K have been obtained 
in sample A (about 2.5 × 105, and 1.8 × 105, respectively), 
which are lower than the obtained in samples prepared 
through more complicated methods (2 × 106 A/cm2 at 20 K 
[22]).

4  Conclusions

Bi1.8Sr2AuxCa1.1Cu2.1Oy superconductors with Au nano-
particles addition, and x ranging from 0.25 to 0.35, were 
synthesized by conventional the solid-state method. All the 
preparation parameters such as grinding time, sintering tem-
perature, pressing pressure, etc., used in this study were the 
same reported in a previous work, in which Au content is in 
the range of x = 0.0–0.2. Powder XRD patterns clearly show 
that there is no noticeable difference in the positions and 
intensities of the Bi-2212 phase diffraction peaks, meaning 
that Au does not influence the Bi-2212 phase formation. 
The critical transition temperatures obtained in this study 
are higher than samples with small amounts of Au content, 

possibly due to the formation of better intergrain connectiv-
ity induced by metallic Au. Moreover, the width of M–H 
loops of all samples are wider than the ones presented in 
samples with lower Au content, showing the improvement of 
the superconducting properties of Bi-2212 phase. The high-
est  Jc value (4.9 ×  104 A/cm2) under 1.9 T applied magnetic 
field have been obtained for 0.3 Au added sample at 10 K, 
while for the pure sample it was 2.1 ×  104 A/cm2 at the same 
temperature and magnetic field.
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