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ABSTRACT

Reduced graphene oxide (RGO) and silver nanoparticles (AgNPs) have been used to prepare (Bi-2223)
composites. The structural and morphological properties of the synthesized initial components and the composites are
characterized using X-ray diffraction and Transmission electron microscopy. Two high-temperature superconducting
orthorhombic phases of Bi-2223 and 2212 are synthesized at a temperature of 830°C for 16 hours in air. TEM images
of the composite confirm the presence of silver nanoparticles (Ag-cubic) with an approximate size of about 10 nm and
the specific structure of reduced graphene oxide sheets. Significant exfoliation of the graphene oxide and successful

reduction leading to the observation of smooth and singular RGO layers.
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INTRODUCTION

The study of superconductivity is one of the
main problems that mark the development of modern
science - physics, chemistry, material science. The
main branches of research from the modern materials
science perspective are: synthesizing new ceramic
superconducting materials with a high critical temperature
of the superconducting transition; development of new
synthesis technologies; obtaining structures with a
certain orientation of the microcrystals; increasing
the density of ceramics; increasing the mechanical
strength and chemical resistance; replacing expensive
raw materials with cheaper and more accessible ones;
studying the influence of various additives to improve
physical and chemical properties; development of new
tape and wire drawing technologies; obtaining details
with a complex profile, layers, single crystals and so
on. The main unsolved challenges to the widespread
use of ceramic superconductors are the still low critical
temperature values, the critical current density and the
critical magnetic field, the unsatisfactory mechanical
strength, the difficulties in making strips, threads and
layers (due to the fragility of the material), as well as
the low chemical resistance.

Among the known high temperature superconductors,
the most commonly studied compound is BSCCO because
it is being the first high temperature superconductor
discovered which does not contain rare-earth elements
and it has a high critical temperature [1]. BSCCO is
a cuprate high-temperature superconductor, sharing
a two-dimensional layered perovskite structure with
superconductivity taking place in a copper-oxide plane.
The Bi,Sr,Ca,Cu,O,, phase (known as 2223 phase)
exhibits the highest critical temperature among all the
BSCCO phases. It is a high temperature superconductor
with many applications including magnets [2 - 4], HTS
wires [5], electrical power devices [6, 7] among others.

A lot of work has been done in recent years to study
the influence of various additives to superconducting
materials to improve their physical and technological
parameters. Repeated attempts have been made to
dope superconducting ceramics with Ag,O in order to
improve the superconducting properties of the material
[8 - 10]. Silver is an impurity that diffuses very quickly
in superconducting materials. Significant diffusion
penetration of Ag into the material is observed even at
room temperature. The high mobility of silver atoms and
the possibility of interaction of Ag with the components
of the superconductor can lead to structural changes
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during the heat treatment. The resulting materials
contain several phases and most of the silver is located
between individual grains of the superconducting phases.
An important advantage of the silver as an additive
to the superconductor is that it helps the diffusion of
the oxygen into the bulk material during synthesis.
When small amounts of silver are added, an increase
of critical temperature (Tc) of the superconducting
sample is observed. Silver has a high coefficient of
thermal conductivity so it is often used as an additive
to superconductors, and the thermal conductivity of
the composites with added silver has been found to
increase. One of the earliest and promising studies on
the introduction of silver into BSCCO superconductor
was proposed by M. Muralidhar et al. [11]. Subsequently,
the team has investigated the electrical and magnetic
properties of a BPSCCO phase doped with Ag with a
nominal composition of Bi, _.Pb .Ag Sr,Ca,Cu,O (x=0-
3). It has been shown that the superconducting properties
do not deteriorate with the addition of silver. The
transition to the superconducting state is sharper and the
critical current density J increases with the increasing of
silver content. It is assumed that Ag is distributed at the
grain boundary and thus improves the bonds between the
grains. Silver also enhances the mechanical properties of
the high-temperature superconductors, which is essential
for their practical application [12].

A complex study on the influence of Ag on the
superconductivity of BSCCO was done in 2010 [13]. A
ceramic with a nominal composition of BSCCO - 2212
was synthesized by a solid-state reaction at 820°C for
20 hours in corundum crucibles. The resulting materials
were ground again and mixed with the additions of MgO,
AgNO, and Pr,O, . The samples without additives have
a critical temperature T_of 65 K, while the Mg- and Ag-
containing phases have T, of 77 K and 75 K, respectively.
Pr-containing samples are not superconducting. Great
successes have been achieved in the industry for the
production of BSCCO - 2223/Ag high-temperature
superconducting tapes [14]. The way of connecting the
individual particles in an Ag tube is still an unsolved
problem, since it significantly affects the electrical and
superconducting properties. The J property of BSCCO
- 2223/Ag tape in the presence of external magnetic field
compared to YBCO superconductor, is still poor. One
of the ways to increase the critical current density is
doping the superconducting phases with nanostructured
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materials [15], thereby reducing weak connections and
creating pinning centers.

Combining superconductors with graphene in
composite materials would result in superconducting
properties at temperatures below the critical temperature
and good electrical conductivity at higher temperatures
of the composite. Graphene is a promising material in
many applications because of its outstanding properties,
such as ultrahigh carrier mobility, excellent electrical
conductivity, high thermal conductivity, large theoretical
specific surface area, high optical transmittance, high
Young’s modulus, and outstanding mechanical flexibility.
Therefore, a large number of sensors with high sensitivity,
selectivity and stability have been created in recent years
using graphene materials. Combining graphene with
various functional nanomaterials (precious metals, metal
compounds, carbon materials, polymer materials, etc.)
results in unique optical, mechanical, electrical, chemical
and catalytic properties. The controlled production of
nanoparticles drives nanotechnology and makes it one
of the most promising and popular fields of scientific
research today.

Graphene is considered an excellent thermal
conductor and several studies have investigated its
unlimited potential for thermal conductivity based on
sample size [16]. In both computer simulations and
experiments, the researchers found that the larger
the graphene segment is, the more heat it can carry.
Theoretically, graphene can conduct an unlimited
amount of heat. Thermal conductivity increases
logarithmically as the area of the carbon monolayer
enlarges, and the researchers believe this may due to the
stable bonding pattern of the carbon atoms, as well as
the fact that it is a two-dimensional (2D) material. Since
graphene is significantly more tear-resistant than steel
and it is also light and flexible, its conductivity could
have some attractive real-world applications.

The values of the coefficient of thermal conductivity
vary within wide limits and depend on the method of
preparation, as well as on the number of carbon layers.
The highest values measured for exfoliated single-
layer graphene (SLG) are 3000 - 5000 W/m K [17]. It
has been shown that the addition of graphene flakes in
various composites and nanostructured materials can
dramatically increase the thermal conductivity of the
resulting composite materials [18, 19]. It is interesting
to investigate the thermal properties of such graphene
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composites, and in particular the dependence of the
thermal conductivity on the concentration of graphene
in the composites [20].

There are limited numbers of studies on the synthesis
and characterization of superconducting YBCO ceramics
with the addition of different graphene structures -
graphene, graphene oxide or reduced graphene oxide [21
- 28]. The main direction in the experiments is focused
on studying the influence of graphene on the critical
temperature of the superconducting composite. An
increase in the critical temperature of the superconductor
when adding GO and RGO in different ratios has been
reported. It is noteworthy that the influence of graphene
materials on the thermal conductivity of superconducting
ceramics has not been investigated so far.

The influence of silver nanoparticles and carbon
nanotubes (CNTs) on the mechanical properties of YBCO
superconducting samples has also been investigated. It
is observed from the results that the crystallite size,
the lattice strain, and the strain of the YBCO samples
decrease when CNTs and Ag nanoparticles are added to
the compounds. The influence of CNTs on the properties
of the composite is more effective than the influence of
Ag nanoparticles [29].

Graphene materials possess extremely good thermal
properties and their addition to superconducting ceramics
would lead to an increase in the thermal conductivity of
the resulting composites. Silver improves the mechanical
properties and physical characteristics of ceramic
superconductors. There is no literature data on research
and obtaining composites with the participation of BSCCO
phases, silver nanoparticles and graphene structures.

The aim of the present study is to synthesize and
structurally characterize nanocomposites with the
participation of BSCCO superconducting phases, silver
nanoparticles and reduced graphene oxide. In the future,
it is planned to determine the physical and thermal
properties of the obtained composites.

EXPERIMENTAL

Materials and methods

The starting components BSCCO, RGO and AgNPs
and the composites BSCCO/AgNPs and BSCCO/
RGO/AgNPs were synthesized and the structurally
characterized using XRD, TEM and HRTEM.

For the synthesis of BSCCO phase we used the initial

oxides and carbonates: Bi,0,, SrCO,, CaCO,, CuO. All
raw material quantities were converted from moles to
mass percentages. The initial materials in the required
stoichiometric ratios were mixed and homogenized in an
agate mortar for one hour, then the powder was tableted
with a pressure of 5 - 6 MPa and fired at a temperature
of 830°C for 16 hours in air.

The reduced graphene oxide was obtained by
chemical exfoliation of purified natural graphite powder
by Hammer’s method and subsequent reduction with
sodium borohydride. The first step is the oxidation of
graphite to obtain graphite oxide. Flake graphite was
ground then concentrated sulfuric acid, phosphoric
acid, and sodium nitrate were gradually added to the
graphite powder in an ice bath with constant stirring.
Potassium permanganate was added to the mixture and
stirring continued for another hour in the ice bath. Then
distilled water was added dropwise (under a fume hood)
for 1 hour. Every process was done at room temperature.
The mixture was allowed to sit for 24 hours then we
slowly added drop by drop a solution of distilled water
and 30 % hydrogen peroxide, with constant stirring at
room temperature. The second step is the exfoliation
of the individual graphene layers and their reduction.
The resulting solution was sonicated in an ultrasonic
bath for two hours. Sodium hydroxide (NaOH) was
used to alkalinize the solution. Sodium borohydride
(NaBH,) was added as a reducing agent. After stirring
for 1 hour the solution was left to sit for 24 hours at
room temperature.

Ag NPs were obtained from silver nitrate by a
green reduction method using L-ascorbic acid. The
two solutions - 0.2 M solution of silver nitrate (AgNO,)
and 0.1 M L-ascorbic acid (C,H,O,) were made
separately and heated to 60°C under constant stirring
with a magnetic stirrer. The silver nitrate solution is
added dropwise to the ascorbic acid solution at active
stirring with a magnetic stirrer. After stirring at 60°C
for one hour, the mixture was allowed to cool to room
temperature and the resulting precipitate was filtered off
under vacuum. It was washed three times with distilled
water and dried in a laboratory vacuum dryer at 60°C.
Gray-white fine powder was obtained.

BSCCO composites series was obtained with
addition of 5 or 10 mass % AgNPs to BSCCO phase.
All the samples were mixed, homogenized in an agate
mortar and tableted (Table 1).
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Table. 1. BSCCO composites series designation and composition.

Designations Composition

B BSCCO

B5 BSCCO + 5 mass % AgNPs

BI10 BSCCO + 10 mass % AgNPs

10B5 BSCCO + 5 mass % AgNPs +10 mass % RGO

Table 2. Phases determined by SAED analysis of BSCCO.

Ne

Phase

COD/PDF

Lattice parameters, [A]

S.G.

I

Bi,Sr,CaCu,O, Orthorhombic

#96-100-0286

a=15.4054b=5.4016 ¢ =30.7152

Amaa

45-1223

a=542b=5.44c=36.76

11 Bi,Sr,Ca,Cu,O_Orthorhombic

RESULTS AND DISCUSSION

Superconducting phases in Bi-Sr-Ca-Cu-O system

The XRD patterns of the obtained samples are
presented in Fig. 1. For this purpose, a Bruker D8
Advance apparatus with Cu Ko radiation was used. It can
be seen that the two high temperature superconducting
phases 2212 (compared with reference X-ray card
JSPDS 00-045-0676 of phase 2212) and 2223 (JCPDS
00-043-0088) were obtained as a result of the solid phase
synthesis. The basis for this assumption is the presence
of intense peaks around the 27, 33 and 35 20 degree.

Transmission Electron Microscope JEOL JEM 2100
was used for bright field (BF) TEM, high resolution
(HR) TEM and selected area electron diffraction (SAED)
analysis at working acceleration voltage 200 kV. The
crystal structure and type of the phases in a given area of the
sample is determined (Table 2) by Selected Area Electron
Diffraction (SAED). The presence of orthorhombic
BSCCO phases 2223 and 2212 has been confirmed.

TEM image (Fig. 2), high resolution image (HR
TEM) (Fig. 3.) and SAED analysis (Tables 2 and 3) of
the BSCCO sample also confirm the presence of the two
superconducting orthorhombic BSCCO phases - 2223
and 2212.

Reduced graphene oxide (RGO)

The XRD pattern of reduced graphene oxide is
shown in Fig. 4. The peaks in the XRD pattern prove that
amonophase product was successfully synthesized [30].
There are two main peaks in the X-ray diffractogram
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Fig. 1. XRD pattern of BSCCO.

Table 3. Phases determined by SAED analysis of BSCCO.

d[A] hkl Phase

3.0715 00 10 Bi,Sr,CaCu,0,
2.5453 119 BiSr,CaCu,0,
2.4096 211 Bi,Sr,CaCu,0,
2.3887 026 BiSr,CaCu,0,
1.9725 219 BiSr,CaCu,0,
17733 033 Bi,Sr,CaCu,0,
2.8150 119 Bi,Sr,Ca,Cu,0,
2.6410 0014 | BiSr,Ca,Cu0,
2.4560 00 15 BiSr,Ca,Cu,0.
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Fig. 2. TEM images a) at 10,000 x magnification, b) at 40,000 x magnification, c) HRTEM image at 600,000 x magnification
and d) SAED (Selected Area Electron Diffraction) of BSCCO phases.

) RGO
P4 -]
5 o
m
g | 42.73
18 ila il:- -l:: :-.n -u-ln r:o &0
Fig. 3. High-resolution TEM image (HR TEM) (at 600,000 weloa s
x magnification) of pure BSCCO (d = 2.4096 A 211, d =
2.0448 A 128 Phase 1 Bi,Sr,CaCu,0, COD #96-100-0286). Fig. 4. XRD pattern of the obtained RGO.
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of RGO: the first one at 20 degree - 25.19 confirms the
presence of reduced graphene oxide, and the second
peak located at about 26 degree - 42.70 is related to the
(100) plane of the hexagonal carbon structure in the
carbon layer [31, 32].

As reduced graphene oxide (RGO) contains one
atom thick layers, TEM analysis is an appropriate

c)

Fig. 5. a) TEM image at 40,000 x magnification, b)
High-resolution TEM image (HR TEM) at 600,000 x
magnification and ¢) SAED (Selected Area Electron
Diffraction) of RGO.
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method for investigation of the graphene materials’
structure. After the successful reduction, significant
exfoliation of the graphene oxide layers was observed in
the TEM images (Fig. 5). Smooth and singular graphene
layers are obtained using our modified Hammer’s
method.

Silver Nanoparticles (AgNPs)

The resulting powder of Ag nanoparticles was
characterized using X-ray diffraction (Fig. 6). A
comparison of the peak positions with the Crystallography
Open Database shows that it corresponds to XRD card
of Ag [JSPDS 00-901-1607 Silver].

Transmission electron microscopy is usually used to
characterize materials with nano and atomic dimensions,
so the method is suitable for the investigation of the
obtained silver nanoparticle’s structure. TEM image
(Fig. 7), high resolution image (HR TEM) (Fig. 8.) and
SAED analysis (Table 4) of the pure AgNPs sample
confirm the presence of silver nanoparticles (Ag-cubic)
with an approximate size of about 8 - 10 nm (Fig. 8(b)).
In Fig. 8(a) silver aggregates are observed.

BSCCO-RGO-AgNPs composites

All synthesized composites were characterized
by using XRD analysis and Transmission electron
microscopy. The XRD patterns of the composite
materials BSCCO with the addition of 5 and 10 mass
% AgNPs are presented in Figs. 9 and 10, respectively.
As the amount of silver nanoparticles in the composite

18000 - #
16000
# AgNPs
14000
12000
3 om0
o
2 soo
- .
s £000 1 #
4000 # i
04 bl‘-—-}u___ﬂﬁ_gk
2000

28, Degrea
Fig. 6. XRD pattern of synthesized Ag NPs.
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¢)
Fig. 7. a) TEM image at 30,000 x magnification, b) High-resolution TEM image (HR TEM) at 800,000 x magnification
and ¢) SAED (Selected Area Electron Diffraction) of Ag NPs.

Fig. 8. High-resolution TEM image (HR TEM) (at 800,000x magnification) of Ag NPs (d =2.0431 A 200 Ag-cubic COD
#96-900-8460).

Table 4. Phase determined by SAED analysis in Ag NPs samples.

Phase COD Lattice parameters, [A] S.G.

Ag-cubic #96-900-8464 A=4.07825 Fm-3m
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Fig. 9. XRD pattern of the composite material BSCCO +
5 mass % AgNPs.
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Fig. 10. XRD pattern of the composite material BSCCO +
10 mass % AgNPs.
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Fig. 11. XRD pattern of the composite material BSCCO + 5 mass % AgNPs +10 mass % RGO.

(BSCCO + 5 mass % Ag NPs) is small, the intensities of
silver peaks are not distinct in the XRD pattern in Fig. 9.

The silver peak at 38 degrees is clearly visible on
the XRD pattern of the BSCCO + 10 mass % AgNPs
composite in Fig. 10.

The XRD pattern of the BSCCO + 5 mass % AgNPs
+ 10 mass % RGO composite material is shown in Fig.
11. A characteristic peak of RGO with an intensity at 24
degrees is observed here in contrast to the XRD of the
composites without the participation of RGO.

TEM image of the composite BSCCO + 5 mass %
AgNPs +10 mass % RGO confirms the presence of the
two superconducting orthorhombic BSCCO phases - 2223
and 2212; silver nanoparticles (Ag-cubic) and RGO.
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TEM image at 40,000 x magnification; High-
resolution TEM images (HR TEM) at 600,000 x
magnification and SAED (Selected Area Electron
Diffraction) of the composite material BSCCO + 5 mass
% AgNPs + 10 mass % RGO are presented in Fig. 12.
It can be seen that the silver nanoparticles vary widely
in size, which is probably due to their aggregation in
different regions of the sample.

The distance d =2.8815 A 117 in the presented high-
resolution image in Fig. 13 of the composite material
BSCCO + 5 mass % AgNPs +10 mass % RGO corresponds
to the phase Bi,Sr,CaCu,O,, (COD #96-100-0286). The
crystal lattice parameters of the determined orthorhombic
phase Bi,Sr,CaCu,O, are presented in Table 5.
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Fig. 12. a) TEM image at 40,000 x magnification; b) High-resolution TEM images (HR TEM); c) and d) at 600 000 x
magnification; ) SAED (Selected Area Electron Diffraction) of the composite material BSCCO + 5 mass % AgNPs +10
mass % RGO.

Fig. 13. High-resolution image (HR TEM) (at 600,000 x magnification) of the composite material BSCCO + 5 mass %
AgNPs +10 mass % RGO (d =2.8815 A 117, Phase Bi,Sr,CaCu,O,, COD #96-100-0286).
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Table 5. Phases determined by SAED analysis of the composite BSCCO + 5 mass % AgNPs +10 mass % RGO.

Phase COD/PDF Lattice parameters, [A] S.G.
I Bi,Sr,CaCu,O, Orthorhombic #96-100-0286 a=5.4054b=5.4016 c=30.7152 Amaa
11 Bi,Sr,Ca,Cu O Orthorhombic 45-1223 a=542b=544c¢=36.76
Ag Cubic #96-900-8460 a=4.07825 Fm-3m
Graphite 2H Hexagonal #96-101-1061 a=b=247c¢=6.79 P63mc

Table 6. Phases determined by SAED analysis.

d[A] hkl Phase
3.5797 113 Bi,Sr,CaCu,O,
2.1647 0113 Bi,Sr,CaCu,O,
2.1171 217 Bi,Sr,CaCu,0,
1.9725 219 Bi,Sr,CaCu,O,
1.5919 137 Bi,Sr,CaCu,O,
1.5624 2115 Bi,Sr,CaCu,0O,
3.4500 115 Bi,Sr,Ca,Cu,0,
2.0310 00 18 Bi,Sr,Ca,Cu,0,
2.0427 200 Ag
2.1391 100 C2H
1.2350 110 C2H

All the interplanar distances that correspond to the
two superconducting phases (2212 and 2223), silver
and graphene structures in the studied composite are
presented in Table 6. The results of the TEM analysis
confirm the data of the XRD patterns. The presence of
the three components of the composite - superconducting
phases, silver nanoparticles and graphene structures in
the composite material BSCCO + 5 mass % AgNPs +
10 mass % RGO is proven.

CONCLUSIONS

In the present study, composites with the participation
of two superconducting phases Bi,Sr,CaCu,O, (2212)
and Bi,Sr,Ca,Cu,0O_(2223), silver nanoparticles and
RGO were obtained. All the starting components and the
obtained composites were structurally characterized by
XRD, TEM, HRTEM and SAED (Selected Area Electron
Diffraction) analysis. The preparation of the composite
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materials and the presence of all the starting phases in
them have been proven. The Ag nanoparticles size was
determined in the range of 5 - 20 nm. From the TEM
images, significant exfoliation of the graphene oxide was
observed after the successful reduction. It can be seen
that smooth and single graphene layers were obtained.
TEM images of the composite BSCCO + 5 mass %
AgNPs +10 mass % RGO confirmed the presence of
the two superconducting orthorhombic phases BSCCO
-2223 and 2212; silver nanoparticles (Ag-cubic) with an
approximate size of about 10 nm and the characteristic
structure of RGO sheets.

The production of superconducting composites
with the participation of Ag NPs and graphene structures
aims improving the heat-conducting properties of
superconducting ceramics by introducing of graphene
and silver. As graphene and graphene materials have high
thermal conductivity, this could enhance the thermal
conductivity of superconducting composites. Until now,
no such studies are known in the literature, and we want
to make a start. In the future, the thermal conductivity of
different compositions of superconducting composites
with the participation of graphene layers in them will
be investigated and it will be determined exactly how
graphene structures and different metal nanoparticles
can affect the thermal properties and superconducting
parameters of superconducting nanocomposite materials.
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