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Abstract: The development of high-temperature superconductor (HTS) YBa2Cu3O7~δ (Y123) bulks
in industrial applications were established years ago. It is one of the developments that currently
attracts great attention especially in transportation, superconductor cables and wires. This study is
focused on the preparation of the Y123 bulk superconductors by the thermal treatment method due
to the promising ways to develop high-quality Y123 superconductors with its simplicity, low cost,
and relatively low reaction temperature used during the process. Y123 were added with graphene
nanoparticles (x = (0.0–1.0) wt.%). Samples were then characterized by X-ray diffraction (XRD)
analysis, field-emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy
(EDX), and alternating current susceptibility (ACS). It was found that Y123 confirmed that the majority
of phases in all the XRD patterns was the orthorhombic crystal structure and the Pmmm space group
with secondary phases belonged to Y2Ba1Cu1O5 (Y211). The highest Tc obtained when graphene
nanoparticles were added in the Y123 sample was x = 1.0 wt.%, followed by x = 0.5 wt.% with 92.64
and 92.59 K, respectively. From the microstructure analysis, the average grain size significantly
decreased to 4.754 µm at x = 0.5 wt.%. The addition of graphene nanoparticles had disturbed the
grain growth of Y123, affecting the superconducting properties of the samples. On the other hand,
the intergranular critical current density, Jcm, was found to increase with graphene nanoparticle
addition and had the highest value at x = 1.0 wt.%, indicating that graphene nanoparticles acted as
pinning centers in the Y123 matrix.

Keywords: Y123 superconductor; thermal treatment method; graphene nanomaterials

1. Introduction

The discovery of superconductivity in YBa2Cu3O7~δ (Y123) compounds have attracted
significant attention around the world due to its high critical temperature (Tc), the ability
to be cooled to the superconducting state by the cheap LN2 and their promising ability in
numerous technological applications, including in real life such as in magnetic levitation
transportations system and high power transmission cables [1–3]. Various studies have
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investigated the synthesis of Y123 with different characteristics and parameters [4–11]
However, many researchers are still looking to find the ideal way to produce a Y123
compound with better superconducting properties.

Despite this, the intrinsic properties of Y123 polycrystalline compounds, such as
weak links at the grain boundary, have limited its performance in applications, especially
at temperatures of 20–30 K and the applied magnetic field [4]. It is very challenging
to raise their properties to the next level due to some limitations. This problem has
been attributed to the lower Jc, which caused the degradation of its superconducting
properties instead. Generally, the high superconducting performance of Y123 can be
achieved by enhancing flux pinning in the Y123 system by ensuring good condition
during the processing of Y123 bulks to obtain good quality and ultimate performances
Y123 materials. The Y123 superconductor materials are well known for their best perfor-
mance, especially in reaching higher magnetic field trapping [2]. With the higher trapped
fields, these materials can be used as strong magnets for trapped field applications. The
enhancement in the capability of field trapping depends on its dimension and its critical
current density, Jc.

Several studies have reported that significant improvements of critical current
density (Jc) could be obtained through the addition of impurities or nanomaterials in
various forms [12–21]. These impurities and additions of nanomaterials act as the flux
pinning centers in HTS could help prevent the motion of magnetic flux in the Y123
compounds, thus leading to high Jc under the applied magnetic field. The artificial
and strong pinning centers are required in order to achieve high Jc [14,22–24]. In recent
years, some studies found that the addition of carbon-based compounds improved
intergrain connectivity.

Consequently, the value of Jc had increased, since these nanoparticles act as artificial
pinning centers [25]. For instance, De Silva et al. found that graphene-doped MgB2
superconductors had significantly improved superconducting properties [26]. Dadras et al.
reported that the addition of graphene oxide up to x = 0.7 wt.% in the Y123 compound
significantly plays a role as an intergrain weak link to enhance flux pinning and Jc of the
Y123 mixture [27]. For instance, the interconnected particles were formed with less porosity
when graphene oxide was added into the YBCO materials [28]. These studies proved that
the Jc and flux pinning of superconductor materials could be enhanced with these graphene
additions in the Y123.

Various combinations of these graphene materials have been reported in technology
applications and studies [28–31]. Many studies have shown their usefulness especially in
electronics, photocatalysis and photovoltaic devices such as in enhancing Raman scattering
(SERS) detection and electrochemical detections [32–34]. Graphene is known as one of
the carbon-based nanomaterials composed of a two-dimensional (2D) hexagonal lattice
with special properties, such as high surface area, good electrical conductivity and better
thermal conductivity, which may help to be effective in pinning centers in current-carrying
capability to improve the Jc values [35–37].

Following up the motivation from the previous study, it is interesting to study the
effects of graphene additions towards the Jc values and pinning force of Y123 bulk.
Hence, this study is focused on studying the effects of graphene nanoparticles on
the crystal structure, phase formation of Y123 phase and superconducting properties,
Tc and Jcm values of Y123 compounds via the thermal treatment method with the
addition of x = 0.01 wt.%, 0.3 wt.%, 0.5 wt.% and 1.0 wt.% graphene nanoparticles.
Other than that, the preparation of Y123 added with graphene nanoparticles is yet
to be implemented in the preparation of superconductor materials. Thus, one of the
focuses of this study is to perform the thermal treatment method for Y123 added with
graphene nanoparticles.
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2. Materials and Methods

Y123 samples were prepared using the thermal treatment method [20]. Metal nitrate,
yttrium (III) nitrate hydrate Y(NO3)3·6H2O (99.99%), barium nitrate, Ba(NO3)2 (99.95%)
and copper (II) nitrate hemi-(pentahydrate) Cu(NO3)2·2.5H2O (98.0%) from Alfa Aesar
were weighed with a ratio of 1:2:3 stoichiometric amounts and dissolved in a 2% aqueous
solution PVP, (C8H9NO)n, which acts as a capping agent to minimize the agglomeration of
particles and solvents [38]. The metal nitrate and the polymer solution were mixed and
constantly stirred for 2 h with 850 rpm at 80 ◦C until it turns into a slightly blue solution.
The mixed solution was poured into the glass petri dish and dried in an oven for 24 h at
110 ◦C to evaporate the water until a solid-like green gel is formed.

Then, the gel obtained was crushed using a mortar and pestle until it formed a fine
powder, after which pre-calcination of the powder was conducted at 600 ◦C for 4 h. The
pre-calcined powder was reground and calcined again at 910 ◦C for 24 h with slow cooling
air at the rate of 1 ◦C/min to room temperature. The powdered samples obtained from
the calcination process were added with graphene sheets (99.99%, Nanostructured and
Amorphous Materials, Inc. Houston, TX, USA) with a mean diameter of 0.5~3 µm and
thickness of 0.55–1.2 nm at x = 0.0 wt.%, 0.1 wt.%, 0.3 wt.%, 0.5 wt.% and 1.0 wt.%. Then, the
powdered mix was reground using an agate mortar until it was well-mixed and pressed
into circular pellets of 13 mm diameter and 5 mm thickness. Finally, the pellets were
sintered at 980 ◦C for 24 h with the flowing of oxygen gas and then cooled slowly to room
temperature in a furnace at a rate of 1 ◦C/min.

The thermal decomposition behavior of the Y123 metal nitrate precursor powders
were analyzed using a Mettler Toledo thermogravimetric analyzer (model TGA/SDTA851e,
Mettler Toledo, Zürich, Switzerland) to heat up to 1000 ◦C with the heating rate 10 ◦C/min
and nitrogen as a purge gas with 50 mL/min. Samples obtained were analyzed using X-ray
diffraction (XRD, Xpert Pro Panalytical Philips DY 1861 diffractometer, Phillip, Eindhoven,
The Netherlands) with Cu Kα radiation for the structural analysis of phase formation and
crystal structure. The surface microstructure of the samples was observed by field-emission
scanning electron microscope (FESEM) JSM-7100F (JEOL, Tokyo, Japan) EDS and EBSD. In
addition, the superconducting magnetic properties of critical temperature, Tc and critical
current Jcm were measured using the AC-Susceptibility (ACS) spectrometer (Cryobind,
Zagreb, Crotia).

3. Results and Discussions
3.1. Thermogravimetric Analysis (TG/DTG)

Figure 1 shows the thermal decomposition of uncalcined Y123 metal nitrate precursor
powder from 50 to 1000 ◦C in nitrogen gas with a 5◦/min scanning rate. The drops could
be associated with the proper particular sintering temperature. The sample exhibits four
drops of the degradation process. The first drop of the 12.39% weight loss starting at
around 50 ◦C can be attributed to the moisture loss and water evaporation. This process
can be seen clearly by the DTG measurements, where gradual loss of moisture occurred.
The several decompositions and degradations with significant weight loss of 59.23% took
place from 190 ◦C, and were related to the decomposition of some gases and organic
matter and polymer such as CO2 and PVP, as seen in the DTG curve. The next drop at
a range of 350–597 ◦C showed the exothermic peak represents the decomposition of the
remain volatile products and the weight of samples turns practically constant [39]. On the
fourth drop, it can be seen that the weight loss became insignificant due to PVP content
in the sample turned to a carbonaceous product, and left pure metal oxide as the final
residue [40]. From the DTG curve, the trend of increasing temperature at around 850 ◦C
indicates the formation of YBCO single crystal has begun for the final pure product sample.
At a temperature above 930 ◦C, the formation of a Y123 single crystal was produced with
an orthorhombic structure. Thus, the appropriate heating temperature range was obtained
for calcination and sintering temperature.
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Figure 1. Thermogravimetric (TG/DTG) curves analysis of uncalcined Y123 powder.

3.2. X-ray Diffraction Analysis

The XRD patterns of pure Y123 and Y123 added with graphene nanoparticle, where x
= 0.0 wt.%, 0.1 wt.%, 0.3 wt.%, 0.5 wt.% and 1.0 wt.% samples are shown in Figure 2a. The
data were analyzed by X’Pert Highscore Plus software with the Rietveld refinement and
ICSD database. This figure confirms that all samples are dominant by a single phase of
Y123 (ICSD No. 98-004-1823) with the Pmmm symmetry space group. The highest peak of
the major phase Y123 was approximately observed at 2θ = 32.84◦ with (110) planes that
indicate all samples were constantly in the orthorhombic phase. The presence of a few
secondary phases, such as Y211 (ICSD No. 98-002-8780) observed at 2θ = 29.84◦, 30.56◦

and 47.56◦ with plane orientation (hkl) of (211), (112) and (512) respectively, has increased
with the addition of graphene nanoparticles. The Y211 non-superconducting phase have
been detected in all samples as minor peaks that are commonly observed in the Y123
superconductors as secondary phases. Even so, graphene nanoparticle reflections were not
observed in the analysis of all samples due to the small values of x = wt.% used, which
cannot be detected during the characterizations [22].

Figure 2. Cont.
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Figure 2. (a) X-ray diffraction analysis of Y123 added with graphene nanoparticles by the thermal
treatment method. (b) The XRD patterns of the peaks corresponding to the (006) and (200) plane of
the Y123 peaks in the Y123 + x wt.% graphene nanoparticles.

Nevertheless, it can be seen that the intensity peak of the Y123 phase decreased with
the increase of graphene additions that may be due to the interference in the composite
sample by carbon atoms, as shown in Figure 2b up to x = 0.5 wt.% at the twin peak
2θ ≈ 46.75◦ and 47.55◦. The fact that graphene consists of carbon atoms that function
to create the tension in the superconducting grains has led to the changes of the peak
position, including the intensity of the phases of the samples [36,40]. Despite the slight
change of intensity in the samples, a Rietveld analysis confirmed that all samples were
in the Pmmm space group. Table 1 shows the lattice parameter, unit cell volume and
crystallite size of the samples. From the table, it was observed that the crystallite size
obtained varied with the addition of graphene nanoparticles. However, samples with
x = 0.5 wt.% showed the smallest value of 73.68 nm compared with the pure sample
x = 0.0 wt.% with 103.65 nm, respectively. This is supported by a previous literature
review, which mentioned that the addition of nanoparticle impurities promoted a better
crystal structure of Y123 [27,41].

It was found that the lattice parameters for all samples changed with regard to
the addition of graphene nanoparticle content in Y123 samples. It can be seen that
the lattice parameters a, b and c for samples x = 0.3 wt.% decreased compared to the
other samples. This is supported by the reduction of the intensity when the graphene
nanoparticles increased. It can be concluded that graphene nanoparticles do not enter the
Y123 crystal lattice and may be left between the Y123 grains [42,43]. The orthorhombic
structure of the Y123 phase was calculated using the (a−b)/(a+b) formula and is listed
in Table 1. The changes in lattice parameters resulted in the increase of the orthorhombic
structure at x = 0.3 wt.% but decrease upon the addition of graphene nanoparticles up to
x = 0.5 wt.% and 1.0 wt.%. The changes with variation of lattice parameters (a, b, c) were
observed. However, the orthorhombic structures were conserved similar to the pure
samples and no orthorhombic-to-tetragonal transition occurred for all samples after
the oxygenation.
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Table 1. Lattice parameters of a, b and c axes, unit cell volume, crystallite size and orthorhombicity
of Y123 + x wt.% graphene nanoparticles.

Samples
(wt.%) a (Å) b (Å) c (Å) V3 (Å3)

Crystallite Size
(nm)

Orthorhombicity
Factor

0.0 3.8213 ± 0.0002 3.8812 ± 0.0002 11.6784 ± 0.0005 173.21 103.65 0.0078
0.1 3.8209 ± 0.0002 3.8817 ± 0.0002 11.6787 ± 0.0004 173.21 125.72 0.0079
0.3 3.8197 ± 0.0002 3.8813 ± 0.0002 11.6769 ± 0.0004 173.11 103.65 0.0080
0.5 3.8219 ± 0.0002 3.8818 ± 0.0002 11.6777 ± 0.0004 173.25 73.68 0.0078
1.0 3.8235 ± 0.0002 3.8817 ± 0.0003 11.6794 ± 0.0004 173.34 182.50 0.0076

3.3. Surface Morphology of FESEM Analysis

To further understand the role of graphene in the microstructure morphology of
Y123 samples, an FESEM analysis was carried out. All sample images were viewed with
1000× magnification. The average grain size was calculated using Image-J software by
taking around 100 selected grains from the FESEM images as listed in Table 2. From the
analysis, as shown in Figure 3a–e, it was observed that the pure sample has an irregular
shape distributed randomly and formed more strongly compacted with structures with
less porosity. However, changes in the grain sizes were observed along with the presence
of porosity with the increase of graphene nanoparticles. The average grain size obtained
for samples x = 0.0 wt.%, 0.1 wt.%, 0.3 wt.%, 0.5 wt.% and 1.0 wt.% were 6.38, 4.54, 5.52,
4.75 and 8.92 µm, respectively. The average grain size of pure Y123 sample decreased
from 6.38 µm to 4.75 for sample x = 0.5 wt.%. However, at x = 1.0 wt.%, the average
grain size showed an increase of up to 8.92 µm with closely packed grain formation and
decreased porosity between the grains. The addition of graphene nanoparticles increased
the grain size with closely packed formation, promoting grain growth and contributing
to the intergranular transport currents [44]. Regardless, sample x = 0.5 wt.% showed a
slight porosity caused by the loosely packed formation between superconducting grains
resulting in low grain connectivity. The reduction in the grain connectivity disrupted the
grain growth, weakened the flux pinning and limited the Jc values.

Table 2. The average grain sizes, D of the Y123 with additions of graphene.

Samples (wt.%) Average Grain Sizes D (µm)

0.0 6.384 ± 0.33
0.1 4.539 ± 0.22
0.3 5.524 ± 0.25
0.5 4.754 ± 0.24
1.0 8.916 ± 0.69

Figure 3. Cont.
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Figure 3. (a–e) FESEM images and histogram of average grains of Y123 with various additions of
graphene nanoparticles measured from image J software under 1000×magnification.

EDX analysis was performed on random spot grain analysis of the compounds. The
atomic ratios observed for all samples were close to the 1:2:3 ratio of Y:Ba:Cu except for
x = 0.5 wt.% samples. The increase of the atomic ratio for Y elements may be due to porosity,
as shown in Figure 4. It was found that the composition of carbon elements was detected
in all samples added with a percentage value around 4.47%–13.31%. The distribution of
the graphene (C) element in Y123 can be seen from the EDX elemental mapping of C ions
precipitates and histogram shown in Figures 4 and 5 for the samples x = 0.5 wt.% and
1.0 wt.%, respectively. The result indicated that the C element was present in the Y123
samples even though it was not observed from the XRD spectra because the size was too
small to be detected by XRD measurement. The atomic percentage of carbon elements
observed were increased from 4.47% to 13.31% in samples x = 0.1 wt.% and x = 1.0 wt.%,
respectively. This shows that the addition of graphene in the Y123 samples increased with
the increase of the graphene nanoparticles contents, which shows a good agreement with a
previous study [45].

3.4. AC Susceptibility Analysis

The superconducting transition temperature, Tc, was obtained from the magnetization
measurement method using AC susceptibility. Figure 6 shows the graph analysis plotted
with χ′ and χ” versus temperature at a frequency of f = 219 Hz under an AC magnetic field
of 0.5 Oe. In HTS, the appearance of the double-step transition in χ′ followed by two loss
peaks in χ” is always present in the characteristic feature of AC susceptibility. In the real
part χ′, Tc-onset is correlated to the intragranular transition. In contrast, the second transition
Tcj is related to the coupling matrix due to the superconducting coupling of intergranular
properties [46]. Meanwhile, in the imaginary part, χ”, it has been noticed that the peak
temperature, Tp, shows maximum energy loss caused by the full penetration in the samples.
The Tp shifted to a lower temperature and the peak became broad when it dropped to zero.
Tp-inter and Tp-intra (Tp-inter < Tp-intra) showed maximum hysteresis loss due to the motion of
intergranular Josephson and intragranular (Abrikosov) vortices, respectively [47].
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Figure 4. FESEM images and EDX mapping C ions (red dots) of the compound Y123 added with
graphene nanoparticles up to (a) x = 0.5 wt.% and (b) 1.0 wt.%, indicating the presence of the
expected elements.

Figure 5. Histogram of average weight percentages of pure Y123 and Y123 added with graphene
nanoparticles up to x = 1.0 wt.% from the EDX analysis.
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The broad or narrow separation of the intra- and intergranular dissipation peaks
signifies the connection among the grains and whether it has good/bad connections. From
Figure 6, the single-step diamagnetic transition was seen in a pure sample of Y123 that differ
from the appearance of double-step diamagnetism for all samples added with graphene
nanoparticles from x = 0.1 wt.%–1.0 wt.%. The value of Tc decreased from 92.65 to 92.30 K
when x = 0.1 wt.% graphene nanoparticles were added. However, the Tc slowly increased
up to 92.64 K with x = 1.0 wt.% graphene nanoparticles. The high Tc obtained may be due
to the improvement of oxygen deficiency in the Cu-O chain.

For the imaginary part, χ”, the Tp observed were 89.77, 91.84, 88.89, 89.31 and 91.69 K
for samples x = 0.0 wt.%, 0.1 wt.%, 0.3 wt.%, 0.5 wt.%, and 1.0 wt.%, as shown in Table 3.
However, Tp is broadened and shifted to the lower temperature with the increase of
graphene nanoparticles in Y123 samples due to the weakening of intergranular coupling
between grains, as shown in Figure 4 [48]. This decrement may be due to some defects at
the grain boundaries such as grain disorientation, twin boundaries and vacancies that can
act as weak links, therefore disturbing the Tp and pinning forces [49]. The broad width of
χ” might also be caused by the second superconducting transition of the secondary phase.
However, Tp in the intergranular properties was seen in samples x = 0.1 wt.% and 1.0 wt.%
because intra- and intergranular peaks were closely located. However, the broadened and
shifted Tp to the low temperature with increase in graphene nano addition weakened the
grain coupling, thus weakening the pinning force.

Figure 6. The real (χ′) and imaginary part (χ”) of the AC susceptibility for Y123 under AC magnetic
field of 0.5 Oe and frequency 219 Hz. The real part of samples shifted to the lower temperature up to
92.30 K for sample x = 0.1 wt.%.

In addition, the maximum values of losses at Tp of χ” applied field have been extracted
as a full penetration field when the flux line penetrated the center of samples. The Bean
Model is employed to determine the intergranular current density, Jcm. A rectangular
bar-shaped sample with cross-section 2a × 2b is defined as follows:

Jcm (Tp) =
Hac

(ab)1/2 (1)

where Hac is the amplitude of the applied AC field. Table 3 lists the values of Jcm at the
applied magnetic field of 0.5 Oe for the samples. The highest Jcm value was achieved for
sample x = 1.0 wt.% with 25.94 A/cm2 as compared to the pure samples. This enhance-
ment could be supported by the microstructure result shown in the FESEM analysis. The
formation of a good connection between grains has strengthened this, thus improving the
intergranular coupling of Y123. Such improvement could be convincingly introduced into



Coatings 2022, 12, 91 10 of 13

the high pinning performance of the Y123 samples, as it was affected by a good source of
pinning sites, which was the addition of graphene nanoparticles. The graphene nanopar-
ticles can be a powerful material to act as an as effective pinning center. These findings
were supported from the previous studies that had also reported that graphene/carbon
base nanomaterials addition could be beneficial, especially in the Y123 superconductor
performance [24,36,49,50]. However, further improvements of the Y123 superconducting
performance are possible in order to obtain more higher of Jcm values. From the result, the
Io values can be estimated using the Ambegaokar-Baratoff theory, shown in the equation
below [51]:

Io = 1.57 × 10−8 × (
Tc−onset2

Tconset − Tcj
) (2)

The results calculated are tabulated in Table 3, which shows that Josephson’s current
increased drastically up to 114.32 µA for sample x = 0.1 wt.%. However, the Io value
dropped with the increase of graphene nanoparticles from x = 0.3 wt.% to 1.0 wt.%. The
Io obtained for all samples showed a very slight difference among the values. These
results explain that introducing graphene nanoparticles weakens grain coupling inside the
material that causes decreased Josephson current flow across grain boundaries [50].

Table 3. Onset critical temperature, Tc-onset, phase lock-in temperature, Tcj, coupling temperature, Tp,
critical current density, Jcm and Josephson current, Io of the Y123 added with graphene nanoparticles
samples in AC field of 0.5 Oe.

Samples (wt.%) Tc-onset (K) Tcj (K) Tp (K) Jcm (A/cm2) Io (µA)

0.0 92.65 - 89.77 24.16 1.465
0.1 92.30 91.13 91.84 22.87 114.32
0.3 92.50 90.92 88.89 19.60 85.02
0.5 92.59 90.83 89.31 21.29 76.47
1.0 92.64 90.78 91.69 25.94 72.44

4. Conclusions

In conclusion, Y123 superconductors with x = 0.0 wt.%, 0.1 wt.%, 0.3 wt.%, 0.5 wt.%
and 1.0 wt.% have been successfully prepared by the thermal treatment method. The
XRD analysis using Rietveld refinement showed that Y123 major phase was found with
orthorhombic structures and the secondary phase of Y211 in all samples, even though
the XRD analysis cannot detect the presence of graphene nanoparticles. However, the
EDX analysis showed that the graphene nanoparticles were well distributed in all samples
added with graphene nanoparticles. For sample x = 0.5 wt.%, the structure becomes porous,
causing the calculated Jcm to decrease. From the AC susceptibility analysis, the broadening
of the intergranular peaks had caused the weakening of the grain coupling. The addition
of graphene nanoparticles had improved the Io. It is noted that the x = 0.1 wt.% sample
exhibited the highest Tcj, with 91.13 K, and has the highest maximum Josephson current, Io,
of 114.32 µA as compared to the other samples. Finally, the critical current density, Jcm was
higher in samples x = 1.0 wt.% compared to the pure sample. This shows that graphene
nanoparticles act as pinning centers that improved the enhancement of the Jcm.
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