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Abstract: In this study, YBa2Cu3O7-δ (YBCO) superconductors were synthesized using 
a thermal treatment method with the addition of 1.0 wt. % SnO₂. The synthesis of 
YBCO employed nitrate-based precursors and polyvinylpyrrolidone (PVP) as a 
capping agent to enhance homogeneity during the synthesis process. All samples 
were characterized using thermogravimetric analysis (TGA), X-ray diffraction (XRD), 
Scanning electron microscopy (SEM) and Four-point probe (4PP). TGA results of the 
pure YBCO sample confirmed the complete transformation of nitrate-based 
precursors into oxide forms prior to the formation of the YBCO phase. XRD pattern 
revealed that Y123 as a major phase and Y124 as a minor phase in all samples with 
orthorhombic crystal structure were preserved. However, the peak intensity of the 
Y123 was pronounced with the addition of the SnO2 sample, suggesting the 
enhancement phase formation due to the presence of SnO₂. The electrical resistivity 
measures revealed a sharp superconducting transition in all samples. However, the 
reduction in superconducting transition temperatures for the SnO2 addition were 
observed where the Tc-onset decreased from 91.70 K to 89.25 K for the YBCO and YBCO 
+ 1.0 wt.% of SnO2, respectively. This also exhibited the broadening of transition 
width, ΔTc indicating the suppression of superconducting properties with SnO₂ 
inclusion. SEM analysis showed notable differences in microstructure. The pure 
YBCO sample exhibited a larger average grain size of 1.32 µm, while the YBCO + 1.0 
wt. % SnO2 sample formed small and rounded grains with smoother edges, 
potentially impacting intergranular connectivity and charge transport. Therefore, the 
addition of 1.0 wt. % SnO2 to YBCO enhanced the formation of the Y123 phase but 
adversely affected the superconducting transition temperature and microstructural 
features. These findings highlight the dual role of SnO2 in promoting phase purity 
while modifying grain morphology and electrical performance, offering insight into 
the optimization of dopants in high-temperature superconductors. 
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Introduction  
 
High-temperature superconductors (HTS) have 

gained significant attention due to their ability to exhibit 
superconductivity at temperatures above the boiling 
point of liquid nitrogen (77 K). Among the various HTS 
materials, YBa₂Cu₃O₇₋δ (YBCO) is one of the most 

studied and widely used due to its relatively high critical 
temperature (Tc), good mechanical strength, and 
promising applications in power transmission, magnetic 
levitation and superconducting magnets (Paranthaman 
& Izumi, 2004; Sheahen, 1994; Yao & Ma, 2021). 
However, the performance of YBCO is strongly 
influenced by its microstructure, phase purity, and the 
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presence of flux pinning centers (Wu et al., 1987). To 
enhance these properties, various synthesis techniques 
such as co-precipitation, sol-gel, solid-state reaction, 
thermal decomposition, and thermal treatment have 
been employed (Abdullah et al., 2023; Dadras & 
Gharehgazloo, 2016; Kamarudin et al., 2022; Metin & 
Tepe, 2017). However, the thermal treatment method 
offers a straightforward and cost-effective approach for 
tailoring the superconducting characteristics through 
controlled heat treatment and phase formation (Dihom 
et al., 2019). 

Despite its promising features, YBCO 
superconducting performance consists of a critical 
limitation which is its inability to sustain high magnetic 
flux in the mixed state, primarily due to its relatively low 
critical current density (Jc) (Hor et al., 1987; Kechik et al., 
2009). This limitation prevents its superconducting 
performance in practical applications that require 
stability in strong magnetic fields. Thus, enhancing the 
Jc requires the production of high-quality YBCO 
materials with superior microstructural features, 
particularly strong grain connectivity and effective flux 
pinning sites (Kamarudin et al., 2025). One of the 
potential strategies to overcome this challenge is by 
introducing secondary phases or dopants, such as tin 
dioxide (SnO₂), which can act as artificial pinning 
centers (Kamarudin et al., 2022; Mohamed et al., 2024; 
Yap et al., 2024; Yusuf et al., 2019). Therefore, the thermal 
treatment method is chosen as the primary synthesis 
method due to its capability to produce dense and 
homogenous materials with controlled grain growth 
and phase formation. 

Furthermore, in this study, the synthesis of pure 
YBCO and YBCO added with 1.0 wt. % of SnO2 were 
conducted via the thermal treatment method. The 
primary objectives in this study are to investigate the 
effects of SnO₂ addition on the microstructure, phase 
formation, and crystal structure through comprehensive 
characterization techniques, particularly in enhancing 
its flux pinning capability and critical current density, 
thereby addressing its current limitations for high-field 
applications. It was found that the addition of SnO2 in 
YBCO influenced the superconducting properties of the 
YBCO superconductors, which will be discussed in 
detail in this study. 
 

Method  
 
Pure YBCO and YBCO + 1.0 wt. % SnO2 samples 

was carried out through a systematic using a thermal 
treatment method (Dihom et al., 2017). Initially, high-
purity precursor powders of metal nitrate based, 
Y(NO3)3.6H2O, Ba(NO3)2, Cu(NO3)2.2.5H2O from Alfa 
Aesar were accurately weighed according to the desired 

stoichiometric ratios of 1:2:3 and thoroughly mixed to 
achieve homogeneity. The 2 % of polyvinyl pyrrolidone, 
PVP was added as a capping agent to minimize the 
agglomeration of particles (Zahari et al., 2017).  

The mixed solution was stirred at 80 °C with 850 
rpm for 2 h. Then, the mixed solution undergoes the 
drying process in an oven for 24 h at 110 °C before 
undergoing the calcination process for 4 h, holding a 
temperature of 600 °C in a box furnace. The pre-calcined 
powder obtained was ground and calcined at 910 °C for 
24 h of holding temperature with intermediate grinding. 
Next, 1.0 wt. % of SnO2 was added in the YBCO powder 
before undergoing the pelletisation of 13 mm diameter 
of 5 mm thickness. Finally, the pellets were sintered at 
980 °C for 24 h before slowly cooled to room 
temperature. Then, the YBCO sample undergoes XRD 
analysis to study the phase formation by using PW 
3040/60 MPD X’Pert Pro Panalytical Philps DY 1861 X-
ray diffractometer with CuKα radiation source 
(λ=1.5406Å) operated at 40 mA and 40 kV in angle 2θ 
range 20° to 80° with a scanning step size of 0.03°. To 
study the surface morphology of the YBCO with SnO2 
additions, SEM-LEO 1455 VPSEM equipped with energy 
dispersive X-ray spectrometer (EDX) was used.  Four-
point probe measurement was used to estimate the Tc-

onset, Tc-offset and ΔTc.  
 

Results and Discussion 
 
Figure 1 presents the TGA curve of the pure YBCO 

superconductor sample, revealing a total mass loss of 
approximately 70%. The initial mass loss of about 7.8% 
occurred between 50 °C and 170 °C, attributed to the 
evaporation of water (Azeez, 2016; Melnikov et al., 
2013). Also, it is notable observed the weight reduction, 
approximately 11.0%, took place between 200 °C and 
300 °C due to the formation of nitric acid (HNO₃) and 
copper hydroxy nitrate, Cu₂(OH)₃.NO₃ (Ashok et al., 
2015). Subsequently, Cu₂(OH)₃.NO₃ decomposed to 
CuO, contributing to a 13% mass loss within the range 
of 212 °C to 279 °C (Bardwell et al., 2015). The third 
significant decomposition event, occurring between 
279 °C and 400 °C, corresponds to the breakdown of 
yttrium nitrate hexahydrate, Y(NO₃)₃.6H₂O, releasing 
H₂O and N₂O₅ gases. The polymer capping agent, PVP, 
decomposed between 400 °C and 490 °C (Azeez, 2016). A 
smaller mass reduction of 2.5% was observed from 
550 °C to 588.5 °C, associated with the conversion of 
yttrium oxynitrate (YONO₃) into yttrium oxide (Y₂O₃). 
A broad and pronounced mass loss curve was observed 
between 650 °C and 925 °C, corresponding to the 
decomposition of barium nitrate into barium oxide 
(BaO), accompanied by the release of nitric oxide (NO) 
and oxygen (O₂) gases. Beyond 925 °C, the formation of 
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the Y123 phase occurs through the reaction of the metal 
oxides.  

100 200 300 400 500 600 700 800 900 1000

0

20

40

60

80

100

5th drop

4th drop

2nd drop

3rd drop

1st drop

W
e

ig
h

t 
L

o
s
s
 (

%
)

Temperature (C)

 Pure YBCO

 

 

 
Figure 1. TGA curve analysis of pure YBCO powder. The 

change of the drop rate was due to the decomposition of the 
corresponding compound at that temperature. 

 
For XRD analysis, Figure 2 presents the XRD 

pattern of pure YBCO and YBCO + 1.0 wt.% SnO2 
samples. The XRD data analysis was identified by the 
X’Pert Highscore Plus software with Rietveld 
refinement and ICSD database. It was observed that the 
Y123 phase was predominantly indexed as a major 
phase with an orthorhombic structure with the Pmmm 
space group. The Y123 peaks were indexed with the 
reference of ICSD 98-002-7231, ICSD 98-002-9639 for 
Y124 and ICSD 98-000-0514 for BaCuO2. Anyhow, the 
Y124 phase and BaCuO2 phase have been detected as 
minor phases in all samples. These results showed that 
to obtain the pure Y123, thermal treatment method was 
an ideal method. This is because the high purity of Y123 
could be obtained throughout this study by using the 
thermal treatment method. From the overall view of the 
XRD result, the peaks showed almost similar although 
the SnO2 was added, but they have a slight shift of their 
positions. This showed that the lattice parameter of Y123 
had slightly changed with added SnO2.  
 

 
It concludes that the addition of SnO2 to pure YBCO 

has no significant effect on the structure and symmetry 
of the composites. The intensity of the peak of (103) for 
the sample with the addition of 1.0 wt. % of SnO2 was 
lower than that of pure samples. It is agreed and 
supported by the reduction of intensity when the sample 
was added with other materials and increasing 
concentration of addition (Khalid et al., 2018). From 
Table 1, it was observed the peak intensity of the Y123 
phase increased from 86.60 % to 99.80 %, indicating that 
it can enhance the purity of the Y123 with 1.0 wt.% SnO2 

addition. For the pure YBCO sample, the values were a 
= 3.832 Å, b = 3.883 Å, and c = 11.671 Å.  

Upon the addition of SnO₂, the parameters changed 
of an increased to 3.849 Å, c to 11.729 Å, while b slightly 
decreased to 3.874 Å. This addition suggests that SnO₂ 
alters the YBCO lattice, with a and c increasing and b 
decreasing, consistent with reduced oxygen content 
(Howe, 2014). Also, it was found that a lower 
orthorhombicity factor reflects decreased oxygen 
content and hole concentration, which in reduces the Tc-

onset due to diminished copper chain contributions 
(Alecu, 2004). Higher orthorhombicity in pure YBCO 
indicates better. Even though the lattice parameters were 
slightly changed, the Y123 phases were still preserved 
and remained as a major phase in the YBCO sample. 
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Figure 2. XRD analysis pattern of YBCO sample and YBCO + 
SnO2 1.0 wt. %. 

 
Table 1. The lattice parameters, unit cell volume and orthorhombicity factor of samples 
Samples, SnO2 

(wt. %) 
Lattice parameter Phase Intensity Unit cell 

volume (Å3) 
Orthorho
mbi-city a (Å) b (Å) c (Å) Y123 BaCuO2 Y124 

0.0 3.832 ± 0.0003 3.883 ± 0.0003 11.671 ± 0.0011 86.60 13.40 - 173.660 0.0066 
1.0 3.849 ± 0.0005 3.874 ± 0.0005 11.729 ± 0.0017 99.80 - 0.28 174.891 0.0032 
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The temperature-dependent electrical resistance 
was measured using the four-point probe technique. 
Figure 3 shows the normalized resistance (RT/R300) 
versus temperature for both the pure YBCO sample and 
YBCO + 1.0 wt. % of SnO₂. From the curves, all samples 
exhibited metallic behaviour at the normal state 
followed by a sharp superconducting drop to zero and 
the superconducting transition temperatures, Tc-onset 
and Tc-zero, were determined. A sharp and single-step 
transition was observed in both samples suggesting 
strong grain connectivity and the dominance of the Y123 
superconducting phase (Pathak et al., 2001). The SnO₂ 
added with YBCO sample displayed a lower Tc-onset 

compared to the pure YBCO, which correlates with its 
reduced orthorhombicity factor. This decrease in 
orthorhombicity is associated with reduced oxygen 
content and lower hole carrier concentration, leading to 
a lower Tc-onset (Orlova & Laval, 2017). Dihom et al. (2017) 
also reported that higher orthorhombicity factors in 
YBCO are linked to higher Tc values. Additionally, the 
narrow superconducting transition width, ΔTc indicates 
that the Y123 phase is predominant, with minor 
presence of secondary phases. The small differences 
observed in these data and this may be due to an 
electronic problem in the experiment (Jasim et al., 2016). 
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Figure 3. Graph of normalized resistance against the 

temperature. 
 

To further understand the influence of SnO2 
addition in the microstructural morphology of YBCO 
samples, an SEM analysis was performed, as presented 
in Figure 4. At a lower magnification of 1500, it was 
observed that pure YBCO samples had a rounder shape, 
closely packed to each other and a slight needle shape 

grain that was oriented towards the same direction of 
one side. These distributions can be correlated with the 
high Tc-onset value obtained. However, the random 
arrangement of the grains was observed in sample 
YBCO + 1.0 wt. % SnO2, thus forming the agglomeration 
of the grains. At a higher magnification of 5000, the 
average grain size of the sample was determined using 
Image-J software by selecting 100 grains randomly to 
calculate the average grain size. In Table 1, it was 
observed that the average grain size for pure YBCO and 
YBCO + 1.0 wt. % SnO2 was 1.24 μm and 1.32 μm, 
respectively. The slight increase in the grain sizes of 
YBCO sample may be due to the incorporation of SnO2 
in the YBCO thus led to the formation of a new phase 
within the material. Although the grains were uniformly 
distributed, they exhibited poor connectivity, resulting 
in inhomogeneities that introduced non-
superconducting regions within the YBCO matrix. This 
disrupted the connectivity at the grain boundaries and 
prevented the flow of supercurrent across them. 
Consequently, the appearance of white regions was 
observed, which may be attributed to the presence of the 
added SnO₂. This also can be correlated with the 
reduction of Tc-onset in YBCO + 1.0 wt. % SnO2 sample 
which degrading the superconducting properties of 
YBCO samples. 
 
Table 2. Tc-onset, Tc-offset, ΔTc and average grain sizes of 
YBCO and YBCO + 1.0 wt. % SnO2 samples. 
Weight 
Percentage of 
SnO2 (wt. %) 

Tc-onset 

(K) 
Tc-offset 

(K) 
ΔTc 
(K) 

Average 
grain size 

(μm) 

0.0 91.70 83.20 8.50 1.24 
1.0 89.25 76.04 13.21 1.32 

 

 

 
Figure 4. Surface morphology with 1500× and 5000× 

magnification of pure YBCO sample and YBCO added with 
1.0 wt. % SnO2. The images showed the result of of (a), (c) 
pure YBCO sample and (b), (d) YBCO + 1.0 wt. % SnO2. 

 

(a) (b) 
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Conclusion  

 
YBCO superconductors with SnO2 addition were 

successfully synthesized via thermal treatment and 
sintering without oxygen flow. From XRD analysis, the 
incorporation of 1.0 wt. % SnO₂ enhanced the Y123 
phase purity and promoted oriented grain growth, as 
reported in XRD and SEM analysis. Despite a reduction 
in orthorhombicity and superconducting transition 
temperature, Tc-onset of YBCO bulk samples due to the 
weakened grain connectivity and increased lattice strain, 
the formation of larger, rounder grains with reduced 
porosity were observed in YBCO + 1.0 wt % SnO2 

microstructural features. In conclusion, these findings 
demonstrate that controlled SnO₂ addition can optimise 
the phase formation and microstructure, thus offering 
enhanced phase purity and superconducting 
performance of YBCO bulk samples. 
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