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ABSTRACT 
 

This study explores the synthesis and characterization of high-performance YBa2Cu3O7-δ 
(YBCO) superconductors via two methods: the established solid-state reaction (SSR) and a 
novel modified thermal decomposition (DM) technique. Notably, the DM method employs 
metal acetates as a single precursor for synthesis, contrasting the SSR method which utilizes 
oxides and carbonates as the primary metals. Two samples were prepared: YBCO-SSR and 
YBCO-DM. X-ray diffraction (XRD) analysis confirmed the formation of the dominant 
YBCO phase in both, with minor secondary phases namely, Y2BaCuO5-x (Y211) and CuO.  
FESEM analyses revealed marked differences in microstructure, with the DM-prepared 
sample exhibiting a smaller average grain size and denser packing compared to its SSR 
counterpart. These observations demonstrate that the modified thermal decomposition 
method produces an enhanced, denser, and more homogeneous microstructure for the 
YBCO-DM sample, which contributes to its improved superconducting properties. 
Moreover, the DM-prepared sample exhibited a higher superconducting transition 
temperature (Tc-onset) of approximately 93.24 K, compared to 91.27 K for YBCO-SSR. 
Additionally, the DM sample displayed a sharper transition width (ΔTc) of 3.45 K compared 
with 4.57 K for YBCO-SSR. These observations suggest that the DM technique enhances 
the superconductivity of YBCO which is potentially attributed to the use of acetates as 
starting materials which can effectively dissolve yttrium, barium, and copper ions, leading 
to a more ordered distribution and better superconducting properties. 
 
Keywords: YBa2Cu3O7-δ; superconductivity; microstructure; critical temperature; 
modified thermal decomposition; solid-state reaction 
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INTRODUCTION 
 
Research on the YBa2Cu3O7-δ (YBCO) ceramic compound, discovered in 1987 by Wu et al. 
remains a focal point in superconductivity research [1]. As a type-II superconductor, YBCO 
is distinguished by its critical temperature (Tc) of 92 K, making it the first material to exhibit 
superconducting properties above the boiling point of liquid nitrogen (77 K) [2, 3]. This 
breakthrough has led to an extensive research into its potential applications, especially in 
leveraging superconductivity for advancements in the medical and transportation sectors. In 
the medical industry, magnetic resonance imaging (MRI), for example, stands out as one of 
its most impactful applications in diagnostic medical imaging [4]. The superconducting 
magnet employed in MRI is an influential tool, capable of achieving magnetic field values 
unattainable by conventional magnets [4, 5]. Driven by the potential to unlock a new era of 
technological advancements, researchers delve beyond the established solid-state reaction 
(SSR) method, seeking alternative synthesis techniques further to optimize YBCO's 
properties [6-8]. The conventional solid-state reaction (SSR) method using metal oxides and 
carbonates is the established method, but its complexity, potential environmental drawbacks, 
and limitations in tailoring the material's microstructure call for alternative approaches [9, 
10].  

A novel modified thermal decomposition (DM) method exhibits considerable 
potential for revolutionizing YBCO synthesis compared to the traditional SS method. DM is 
a straightforward and promising approach for synthesizing YBCO superconductor powders, 
offering several advantages over alternative YBCO synthesis techniques [11, 12]. First, the 
method is simple and cost-effective, requiring only raw chemicals and a three-step heat 
treatment, without any catalyst [11]. Second, it is environmentally friendly, with minimal 
byproduct formation without any harmful catalyst [13, 14]. Third, it produces powders with 
small particle sizes, exceptional uniformity, and improved chemical consistency [15]. These 
advantages make DM a promising approach for synthesizing YBCO superconductors. To 
our knowledge, the DM method has not been used to synthesize YBCO bulk 
superconductors before. This investigation employs metal acetates as a singular starting 
material to synthesize bulk YBCO superconductors, aiming to enhance superconducting 
properties.  

This study compares the efficacy of this approach with the established solid-state 
reaction method. The utilization of acetate in the novel modified thermal decomposition 
(DM) technique is based on its characteristics as a weak acid, thereby minimizing the 
likelihood of reactions with other chemicals in the system and thereby preserving the purity 
of the initial material [16]. This approach is essential in superconductor synthesis, where the 
pristine quality and exact stoichiometry of the starting materials critically influence the 
properties of the final product. Moreover, acetate enables a controlled release of metal ions 
during thermal decomposition, which is crucial for the formation of the YBCO 
superconducting phase. Furthermore, acetate improves the uniformity and distribution of 
metal ions, leading to the production of a high-quality YBCO superconductor. The even 
distribution of metal ions, resulting from acetate decomposition, plays a key role in achieving 
consistent superconductivity across the material [17, 18]. This uniformity is vital for creating 
superior superconducting materials, ensuring a consistent composition throughout and 
thereby boosting superconducting properties while reducing defects and grain boundaries 
that could impair the material's performance [18]. This modified thermal decomposition DM 
method can potentially revolutionize the synthesis of YBCO superconductors. The article 
focuses on the synthesis and characterization of pure bulk YBa2Cu3O7-δ  superconductors via 
established solid-state reaction SSR and novel thermal decomposition methods DM. 
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MATERIALS AND METHODS 
 
Two pure YBa2Cu3O7-δ samples were prepared: YBCO-SSR via the established solid-state 
reaction (SSR) and YBCO-DM using a novel modified thermal decomposition (DM) 
technique. For the SSR route, stoichiometric Y₂O₃, BaCO₃, and CuO were thoroughly mixed 
and ground for 2 h to homogenize the starting materials. This blend was then calcined at 910 
°C for 24 h, promoting the formation of intermediate phases leading to YBCO. The resulting 
black solid underwent further grinding for 1 h to enhance packing density before being 
pressed into circular pellets (13 mm diameter and 5 mm thickness). Finally, the pellets were 
sintered at 980 °C for 24 h, allowing sufficient time for grain growth and phase 
transformation, followed by slow cooling and final annealing at 600 °C for 12 h at ambient 
atmosphere to optimize the formation if the crystal structure. In contrast, the DM approach 
employed metal acetates Y(OOCH3)3.4H2O, Ba(OOCCH3)2, and Cu(OOCCH3)2.H2O as 
single starting materials, offering improved homogeneity and potential advantages compared 
to oxides. These acetates were weighed in a 1:2:3 ratio and homogeneously mixed in an 
alumina crucible for 15 min, eliminating the need for grinding due to their inherent fine 
particulate nature. Unlike the SSR route, the DM powders underwent an initial pre-
calcination step at 600 °C for 30 min to decompose the acetates and remove organic residues. 
Following pre-calcination, the powder was ground in a mortar for 30 min and then calcined 
at 910 °C for 24 h in an alumina boat. The resulting black solid was then ground for 30 min, 
pressed into pellets, and sintered at 980 °C for 24 h under conditions similar to YBCO-SSR.  
Both methods aimed to achieve stoichiometric Y: Ba: Cu = 1:2:3 ratios and employed 
comparable thermal treatments, allowing for direct comparison of their impact on the 
samples characteristics. The choice of metal acetates for the DM method was motivated by 
their superior solubility and reactivity, potentially leading to a more homogeneous precursor 
mixture and facilitating the formation of a denser and more ordered YBCO microstructure.  

The thermal decomposition behavior of YBCO powders was investigated using a 
Mettler Toledo thermogravimetric analyzer (model TGA/SDTA851e, Mettler Toledo, 
Zürich, Switzerland). The powders were heated to 1000 °C at a rate of 10 °C/min in a 
nitrogen atmosphere with a purge gas flow of 50 mL/min. Subsequently, the samples were 
examined using X-ray diffraction (XRD) with (XRD, Xpert Pro Panalytical Philips DY 1861 
diffractometer, Phillips, Eindhoven, The Netherlands) with a CuKα source from 2θ = 20◦ to 
80◦, to identify the phases and evaluate the crystal structure of the samples. Microstructural 
analysis was conducted using a Field-emission Scanning Electron Microscope (FESEM) 
along with an Energy-Dispersive X-ray spectrometer (EDX) for quantitative analyses 
(FESEM, FEI Nova NanoSEM 230, Thermo Fisher Scientific, Waltham, MA, USA). The 
four-point probe technique was used to analyze electric transport properties.  The 
experimental setup consisted of a digital nanovoltmeter (Keithley, Model 2182A, Cleveland, 
OH, USA) and a DC precision power source (Keithley, Model 6221, Cleveland, OH, USA). 

 
 

RESULTS AND DISCUSSION 
 

Thermogravimetric Analysis (TGA/DTG) 
Figures 1(a) and 1(b) show the thermal decomposition profiles of both samples (YBCO-
SSR, YBCO-DM) as determined by thermogravimetric analysis (TGA) and differential 
thermogravimetric analysis (DTG). This analysis investigated the weight loss and heat flow 
associated with YBCO decomposition, providing insights into the thermal stability and 
potential phase transitions during the synthesis process [19, 20]. Notably, the TGA curves 
exhibited distinct weight loss stages at specific temperatures, while the DTG curves revealed 
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peaks corresponding to the maximum rate of decomposition [21] .  The initial weight loss 
stage observed in both methods is attributed to the dehydration of adsorbed water, 
commencing from around 51.51 °C to 174.32 °C for YBCO-SSR and from 58.29 °C to 
314.74 °C for YBCO-DM which is consistent with existing literature [22-24]. This was 
followed by a significant weight loss stage in the second drop, which was 0.95% for SSR at 
temperatures between 175.86 and 317.86 °C compared to DM which was 2.53% at 
temperatures between 315.78 and 727.90 °C which is attributed to the decomposition of 
organic residues, including the evolution of CO2 and the breakdown of acetate molecules 
[21]. Notably, the DM method exhibited a slightly higher weight loss (around 3.53%) 
compared with the SSR method (0.95%) in the third stage, likely due to its enhanced 
effectiveness in decomposing organic matter. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Thermogravimetric (TGA/DTG) Curves of the samples of (YBCO-SSR and 
YBCO-DM); (a) Prepared via Solid-State Reaction (YBCO-SSR) and (b) Prepared by 

novel modified thermal decomposition (YBCO-DM) 
 
  Additionally, the pre-calcination phase in the DM method likely removed unwanted 
impurities, resulting in more complete decomposition than the SSR method, as observed by 
the higher total weight loss in DM compared to SSR. DTG analysis further confirmed this 
by revealing a larger peak at around 990 °C for the SSR method, indicating incomplete 
decomposition of specific components compared to the DM method [25]. Finally, the 
negligible weight loss at higher temperatures observed in the TGA curves indicates the 
successful transition of the precursor materials into their respective pure metal oxides. This 
critical phase marks the formation of YBCO single crystals, commencing around 874.09 °C 
for DM and 850 °C for the SSR method [18, 25, 26]. Notably, the synthesis processes 
culminated in the production of orthorhombic structured YBCO single crystals once the 
temperature surpasses 960 °C. Such TGA/DTG analytical results are instrumental in refining 
the YBCO synthesis process, as they provide essential information about the material's 
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thermal stability and phase transition behavior, allowing for the evaluation and enhancement 
of the synthesis techniques employed. 
 
XRD Analysis 
Figure 2 shows the XRD patterns of the YBCO samples. XRD data analysis revealed both 
samples to be predominantly composed of the YBCO phase with an orthorhombic crystal 
structure (ICSD: 98-002-4717). Notably, no orthorhombic-tetragonal phase transition was 
observed. Minor traces of a secondary (Y-211) phase (ICSD: 98-002-4901) were present in 
both samples, while the YBCO-SSR sample additionally presented a faint secondary phase 
identified as (CuO) (98-008-7540). Interestingly, the sample prepared using the modified 
thermal decomposition (YBCO-DM) exhibited a higher volume fraction of the YBCO phase 
than the sample prepared via solid-state reaction (YBCO-SSR). In both samples, the most 
intense peak, at 2θ ≈ 32.8095°, corresponded to the (103) Miller indices of the YBCO phase. 
As shown in Table 1, the YBCO-DM sample displayed more significant lattice parameters 
(a, b, and c) and crystallite size compared to the YBCO-SSR sample, suggesting an influence 
of the crystal structure on these factors. Consequently, the YBCO-DM sample also exhibited 
a larger unit cell volume [27]. It is noteworthy that the observed highest orthorhombicity 
value in YBCO-SSR, likely associated with its specific oxygen content (6.84), contrasts with 
the lower value observed in YBCO-DM, calculated oxygen content (6.82) using the equation 
7-δ = 75.25 - 5.86c, where (c) represents the lattice parameter on the y-axis in the YBCO 
system) [28, 29]. While the YBCO-DM sample exhibited a slightly lower oxygen content 
compared to YBCO-SSR, the difference is relatively small (Δδ ≈ 0.03). Therefore, it is 
unlikely that this minor variation in oxygen content alone can account for the significant 
differences observed in the microstructure and superconducting transition temperature Tc 
between the two samples. The more prominent factors influencing the microstructural and 
superconducting properties are likely the synthesis method.  

The DM method employs metal acetates as precursors, promoting a more 
homogeneous elemental distribution during synthesis. This process results in a denser and 
more uniform microstructure, as confirmed by FESEM analysis, enhancing oxygen ordering 
along the b-axis in the Cu-O-Cu chains and increasing twin density [30]. These factors 
contribute to better flux pinning and stronger intergranular coupling in the YBCO-DM 
sample, leading to a higher onset of Tc and a sharper superconducting transition compared 
to the YBCO-SSR sample. Thus, while oxygen content is an important factor, it is the 
synthesis conditions and material homogeneity that more critically influence the 
superconducting properties of the samples. 
 
Table 1. Lattice parameters, orthorhombicity, unit cell volume, and volume fraction of the 

YBCO- SSR and YBCO-DM samples 
 

Sample 

Lattice Parameters  
Orthorh
ombicity Volume 

Vol. 
Fraction % Cryst. Size 

a /Å b /Å c /Å 
(𝑏 − 𝑎)
(𝑎 + 𝑏) 

/Å3 
YBCO Y211 CuO /Å 

YBCO-
SSR 3.8210 3.8846 11.681 0.00825 173.38 78.2 7.7 13 920 

YBCO-
DM  3.8215 3.8848 11.685 0.00821 173.44 98.6 1.4 - 1062 
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Figure 2. X-ray diffraction patterns of the samples of (YBCO-SSR and YBCO-DM) were 

prepared via solid-state reaction and novel modified thermal decomposition (DM) 
 
Scanning Electron Microscopy and Elemental Analysis 
Figures 3 show FESEM images of samples synthesized via the traditional solid-state reaction 
(YBCO-SSR) and those from an innovative modified thermal decomposition method 
(YBCO-DM). We used ImageJ software to quantify the average grain size by analyzing 
approximately 100 grains across both dimensions in each image (Figure 4 and Table 2). 
Figure 5 depicts the distribution of grain sizes for samples prepared using the modified 
thermal decomposition (DM) and solid-state reaction (SSR) methods[31, 32]. Both samples 
exhibit irregular structures, but YBCO-DM displays a noticeably denser packing with a 
smaller average grain size compared to YBCO-SSR [8]. This observation suggests that the 
modified thermal decomposition process offers a distinct advantage in controlling YBCO 
grain size. The denser packing observed in YBCO-DM is likely attributed to enhanced 
interconnectivity and grain rearrangement during its synthesis, promoting closely packed 
structures with potentially improved intergranular transport currents[8, 21]. Additionally, 
the smaller grains in YBCO-DM are expected to fill intergranular pores effectively, 
effectively linking and enhancing grain connectivity [33]. Thus, benefiting by linking the 
grains and enhancing the grain connectivity.  
 These grains become tightly packed together and improve the electron transportation 
between the grains [4]. Consequently, the DM method likely contributes to a denser and 
more compact grain structure, potentially enhancing the critical temperature (Tc) [6]. Figure 
6(a-b) presents Energy-Dispersive X-ray Spectroscopy (EDX) spectra for both YBCO 
samples. These analyses confirm the successful formation of the YBCO phase in each 
sample, evidenced by the presence of the expected Y, Ba, Cu, and O elements [34]. While 
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the overall elemental composition appears similar, closer examination may reveal minor 
discrepancies in peak intensities or elemental distribution across the maps. 
 
 
 

 
 
 
 
 

 
 
 
 
 

Figure 3. FESEM images at 10,000x magnification of YBCO bulk superconductors 
prepared by (a) solid-state reaction (YBCO-SSR) and (b) modified thermal decomposition 

(YBCO-DM) 
 

 
 
 

 
 
 
 
 

 
 
 
 
Figure 4. Schematic diagram depicting the dimensions used to measure the average grain 

size 
 

 
 
 
 
 
 
 
 
 

Figure 5. Distribution of the average grain size of YBCO synthesized via the (a) solid-state 
reaction (YBCO-SSR) and (b) modified thermal decomposition (YBCO-DM) methods 
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Elemental mapping was conducted to verify the homogeneity of the materials and the 
even distribution of elements within the samples as shown in (Figures 7(a) and 7(b) [31]. 
The maps for the YBCO-DM sample, in particular, indicate a more uniform distribution of 
yttrium, barium, copper, and oxygen compared to the YBCO-SSR sample, implying a more 
consistent stoichiometry and the possible reduction of unfavorable secondary phases. These 
maps are critical for confirming the uniform distribution of the constituent elements, which 
is essential for the consistency of the superconducting properties across the entire sample 
[35]. This observation could be attributed to the inherent advantages of the DM technique, 
which utilizes metal acetates as precursors and employs a precisely controlled thermal 
profile [36]. Such improved homogeneity may potentially enhance the electrical 
superconducting properties of the YBCO-DM material, warranting further investigation 
through relevant electrical and transport characterization techniques. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. EDX spectra and elemental maps of (a) YBCO-SSR and (b) YBCO-DM 
 

Table 2. Average grain size, D for both samples 
 

 
 
 
 
 

Sample Average Grain Size (D) /µm 

YBCO-SSR 5.55 ± 0.44 
YBCO-DM 4.50 ± 0.20 



 
 

36 

 

Figure 7. Elemental distribution in YBCO superconductors prepared using the (a) solid-
state reaction (SSR) and (b) modified thermal decomposition (DM) methods 

 
Electrical Resistivity Measurements 
Figure 8(a) illustrates the normalized resistivity as a function of temperature for the YBCO-
SSR and YBCO-DM samples. Resistivity measurements were measured using the standard 
four-point probe technique within a temperature range of 30 to 300 K [37]. Figure 8(b) 
focuses on the critical temperatures (Tc-onset and Tc-zero) identifiable by the dρ/dT analysis, 
enhancing the transition's visibility and allowing for precise Tc determination. Tc-onset is 
identified at the temperature where the second derivative of the resistance with respect to 
temperature deviates from the linear graph, indicating the start of the superconducting 
transition. Tc-zero is determined at the point where resistance drops to zero, marking complete 
transition to the superconducting state (Table 3). Both samples exhibit a nearly linear 
decrease in resistivity as they cool from room temperature to the onset of the 
superconducting transition. This observed single-step transition in both samples indicates 
good grain connectivity and the prevalence of the YBCO phase, as reported in reference 
[38]. The width of the resistive transition temperature interval, denoted as ΔTc, is depicted 
in Figure 9 [32]. The difference in ΔTc between the two samples indicates that the DM 
technique effectively controls the microstructure of YBCO ceramics [11]. Notably, the 
significantly lower ΔTc observed in YBCO-DM points towards a more homogeneous and 
well-ordered material. The enhanced homogeneity and improved intergranular connectivity 
observed in the YBCO-DM sample can be attributed to the superior solubility and reactivity 
of metal acetates, coupled with the precise control of temperature and duration during the 
pre-calcination and sintering steps [12]. These factors promote a highly ordered and well-
connected microstructure, facilitating an efficient charge carrier transport and, ultimately 
leading to a sharper resistive transition and narrower ΔTc [20].  This suggests that the DM-
processed sample possesses an optimized microstructure with minimized grain boundaries 
and enhanced grain connectivity, ultimately contributing to superior superconducting 
properties [31]. The novel thermal decomposition method significantly influences the 



 
 

37 

transition width (ΔTc) and has a pronounced impact on the sample's macrostructure and 
critical temperature (Tc). This finding, alongside the previously mentioned XRD analysis, 
suggests that the high percentage of secondary phases in the solid-state reaction sample 
likely detrimentally affects the critical temperature [5,39]. Conversely, it is possible to 
enhance the critical current density, Jc [32, 40]. 

 

Figure 8. (a) Normalized resistivity versus temperature curve of YBCO-SSR and YBCO-
DM samples and (b) derivative of resistivity against temperature of both samples 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 9. The relationship between Tc-onset and ΔTc of both samples 
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Table 3. Tc-onset, Tc-zero, and ∆Tc of both samples 
 
 

 
 
 
 
 

 
 

CONCLUSIONS 
 

This study presents a compelling comparison between the established solid-state reaction 
(SSR) technique and an innovative modified thermal decomposition (DM) method for 
synthesizing high-performance YBa2Cu3O7-δ (YBCO) superconductors. Through 
meticulous X-ray diffraction (XRD) analysis, we verified the formation of the principal 
YBCO phase in specimens synthesized by SSR and DM methods, despite secondary phases 
such as Y211 and CuO. Significantly, field emission scanning electron microscopy 
(FESEM) examination exposed pronounced microstructural disparities, with the DM method 
yielding specimens characterized by finer average grain size and a markedly denser packing 
than those prepared via SSR, suggesting a more uniform and compact microstructure. This 
microstructural refinement, especially the smoother grain boundaries observed in the 
YBCO-DM specimens, is proposed to enhance supercurrent flow, potentially elevating the 
critical temperature (Tc). Furthermore, our findings indicate that the YBCO synthesized 
through the DM technique not only displayed a higher superconducting transition 
temperature (Tc-onset and Tc-zero) but also exhibited a sharper transition curve and transition 
temperature width (ΔTc), indicative of superior superconductivity. These notable 
improvements are attributed to two critical factors: the strategic use of acetate as a single 
starting material, promoting a more orderly elemental distribution within the YBCO matrix, 
and the microstructural optimization through reduced grain size and denser packing. These 
modifications are believed to enhance intergranular transport currents, improve grain 
connectivity, and develop a more compact grain structure, collectively contributing to an 
increased critical temperature (Tc).  

The DM technique presents a superior approach for synthesizing YBCO 
superconductors, with notable improvements in the superconducting properties and a novel 
solution to challenges in material fabrication. This study highlights the need for further 
research to optimize the DM method, which could lead to significant technological 
advancements in fields ranging from energy to medical imaging. By addressing unique 
challenges and suggesting new research avenues, this work sets the stage for a new era of 
enhanced YBCO superconductors, promising significant impacts on superconductivity 
applications and technology. 
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Sample Tc-onset / 
K 

Tc-zero 
/ K 

ΔTc / 
K 

 
YBCO-SSR 

 
91.3 

 
86.7 

 
4.6 

 
YBCO-DM 

 
93.7 

 
90.3 

 
3.5 
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