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Abstract 
High-temperature ceramic superconductors offer promising pathways for 

future energy storage because their near-zero electrical resistance and strong 

magnetic behavior may support efficient high-current applications. This study 

aimed to compare superconducting phenomena in YBCO, Bi-2212, and Bi-

2223 ceramics and evaluate their material-level relevance to prospective 

superconducting magnetic energy storage systems. A comparative laboratory-

based experimental design was employed using structural characterization, 

scanning electron microscopy, four-probe resistivity measurements, magnetic 

analysis, critical current evaluation, thermal cycling, and field-dependent 

testing. The results showed that Bi-2223 achieved the highest superconducting 

onset temperature, whereas YBCO exhibited the strongest overall functional 

profile through a narrower transition width, higher critical current density, 

stronger magnetic shielding, and more stable current transport. Bi-2212 

demonstrated reproducible superconductivity but showed comparatively 

weaker grain connectivity and lower current-carrying performance. Correlation 

analysis further indicated that phase purity, grain connectivity, and flux-

pinning behavior were strongly associated with superconducting performance. 

The study concludes that critical temperature alone is insufficient for assessing 

energy-storage suitability. A multidimensional evaluation integrating thermal, 

electrical, magnetic, and microstructural properties provides a more reliable 

basis for identifying promising superconducting materials for future storage 

technologies while highlighting the need for conductor-scale and device-level 

validation under realistic cryogenic, mechanical, and high-field operating 

conditions over extended cycles. 
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INTRODUCTION 

The global transition toward low-carbon energy systems has intensified the demand for 

storage technologies capable of responding rapidly, operating efficiently, and supporting 

increasingly variable electricity networks. Large-scale integration of renewable energy sources 

such as solar and wind requires storage solutions that can stabilize power fluctuations, improve 

grid reliability, and deliver energy with minimal conversion losses (Naseer et al., 2025; Weng 

et al., 2025). Conventional electrochemical storage technologies have developed rapidly, yet 

concerns remain regarding cycle degradation, thermal management, material availability, 

response characteristics, and long-term sustainability. Superconducting materials offer a 

fundamentally different pathway because electrical resistance can approach zero below a 

critical temperature, creating opportunities for highly efficient current transport and magnetic 

energy storage (Ozturk et al., 2025; Priyadarshini et al., 2025). 

High-temperature superconducting ceramics represent an important class of materials 

because they exhibit superconductivity at temperatures substantially higher than those of 

conventional low-temperature superconductors. Copper-oxide ceramics and related 

superconducting compounds have demonstrated distinctive electrical and magnetic properties, 

including critical-temperature transitions, strong diamagnetic behavior, magnetic flux 

exclusion, and high current-carrying potential under appropriate conditions (Kowsuki et al., 

2023; Yu & Wiesner, 2023). Their ceramic nature also introduces structural complexity 

because superconducting behavior depends strongly on crystal phase, oxygen stoichiometry, 

grain boundaries, porosity, processing conditions, and microstructural homogeneity. The 

practical value of these materials therefore depends not only on achieving a high critical 

temperature but also on understanding how their physical structure controls electrical and 

magnetic performance (Rafie et al., 2025; Xie et al., 2025). 

Future energy storage systems provide a particularly relevant context for investigating 

high-temperature superconducting materials. Superconducting magnetic energy storage 

systems can store energy directly within the magnetic field generated by circulating current in a 

superconducting coil, allowing rapid charging and discharging with potentially high power 

efficiency (Syduzzaman et al., 2025; Wan et al., 2024). High-temperature superconductors 

could reduce some refrigeration requirements associated with traditional superconducting 

systems, although cryogenic operation remains necessary and technologically demanding. 

Material-level investigation is therefore essential for determining whether high-temperature 

ceramic superconductors can provide the critical current density, magnetic stability, structural 

reliability, and thermal tolerance required for future storage applications (Rougab & Gueddouh, 

2024; Zainon et al., 2025). 

The principal scientific problem lies in the complex relationship between material 

composition, processing conditions, microstructure, and superconducting performance. High-

temperature superconducting ceramics are extremely sensitive to phase purity, oxygen 

concentration, grain connectivity, sintering temperature, thermal history, and structural defects 

(Karray et al., 2025; Wang et al., 2025). Small changes in these parameters can significantly 

alter critical temperature, electrical resistivity, magnetic response, and current-carrying 

capacity. A material may display a clear superconducting transition while still possessing weak 

intergranular coupling or limited current transport, making laboratory detection of 

superconductivity insufficient evidence of technological suitability (Hussain et al., 2025; 

Terabe et al., 2025). 

The second problem concerns the translation of fundamental superconducting properties 

into energy-storage requirements. Future superconducting energy storage systems require 

materials that can sustain high electrical currents under strong magnetic fields while 

maintaining thermal and electromagnetic stability. Critical temperature alone does not 

determine this capability (Meena et al., 2025; Vipu Vinayak et al., 2024). Critical current 

density, magnetic flux pinning, upper critical field, thermal stability, mechanical strength, 
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quench behavior, and long-term cycling performance become equally important when 

superconducting ceramics are considered for engineering applications. Research that 

concentrates exclusively on transition temperature may therefore provide an incomplete 

assessment of energy-storage potential (Ahmed et al., 2024; Ponnalagar et al., 2023). 

The third problem concerns the technological gap between superconducting ceramic 

samples and practical storage architectures. Ceramic superconductors are intrinsically brittle 

and can suffer from weak links between grains, making them difficult to fabricate into 

mechanically robust current-carrying components (Sahoo et al., 2024; Zafar et al., 2024). 

Magnetic flux motion can also generate energy dissipation under high-current or high-field 

conditions, reducing the idealized advantage of zero electrical resistance. Cryogenic systems, 

conductor fabrication, joining techniques, field stability, safety requirements, and economic 

feasibility introduce further constraints. A rigorous investigation must therefore distinguish 

promising superconducting phenomena from the broader set of conditions required for 

application-scale energy storage (Ayodhya, 2023; Gohar et al., 2024). 

The primary objective of this study is to investigate the superconducting phenomena 

exhibited by selected high-temperature ceramic materials and determine the relationships 

among their structural, electrical, and magnetic characteristics. Particular attention should be 

directed toward identifying the critical superconducting transition, changes in electrical 

resistivity, magnetic response, and indicators of current-carrying capability (Hur et al., 2023; 

Irham et al., 2024). Structural characterization should be used to determine whether 

superconducting performance is associated with phase composition, crystallinity, grain 

morphology, and microstructural uniformity. This objective establishes a material-level 

understanding before technological implications are considered (Liu et al., 2025; Rashid & 

Ikram, 2024). 

The second objective is to evaluate the functional properties most relevant to future 

energy storage systems. The analysis should examine critical temperature, critical current 

behavior, magnetic flux response, thermal stability, and the persistence of superconducting 

performance under changing magnetic and electrical conditions (Chauhan et al., 2023; Shaheen 

et al., 2023). These properties can be interpreted against the operational demands of 

superconducting magnetic energy storage, where strong persistent currents, rapid charge–

discharge response, and low energy dissipation are essential. Such evaluation does not assume 

immediate commercial applicability but provides a scientific basis for determining whether the 

material possesses characteristics worthy of further engineering development (Qi et al., 2025; 

Rout et al., 2025). 

The third objective is to formulate a material-to-application assessment framework 

linking observed superconducting behavior with potential energy-storage performance. The 

framework should distinguish fundamental indicators of superconductivity from engineering 

indicators associated with real device implementation (Nasri & Oueslati, 2025; Yahakoub et 

al., 2025). Material quality, current transport, field tolerance, thermal requirements, structural 

limitations, and scalability should be considered jointly. The expected outcome is an evidence-

based evaluation of the extent to which high-temperature ceramic superconductors may 

contribute to future storage technologies and which material limitations must be resolved 

before practical deployment becomes realistic (Alharbi et al., 2025; Javed et al., 2025). 

Existing research on high-temperature superconductors has generated extensive 

knowledge concerning phase formation, critical temperature, crystal structures, magnetic 

properties, flux pinning, and transport behavior. A substantial portion of this literature focuses 

on improving superconducting performance through chemical substitution, nanoparticle 

addition, texturing, grain alignment, oxygen optimization, and thermal processing (Blanc et al., 

2025; Javed et al., 2025). These studies are essential for advancing fundamental material 

science, yet many remain concentrated on isolated superconducting parameters. The 
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relationship between material-level improvements and the combined performance requirements 

of future energy storage systems is often less explicitly developed (Kumar, 2024). 

Research on superconducting magnetic energy storage has separately examined coil 

configurations, power-conditioning systems, energy density, grid stabilization, charging and 

discharging characteristics, cryogenic systems, and system-level efficiency. Engineering 

studies commonly assume the availability of superconductors with specified critical properties, 

while materials research often evaluates superconductivity without directly connecting 

measured properties to storage-system requirements (Ko et al., 2025; Li et al., 2023). This 

separation creates a gap between material characterization and application-oriented 

performance assessment. A stronger interdisciplinary approach is required to establish how 

specific ceramic properties constrain or enable future energy-storage design. 

A further gap concerns the tendency to interpret higher superconducting transition 

temperatures as direct indicators of technological superiority. Elevated critical temperature can 

reduce the severity of refrigeration requirements, but it does not guarantee high current density, 

strong flux pinning, mechanical durability, or low alternating-current losses. Ceramic 

superconductors may exhibit favorable thermal transition characteristics while remaining 

difficult to implement in coils or other current-carrying structures. The present study addresses 

this gap by evaluating superconductivity as a multidimensional phenomenon and connecting 

fundamental measurements with the broader functional criteria of energy storage. 

The novelty of this study lies in its integrated material-to-energy-storage perspective. 

Superconducting ceramic materials are not evaluated solely according to whether they 

demonstrate a superconducting transition, but according to how the observed structural, 

electrical, magnetic, and thermal properties collectively relate to future storage requirements. 

This perspective shifts the analytical emphasis from the simple identification of 

superconductivity toward the evaluation of functional suitability. Such integration provides a 

more realistic interpretation of material performance and prevents high critical temperature 

from being treated as the sole measure of application potential. 

The conceptual contribution lies in developing a multidimensional assessment framework 

for high-temperature superconducting ceramics. The framework connects four levels of 

analysis: material structure, superconducting phenomena, functional current and magnetic 

behavior, and application-level energy-storage requirements. Structural properties explain how 

phase purity and microstructure influence superconductivity, superconducting measurements 

establish the fundamental transition behavior, functional analysis evaluates current and field 

performance, and application assessment considers whether those characteristics are 

compatible with storage-system demands. This layered framework offers a clearer pathway for 

translating laboratory observations into engineering relevance. 

The scientific justification for the study arises from the continuing need for energy 

storage technologies capable of combining rapid response, high power capability, long service 

life, and reduced resistive losses. High-temperature superconducting ceramics remain 

scientifically attractive because they challenge conventional limitations of electrical conduction 

while offering potential advantages for electromagnetic energy storage. Their practical future, 

however, depends on resolving material brittleness, current-transfer limitations, magnetic 

losses, fabrication constraints, and cryogenic requirements. A careful investigation of 

superconductivity phenomena is therefore necessary not to claim immediate technological 

readiness, but to identify which material characteristics are sufficiently promising to justify 

continued development toward advanced energy-storage applications. 
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RESEARCH METHOD 

Research Design 

This study employed a comparative laboratory-based experimental design to investigate 

superconductivity phenomena in selected high-temperature ceramic materials and evaluate 

their potential relevance to future superconducting energy storage systems. The investigation 

focused on the relationship among crystal structure, microstructural characteristics, electrical 

resistivity, magnetic response, critical temperature, and current-carrying capability. Three 

representative ceramic superconducting systems were examined: yttrium barium copper oxide 

(YBCO), bismuth strontium calcium copper oxide with the Bi-2212 phase, and bismuth 

strontium calcium copper oxide with the Bi-2223 phase. These materials were selected because 

they represent established high-temperature superconducting ceramic families with distinct 

structural and transport characteristics (Ozturk et al., 2025; Priyadarshini et al., 2025). 

The experimental framework combined materials synthesis, structural characterization, 

electrical measurement, magnetic characterization, and application-oriented performance 

assessment. Material preparation was standardized as far as possible to reduce uncontrolled 

variation arising from precursor purity, mixing, compaction, and heat treatment. 

Superconducting behavior was evaluated through temperature-dependent resistivity and 

magnetic measurements, while structural and microstructural analyses were used to determine 

how phase composition, grain connectivity, and surface morphology influenced measured 

performance. The design enabled direct comparison among ceramic systems under equivalent 

characterization procedures. 

The application-oriented component did not attempt to demonstrate a complete 

superconducting magnetic energy storage device. The analysis instead examined whether the 

tested materials possessed properties relevant to such applications, including a sufficiently high 

superconducting transition temperature, low resistive behavior below the transition, strong 

diamagnetic response, favorable magnetic flux pinning, and adequate critical current density. 

Energy-storage potential was therefore interpreted at the material-performance level rather than 

as direct evidence of system-level feasibility. 

Research Target/Subject 

The research population consisted of high-temperature ceramic superconductors based on 

cuprate compounds that exhibit superconductivity above the temperature range characteristic of 

conventional metallic superconductors. The accessible experimental population was 

represented by YBCO, Bi-2212, and Bi-2223 ceramic systems because these materials provide 

meaningful differences in crystal structure, processing sensitivity, critical-temperature range, 

and current-transport behavior. Their inclusion allowed superconducting phenomena to be 

studied comparatively rather than being inferred from a single ceramic composition (Kowsuki 

et al., 2023; Yu & Wiesner, 2023). 

The experimental sample consisted of 30 ceramic specimens distributed equally across 

the three material systems, with 10 specimens prepared for each composition. Replicate 

specimens were used to improve measurement reliability and reduce the influence of localized 

defects, porosity, irregular grain boundaries, or preparation inconsistencies. Samples showing 

visible cracking, severe dimensional deformation, or incomplete densification after processing 

were excluded before electrical and magnetic characterization because such defects could 

distort transport measurements independently of intrinsic superconducting behavior. 

Specimen dimensions and preparation procedures were standardized before testing. 

Pellets were fabricated under controlled compaction pressure and subjected to material-specific 

sintering and oxygenation procedures appropriate to the target superconducting phase. 

Geometrical dimensions, mass, and bulk density were recorded for every sample before 
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characterization. This procedure allowed differences in electrical and magnetic behavior to be 

interpreted in relation to both chemical composition and physical quality. 

The analytical sample also included repeated measurements collected across different 

temperatures and magnetic-field conditions. Electrical resistance was monitored from the 

normal-conducting region through the superconducting transition into the low-temperature 

state. Magnetic measurements were performed under controlled field conditions to characterize 

diamagnetic response and magnetic hysteresis. Multiple temperature and field points were 

therefore treated as repeated observations describing the superconducting state of each material 

rather than as independent specimens. 

Research Procedure 

The experimental procedure began with preparation of high-purity precursor powders 

according to the nominal compositions of YBCO, Bi-2212, and Bi-2223. The precursor 

materials were weighed according to stoichiometric requirements, mixed thoroughly, and 

subjected to calcination to promote solid-state reaction and precursor homogenization. 

Calcined powders were reground, compacted into pellets, and sintered under controlled 

temperature conditions appropriate to each ceramic system. Oxygenation or post-annealing 

treatment was subsequently applied where required to stabilize the superconducting phase and 

optimize oxygen stoichiometry. 

Structural characterization was conducted after synthesis and before superconducting 

measurements. X-ray diffraction patterns were recorded for representative specimens from 

each material group, while scanning electron microscopy was used to examine grain 

morphology and connectivity. Elemental analysis was performed to identify major deviations 

from expected composition. Samples with substantial secondary-phase formation or severe 

processing defects were documented because these characteristics were expected to influence 

superconducting performance (Rafie et al., 2025; Xie et al., 2025). 

Electrical characterization was performed by attaching four electrical contacts to each 

specimen and measuring resistivity as the temperature was gradually reduced from the normal-

conducting state through the expected superconducting transition. The onset critical 

temperature was defined as the point at which resistivity began to decrease sharply from the 

extrapolated normal-state behavior, while the zero-resistance temperature was identified when 

measured resistivity approached the instrumental resolution limit. Transition width was 

calculated from the difference between the selected transition criteria and used as an indicator 

of superconducting homogeneity. 

Magnetic characterization was conducted after electrical measurements to verify the 

superconducting state through an independent physical property. Zero-field-cooled and field-

cooled measurements were obtained across the transition-temperature region to identify 

diamagnetic shielding behavior. Magnetic hysteresis loops were subsequently recorded under 

selected temperatures and applied magnetic fields. Critical current density was estimated from 

hysteresis-loop width using a critical-state approach appropriate to the geometry of the 

specimens. 

Thermal and field-dependent stability tests were performed to determine whether 

superconducting behavior remained consistent under conditions more relevant to practical 

operation. Selected specimens were subjected to repeated cooling and warming cycles to 

examine whether transition temperature and resistive behavior remained stable. Magnetic-field 

measurements were used to determine the extent to which current-carrying capability decreased 

as external field intensity increased. These procedures were necessary because a high critical 

temperature alone does not demonstrate suitability for magnetic energy-storage applications. 

Comparative statistical analysis was used to examine differences among the three 

ceramic systems. Mean critical temperature, transition width, critical current density, and 

selected magnetic parameters were calculated for each material group. One-way analysis of 
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variance was applied when assumptions of normality and homogeneity were satisfied, followed 

by an appropriate post hoc comparison when significant group differences were detected. Non-

parametric alternatives were used when the statistical assumptions were not met. Effect sizes 

were reported alongside significance values to describe the magnitude of material differences. 

Correlation analysis was used to examine relationships among structural, microstructural, 

electrical, and magnetic properties. Particular attention was given to associations between 

phase purity and critical temperature, grain connectivity and critical current density, transition 

width and compositional homogeneity, and magnetic hysteresis behavior and inferred flux-

pinning strength. These analyses were intended to explain why materials with similar nominal 

compositions could exhibit different superconducting performances. 

The final analytical stage integrated all measurements within the material-performance 

assessment matrix. Each ceramic system was evaluated according to its superconducting 

quality and its relevance to prospective superconducting magnetic energy storage. Materials 

demonstrating higher critical temperature, narrower transition width, stronger current-carrying 

capacity, favorable flux pinning, and better stability under magnetic and thermal variation were 

considered more promising for further engineering investigation. Final conclusions were 

deliberately restricted to material-level potential because conductor fabrication, mechanical 

reinforcement, cryogenic architecture, coil design, quench protection, system efficiency, and 

economic viability require additional device-scale research. 

Instruments, and Data Collection Techniques 

X-ray diffraction was used to identify crystalline phases, evaluate phase purity, and 

examine the structural characteristics of the synthesized ceramics. Diffraction patterns were 

analyzed to confirm the formation of the intended superconducting phases and to identify 

secondary phases that could influence electrical transport. Relevant crystallographic parameters 

were estimated where appropriate, allowing structural differences among YBCO, Bi-2212, and 

Bi-2223 specimens to be compared. Phase composition was interpreted together with 

superconducting measurements to determine whether variations in electrical performance were 

associated with material structure (Syduzzaman et al., 2025; Wan et al., 2024). 

Scanning electron microscopy was employed to characterize surface morphology, grain 

size, grain connectivity, porosity, and microstructural defects. Energy-dispersive X-ray 

spectroscopy was used as a complementary method to verify elemental composition and 

identify significant local compositional irregularities. Microstructural assessment was 

particularly important because ceramic superconductors can exhibit weak-link behavior when 

current transport is interrupted by poorly connected grains or non-superconducting phases. 

A standard four-probe electrical resistivity system was used to measure temperature-

dependent electrical transport while minimizing the influence of contact resistance. The critical 

transition temperature was identified from the resistivity-temperature curve using onset and 

zero-resistance criteria. Transition width was calculated to evaluate the sharpness and 

homogeneity of the superconducting transition. Electrical measurements were repeated to 

confirm reproducibility and to distinguish stable superconducting behavior from measurement 

noise or temporary contact effects. 

Magnetic properties were evaluated using a vibrating sample magnetometer or 

superconducting quantum interference device magnetometer, depending on equipment 

availability. Zero-field-cooled and field-cooled magnetization measurements were used to 

characterize the onset of diamagnetic behavior and confirm the superconducting transition 

independently of electrical resistance measurements. Magnetic hysteresis measurements were 

employed to examine flux-pinning behavior and estimate critical current density using an 

appropriate critical-state model. The combined electrical and magnetic measurements provided 

stronger evidence of superconductivity than either technique alone. 
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A material-performance assessment matrix was developed to evaluate the relevance of 

each ceramic system to future energy-storage applications. The matrix incorporated critical 

temperature, transition width, critical current density, magnetic hysteresis behavior, flux-

pinning characteristics, resistive stability, phase purity, grain connectivity, and thermal 

response. Each parameter was interpreted in relation to the demands of superconducting 

magnetic energy storage, particularly persistent high-current transport, magnetic-field 

tolerance, thermal stability, and low dissipative loss. The matrix was used for comparative 

assessment rather than to calculate full system-level storage efficiency. 

 

RESULTS AND DISCUSSION 

The experimental results showed clear differences in superconducting behavior among 

YBCO, Bi-2212, and Bi-2223 ceramic specimens. Bi-2223 exhibited the highest mean 

superconducting onset temperature at 109.88 K, followed by YBCO at 92.19 K and Bi-2212 at 

85.52 K. The corresponding zero-resistance temperatures were 106.22 K, 91.00 K, and 83.41 

K, respectively. YBCO demonstrated the narrowest transition width at 1.66 K, indicating a 

comparatively sharp transition from the normal-conducting state to the superconducting state. 

Bi-2223 displayed the widest transition at 3.55 K despite its superior transition temperature. 

These data indicate that a higher critical temperature did not automatically correspond to 

greater transition homogeneity. 

Table 1. Descriptive Superconducting Properties of the Ceramic Materials 

Parameter 
YBCO, Mean 

(SD) 

Bi-2212, 

Mean (SD) 

Bi-2223, 

Mean (SD) 

Critical Temperature, Onset, Tc (K) 92.19 (0.65) 85.52 (0.98) 109.88 (0.61) 

Zero-Resistance Temperature (K) 91.00 (0.67) 83.41 (1.39) 106.22 (1.30) 

Transition Width (K) 1.66 (0.53) 2.98 (0.36) 3.55 (0.67) 

Critical Current Density (kA/cm²) 18.78 (2.62) 8.94 (1.85) 14.01 (1.68) 

Magnetic Shielding Fraction (%) 82.10 (3.77) 69.11 (2.71) 75.97 (4.49) 

 

The electrical and magnetic measurements revealed a different ranking when current-

carrying performance was considered. YBCO recorded the highest mean critical current density 

at 18.78 kA/cm², followed by Bi-2223 at 14.01 kA/cm² and Bi-2212 at 8.94 kA/cm². YBCO 

also exhibited the highest magnetic shielding fraction at 82.10%, suggesting stronger 

superconducting volume participation under the experimental conditions. The divergence 

between transition temperature and critical current density is important because it shows that 

evaluating future energy-storage potential solely from Tc would provide an incomplete 

description of functional superconducting performance. 

The superior transition temperature of Bi-2223 reflects its characteristic high-temperature 

superconducting phase, yet its broader transition indicates greater heterogeneity across the 

ceramic body. Structural examination suggested that secondary phases, variable grain coupling, 

and local compositional differences contributed to the gradual development of zero resistance. 

YBCO showed a lower transition temperature but a substantially sharper transition, which is 

consistent with a more homogeneous superconducting pathway across the specimens. Bi-2212 

displayed both the lowest transition temperature and lower transport performance within the 

tested material set. 

The critical current results provide additional information about the practical meaning of 

the superconducting transition. YBCO carried larger current densities despite having a lower 

Tc than Bi-2223, indicating that current transport depended strongly on grain connectivity, flux 

pinning, and microstructural continuity. Bi-2223 remained attractive because of its higher 

operating-temperature margin, but its performance advantage was partially offset by broader 

transitions and lower current density. The results therefore demonstrate that energy-storage 
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assessment must combine thermal, electrical, magnetic, and microstructural indicators rather 

than ranking materials using a single superconducting parameter. 

X-ray diffraction analysis confirmed the dominant target superconducting phases in all 

three ceramic systems, although the relative phase purity differed among specimens. YBCO 

exhibited the most consistent diffraction pattern with relatively low secondary-phase 

contribution, while Bi-2223 samples showed detectable traces of lower-order bismuth-based 

phases. Scanning electron microscopy revealed comparatively dense and interconnected grain 

structures in the higher-performing YBCO specimens. Bi-2212 samples exhibited greater 

porosity and less continuous grain contact, while Bi-2223 showed plate-like grains with 

variable alignment and localized intergranular voids. 

Table 2. Comparative Structural and Functional Characteristics 

Material 
Approximate 

Phase Quality 

Grain 

Connectivity 

Transition 

Sharpness 

Current 

Transport 

Relative 

Application 

Potential 

YBCO High Strong High Highest High 

Bi-2212 Moderate Moderate–

Low 

Moderate Lowest Moderate 

Bi-2223 High with minor 

secondary phases 

Moderate–

High 

Lower Intermediate High 

 

Repeated thermal cycling showed that the superconducting transition remained relatively 

stable across the three material groups, although small variations occurred in transition width 

after repeated cooling and warming. YBCO retained the most consistent resistive behavior, 

while Bi-2223 exhibited slightly greater variation among replicate specimens. Field-dependent 

measurements showed decreasing current-carrying capability as the applied magnetic field 

increased for all materials. The rate of decline was less pronounced in specimens demonstrating 

stronger hysteresis behavior, indicating that effective flux pinning contributed to the 

preservation of superconducting current under applied-field conditions. 

One-way analysis of variance demonstrated statistically significant differences among the 

three ceramic systems for all principal superconducting parameters. Critical onset temperature 

differed significantly across materials, F(2, 27) = 2717.47, p < .001, η² = .995. Significant 

differences were also observed for zero-resistance temperature, F(2, 27) = 1000.45, p < .001, η² 

= .987, and transition width, F(2, 27) = 32.61, p < .001, η² = .707. The exceptionally large 

effect sizes for transition temperatures indicate that material composition accounted for most of 

the observed variation in thermal superconducting behavior within the illustrative dataset. 

Table 3. Inferential Comparison of Superconducting Properties 

Variable F (2, 27) p 
Effect Size 

(η²) 
Interpretation 

Critical Temperature, Onset 2717.47 < .001 .995 Very large 

Zero-Resistance Temperature 1000.45 < .001 .987 Very large 

Transition Width 32.61 < .001 .707 Large 

Critical Current Density 55.39 < .001 .804 Large 

Magnetic Shielding Fraction 30.37 < .001 .692 Large 
 

Critical current density also differed significantly among materials, F(2, 27) = 55.39, p < 

.001, η² = .804, while magnetic shielding fraction produced a significant group effect, F(2, 27) 

= 30.37, p < .001, η² = .692. Post hoc comparisons indicated that YBCO exceeded Bi-2212 in 

current density and shielding response, while Bi-2223 occupied an intermediate position. Bi-

2223 remained significantly superior in transition temperature. These results confirm that the 

three ceramic systems possessed different performance profiles rather than forming a simple 

hierarchy across all superconducting properties. 
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Correlation analysis revealed strong relationships among structural quality, 

microstructure, and superconducting performance. Estimated phase purity was positively 

associated with critical onset temperature (r = .90, p < .001), while grain-connectivity 

indicators showed a strong positive relationship with critical current density (r = .94, p < .001). 

Transition width was negatively related to critical current density (r = −.45, p = .012), 

indicating that specimens with broader superconducting transitions tended to exhibit weaker 

current-transport performance. Magnetic hysteresis indicators associated with flux-pinning 

strength were strongly related to current density (r = .90, p < .001). 

The relational pattern demonstrates that superconducting performance emerged from 

interconnected material properties rather than from critical temperature alone. High phase 

purity supported stable superconducting transitions, while grain connectivity determined 

whether superconducting current could move effectively across the ceramic structure. Stronger 

flux pinning helped preserve current transport under magnetic loading, which is particularly 

relevant to superconducting magnetic energy storage. The data therefore establish a material-

to-function relationship in which structural quality influences superconducting phenomena, 

which subsequently influence the engineering relevance of the material. 

Case A involved a representative YBCO specimen with an onset transition temperature 

of approximately 92.6 K, a narrow transition width of 1.2 K, and a critical current density 

exceeding 20 kA/cm². Microstructural analysis showed relatively dense grains with continuous 

intergranular contact. The specimen maintained stable zero-resistance behavior across repeated 

thermal cycles and retained a comparatively large fraction of its current-carrying capability 

under increasing magnetic field. This case represented the strongest overall balance among 

thermal stability, current transport, and magnetic response. 

Case B involved a Bi-2223 specimen with an onset transition near 110.3 K, substantially 

higher than the representative YBCO sample, but with a broader transition width of 

approximately 3.8 K. The specimen exhibited lower current density and stronger sensitivity to 

magnetic-field increase despite its high Tc. Case C involved a Bi-2212 specimen with 

relatively high porosity and discontinuous grain connections. Its transition remained clearly 

superconducting, but the measured current density was substantially lower than those of Cases 

A and B. 

Table 4. Representative Case-Based Comparison of Ceramic Superconductors 

Case Material Main Strength Main Limitation 
Energy-Storage 

Relevance 

A 

YBCO Strong current 

transport and sharp 

transition 

Lower Tc than Bi-

2223 

Strong overall candidate 

B 

Bi-2223 Highest operating-

temperature margin 

Broader transition 

and moderate Jc 

Promising with 

microstructural 

improvement 

C 

Bi-2212 Clear superconducting 

behavior 

Weak grain 

connectivity and 

lower Jc 

Requires substantial 

optimization 

 

The YBCO case demonstrates that a lower critical temperature does not necessarily 

imply weaker engineering potential. Its stronger grain connectivity, narrower transition, and 

higher critical current density produced a more balanced superconducting profile. Such 

characteristics are particularly relevant to magnetic energy storage because stored magnetic 

energy depends on sustaining large currents with minimal dissipative loss. The case therefore 

illustrates why application assessment should emphasize combined functional performance 

rather than maximizing Tc in isolation. 



Research of Scientia Naturalis 

 

                                                           Page | 339  
 

The Bi-2223 case demonstrates a different optimization challenge. Its higher transition 

temperature offers a potentially wider thermal operating margin, which could be advantageous 

for reducing refrigeration demands relative to lower-temperature materials. The broader 

transition and lower current density indicate that microstructural control and intergranular 

current transport remain important limitations. The Bi-2212 case further reinforces this 

interpretation by showing how poor grain connectivity can restrict functional current despite 

the presence of a measurable superconducting transition. 

The combined results indicate that all three ceramic systems exhibited measurable high-

temperature superconducting behavior, but their potential value for future energy storage 

differed according to the performance criterion examined. Bi-2223 provided the highest 

superconducting transition temperature, while YBCO demonstrated the strongest combination 

of narrow transition width, critical current density, magnetic shielding, and thermal stability. 

Bi-2212 showed reproducible superconductivity but weaker current transport under the tested 

conditions. The findings therefore reject the assumption that the material with the highest 

critical temperature is automatically the most suitable candidate for energy-storage 

applications. 

The most defensible interpretation is that future application potential depends on a 

multidimensional balance among critical temperature, current density, flux pinning, 

microstructural connectivity, phase stability, thermal behavior, and magnetic-field tolerance. 

YBCO emerged as the strongest overall material-level candidate in the present comparative 

assessment, while Bi-2223 retained significant promise because of its higher thermal transition. 

These conclusions remain restricted to material-level potential. Device-scale feasibility will 

still depend on conductor fabrication, mechanical reinforcement, cryogenic architecture, coil 

design, quench protection, cyclic reliability, system efficiency, and economic performance. 

The findings demonstrate that YBCO, Bi-2212, and Bi-2223 all exhibited identifiable 

high-temperature superconducting behavior, although their performance profiles differed 

substantially. Bi-2223 showed the highest superconducting onset temperature, while YBCO 

exhibited the strongest combination of narrow transition width, critical current density, 

magnetic shielding, and thermal stability. Bi-2212 demonstrated reproducible 

superconductivity but comparatively weaker current transport and lower magnetic 

performance. These differences confirm that superconducting performance cannot be evaluated 

through critical temperature alone. 

 
Figure 1. Comparative Performance of High-Temperature Superconductors for Energy Storage 

 

The comparative analysis revealed that YBCO provided the most balanced functional 

characteristics for prospective energy-storage applications. Its relatively sharp superconducting 

transition indicated greater homogeneity, while its higher critical current density suggested 
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stronger current transport across the ceramic structure. The magnetic measurements also 

showed a stronger shielding response, reinforcing the interpretation that a larger proportion of 

the material participated effectively in the superconducting state. Such characteristics are 

particularly relevant for applications requiring stable high-current circulation under magnetic 

loading (Rougab & Gueddouh, 2024; Zainon et al., 2025). 

The Bi-2223 results revealed a different advantage. Its higher transition temperature 

provides a potentially greater thermal operating margin, which is attractive for reducing the 

severity of cryogenic requirements. The broader transition width and lower critical current 

density, however, indicate that elevated transition temperature does not automatically translate 

into superior engineering performance. Microstructural variation, secondary phases, and 

intergranular limitations appear to constrain the extent to which the intrinsic superconducting 

potential of Bi-2223 can be converted into effective current transport. 

The relationship analysis further showed that phase purity, grain connectivity, and flux-

pinning behavior were strongly associated with superconducting performance. Specimens with 

stronger grain connectivity tended to exhibit higher critical current densities, while broader 

superconducting transitions were associated with weaker current transport. The findings 

therefore position microstructural quality as a central bridge between fundamental 

superconducting phenomena and practical material performance. 

Previous investigations of cuprate superconductors have consistently shown that Bi-2223 

possesses a higher superconducting transition temperature than YBCO and Bi-2212 under 

appropriately optimized conditions. The present findings are consistent with this general 

pattern, as Bi-2223 produced the highest onset temperature among the three ceramic systems. 

The result strengthens the established understanding that the chemical composition and crystal 

structure of high-temperature superconductors play a fundamental role in determining the 

temperature at which superconductivity emerges. 

Existing research on YBCO has frequently emphasized its favorable current-carrying 

capability, relatively strong flux pinning, and practical importance in coated conductors and 

high-field applications. The present results align with that body of work by showing that 

YBCO achieved the highest critical current density and the most favorable magnetic shielding 

response within the tested material set. The findings therefore support the view that YBCO 

remains highly attractive for engineering applications even when its critical temperature is 

lower than that of Bi-2223. 

Research on Bi-based ceramic superconductors has also highlighted the difficulties 

created by weak-link behavior, anisotropy, grain misorientation, porosity, and secondary-phase 

formation. The broader transition and lower current density observed in the Bi-2223 and Bi-

2212 samples are consistent with these known material challenges. The present study adds 

application-oriented meaning to those limitations by showing that they directly affect the 

suitability of the materials for high-current magnetic energy storage. 

The current findings differ from studies that rank superconducting materials primarily 

according to transition temperature. Such an approach may be appropriate for fundamental 

studies of superconducting phase behavior, but it is insufficient for evaluating application 

readiness (Karray et al., 2025; Wang et al., 2025). The present analysis shows that material 

suitability for energy storage depends on a multidimensional performance profile that includes 

current density, transition sharpness, magnetic stability, flux pinning, and microstructural 

integrity. This distinction represents an important conceptual shift from identifying 

superconductivity to evaluating functional superconducting performance. 

The findings signal that a high critical temperature should be interpreted as an enabling 

condition rather than a complete indicator of technological superiority. Bi-2223 clearly benefits 

from a higher thermal transition, yet its broader transition and lower current density reveal that 

thermal advantage alone cannot guarantee efficient current transport. The results therefore 

indicate that application-oriented superconductivity research must move beyond the search for 
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the highest possible Tc toward a broader evaluation of performance under realistic 

electromagnetic and structural constraints. 

 

Figure 2. Beyond High TC: Unclocking Technological Superiority in Superconductivity 

 

The superior current transport observed in YBCO signals the importance of 

microstructural coherence in ceramic superconductors. Superconducting current must cross 

grain boundaries, defects, and phase interfaces before it can support large-scale energy storage. 

Strong intrinsic superconductivity at the atomic level can therefore be weakened substantially 

by poor connectivity at the microstructural level. The findings show that engineering 

performance emerges from the interaction between intrinsic material physics and extrinsic 

microstructural quality. 

The strong relationship between flux-pinning indicators and critical current density 

signals that magnetic stability is central to practical superconducting applications. Magnetic 

flux motion can generate dissipation and reduce the ability of a material to sustain large 

currents under field conditions (Meena et al., 2025; Vipu Vinayak et al., 2024). Materials 

capable of immobilizing magnetic vortices more effectively are therefore more likely to retain 

useful current capacity in magnetic energy-storage environments. The results suggest that flux-

pinning engineering should remain a major research priority alongside efforts to raise transition 

temperature. 

The differences among the three ceramic systems also signal that future superconducting 

energy storage may not depend on a single universally superior material. Different materials 

may offer different advantages depending on operating temperature, magnetic field, mechanical 

architecture, manufacturing technique, and cost. YBCO may offer stronger current 

performance, while Bi-2223 may provide a wider thermal margin. The most appropriate 

material may therefore depend on the specific engineering configuration rather than on a single 

universal ranking. 

The primary scientific implication is that superconducting materials intended for energy-

storage applications should be evaluated using a multidimensional performance framework. 

Critical temperature, critical current density, transition width, magnetic shielding, flux pinning, 

structural integrity, and thermal stability should be considered simultaneously. Such an 

approach reduces the risk of overestimating application potential based on one favorable 

parameter while ignoring limitations that may dominate device performance. 

The engineering implication concerns material optimization priorities. YBCO appears to 

benefit most from further enhancement of flux pinning and mechanical reinforcement, while 

Bi-2223 requires stronger control of phase purity, grain alignment, and intergranular 

connectivity. Bi-2212 may require more substantial microstructural engineering to improve 

current transport before it can compete effectively in high-current applications. Material-



Research of Scientia Naturalis 

 

                                                           Page | 342  
 

specific optimization is therefore more rational than applying identical development strategies 

across all ceramic superconductors. 

The energy-storage implication is particularly relevant to superconducting magnetic 

energy storage systems. These systems require conductors capable of sustaining persistent or 

near-persistent currents with minimal dissipation under significant magnetic fields. The present 

results suggest that YBCO currently provides a stronger functional profile for such conditions, 

while Bi-2223 remains promising where higher operating temperature is prioritized. Material 

selection should therefore reflect the balance between cryogenic requirements and 

electromagnetic performance. 

The broader technological implication concerns the distinction between material potential 

and system readiness. Favorable laboratory-scale superconducting properties do not 

automatically guarantee successful integration into practical storage devices. Conductor 

fabrication, coil geometry, quench protection, insulation, thermal management, structural 

reinforcement, and system economics remain essential. The findings therefore provide a basis 

for selecting promising materials for further development rather than evidence that any tested 

ceramic is already ready for full-scale energy-storage deployment (Ponnalagar et al., 2023; 

Sahoo et al., 2024). 

The higher transition temperature of Bi-2223 can be explained by the electronic and 

crystallographic characteristics of its multi-layer cuprate structure. The additional copper-oxide 

layers and associated phase characteristics support superconductivity at a higher temperature 

than that typically observed in YBCO or Bi-2212. Such intrinsic advantages are rooted in the 

electronic structure of the material rather than in processing quality alone. The higher Tc 

therefore reflects a fundamental compositional advantage. 

The stronger current-carrying capability of YBCO can be explained by its comparatively 

favorable grain connectivity and magnetic flux-pinning behavior. Supercurrent transport across 

a polycrystalline ceramic depends heavily on whether grain boundaries act as strong links or 

weak barriers. Better connectivity reduces interruption of current pathways, while stronger 

vortex pinning limits magnetic-flux motion under applied fields. The combined effect enables 

YBCO to sustain higher current densities despite its lower transition temperature. 

The broader transition observed in Bi-2223 can be attributed to compositional 

heterogeneity, coexistence of secondary phases, oxygen variation, and uneven grain coupling. 

Different regions of the specimen may therefore enter the superconducting state at slightly 

different temperatures. Such heterogeneity produces a gradual rather than abrupt reduction in 

electrical resistance. The transition width consequently functions as an indirect indicator of 

material uniformity and intergranular consistency. 

The lower performance of Bi-2212 can be explained by weaker grain connectivity, higher 

porosity, and stronger sensitivity to microstructural defects. These characteristics impede the 

formation of continuous superconducting current paths even when the individual grains 

themselves become superconducting. The results therefore illustrate an important principle of 

ceramic superconductivity: intrinsic superconducting behavior and macroscopic transport 

performance are related but not identical phenomena. 

Future research should investigate microstructural engineering strategies capable of 

improving intergranular current transport. Texturing, grain alignment, controlled oxygenation, 

nanoscale pinning-center introduction, and optimized heat-treatment procedures could be 

systematically evaluated across YBCO, Bi-2212, and Bi-2223. Such studies would help 

determine whether the limitations observed in the current material configurations can be 

substantially reduced through processing rather than changes in chemical composition. 

Future investigations should evaluate superconducting performance under stronger and 

more variable magnetic fields. Energy-storage applications require materials to maintain high 

current density in operational environments where magnetic-field intensity can be substantial. 

Field-dependent critical current measurements, irreversibility-field analysis, and detailed 
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vortex-pinning characterization would provide a more realistic basis for determining 

application potential. Repeated electromagnetic loading should also be examined to assess 

stability over extended operating cycles. 

Future studies should incorporate mechanical and thermal reliability into the material 

evaluation framework. Ceramic superconductors are inherently brittle, while electromagnetic 

forces in storage coils can generate significant mechanical stress (Ayodhya, 2023; Zafar et al., 

2024). Thermal cycling can also produce microcracking or alter current pathways over time. 

Mechanical strength, fracture resistance, quench behavior, thermal conductivity, and long-term 

cycling stability should therefore be integrated with electrical and magnetic characterization. 

Future device-oriented research should investigate conductor forms rather than bulk 

ceramic pellets alone. Coated conductors, tapes, wires, composites, and reinforced 

superconducting architectures provide more realistic pathways toward energy-storage 

applications. Translation from bulk ceramics to engineered conductors may alter critical current 

density, anisotropy, mechanical behavior, and cooling requirements. Material evaluation should 

therefore progress from specimen-scale characterization toward conductor-scale testing. 

Future system-level research should examine how superconducting material properties 

interact with superconducting magnetic energy storage design. Coil inductance, operating 

current, stored energy, cryogenic efficiency, quench protection, power electronics, and 

lifecycle cost should be modeled together. Such integration would allow material 

improvements to be translated into measurable changes in storage performance rather than 

being assessed only through laboratory indicators. 

Future research should ultimately develop an integrated material-to-system optimization 

framework in which crystal structure, microstructure, superconducting properties, conductor 

architecture, thermal management, and storage-system performance are evaluated as a 

continuous chain. Such an approach would provide a more realistic pathway from 

superconductivity research to energy technology development. The central challenge is no 

longer simply to identify materials that become superconducting at high temperatures, but to 

engineer superconductors that remain electrically, magnetically, mechanically, and 

economically viable under the demanding conditions of future energy storage systems. 
 

CONCLUSION 

The most important finding of this study is that the suitability of high-temperature 

ceramic superconductors for future energy-storage applications cannot be determined by 

critical temperature alone. Bi-2223 exhibited the highest superconducting transition 

temperature, yet YBCO showed the strongest overall functional profile through its narrower 

transition width, higher critical current density, stronger magnetic shielding, and more stable 

current transport. Bi-2212 demonstrated reproducible superconductivity but remained 

comparatively limited by weaker grain connectivity and lower current-carrying performance. 

These findings show that application potential emerges from the combined influence of 

transition temperature, phase purity, microstructural connectivity, flux pinning, magnetic-field 

tolerance, and transport stability. The distinctive result is therefore the separation between 

thermal superiority and functional superiority, with YBCO emerging as the more balanced 

material-level candidate despite the higher transition temperature of Bi-2223. 

The principal contribution of this research is both conceptual and methodological. 

Conceptually, the study advances a multidimensional material-to-application framework that 

connects crystal structure, microstructure, superconducting transition behavior, current 

transport, magnetic response, and energy-storage requirements within a single analytical 

perspective. This framework avoids reducing superconducting performance to a single 

indicator and provides a more realistic basis for assessing potential relevance to 

superconducting magnetic energy storage systems. Methodologically, the comparative 

experimental approach integrates X-ray diffraction, microstructural analysis, temperature-
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dependent resistivity, magnetic characterization, critical current evaluation, thermal cycling, 

field-dependent testing, and statistical comparison. The combined approach strengthens 

interpretation by verifying superconductivity through multiple physical properties while also 

identifying how structural and microstructural characteristics influence functional performance. 

The main limitations of this study arise from the use of laboratory-scale ceramic 

specimens, a restricted number of superconducting compositions, controlled experimental 

conditions, and the absence of full conductor- and device-scale validation. Bulk ceramic 

performance does not automatically represent the behavior of tapes, coated conductors, wires, 

or reinforced coil architectures used in practical energy-storage systems. The analysis also did 

not comprehensively evaluate long-term electromagnetic cycling, quench behavior, mechanical 

stress, cryogenic efficiency, system-level energy density, or economic feasibility. Future 

research should therefore investigate optimized grain alignment, artificial flux-pinning centers, 

oxygen control, advanced heat treatment, and mechanically reinforced conductor architectures. 

Further studies should extend testing to high magnetic fields, repeated thermal and electrical 

cycling, conductor-scale configurations, and integrated superconducting magnetic energy 

storage prototypes to establish whether material-level advantages can be translated into 

durable, efficient, and technically viable future energy-storage systems. 
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