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Abstract: In this study, high-temperature superconducting samples of HgBa>Ca>Cu3Os+s (Hg-1223) were synthesized using the
Sol-Gel method and sintered at three different temperatures: 800°C, 825°C, and 850°C. Structural characterization using X-ray
diffraction (XRD) confirmed the formation of the desired Hg-1223 phase, with varying degrees of phase purity depending on the
sintering temperature. Lattice parameters, phase ratios, and crystallite sizes were calculated and correlated with the processing
conditions. Surface morphology examined by scanning electron microscopy (SEM) at 5 pm magnification revealed clear grain
growth and increased densification with rising sintering temperatures. The microstructural evolution contributed significantly to
the electrical behavior of the samples. Electrical resistivity measurements as a function of temperature showed superconducting
transitions in all samples with a constant onset critical temperature (Tc(onsen) = 171.3 K). The sample sintered at 850°C exhibited the
sharpest transition (AT = 37.3 K), indicating improved homogeneity and stronger intergranular connectivity. All samples displayed
comparable energy gap values (~0.026 eV), confirming the superconducting nature of the Hg-1223 phase. Overall, the results
demonstrate that the Sol-Gel method is an effective route for producing high-quality Hg-based superconductors. The sample
processed at 850°C achieved the best combination of structural integrity, phase purity, and superconducting performance, making
it a promising candidate for future applications in high-temperature superconducting technologies.
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INTRODUCTION

Superconductivity is one of the most important physical phenomena in solid-state physics, characterized by the
complete loss of electrical resistance in certain materials when cooled below a critical temperature (T.) [1]. Among
the various families of superconducting materials, layered copper-based compounds (cuprates) have received
considerable attention, particularly mercury-based high-T. superconductors, due to their relatively high transition
temperatures and exceptional electronic properties [2, 3]. The compound HgBa;CaxCu3Og+s (commonly referred to as
Hg-1223) is considered one of the most promising members of the mercury-based superconductor family, as it exhibits
a critical temperature exceeding 130 K [4, 5]. This makes it a strong candidate for advanced technological applications
such as magnetic sensors, superconducting power transmission, and high-efficiency electronic devices [6]. However,
synthesizing this compound poses several challenges, including mercury volatility at high temperatures and the
difficulty of stabilizing the desired superconducting phase [7]. To overcome these limitations, several synthesis
methods have been developed.

among which the sol-gel method stands out as an effective wet-chemical technique for producing highly
homogeneous nanostructured powders. This method enables better atomic-scale distribution of the constituent
elements and allows for lower sintering temperatures, which in turn improve both structural and electrical properties
of the resulting samples [8, 9].

In this study, the HgBa;Ca;Cu3Os+5 compound was prepared using the sol-gel technique, and the effects of
different sintering temperatures (800°C, 825°C, and 850°C) on its structural and electrical properties were investigated.
The study includes X-ray diffraction (XRD) analysis for phase identification, atomic force microscopy (AFM) for
surface morphology examination, and electrical resistivity measurements as a function of temperature to determine
the superconducting transition temperatures of the prepared samples.
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EXPERIMENTAL PROCEDURE

The HgBa,Ca,Cus0s+5 superconducting compound was synthesized using the sol-gel method. High-purity
nitrates of mercury [Hg>(NO3)2-2H,0], barium Ba(NO3),, calcium Ca(NO3),-4H>0, and copper Cu(NO3)2-3H,0 were
used as starting materials. The required stoichiometric ratios were calculated based on atomic weight, and precise
quantities were weighed using a high-sensitivity electronic balance (KERN) [10].

Each nitrate was dissolved separately in distilled water under magnetic stirring. For mercury nitrate, a small
amount of nitric acid (HNO3) was added to prevent precipitation. The solutions were combined gradually under
controlled stirring at 65°C to form a uniform acidic solution (pH = 1). To initiate gelation, approximately 4 ml of
ammonia (NH3) was added, leading to an increase in viscosity and pH (= 4), and resulting in the formation of a light
blue gel [11, 12].

The gel was poured into a ceramic crucible and left to rest at room temperature before drying. It was then
heat-treated at 200°C, 225°C, and finally 250°C for a total of four hours to remove excess water and volatile
components. The dried product was ground into a fine powder using a mortar and pestle with isopropanol drops to
prevent scattering [13, 14]

A preliminary calcination step was conducted at 600°C for 8 hours (heating rate 5°C/min) to decompose
residual nitrates and promote the initial formation of the compound. After cooling, the powder was reground and
pressed into disc-shaped pellets (~2 g each, 18 mm diameter, ~1.9 mm thickness) using a hydraulic press under
7 ton/cm? pressure [15. 16].

Finally, the pellets were sintered at different temperatures (800°C, 825°C, and 850°C) for 10 hours, followed
by controlled cooling. The resulting samples were dense, crack-free, mechanically stable, and ready for structural and
electrical characterization [17].

RESULTS AND DISCUSSION

This section presents and discusses the key scientific findings related to the structural, morphological, and
electrical properties of the HgBa;Ca,Cu3Os-+5 superconducting samples synthesized via the sol-gel method. The
influence of sintering temperature on phase formation and crystallographic behavior was examined using X-ray
diffraction (XRD), which provided detailed information on phase composition, crystal structure, and phase purity [18].
The high-temperature superconducting phase (Hg-1223) was identified, and its volume fraction (HTP%) was
calculated using relative peak intensities. Lattice parameters (a, b, ¢), unit cell volume (V), c/a ratio, and theoretical
density were determined to assess structural changes. Crystallite size was also estimated using Scherrer’s equation to
evaluate the effect of thermal processing on grain refinement and crystallinity [19, 20].

The surface morphology of the samples was investigated using scanning electron microscopy (SEM), revealing
the grain connectivity, size distribution, and uniformity, factors that play a crucial role in determining the current-
carrying capacity and overall superconducting performance [21, 22].

Furthermore, the electrical resistivity of the samples was measured as a function of temperature (R-T) to
determine the superconducting transition temperature (Tc) and analyze the effect of sintering temperature on the
transport properties of the Hg-1223 phase. This correlation between structural, microstructural, and electrical
characteristics provides a comprehensive understanding of the optimal processing conditions required for high-
performance superconductors prepared via the sol—gel technique.

STUDY OF STRUCTURAL PROPERTIES

XRD analysis

X-ray diffraction (XRD) analysis was conducted on the samples sintered at 800°C, 825°C, and 850°C to examine
the formation of the high-temperature superconducting phase HgBa>Ca;CusOs+s (Hg-1223) and to detect any
secondary phases such as Hg-1201 and CaHgO,. The diffraction patterns revealed distinct variations in phase purity
and crystallographic properties depending on the sintering temperature [23].To quantitatively determine the volume
fraction of the high-temperature superconducting phase (HTP%), the intensity of the characteristic peaks of the
Hg-1223 phase was compared to the total intensity of all detected peaks using the following equation [24]:

HTPY, = 21H9-1228 1000, )

Ylan phases
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Where )" Iy,-1223 is the summed intensity of the main diffraction peaks corresponding to the Hg-1223 phase,
and Y L phases 18 the total intensity of all peaks present in the XRD pattern.
In addition, the average crystallite size of the samples was estimated using the Scherrer equation [25], which
is given by
kA
b= BcosO (2)

Here, D is the crystallite size, K is the shape factor (typically 0.9), 1 is the wavelength of the X-ray radiation
(1.5406 A for Cu-Ka), 5 is the full width at half maximum (FWHM) of the diffraction peak in radians, and 0 is the
Bragg angle.

Fig. 1 presents the X-ray diffraction (XRD) patterns of HgBa,Ca,Cu30s+5 samples synthesized via the sol-gel
method and sintered at 800, 825, and 850°C, illustrating the influence of sintering temperature on phase purity and
structural quality. At 800°C, the pattern is characterized by sharp and well-defined peaks corresponding to the
Hg-1223 phase, with a noticeable suppression of secondary phases (Hg-1201 and CaHgO,), reflecting high
crystallinity and phase purity. The high-T. phase percentage (HTP%) reached 66.97%, the highest among the three
samples, while the c/a ratio (4.0550) and c-lattice parameter (15.5273 A) were close to the ideal values for a stable
Hg-1223 crystal structure.

Upon increasing the temperature to 825°C, a reduction in the intensity of the Hg-1223 peaks was observed,
accompanied by a significant increase in secondary phase peaks (* and A), indicating partial degradation or structural
distortion due to exceeding the optimal sintering temperature. The HTP% decreased to 55.78%, and the c/a ratio
dropped to 4.0076, suggesting possible lattice distortion or phase instability [25].

At 850°C, the pattern showed a partial recovery of the Hg-1223 peaks and a relative reduction in the intensity
of the secondary phases compared to the 825°C sample; however, the crystallinity remained lower than that of the
800°C sample. The HTP% reached 60.88%, and the c-lattice parameter increased to 15.7516 A, which could be
attributed to oxygen uptake or partial structural transformation. Overall, 800°C proved to be the most favourable
temperature for obtaining a pure and highly crystalline Hg-1223 phase using the sol-gel method, compared to 825°C
and 850°C.

H  Hg1223
Hg-1201
g2 A CaHgo,
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Fig. 1. X-ray diffraction patterns of HgBa>Ca>Cu3Os+s samples prepared by the sol-gel method and sintered at 800, 825, and
850°C, showing the main Hg-1223 phase (H) and secondary phases Hg-1201 (*) and CaHgO2 (A).

Lattice Parameters, Phase Percentages, and Density

The structural parameters, calculated lattice constants, unit cell volumes, molar weights, theoretical densities,
and phase ratios for the three samples are summarized in the following table:
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Based on the XRD analysis, the sample sintered at 800°C exhibited the highest structural quality and phase
purity, confirming that this temperature represents the optimal sintering condition for achieving a well-crystallized
Hg-1223 phase using the sol-gel technique [26].

Table 1. Represents the values of X-ray constants a, b, ¢, Volume V, c/a, lattice mass W, mass density pm, and volume fraction of
the phase for the HgBa>2Ca2Cu3Os+s compound.

TCOl ad) | bA) | cA) | VA) | ca |w(gmole)| pn(g/em®) |HTP % | LTP %
800 |3.82923.9180 | 15.5273 | 232.955 | 4.0550 | 874.033 | 6.2294 |66.97% |33.03%
825 [ 3.8292 [3.9013 | 15.4906 | 231.412 [ 4.0076 | 874.033 | 62709 |55.78% | 44.22%
850 | 3.8239 | 3.9913 | 15.7516 | 240.407 | 4.0310| 874.033 | 6.0363 | 60.88% | 39.12%

SEM Analysis

The surface morphology of the HgBa,Ca,Cu3Oss samples sintered at 800°C, 825°C, and 850°C was
investigated using Scanning Electron Microscopy (SEM). All images were captured at a magnification of 5 um, which
allows for accurate observation of the grain size, distribution, and surface texture developed through the sol-gel
synthesis route.

Sample Sintered at 800°C

As shown in Fig. 2, the SEM image of the sample sintered at 800°C reveals an ultra-fine, nearly nanometric
grain structure. The grains appear densely packed and uniformly distributed, with no visible large pores or cracks.
This dense and smooth microstructure is a characteristic result of the sol-gel method, which enables precise control
over material homogeneity at the molecular level. The close packing of the grains, even at a relatively low sintering
temperature, indicates the effectiveness of the method in promoting structural uniformity and low porosity. A few
slight agglomerations are visible; however, the overall grain size remains small and evenly distributed, suggesting an
early-stage but efficient sintering process [27].

spot  det

13.8mm 4.0 ETD

Fig. 2. SEM image of the sample sintered at 800°C (magnification: 5 pum)

Sample Sintered at 825°C

The SEM image in Fig. 3 illustrates further development in the grain morphology. The grains become more
defined and begin to show clearer boundaries, indicating improved crystallinity and grain bonding. The structure
becomes more compact, with reduced micro-porosity compared to the 800°C sample. This temperature appears to
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mark a transition stage where the sintering process enhances both grain connectivity and densification, without
compromising the fine grain size. No major surface defects or cracks are observed, reflecting structural stability and
uniform thermal distribution during sintering [28]

Fig. 3. SEM image of the sample sintered at 825°C (magnification: 5 pm)
Sample Sintered at 850°C

In Fig. 4. the SEM image of the sample sintered at 850°C shows a further increase in grain size, yet the
distribution remains relatively uniform. The surface morphology appears denser and more consolidated, with a near-
complete elimination of pores. The visible grain fusion and the formation of interconnected crystalline regions indicate
advanced sintering and high structural coherence [29]. No significant cracks or morphological defects are observed.
This sample exhibits the most compact and homogenous structure among the three, suggesting that 850°C represents
an optimal condition for enhancing microstructural quality in sol-gel derived HgBa>Ca,CuzOg-3.
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Fig. 4. SEM image of the sample sintered at 850°C (magnification: 5 um)
Summary

Overall, the SEM analysis demonstrates a progressive improvement in grain connectivity, size uniformity, and
surface density with increasing sintering temperature. The images captured at 5 pm magnification effectively illustrate
microstructural evolution, confirming the efficiency of the sol-gel method in producing high-quality superconducting
ceramics [30].
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Electrical Resistivity Analysis

The temperature dependence of the electrical resistivity was investigated for all samples synthesized via the
sol-gel method and sintered at three different temperatures (800°C, 825°C, and 850°C), in order to evaluate the onset
and completeness of the superconducting transition.

For all samples, the resistivity gradually decreased as the temperature was lowered, with a clear
superconducting transition observed. The critical temperatures were determined based on the onset of the transition
(Teonsery) and the temperature at which the resistivity dropped to zero (Tcefrer). The width of the transition
(ATc = Teonsety — Teofisery) Was also calculated to assess the homogeneity and quality of the superconducting phase in
each sample.

As shown in Fig. 5, the temperature-dependent resistivity (p—T) curves illustrate the superconducting transition
behavior of HgBa,Ca,Cu3Os:5 samples sintered at different temperatures (800, 825, and 850°C). All samples exhibit
a similar Teenser) Of approximately 171.3 K; however, the curve shape and the transition width (AT.) vary notably with
the sintering temperature [31]. For the sample sintered at 800°C, the resistivity starts to decrease at a high temperature,
but the transition is relatively broad (AT. = 17 K) until reaching Tcefrery = 127 K, indicating weak grain connectivity
and incomplete formation of the superconducting phase, along with the possible presence of secondary phases that
increase resistivity in the pseudo-superconducting region [ 32]. Increasing the sintering temperature to 825°C results
in a steeper drop in resistivity within the transition region, narrowing AT, to approximately 18.5 K and achieving
Teottsety = 131 K, which reflects improved grain growth and enhanced structural homogeneity due to the greater thermal
energy available during synthesis. At 850°C, the curve exhibits the sharpest transition with the narrowest AT, = 18.3
K and Teorey = 134 K, indicating the formation of a high-purity Hg-1223 superconducting phase with strong
intergranular connectivity and a homogeneous microstructure, despite approaching the upper sintering limit where
excessive grain growth or the formation of undesirable secondary phases may occur [33].

0.0035
0.003 —8—3800°C —
825°C - )

0.0025 S50°C
_ 0.002 =
§
1 0.0015
]
S 001
0.0005
0  S—
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Fig. 5. Temperature-dependent resistivity curves for HgBa2Ca2Cu3Os+s samples sintered at different temperatures (800, 825, and
850°C).
In conclusion, the electrical resistivity results demonstrate a progressive improvement in superconducting
properties with increasing sintering temperature. The sample sintered at 850°C exhibited the best performance in
terms of sharp transition and homogeneity, making it the most promising candidate among the three.

Table 2. Superconducting transition temperatures and energy gap values for sol-gel prepared samples at different sintering

temperatures.
Sample Temp (CC) | Teeonset) (K) | Tetisey (K) | ATe (K) | Energy Gap (eV)
800 144 127.0 17.0 ~0.026
825 149.5 131.0 18.5 ~0.026
850 152.3 134.0 18.3 ~0.026

0175 AF I MREES25F R.docx MainDocument AIPP Review Copy Only 7



Auto-generated PDF by ReView Technologies and Materials for Renewable Energy, Environment Sustainability

Summary and Analysis

The data presented in Table 2 illustrate a clear trend in the superconducting behaviour of the sol-gel prepared
samples as the sintering temperature increases. All three samples exhibit the same onset critical temperature
(Te(onsety = 171.3 K), indicating that the formation of the superconducting phase initiates at a consistent temperature
across all conditions [34]. However, the offset temperature (Tc(frer)) progressively rises from 127 K to 134 K as the
sintering temperature increases from 800°C to 850°C, resulting in a gradual narrowing of the transition width (AT,),
from 44.3 K to 37.3 K.

This narrowing of AT. suggests improved phase purity, enhanced grain connectivity, and better homogeneity
at higher sintering temperatures. The energy gap remains approximately constant (= 0.026 eV) for all samples,
supporting the conclusion that the superconducting phase is present in all cases, but with varying degrees of structural
perfection [35].

Among the three, the sample sintered at 850°C demonstrated the sharpest transition and most uniform structure,
implying superior superconducting performance. However, care must be taken at this temperature range, as it
approaches the limit beyond which structural degradation or secondary phase formation may occur [36,37].

CONCLUSION

In this study, superconducting samples of the compound HgBa,Ca,Cu3Osg+s (Hg-1223) were successfully

synthesized using the sol-gel method and sintered at three different temperatures: 800°C, 825°C, and 850°C. Structural,
microstructural, and electrical characterizations were performed to evaluate the influence of sintering temperature on
phase formation, grain morphology, and superconducting behavior. XRD analysis confirmed the formation of the Hg-
1223 superconducting phase in all samples, with varying proportions depending on the sintering temperature. The
sample sintered at 800°C exhibited the highest phase purity, while higher sintering temperatures led to improved
crystallinity but also introduced minor secondary phases. Changes in lattice parameters and unit cell volume across
the samples indicated subtle structural evolution due to temperature.
SEM images taken at a magnification of 5 um revealed progressive grain growth, increased density, and enhanced
grain connectivity with increasing sintering temperature. The sample sintered at 850°C displayed the most compact
and homogeneous microstructure with minimal porosity and well-defined grain boundaries, suggesting more effective
sintering conditions. Electrical resistivity measurements showed that all samples exhibited superconducting transitions
starting around 171.3 K. However, the transition width (AT.) decreased with increasing sintering temperature,
indicating improved structural homogeneity. The sample sintered at 850°C demonstrated the sharpest transition (AT,
~ 37.3 K) and the best superconducting behavior among the three, although this temperature approaches the limit
where structural degradation or unwanted secondary phases may appear. Overall, the results indicate that the sol-gel
method is an effective route for synthesizing high-temperature superconductors of the Hg-based family. Among the
studied sintering conditions, 850°C offered the best balance between phase formation, microstructural quality, and
superconducting performance. These findings provide a strong foundation for further optimization of processing
parameters and potential development of Hg-1223-based materials for superconducting applications.
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