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High performance single- domain (RE)Ba2Cu3O7-δ where RE denot-

ed rare earth element, such as Gd, Nd, Sm, Eu , Y, etc., have received 

technological and scientific attention since it is used for a wide range 

of large-scale utilization such as wind turbines, magnetic separation 

devices for water purification, in transportation as well as in power 

transmission [1]. Some applications of these new materials will be 

critically dependent on their stability in hostile aqueous environments 

which can limit their use in different environments, specifically in 

humid media [2]. Gao et al. [3] studied the effect of rare earth ele-

ments on the structure and electrochemical properties of 

La0.63R0.2Mg0.17Ni3.1Co0.3 Al0.1 alloy electrodes. They found that the 

substitution of La with Ce, Pr and Gd increases the electrochemical 

capacity and greatly improves hydrogen diffusion rate in the bulk as 

well as the charge transfer rate at the surface, and hence increase the 

rate of discharge-ability. Considerable research effort has been focused 

on the corrosion resistance of ceramic materials and composite oxides 

to determine the suitable conditions for different potential applications 

of these materials and find the protective measures in a corrosive me-

dium. One of the functional methods to enhance the corrosion re-

sistance of these materials is the addition of nanoparticles that became 

much attractive due to their effect on the microstructure., Singh et al. 

investigated the Mn-substitution in MnxFe3-xO4 (0 ≤ x ≤ 1.5) [4]. It was 

found that Mn improves significantly the electrocatalytic activity of 

this material specifically with 0.5 mol Mn-substitution. In addition, the 

deposition of MnO2 on carbon nanotube (CNT) /Al show that this 

composite electrode was characterized by its capacitive behavior, dis-

playing a much higher capacitance compared to MnO2 / Ni electrodes 

[5]. Furthermore, Wang et al. [6] showed that the LiNi0.5Mn1.5O4 cath-

ode material shows the optimal overall electrochemical performance in 

view of the relatively lower discharge capacity at all rates. Nichelson 

et al. proved that a maximum ionic conductivity of 10-6 S/cm at ambi-
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ABSTRACT  
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ent temperature is detected for Li (Li0.05Ni0.6Fe0.1Mn0.25) O2 [7]. 

In recent years, a lot of attention has been directed to Samarium - 

based superconductor due to its important technological applications. 

SmBa2Cu3O7-δ abbreviated as Sm-123 has been investigated due to its 

higher critical current density as compared with that of Y-123, both in 

low and high magnetic fields [8]. Therefore, Sm-123 is potentially 

attractive for high field power applications, static field cooling mag-

netization [9] as well as the synthesis of superconducting bulks, tapes, 

and wires [10]. Considerable research effort has been directed to the 

dissolution of YBaCuO superconductors in aqueous solutions [11-12]. 

It has been reported that this superconductor is sensitive to water [13]. 

However, less attention has been paid to that of Sm-123 superconduc-

tors. Consequently, it is interesting to evaluate the influence of added 

Mn2O3 nanoparticles to Sm-123 on the corrosion resistance of the su-

perconducting phase.  

This work presents a characterization of the (Mn2O3) x SmBa2Cu3O7-

δ prepared samples and intents to study the effect of the incorporation 

of Mn2O3 nanoparticles to Sm-123 superconductor material in 0.5 M 

HCl solution at 30 ºC. 

Superconducting samples of the type (Mn2O3) x SmBa2Cu3O7-δ ab-

breviated as (Mn2O3) x Sm-123 were prepared by the conventional 

solid-state reaction method where x= 0.00 to 0.08 wt.%. High-purity of 

Sm2O3 (99.99%,), BaCO3 (≥ 99 %,) and CuO (99.99%,) were pur-

chased from Aldrich chemical company and used in the preparation 

process. A digital balance was utilized to weigh the appropriate stoi-

chiometric amounts of Sm2O3, BaCO3 and CuO according to the 

chemical formula of Sm:Ba:Cu = 1:2:3. The starting powder was 

mixed and grounded well in an agate mortar and pestle for about 2-3 h 

until a grey powder of the compound was obtained. The resulting pow-

der subjected to the calculation process in air at 900 ºC and 930 ºC for 
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24 h for each using GALLENKAMP box furnace with intermediate 

grinding in order to improve the homogeneity of the samples. The re-

sulting powder was grounded and sifted, and then, x wt.% of Mn2O3 

nanoparticles was added to the resulting powder and was again mixed 

to obtain a uniform distribution of nanoparticles throughout the micron 

powder. The mixed powder was pressed in a disc form (1.5 cm in di-

ameter and 0.4 cm in thickness) at 14 tons/cm2 with a hydraulic press, 

to minimize the intergrain contact problems and to reduce the number 

of voids in the sample. The pellets were sintered in air at 930 
º
C with a 

heating rate 4 
º
C/min and kept at this temperature for 24 h using hori-

zontal tube furnace (LENTON TYPE LTF 12/75/610). Then the sam-

ples were cooled with a rate 1 ºC/min to 500 ºC and held at this tem-

perature for 10 h under a flow of oxygen to control the oxygen-content 

followed by slow cooling at a rate of 1 ºC/min to room temperature 

under the flow of oxygen to allow oxygen to be taken up by the sample 

and provides oxygen stoichiometry close to seven. 

The acid solution 0.5 M HCl were prepared by dilution of analytical 

grade acid 37% HCl purchased from Sigma-Aldrich chemical indus-

tries and distilled water were used to prepare the test solutions.  

The prepared samples were characterized using scanning electron 

microscopy (SEM) in order to identify the surface morphology and 

grain connectivity of the samples using a Jeol scanning electron micro-

scope JSM-5300, operated at 25 kV, with a resolution power of 4 nm 

and a magnification range of 7500. Energy-dispersive X-ray analysis 

(EDX) was done using detector-type SDD Apollo X at an accelerating 

voltage of 20 kV in the interest of studying the atomic composition of 

the samples.  

Electrochemical impedance (EIS) and polarization measurements 

were achieved using ACM 1709 potentiostat provided from ACM in-

struments (UK). The used cell setup and conditions were comparable to 

that described previously, in which a saturated calomel electrode (SCE) 

was used as the reference electrode and a platinum electrode as the 

auxiliary electrode [19]. The working electrode consists of the prepared 

superconductor pellets free from and containing different percentages 

of Mn2O3 of area 1.893 cm2. Working electrodes were polished, 

cleaned and left for 40 min to obtain the equilibrium potential in 0.5 M 

HCl solution. Polarization curve measurements were done within a 

potential range from (400 mV) to anodic direction (1000 mV) around 

the rest potential. The frequency ranges of electrochemical impedance 

spectroscopy (EIS) measurements was 0.01 to 9.6x104 Hz with an ap-

plied potential signal amplitude of ±10mV around the rest potential. 

Duplicate experiments were performed at 30 °C in each case of the 

same conditions in order to test the reliability and reproducibility of the 

measurements. 

The SEM/EDX results for (Mn2O3)x Sm-123 phase superconductors 

with (a) x= 0.00 wt.% and (b) x = 0.08 wt.%. are shown in Fig. 1. 

The SEM micrographs presented in Fig. 1 (a, b) shows a well-

connected plate-like grains randomly oriented in all directions [18]. 

Figure 1 (b) shows white particles to superconductor grains explaining 

that nano-addition does not change the morphological shape of the pure 

sample, this can be attributed to the sticking of Mn2O3 nanoparticles to 

 

Figure 1. SEM micrographs and EDX spectrum of (Mn2O3)x Sm-123phase superconductors (a) x=0.00 wt.% and (b) x =0.08 wt. %. 
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the surface of the grains leading to lower porosity and good connectivi-

ty between grains. The percentage of these white particles increase with 

increasing Mn2O3 content and are hardly observed in free added sam-

ple. In addition, randomly distributed white globules and patches are 

observed, indicating the formation of BaCuO2 secondary phase [18]. 

Similar grains morphology was found by Sahoo et al. [18] for Y-123 

added with nano-sized CoFe2O4 as well as by abdeen et al. [16-17] for 

Sm – 123 added with ZnFe2O4 and MnFe2O4.  

EDX spectra obtained from the analyses performed in areas with 

nanometer scale particle entities of (Mn2O3) x Sm-123 indicate the pres-

ence of Mn element implying that Mn2O3 does not dissolve in the Sm-

123 structure and stays as adhering material on the grain boundaries 

leading to fill up of voids and cracks. These results are in good agree-

ment with those obtained by Abdeen et al. [17] in (MnFe2O4)x 

SmBa2Cu3O7-δ.  

The potentiodynamic polarization curves of Sm-123 phase supercon-

ductor free from and containing 0.08 wt% of Mn2O3 nanoparticles in 

0.5 M HCl is shown in Fig. 2.  

As seen, the curves indicate that the incorporation of Mn2O3 nanopar-

ticles has a slightly effect on the corrosion potential (Ecorr). The pres-

ence of Mn2O3 shifts both anodic and cathodic parts of the polarization 

curves to a lower current value indicating that these nanoparticles re-

tard the corrosion of (Mn2O3)x Sm 123 superconductors in 0.5 M HCl. 

The electrochemical polarization parameters, Ecorr, anodic and cathodic 

Tafel slopes, βa, and βc, and the corrosion current density, icorr, obtained 

for (Mn2O3)x Sm 123 with (0.00 ≤ x ≤ 0.08 wt.%) are listed in Table 1. 

The tabulated data show that, (Mn2O3)x Sm-123 phase superconduc-

tor free from Mn2O3 nanoparticles exhibit high corrosion current densi-

ty that could be attributed to the presence of pores and voids, as shown

in figure 1, which act as active path that initiate the corrosion process

[22]. In addition, increasing Mn2O3 nanoparticles content decreases the

values of icorr due to the formation of corrosion products over the elec-

trode surface hindering the contact of the surface with the electrolyte,

and thus reducing the corrosion rate. The lowest icorr and highest effi-

ciency is observed for 0.08 wt.% .  

The Bode impedance plots of Sm-123 phase superconductor free 

from and containing 0.08 wt.% of Mn2O3 nanoparticles in 0.5 M HCl

are shown in Figures 3.  

To analyze the Bode impedance, The intersection of impedance at

minimum frequency (Zfmin) is the sum of charge transfer resistance (

Rct) and solution resistance ( Rs). Whereas, that obtained at maximum

frequency (Zfmax) is equal to the solution resistance ( Rs). Therefore,

The charge transfer resistance could be calculated using the relation Rct 

= Zfmin-Z fmax [14,15].  

The values of the electrochemical impedance parameters obtained 

from the experimental data for corrosion of Sm-123 phase supercon-

ductors containing different percentages of Mn2O3 nanoparticles in 0.5 

M HCl at 30 °C are listed in Table 2.  

 An increase of Rct is observed with nano-addition indicating that

Mn2O3 enhances the corrosion resistance of superconductor phase and

retard its corrosion rate in acidic solution. However, the maximum R

value obtained for 0.08 wt.% Mn2O3, is in good agreement with the

lowest icorr obtained from polarization measurements and confirming

the highest corrosion resistance of (Mn2O3)x Sm-123 phase supercon-

ductors at this concentration. This fact can be explained by the decreas-

ing of the pores diameter and filling up of voids and cracks leading to

increase in grain connectivity and reducing the penetration of ionic

Figure 2. Potentiodynamic polarization curves of Sm-123 phase Super-

onductor free from and containing 0.08 wt% of Mn2O3 nanoparticles 

in 0.5 M HCl at 30 ºC. 

Figure 3. Bode impedance spectra of Sm-123 phase superconductor

free from and containing 0.08 wt.% of Mn2O3 nanoparticles in 0.5 M

HCl at 30 ºC. 

Table 1. Electrochemical polarization parameters obtained for Sm-123 

phase superconductor 

Mn2O3 wt.% 
Ecorr 
mV 

βa βC icorr 
mA/cm2 mV.dec-1

0.00 656.34 376.59 127.54 1.5927 
0.02 672.41 326.16 234.07 0.9077 
0.04 711.64 289.88 216.58 0.8363 
0.06 746.44 257.32 216.35 0.7203 
0.08 658.54 392.88 229.32 0.7113 

containing different wt.% of Mn2O3 nanoparticles in 0.5 M HCl at 30 ºC.  

Table 2. Electrochemical impedance parameters obtained for Sm-123

phase superconductor containing different wt.% of Mn2O3 nanoparti-

cles in 0.5 M HCl at 30 °C. 

Mn2O3 wt.% Zfmin Z fmax Rct = Zfmin-Z fmax 
0.00 9.13 2.90 6.23 
0.02 17.35 2.65 14.70 
0.04 19.13 2.83 16.30 
0.06 20.90 2.65 18.35 
0.08 20.81 2.10 18.71 
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species into the superconductor material. 

The potentiodynamic polarization curves of (Mn2O3)x Sm-123 (x 

=0.08 wt.%) at different aging times are shown in figure 4.  

It is clearly observed that the potential of Sm-123 shifted to more 

positive values as the aging time proceeded.  

Figure 5 displays the variation of the corrosion current density icorr 

obtained from the analysis of the polarization curves versus the aging 

time for Sm-123 phase superconductor containing x= 0.00 wt.% and 

0.08 wt.% of Mn2O3 nanoparticles.  

This figure demonstrate that the pure superconductor sample exhibits 

the highest current values, which may be related to the presence of 

diffusion bath for the aggressive media through the voids and pores. A 

decrease in icorr was observed for the doped sample, with an aging time 

up to 30 days, then the stability of corrosion current was reached. This

behavior can be attributed to the healing of pits, and voids by the added

nanoparticles.  

Figures 6 shows the variation of Rct obtained from bode impedance 

plots of (Mn2O3)x Sm-123 phase Superconductor with x = 0.08 wt.% 

Mn2O3 nanoparticles in 0.5 M HCl at 30 oC at different time intervals.

The obtained results show that the time influences predominantly the

corrosion behavior of Sm-123 phase superconductors. It is obvious that

the charge transfer resistance Rct for (Mn2O3)x Sm-123 phase supercon-

ductor with x= 0.00 wt.%, and x = 0.08 wt.% increases throughout the

whole test period, indicating that its corrosion resistance is enhanced as

the time elapsed from the sample preparation increase. This may be due

to the reducing of the uncovered area available for charge transfer due 

to corrosion product formation on the phase surface.  

In addition, the significant enhancement in Rct of the (Mn2O3)x Sm-

123 (x = 0.08 Wt.%) superconductor phase, explain the shrinkage of 

the pores and voids in the doped sample, confirmed by the decrease of

icorr obtained from polarization measurements for this sample, at differ-

ent time intervals. 

The enhancement of the corrosion resistance of (Mn2O3)x Sm-123

phase superconductor to galvanic corrosion is considered as an im-

portant issue for studying the corrosion of superconductor phases. Gal-

vanic corrosion is related to the potential of metallic composition of

superconductor, electronic characteristics of the nanoparticles, and the

aggressive media. In acidic solution, Mn2O3 nanoparticles are reduced

to Mn2+ as described in previous work, [20]. The standard reduction

potentials of BaO, Sm2O3, CuO and Mn2O3 are -2.16, -2, 0.62, and 1.48,

respectively [21-23], indicate that BaO and Sm2O3 are easily oxidized

whereas CuO and Mn2O3 are easily reduced in acidic media. Therefore,

the higher corrosion rate of Sm-123 is due to the dissolution of BaO

and Sm2O3. Doping of Sm-123 with Mn2O3 decreases the percentage of

BaO and Sm2O3, as clarified from EDX analysis, and hence decreases 

the corrosion rate. On the other hand, the addition of Mn2O3 nanoparti-

cles on the surface of the superconductor decreases the voids between 

the grain boundaries and therefore decrease the solubility of Sm-123 

Figure 4. Potentiodynamic polarization curves of Sm-123 phase super-

onductor containing x=0.08 wt.% of Mn2O3 nanoparticles in 0.5 M 

HCl at 30 oC at different time intervals. 
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Figure 5. Variation of the corrosion current density with aging time for 

Sm 1233 phase superconductors free from and containing 0.08 wt.% 

Mn2O3 nanoparticles in 0.5 M HCl at 30 oC.
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phase superconductor. The reduction product of Mn2O3 fill up the pores 

present in the superconductor material leading to decreasing the corro-

sion rate and corrosion current density to lower values and enhancing 

the corrosion resistance of Sm-123 phase superconductor in 0.5 M HCl. 

The following conclusions can be deduced: 

1.The electrochemical behavior of Sm-123 phase superconductor can be 

improved by the addition of Mn2O3 nanoparticles and preserve their durabil-

ity in 0.5 M HCl. 

2.This nano-addition can lead to the decreasing of the pores diameter

and filling up of voids and cracks and hence, increasing grain connec-

tivity and reducing the penetration of ionic species into the supercon-

ductor material.

3.Mn2O3 nanoparticle doped Sm-123 phase superconductor can act as a

mixed type inhibitor and can be a promoted material for applications in

many fields.

4.The concentration of 0.08 wt. % Mn2O3 can be considered as efficient

for the enhancement of the electrochemical capacitor applications for

Sm-123 phase superconductor.
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