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Abstract
The effect of CdMnO addition on the physical properties of Bi-2212 superconduc-
tors was investigated. The conventional solid-state reaction technique was employed 
for the synthesis of  (Cd0.95Mn0.05O)x  Bi1.6  Pb0.4  Sr1.9  Ca1.1  Cu2.1  O8+δ samples with 
0.00 ≤ x ≤ 0.10 wt.%. The X-ray diffraction confirms the formation of the orthorhom-
bic phase of Bi-2212 superconductors. The lattice parameter a shows an increase 
with x, conversely the lattice parameters b and c show a decrease. The scanning 
electron microscope (SEM) images have shown an enhancement in the grain con-
nectivity and a reduction of voids due to the CdMnO addition. The Fourier trans-
form infrared (FTIR) spectroscopy analysis shows a remarkable shift in the wave 
number positions due to the addition of CdMnO nanoparticles. The superconducting 
transition temperature (Tc) and the critical current density (Jc) show an enhancement 
with CdMnO addition up to x = 0.05 wt.%. The elemental composition and oxidation 
state of all elements were determined from the X-ray photoelectron emission (XPS) 
analysis. The work suggests a correlation between the variations of the supercon-
ducting properties and the dynamics of the cationic equilibrium reactions among 
 Pb2+ ions in  Bi3+ or  Cu2+ sites. These equilibrium reactions are induced by the vari-
ations in the oxygen content produced by the addition of CdMnO nanoparticles.
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1 Introduction

Bi-based high-temperature superconductors (HTSC’s) have been exploited in 
numerous technological and industrial applications [1, 2]. Owing to their notice-
able lower power losses, high current and magnetic field carrying capacity [3], 
enhanced thermodynamic stability, and minimal weak link problems [4]. In addi-
tion to the previously mentioned favorable properties common to all binary Bi-
based family, the (Bi,Pb)-2212 in specific is stable for a wide range of processing 
temperatures and possess high critical current density [5, 6], making its synthesis 
relatively simple and encouraging.

Since the discovery of the Bi-based superconductor ceramics, researchers have 
aimed to improve the Bi-based superconductor ceramics structural and super-
conducting properties, including crystal structure quality, superconducting flux 
pinning mechanism, and grain boundary linkage problems. The technique of the 
addition of nanoparticles [7–10] has proven to be very effective in this context. 
Gündoğmuş et al. [11] have reported the effect of the addition of  Y2O3 nanoparti-
cles on the Bi-2212 superconductor. The maximum values of the critical current 
density,  Jc, and superconductivity transition temperature,  Tc, were observed after 
the addition of 0.7%  Y2O3 nanoparticles, without any alteration of the crystallo-
graphic structure. The influence of  SrZrO3 nanoparticles’ addition on the micro-
structure of  Bi2Sr2CaCu2O8+δ films was investigated by Zhang et.al [12]. The 
presence of flux pinning centers in the form of lattice distortions, shear stresses, 
and stacking faults was detected in the Bi-2212 matrix. It was believed that the 
enhanced performance of these superconducting films was a consequence of 
the pining centers. The effect of substitution of Ca by Y in  Bi2Sr2Ca1-xYxCu2Oy 
superconducting samples was investigated [13].  Tc was enhanced up to 104 K for 
the sample  Bi2Sr2Ca0.7Y0.3Cu2Oy. This enhancement was attributed to the reduc-
tion of the supercurrent flow in the Bi-2212 system.

Transition doped CdO nanoparticles synthesized as nanoparticles or thin films 
have recently grabbed the attention of research groups [14–17]. It was reported 
that the transition metal doping enhances the structural, optical, and changes 
the magnetic signature of the host CdO matrix, allowing for exotic applications. 
In particular, much research was dedicated to  Mn2+ doped CdO nanoparticles 
[18–20]. In this piece of research, we present, for the first time, the effect of the 
addition of CdMnO nanoparticles on the structural, vibrational, and supercon-
ducting properties of (Bi,Pb)-2212. We aim by this addition to enhance the phys-
ical properties of the superconducting samples that may pave the way for new 
applications.
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2  Experimental Techniques

2.1  Preparation of  Cd0.95Mn0.05 Nanoparticles

Cd0.95Mn0.05O nanoparticles were prepared by the following procedure: 24.64 g 
of  CdCl2 were dissolved in 50 ml of distilled water mixed with 0.35 g of  MnCl2 
that was dissolved in 6.8 ml of distilled water. Then the sample was stirred with 
2.9  g of EDTA for 30  min using a magnetic stirrer to reduce agglomeration. 
Afterward, the titration method was performed with the obtained solution using 
2 M NaOH (m = 8 g) until pH = 12 then was heated for 2 h at T = 80 °C during 
stirring. Next, the sample undergoes filtration method by using distilled water to 
remove impurities and spectator ions. Then it was dried for 16 h using the furnace 
to evaporate excess water, then crushed with a mortar. Finally, the calcination 
method was performed at T = 650 °C for 3 h.

2.2  Preparation of  (Cd0.95Mn0.05O)x  Bi1.6  Pb0.4  Sr1.9  Ca1.1  Cu2.1  O8 Samples

The standard solid-state reaction technique was applied for the preparation of super-
conducting:  (Cd0.95Mn0.05O)x  Bi1.6  Pb0.4  Sr1.9  Ca1.1  Cu2.1  O8 samples with x = 0, 
0.01, 0.02, 0.05 and 0.1wt %. The amounts of  Bi2O3,  SrCO3, CaO, and CuO (Sigma-
Aldrich with > 99% purity) were mixed in stoichiometric ratios, ground, and sieved 
using a 53 μm sieve until a homogenous gray color mixture was obtained and the 
whole process was repeated once more to ensure a perfect mixing. The soft powders 
have been then placed in ceramic crucibles and put in a Nabertherm muffle furnace 
wherein they were heat-treated at 800 °C for 10 h, 820 °C for 20 h, and 830 °C for 
40 h, with intermediate grinding and sieving. After that the pressing of the powder 
into a pellet is done using a SPECAC guide hydraulic press at 0.96 GPa and heated 
at 840 °C for 50 h with a cooling rate of 4 °C /min. The  (Cd0.95Mn0.05O) nanoparti-
cles, prepared by the co-precipitation method, were added finally after the pellet was 
ground again, and the mixture which was pressed and sintered again with a rate of 4 
°C/min at 840 °C for 48 h and then cooled at a rate of 2 °C/min.

2.3  Sample Characterization

The X-ray powder diffraction characterization was performed using a Bruker D8 
focus diffractometer with Cu  Kα radiation (λ = 1.5406 Å), with 2 θranging from 
20° to 60°, setting the voltage and the current at 40 kV and 40 mA, respectively. 
The morphology of the samples was investigated with the aid of the SEM technique 
using an SDD Apollo X with an accelerating voltage of 20  kV. The apparatus is 
equipped with an AIS 2100C microscope that operates at 20 kV up to an image reso-
lution of 10 μm. Idiometric titration using potassium iodide (KI) in a two-step redox 
titration is used to determine the oxygen content of the samples. The detection of the 
endpoint of titration was done by using Potassium thiocyanate (KCSN). The func-
tional groups were examined by performing Fourier transform infrared spectroscopy 
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(FTIR) with a Nicolet iS5 spectrometer on the samples mixed with KBr and pressed 
in disk shapes. The resistivity curves were obtained by employing the four-probe 
method. The Keithley 6221 digital nanometer was used to supply a steady current of 
1 mA while the Keithley 181digital nanometer was used to measure the voltage drop 
across the sample. With the aid of helium gas through a cryogenic diplex system, the 
refrigeration of the samples was done. The critical current density Jc of the samples 
was measured by the same conventional four-probe method used in electrical resis-
tivity measurement. Here the voltage is a function of the applied current at a temper-
ature of about 60 K using the same cooling system as in the resistivity measurement. 
The measuring technique was done as follows: the samples were glued to the holder 
with a very thin piece of thermal conducting paper soaked with a thin layer of ther-
mal glue between them. The sample current was supplied by a homemade current 
source (Imax = 8 A) and the voltage across the sample was measured by the digital 
nanometer Keithley 181. The average value of voltage is measured when the current 
is in the normal and reverse directions.

The KRATOS X SAM 800 spectrometer was used to perform X-ray photoelec-
tron spectroscopy (XPS) experiments. The spectrometer uses a monochromatized 
Mg Ka X-ray source that provides an X-ray spot with a diameter of 600 μm and a 
resolution of 0.7.

3  Results and Discussion

The room temperature XRD Patterns of the prepared samples:  (Cd0.95Mn0.05O)x  Bi1.6 
 Pb0.4  Sr1.9  Ca1.1Cu2.1  O8+δ (x = 0.00, 0.01, 0.02, 0.05, and 0.10 wt.%), denoted by 
(Mn-0, Mn-1, Mn-2, Mn-4, and Mn-5, respectively), are displayed in Fig. 1.

The presence of the characteristic peaks between 20° and 60° confirmed the for-
mation of the orthorhombic structure of Bi-2212 space by comparing with the ICDD 
entry N.00-082-2278 [21]. All XRD spectra demonstrate a single phased Bi-2212 
with minor peaks of low intensity corresponding to the Bi-2201 phase. It is believed 
that the improved crystallinity and purity are attributed to the heat treatment, in spe-
cific the prolonged calcination at T = 840°C [22]. Moreover, peaks corresponding 
to the CdMnO phase were not detected probably because of its low concentration. 
There is no shift of the (2θ) position of the peaks with CdMnO addition, assuring 
the absence of chemical interaction between the Bi-22212 and CdMnO phases and 
hence the successful addition of CdMnO nanoparticles.

The lattice parameters a, b and c were determined by using a Reitveld refinement 
on the XRD patterns using the MAUD software [23]. The values of a, b and c are 
listed in Table 1.

The values of a show a slight increase with the CdMnO content, while the lat-
tice parameters b and c decrease with the addition of CdMnO. The existence of 
the metal oxide nanoparticle (CdMnO) within the Bi2212 phase unit cell may 
create extra oxygen ions in the BiO layer. This excess oxygen content might 
induce the relocation of holes from the charge reservoir (BiO layer) to the Cu–O 
conducting plane [24, 25]. The effect of oxygen content is also reflected on the 
ratio c/a and the orthorhombic distortion OD (b-a/a) which are calculated and 
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presented in Table.1. A reduction of c/a values with the addition of CdMnO nan-
oparticles is observed. The ratio c/a is strongly dependent on the oxygen content 
of the Bi-2212 superconducting phase. In particular, the excessive oxygen content 
within the BiO layers and the Cu–O bonding in the Cu–O planes [26–28]. The 
high oxygen content induces a Jahn–Teller distortion around the  Cu2+ ion, lead-
ing to a reduction of the c/a ratio. An increase of OD is demonstrated with the 
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Fig. 1  XRD patterns of the (Bi,Pb)-2212 samples for various CdMnO nanoparticle additions. (Colour 
figure online)

Table1  XRD parameters 
and orthorhombic distortion 
of (Bi,Pb)-2212 samples for 
various CdMnO nanoparticle 
additions

Parameter Mn-0 Mn-1 Mn-2 Mn-4 Mn-5

a (A) 5.416 5.417 5.417 5.418 5.419
b (A) 5.388 5.384 5.381 5.374 5.373
c (A) 30.861 30.842 30.840 30.821 30.804
c/a 5.698 5.693 5.693 5.688 5.6844
OD (×  10–2) 0.519 0.612 0.669 0.818 0.856
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addition of CdMnO. But, all values of OD are less than 1% approving the stabil-
ity of the Bi, Pb-2212 phase [29].

Figure  2. depicts the SEM microscopy images of the (Bi, Pb)-2212 super-
conductor with different concentrations of CdMnO nanoparticles additions. The 
microstructures of the pure sample show large plate-like grains distributed ran-
domly. As it is evident, that the increase in the concentration of CdMnO nanopar-
ticles added for samples causes an enhancement in the growth of the grains, with 
the formation of a few platelet-like grains, as in (0.05 and 0.10) samples, and the 
formation also of flower-like grains, as in 0.10 sample. This enhancement might 
be due to the occupation of the added CdMnO nanoparticles of the grain bound-
ary locations [30]. This is supported by the appearance of fine inclusions among 
the (Bi,Pb)-2212 grains. These inclusions correspond to the added nano CdMnO. 
This causes an enhancement of grain connectivity and a reduction of voids and 
cracks.

The oxygen content “y” determined from Idiometric titration analysis show an 
increase from 8.0875 for the pure sample to 8.2068, 8.3079, with the addition of 
 (Cd0.95Mn0.05O)x − (Bi,Pb-2212) for x = 0.02 and 0.10 wt.% samples, respectively. 
The increase in the oxygen content is compatible with the variation of the lattice 
parameters discussed in the XRD section. The effective valence of the Cu ions 
 (Cueff) is calculated by applying electric equilibrium between the valence states of 

Fig. 2  SEM images of CdMnO nanoparticles-added (Bi,Pb)-2212 samples, a pure, b 0.02 wt%, c 0.05 
wt%, d 0.10 wt%
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the cations and anions as shown in Eq. 1 [31], assuming the valence of the elements 
as  (Bi3+,  Pb2+,  Sr2+,  Ca2+,  Cd2+, and  O2−):

where x and y represent the Cd and O contents, respectively.
The values obtained for  Cueff are 2.2375, 2.3368, and 2.3579 for the samples 

Mn-0, Mn-2, and Mn-5, respectively. The increase in  Cueff is indispensable for the 
creation of the Bi-2212 phase. Studies have shown that the high Tc cuprates require 
the presence of  Cu3+ ions in the form of excess oxygen in/or near the  CuO2 planes 
[32–36]. The effect of Cu valency and oxygen content will be reflected in the discus-
sion of the Resistivity and XPS measurements analysis in the next sections.

The FTIR transmittance spectra plots in the wave number range (400–4000  cm−1) 
of samples (CdMnO)x(Bi,Pb)-2212 with x = 0, 0.01, 0.02, 0.05 and 0.10 wt.% after 
calcination at T = 840 °C are presented in Fig. 3. The absorption spectra with decon-
volution plots are shown in Fig. 4 in the range 400–2000  cm−1, for a detailed charac-
terization of the functional groups. The characterized absorbance peaks are associ-
ated with corresponding functional groups and are depicted in Table.2.

In all spectra, absorption peaks detected in the range (3425.85–3434.92  cm−1) 
are associated with the stretching vibration of the intermolecular hydrogen 

(1)Cu
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Fig. 3  FTIR Transmittance spectra of (Bi,Pb)-2212 samples for various CdMnO nanoparticle additions. 
(Colour figure online)
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bond (O–H) [34] while those at 2371   cm−1 are associated with the O=C=O 
vibration [35]. The peak band at (1626.9–1675.76   cm−1) is a characteristic of 
the Bi(Pb):2212 phase [37]. The appearance of the weak and broad absorption 
bands at 707.4  cm−1 and 1445.56  cm−1 may be due to the stretching vibration of 
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Fig. 4  FTIR absorbance spectra and deconvolution in the wave number range (400–2000   cm−1) of 
CdMnO nanoparticles-added (Bi,Pb)-2212 samples, a pure, b 0.02 wt%, c 0.05 wt%, d 0.10 wt%. (Col-
our figure online)

Table 2  Effect of  (Cd0.95Mn0.05O)x addition on absorption bands positions in  Bi1.6  Pb0.4  Sr1.9  Ca1.1Cu2.1 
 O8+δ

Sample Peak position  (cm−1)

Cu–O M–O CaCo3 SrCO3 CO3
2 Bi-2212

Mn-0 458.609 591.024 707.44 928.28 1284.64 1660.56
Mn-1 525.092 593.112 734.503 952.703 1298.92 1640.168
Mn-2 537.48 598.133 759.875 1121.07 1436.003 1640.124
Mn-4 – 574.916 – 1028.538 1445.723 1626.905
Mn-5 521.463 575.040 734.325 967.073 1308.598 1675.716
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 CO3
2− [38], whereas the peaks at 928.28 and 458.69  cm−1 correspond to  CaCO3 

and CuO absorption peaks, respectively [39, 40]. The absorption bands around 
590  cm−1 correspond to metal oxide (M–O) vibration [13].

For the samples Mn-1 to Mn-4, the wave numbers of the absorption peaks experi-
ence a clear shift. A redshift for the bands corresponding to the Bi-2212 phase and a 
blueshift for the bands associated with the remaining functional groups. The inten-
sity of the absorbance shows an increase with the addition of CdMnO.

It is believed that the variation of the lattice parameters and bond properties 
induced by the addition of CdMnO on the superconducting matrix, induces such 
shifts. Additionally, the deviations of the oxygen content and amount of charge car-
riers can also be accounted for by the deviations of the wave number position of the 
absorption bands [32, 41]. It was difficult to identify absorption bands associated 
with CdMnO due to its low concentration and because its peak is probably domi-
nated by the peaks of metal oxides that fall in a close wave number range [15].

The variation of the DC-electrical resistivity versus temperature, for all samples, 
is graphically presented in Fig. 5. A normal state metallic-like behavior, followed by 
a superconducting transition is exhibited in all samples.

The electrical resistivity data, in the normal state, are well fitted to Matthiessen’s 
rule [42]:

where α is the resistivity temperature coefficient, and ρ0 is the residual resistivity at 
0 K. The fitting is shown for the pure sample in Fig. 5. The values of ρ0, α, and the 
room temperature resistivity ρ300K are listed in Table 3. The values of ρ0 and ρ300K 
show a decrease with x. Studies have shown that ρ0 is an indicator of the samples’ 

(2)� = �
0
+ �T

Fig. 5  Resistivity versus temperature plots of CdMnO nanoparticles doped (Bi,Pb)—2212 samples. (Col-
our figure online)
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purity [43], while ρ300K is correlated with the number of scattering centers that arise 
due to oxygen vacancies and the disorder of cations [44]. The decrease in ρ0 con-
firms the purity of the samples which is consistent with the XRD results, while the 
decrease in ρ300K is attributed to the decrease of the grain boundaries resistance and 
defects due to CdMnO addition, which is also consistent with the SEM analysis. The 
values of α show slight variations with x, indicating that the addition of CdMnO had 
no significant effect on the charge carrier concentrations since they do not enter the 
crystal structure of the (Bi-Pb)2212 phase [45]

The Gaussian fitting of the temperature dependence of the dρ/dT curves allows us 
to determine the superconducting transition temperature (Tc), which corresponds to 
the maximum of the curve. The values of Tc, as well as the zero-resistivity tempera-
ture T0 and the temperature width ΔT = T

c
− T

0
 are also listed in Table 3.

The values of Tc and T0 increase with the addition of CdMnO up to x = 0.05 wt.%, 
and decrease for x = 0.1 wt.%, while ΔT  follows an inverse trend. The enhancement 
of Tc and T0 might be attributed to the enhancement in the intergrain connectivity 
[46, 47] due to the addition of the CdMnO nanoparticles, whereas the diminishing 
of Tc for higher addition of CdMnO might be related to the increase in the oxygen 
content as determined for the Idiometric titration calculations and the breaking of 
the copper pairs due to the high concentration of CdMnO [48–50]. Furthermore, 
several studies have shown that the doping Mn doped CdO nanoparticles showed a 
shift in their magnetic signature from diamagnetic to ferromagnetic. The ferromag-
netic behavior of CdMnO may cancel the supercurrents and terminate the Cu ion 
long-range coupling in the CuO layers. Similar behavior was observed by Basma 
et al. [51], for ferromagnetic  CoFe2O4 addition on the Gd-123 system (Fig. 6).

Moreover, the superconducting properties of the Bi-2212 system are dependent 
on the hole concentration or the number of holes per Cu atom [52, 53]. A parabolic 
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Fig. 6  dρ/dT versus Temperature plots of CdMnO nanoparticle doped (Bi,Pb)-2212 samples. (Colour fig-
ure online)
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relationship [54] holds between the superconducting transition temperature and the 
hole concentration as indicated in Eq. (3).

where p represents hole concentration and Tc max is taken as 85 K for the Bi-2212 
system [55]. The values of P are listed in Table 3 while plots of P and Tc versus x 
are shown in Fig. 7. Both Tc and P increase with x up to 0.05. This increase might 
be due to the enhanced oxygen content that causes an excess of holes in the Cu-O2 
planes. Whereas, the decrease in the hole concentration for x = 0.1 might be due to 
the distortions in lattice structure induced by the high additions of CdMnO [55].

The current–voltage characteristics are obtained at 70 K and are shown in terms 
of E and J, as depicted in Fig. 8a. The transport critical current density Jc, for all 
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samples, was measured using a criterion of 1 μV/cm. The variation of J versus x 
is shown in the inset of Fig. 8a, and the values are presented in Table 3. Jc obeys 
a similar behavior to Tc, it demonstrates an improvement till x = 0.05 followed by 
a reduction for the sample Mn-5. This enhancement in Jc may be ascribed to the 
development in grain connectivity. The increase in Jc may be attributed to the dif-
fusion of CdMnO over the twin boundaries, pore surfaces, and grain boundaries. 
This can improve the flux pinning and coupling between grains, causing the increase 
of the critical current density. Similar results were reported for the Bi-2212 system 
added with Sm nanoparticles [56] and the Bi-2223 system added with Ag nanopar-
ticles [7]. On the other hand, the reduction in Jc is ascribed to the excessive addition 
of CdMnO, which leads to large agglomerations between the grains and not through 
the boundaries and voids, which devastate the intergranular critical current density.

The form of the E–J characteristic of a superconductor can be demonstrated using 
the following equation

where αj, ɣ are material constants [57]. The ɣ -value characterizes the homogeneity 
of superconductors and is called the index of transition [58].

The logarithmic plots of E versus J as depicted in Fig.  8b, allows us to cal-
culate ɣ, and the flux pinning energy U given by the relation: ɣ = U/kBT [59, 
60]. The values of ɣ and U are listed in Table 3. The value of U increases with 
CdMnO addition to reach a maximum for x = 0.05wt.% assuring the successful 
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incorporation of CdMnO nanoparticles as flux pinning centers at the level of 
grain boundaries.

The graphs of Fig. 9a and b demonstrate the XPS spectra of the samples Mn-0 
and Mn-4. The survey spectra of the sample Mn-0 show the existence of Bismuth, 
Lead, Strontium, Calcium, copper, oxygen, and traces of Carbon. Moreover, the 
survey spectrum of the sample Mn-4 shows the presence of Cadmium and Man-
ganese in addition to the above-mentioned elements. The presence of Carbon is 
attributed to the interaction of the sample with ambient air before the XPS meas-
urement [61].

Furthermore, for a deeper investigation of the oxidation states of Bi, and Pb 
for both samples Mn-0 and Mn-4, Cu for the sample Mn-0 and Mn for the sample 
Mn-4, their main spectral lines are deconvoluted as shown in the high-resolution 
XPS spectra of Fig. 10.

The high-resolution XPS spectrum in Fig. 10a and b reveals the presence of two 
main peaks of Bi (Bi-4f) in Mn-0 and Mn-4 at 158.18 and 163.5 eV (Bi 4 f7/2 and Bi 
4 f5/2). The Bi-4f 5/2 line is identical to the  Bi2O3 spectra [62–64] and exhibits a + 3 
oxidation state of Bi. The deconvolution of the Bi-4f7/2 and Bi-4f5/2 spectra display the 
existence of a higher binding energy (HBE) constituent that may be ascribed to  Bi5+ 
valency states [65] that arise from the substitution of Bi by Pb according to the Eq. (5) 
below:
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The intensity of the HBE peak increases with CdMnO addition. The % contribution 
of  Bi5+ increases from 22.21 to 35.48%. It is believed that the increase in the valency of 
Bi is due to the increase in the oxygen content near the Bi-O layers [66]. Moreover, the 
rise of the valence of Bi leads to an increase in the coulomb attraction in the BiO layer 
and hence can illustrate the reduction in the lattice parameter c as reported in Table 1. It 
was previously informed that when the Bi valency becomes larger than 3+ , supercon-
ductivity is diminished [64, 65]. In fact, the increase in Bi valence causes the decrease 
of the number of electrons in the Bi-O planes. These are regarded as charge reservoirs 
for conduction. Consequently, the insulating Bi-O layers forbid the maintenance of 
superconducting phase coherence between the Cu–O planes. This might interpret the 
reduction in the superconducting transition temperature  Tc for the higher addition of 
CdMnO nanoparticles (sample Mn-5) as a result of the high oxygen content.

Figure 10c, d shows the deconvoluted Pb-4f spectral lines of Mn-0 and Mn-4. The 
lines are composed of two components, (4f 7/2) and  (4f5/2). The deconvolution of the 
lines demonstrates a HBE component that might be ascribed to the presence of Pb in 
two different oxidation states,  Pb2+ and  Pb4+ [67]. A reduction in the  Pb4+ contribution 
is due to the transformation of  Pb4+ to  Pb2+ according to the equilibrium reaction (6) 
shown below.

The Cu-2p XPS high-resolution spectrum is presented in Fig. 10e. The spectra 
show the spin–orbit split main lines  2P3/2 and  2P1/2 with their respective satellites 
at around 10 eV from each of them [68]. The main lines and their corresponding 
satellites demonstrate the  d9 and  d10 final states. The evidence of the presence of 
 Cu3+ valency (HBE component) is the deconvolution of the  2P3/2 line, which is 
critical to confirm neutrality and establishment of the (Bi-Pb)2212 superconduc-
tor [69]. In fact, the valency of the Cu ions is governed by the cationic equilib-
rium reaction stated in Eq. (6).

The improvement in superconductivity in the system is caused by the oxidation 
of  Cu2+ to  Cu3+ by increasing the hole carrier concentration [62, 70].

The XPS spectrum of Mn 2p is presented in Fig. 10(f). The successful addi-
tion of CdMnO is assured [71, 72]. The peak at 639.87 eV, correspond to MnO 
 (Mn2+) [73, 74], while the peak at 643.51 eV corresponds to  Mn2O3  (Mn3+) [75]. 
Moreover, the XPS spectra of Ca and Sr have demonstrated no significant varia-
tions with the addition of CdMnO nanoparticles.

It is believed that the superconductivity of the (Bi-Pb)-2212 is controlled by 
the electron transfer mechanism among Bi, Pb, and Cu as well as the changes of 
the oxygen content caused by the CdMnO addition. For the samples Mn-0, Mn-1, 
Mn-2, and Mn-4, the cationic exchange occurs according to Eq. (6), and then the 
number of hole carriers is improved and hence the superconductivity is improved. 
For Mn-5, the high oxygen content favors the variation of the valency of  Bi3+ 
to  Bi5+ according to Eq. (5), and the superconductivity deteriorates for the high 
valency of  Bi3+ as explained above.

(5)Bi
3+ + Pb

4+
⇌ Bi

5+ + Pb
2+

(6)2Cu
2+ + Pb

4+
⇌ 2Cu

3+ + Pb
2+
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4  Conclusion

(CdMnO) nanoparticles (Bi,Pb)-2212 phase (x = 0.00, 0.01, 0.02, 0.05, and 0.1 
wt.%) superconducting samples have been prepared by the conventional solid-state 
reaction technique. XRD analysis assures phase purity and crystallinity. The lattice 
parameters are changed due to the distortion induced in the BiO layers and Cu–O 
bonding caused by the increase of the oxygen content, as measured through Idio-
metric titration analysis. SEM images demonstrate an improvement in the structure 
and morphology of the sample as a result of CdMnO addition. FTIR spectroscopy 
suggests that the addition of CdMnO was clear through the shift of the absorption 
bands. Dc-electrical resistivity measurements and I–V characteristics, respectively, 
have demonstrated an enhancement of the superconducting transition temperature 
 (Tc) and the critical current density (Jc) with CdMnO addition up to x = 0.05 wt %. 
A similar variation trend was presented for the flux pinning potential. The success-
ful incorporation of the added CdMnO nanoparticles leads to the improvement in 
the superconducting parameters at the level of grain boundaries which improves 
the intergrain linkage and acts as impressive magnetic flux pinning centers. How-
ever, for higher additions of CdMnO, the ferromagnetic contribution deteriorates the 
superconductivity. Moreover, the XPS studies exhibit that the superconductivity of 
the (Bi-Pb)-2212 is controlled by the electron transfer mechanism among Bi, Pb, 
and Cu as well as the variations of the oxygen content prompted by the CdMnO 
addition.
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