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ABSTRACT
In this study, the effect of palladium (II) chloride (PdCl2) addition on the struc-
tural, microstructural, and superconducting properties of Bi1.6Pb0.4Sr2CaCu2O8 
(Bi-2212) was investigated. X-ray diffraction (XRD) confirmed Bi-2212 as the 
dominant phase in all samples. The incorporation of PdCl2 led to a reduction 
in both lattice parameters and unit cell volume. Scanning electron microscopy 
(SEM) revealed platy grains in PdCl2-added samples compared to the pure one. 
Both the onset transition temperature (Tc onset) and magnetic susceptibility transi-
tion temperature (Tcχ′) improved with PdCl2 addition. The 0.4 wt% PdCl2-added 
sample exhibited the highest Tc onset of 96 K and a zero-resistance transition tem-
perature (Tc zero) of 77 K. AC susceptibility measurements showed that samples 
with x = 1.0 and 1.5 wt% PdCl2 exhibited the highest Tcχ′ of 86 K. The 0.4 wt% 
PdCl2-added sample also showed the highest intergrain loss peak temperature 
(Tp2), indicating enhanced flux pinning strength. PdCl2 addition influenced crys-
tallite size, which contributed to the improved superconducting performance of 
Bi-2212 phase. These results demonstrated that the decreased crystallite size due 
to the PdCl2 addition may have induced defects that serve as effective flux pin-
ning center of Bi-2212 superconductor.
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1 Introduction

The bismuth-strontium-calcium-copper-oxide 
(BSCCO) family is one of the well-known high-temper-
ature superconductors (HTS). These cuprate supercon-
ductors are characterized by their layered perovskite-
like structures, comprising alternating CuO2 planes 
and charge reservoir layers, which play a crucial role 
in their superconducting behavior [1]. The general 
chemical formula for the Bi-based superconductors can 
be represented as Bi2Sr2Can−1CunO2n+4+δ (where n = 1, 
2, or 3), corresponding to the Bi2Sr2CuO6+δ (Bi-2201), 
Bi2Sr2CaCu2O8+δ (Bi-2212), and Bi2Sr2Ca2Cu3O10+δ (Bi-
2223) phases, respectively. Each phase differs by the 
number of CuO2 planes per unit cell, with higher n 
values typically leading to higher superconducting 
transition temperature (Tc) [2]. It is widely known that 
appropriate Pb substitution in Bi-based superconduc-
tors results in the formation of single-phase samples 
with significantly enhanced Tc [3, 4].

One of the interesting family of Bi-based super-
conductors is the Bi1.6Pb0.4Sr2CaCu2O8. It consists of 
double CuO2 layers and exhibits superconductivity in 
the range of 80—85 K. Compared to the Bi-2223, the 
Bi-2212 phase can be more easily formed with appro-
priate heat treatment [5, 6]. Under identical thermal 
conditions during the synthesis process, the oxygen 
stoichiometry of Bi-2212 remains relatively invari-
ant with respect to cationic additions [7]. In addition, 
Bi-2212 can achieve a critical current density (Jc), in 
the order of 105 A⋅cm−2 at low temperatures, remains 
stable over a wide temperature range, and exhibits 
reduced weak-link problems compared to Bi-2223 [8, 
9]. It also shows relatively higher Jc and irreversibility 
field under an applied magnetic field compared to the 
Bi-2223 phase [9, 10]. These favorable properties make 
Bi-2212 suitable for applications such as power cables 
and magnetic resonance imaging (MRI) systems [8, 11, 
12].

However, cuprate-based superconductors suffer 
from weak intergranular coupling, pronounced ani-
sotropy, and short coherence lengths, which limit 
their technological potential [13]. This is no exception 
for Bi-based superconductor systems, where poor 
mechanical properties further exacerbate these chal-
lenges [14, 15]. Substitution or addition of elements 
and compounds has been one of the simplest and most 
promising approaches to address these limitations.

The additions of palladium (Pd) and chlorine (Cl) 
(elements or compounds) to cuprate superconductors 

have been studied, revealing interesting results. In 
SmBa2Cu3O7 superconductors, the addition of small 
amount of Pd resulted in improvement of Tc (~ 89 
K) and Jc (104 A⋅cm−2) [16]. In contrast, Pd-doped 
Bi1.7Pb0.3Sr2Ca2Cu3O10 (Bi-2223) exhibited suppres-
sion of Bi-2223 phase formation, a lower Tc, and no 
enhancement in flux pinning capability [17]. Similarly, 
Pd addition in YBa2Cu3O7 superconductors produced 
no substantial changes in superconducting properties 
[18].

For Cl-containing compounds, the addition of 
KClO3 to YBCO superconductor resulted in the high-
est Tc compared to K2CO3 and the undoped sample 
[19]. Substitution of KCl at Ba site in YBCO led to 
increase grain size, Tc, and magnetic susceptibility 
[20]. In Cl-added YBCO thin films, the texture, density, 
and Jc were improved, despite no significant change 
in Tc [21]. The additions of BiCl3, BiOCl, CaCl2, SrCl2 
and LiClO4 into Bi-2212 superconductor have been 
studied [22]. It was shown that the addition of LiClO4 
into Bi-2212 increased Tc and promoted Bi-2212 phase 
formation at lower synthesis temperature. AC suscep-
tibility measurement of the Bi-2223 added with LiCl 
showed an anomalous suppression of Tc which is due 
to the charge ordering phenomenon [23].

To date, the effect of metal chloride on 
Bi1.6Pb0.4Sr2CaCu2O8 (Bi-2212) superconductors has 
not been extensively studied. Considering the ben-
eficial effect of Pd and Cl-containing compounds on 
cuprate superconductors, this work investigates the 
influence of palladium (II) chloride (PdCl2) addition 
on the superconductivity of Bi-2212. PdCl2 is a para-
magnetic compound commonly used as a catalyst 
in organic synthesis [24, 25], with a melting point of 
678–680 °C, which is lower than the formation tem-
perature of Bi-2212 phase (800–820 °C). At elevated 
temperatures, PdCl2 decomposes into Pd and Cl [26], 
allowing both elements to interact with the Bi-2212 
matrix, and potentially improve the superconduct-
ing performance. Therefore, the motivation of this 
study is to investigate the effect of PdCl2 addition on 
the structural, electrical and magnetic properties of 
Bi1.6Pb0.4Sr2CaCu2O8 superconductor.

2 �Experimental details

Samples  wi th  the  nominal  composi t ion 
Bi1.6Pb0.4Sr2CaCu2O8 were synthesised via the 
solid-state reaction method. High-purity (≥ 99.9%) 
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precursors of bismuth oxide (Bi2O3), lead oxide (PbO), 
calcium oxide (CaO), copper oxide (CuO) and stron-
tium carbonate (Sr2CO3) were weighed according to 
the stoichiometric ratio of 1.6: 0.4: 2.0: 1.0: 2.0 for Bi: 
Pb: Sr: Ca: Cu. The powders were thoroughly mixed 
and ground using an agate mortar and pestle, fol-
lowed by calcination at 800 °C for 24 h with two inter-
mediate grinding steps. A second calcination was then 
carried out at 840 °C for 50 h. After calcination, differ-
ent weight percentages of PdCl2 (x = 0.0, 0.1, 0.2, 0.4, 
0.5. 1.0, 1.5 and 3.0 wt%) were added to the calcined 
powders. The resulting mixtures were pressed into cir-
cular pellets of approximately 2 mm in thickness and a 
diameter of 12.5 mm using a hydraulic press, followed 
by sintering at 840 °C for 24 h in air.

The crystalline phases of the samples were charac-
terised using x-ray diffraction (XRD) with a Philips 
PW 3040/60 MPD X’pert High Pro Panalytical dif-
fractometer equipped with a CuKa radiation source 
(λ = 1.5406 Å). The scans were performed over a 2θ 
range of 4°–60°. The lattice parameters of the Bi-2212 
phase were refined via Pawley refinement using the 
software X’pert HighScore. The volume fraction of 
Bi-2212 and Bi-2201 phase was determined using the 
equations:

where ∑IBi-2212 and ∑IBi-2201 represent the summed 
XRD peak intensities of the respective phases.

The surface morphology and elemental composition 
of the samples were examined using a scanning elec-
tron microscope (SEM, JEOL JSM 6400) equipped with 
an Oxford Instruments X-Max energy-dispersive X-ray 
spectroscopy (EDX) detector. Temperature-dependent 
electrical resistance measurements were carried out 
using the standard four-point probe method. For 
low-temperature measurements, a Keithley 197 Auto-
ranging Microvolt DMM and a Keithley 220 Current 
Source were used in conjunction with a CTI Cryogen-
ics Model 22 cryostat and a Lake Shore Model 340 
temperature controller. A constant current source in 
the range of 1 – 100 mA was applied during the meas-
urements. The room temperature resistivity (ρ298 K) 
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was determined using the Van der Pauw method. AC 
susceptibility, ACS (χ = χ’ + iχ”) measurements were 
performed on the bar-shaped samples using a Cryo 
Industries REF-1808-AS susceptometer. The applied 
magnetic field and frequency was 5 Oe and 295 Hz, 
respectively.

3 �Results and discussion

3.1 �XRD analysis

Figure  1a and b show the XRD patterns of 
Bi1.6Pb0.4Sr2CaCu2O8 samples with x wt% PdCl2 
additions (x = 0.0–3.0 wt%). All samples exhibited 
Bi-2212 as the major phase, along with Ca2PbO4 and 
Bi2Sr2CuO5 (Bi-2201) as secondary impurity phases. 
The (hkl) indices of the Bi-2201 peaks are denoted by 
parentheses in the XRD patterns. The main diffrac-
tion peak corresponding to the Ca2PbO4 phase was 
observed at 2θ = 17° in all the samples. For PdCl2 
additions ≥ 1 wt%, a new diffraction peak appeared 
at 2θ = 14.26°, corresponding to Cu8Sr6Oz phase, and 
its intensity increased with increasing PdCl2 addi-
tion. Generally, the volume fraction of Bi-2212 phase 

reduced after PdCl2 addition (Table 1). This phase 
reduction became more pronounced at higher PdCl2 
addition (x = 1.0–3.0 wt%). This suggests that excess 
addition of PdCl2 hinders the formation of Bi-2212 
phase while aided the formation of impurity phase.

The Bi-2212 phase was indexed based on its tetrago-
nal structure (PDF-00–040-0378) and the lattice param-
eters were refined using Pawley fitting using the X’pert 
HighScore software. The experimental and refined XRD 
patterns for samples with x = 0.0, 0.5 and 3.0 wt% sam-
ples are shown in Fig. 1. The R-factor (Rwp, Rexp, and Rp) 
and goodness of fitting χ2 criteria were used to ascertain 
the measurement’s validity. The refined lattice param-
eters for pure samples (0.0 wt%) were a = b = 5. 3991 Å 
and c = 30.810 Å. In general, all PdCl2-added samples 
exhibited slightly lower lattice parameters and unit cell 



	 J Mater Sci: Mater Electron          (2026) 37:400   400  Page 4 of 13

volumes compared to undoped sample. This demon-
strated that the Pd ions might be substituted into the 
crystal structure of Bi-2212 phase. It was reported that 
Pd was substituted at Cu site of the Pd doped YBCO 
superconductor [27, 28]. In LiCl-added Bi-2223 super-
conductor, it was proposed that Li+ ions, rather than 
Cl−, entered the lattice due to the relatively large ionic 
radius of Cl−, which makes its incorporation into the 
Bi-based lattice difficult [23]. In view of the decrease in 
both a- and c-axis after additions of PdCl2 (Table 1), it 
is likely that the smaller Pd2+ (0.86 Å) substituted the 

bigger Ca2+ (1 Å). Moreover, this is favoured by the fact 
that the difference in ionic radius between Pd2+ and Ca2+ 
is smaller as compared to that between Pd2+ and Sr2+ 
(1.18 Å). The ionic radius of Cu2+ (0.73 Å) is smaller than 
that of Pd2+ [29].

The average crystallite size was determined using the 
Scherrer equation [30]:
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Fig. 1   a XRD patterns of Bi1.6Pb0.4Sr2CaCu2O8 samples with x wt% PdCl2 additions b XRD patterns of Bi1.6Pb0.4Sr2CaCu2O8 samples 
with x wt% PdCl2 additions

Table 1   Structural parameters of Bi1.6Pb0.4Sr2CaCu2O8 samples with x wt% PdCl2 additions

Sample/wt% Lattice parameter V/Å3 Crystallite 
Size, D/ 
nm

Volume fraction/ % Pawley fit parameter

a/Å c/Å Bi-2212 Bi-2201 Ca2PbO4 Cu8Sr6Oz Rp/ % Rwp/ % Rexp/ % χ2

0 5.3991(3) 30.810(2) 898.12(16) 77.6 80 11 9 - 5.65 7.61 3.69 2.06
0.1 5.3937(5) 30.762(4) 894.93(28) 50.4 78 13 9 - 4.32 6.03 3.52 1.71
0.2 5.3924(1) 30.728(8) 893.51(27) 53.3 81 10 9 - 4.68 6.42 3.73 1.72
0.4 5.3933(5) 30.742(3) 894.21(25) 48.8 71 20 9 - 4.43 6.00 3.59 1.67
0.5 5.3939(5) 30.766(4) 895.11(28) 45.7 76 17 6 - 4.43 5.96 3.67 1.63
1.0 5.3935(8) 30.758(5) 894.75(41) 59.9 66 19 9 6 4.14 5.53 3.56 1.55
1.5 5.3922(6) 30.759(4) 894.34(32) 48.2 69 15 11 5 4.30 5.77 3.54 1.63
3.0 5.3907(4) 30.805(3) 895.18(22) 46.6 63 19 8 10 5.11 7.29 3.52 2.07
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where D represents the crystallite size, K is the shape 
factor (0.9), βhkl is the full width at half maximum 
(FWHM) of the diffraction peak in radians, λ is the 
wavelength of CuKα radiation (0.15406 nm), and θ is 
the Bragg angle corresponding to the selected (hkl) 
plane. The FWHM values of the (002), (008), (113), 
(115), and (117) reflections of the Bi-2212 phase were 
used for analysis. It was observed that PdCl2 addition 
caused the decrease of the average crystallite size of 
Bi-2212 phase for all added samples (Table 1).

3.2 �Microstructural analysis

Figure   2  shows the  micros t ructures  o f 
Bi1.6Pb0.4Sr2CaCu2O8 samples with x wt% PdCl2 addi-
tions (x = 0.0, 0.2 and 0.4 wt%). All samples revealed 
randomly oriented plate-like grains, which are char-
acteristics of the Bi-2212 phase owing to its layered 
crystal structure. With PdCl2 addition, plate-like 
grains became more apparent indicating improved 

alignment compared to the undoped sample, sug-
gesting that PdCl2 facilitates enhanced intergranular 
connectivity and potentially promotes more effective 
supercurrent transport.

The EDX spectra of all samples are shown in Fig. 3, 
where peaks corresponding to Bi, Pb, Sr, Ca, Cu and 
O were detected in each sample. The Pd peak start to 
appear in the x = 0.4 wt% PdCl2-added sample, likely 
due to the small amount of PdCl2 addition resulting 
in the Pd signal falling below the detection threshold 
of EDX. The corresponding elemental compositions of 
each sample are shown in the insets of Figs. 3a–c. The 
measured atomic ratios of Bi: Pb: Sr: Ca: Cu: O slightly 
deviated from the ideal Bi-2212 stoichiometry, possi-
bly due to the presence of secondary phases such as 
Bi-2201 and Ca2PbO4, as well as the limited sensitivity 
of EDX toward light elements like Cl and O.

Elemental mapping distributions of Bi, Sr, Ca, Cu, 
O, Pd and Cl on the surfaces of the x = 0.2 and 0.4 wt% 
samples are shown in Fig. 4, 5, respectively. Localised 

Fig. 2   SEM images of Bi1.6Pb0.4Sr2CaCu2O8 samples added with a 0.0 wt%, b 0.2 wt% and c 0.4 wt% of PdCl2 additions
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Fig. 3   EDX spectra of 
Bi1.6Pb0.4Sr2CaCu2O8 sam-
ples added with a 0.0 wt%, 
b 0.2 wt% and c 0.4 wt% of 
PdCl2 additions



J Mater Sci: Mater Electron          (2026) 37:400 	 Page 7 of 13   400 

enrichment of Sr and Cu was observed in certain regions 
of the 0.2 wt% PdCl2-added sample, while higher Pd 
and Cu concentrations were detected in specific areas 
of the 0.4 wt% PdCl2-added sample. This may be attrib-
uted to an inhomogeneous distribution of PdCl2 within 
Bi-2212 matrix, leading to localised accumulation of cer-
tain elements. Another possible explanation is the fluc-
tuation in diffusion rates during heat treatment, phase 
separation at higher PdCl2 contents, or incomplete mix-
ing of precursor powders prior to sintering.

3.3 �Temperature dependence of electrical 
resistance measurement

Figure 6 shows the temperature dependence of elec-
trical resistance for all samples. The resistance was 

normalized to that at room temperature. The hump 
between 170 to 285 K in the plot for the 3.0 wt% 
PdCl2 added sample was due to problem related to 
the measuring instrument or the electrical contact 
between the probe and the sample. One such pos-
sibility being that the silver paste used to make the 
electrical contact was not dried enough before the 
measurement was carried out. Most samples exhib-
ited metallic behavior in the normal state above the 
onset transition temperature (Tc onset), except for 0.1 
wt% and 0.2 wt% PdCl2-added samples, which dis-
played semimetal-like behavior above Tc onset. This 
suggests that PdCl2 addition at these concentrations 
may have modified the oxygen content or carrier 
concentration in the Bi-2212 phase [14].

Fig. 4   Elemental distribution map of Bi1.6Pb0.4Sr2CaCu2O8 added with 0.2 wt% PdCl2
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The undoped sample exhibited Tc onset and zero 
transition temperature (Tc zero) values of 82 and 71 
K, respectively. All PdCl2-added samples showed 
higher Tc onset values (ranging from 87 to 96 K) com-
pared to undoped sample. Meanwhile, the Tc zero ini-
tially decreased for the lower PdCl2 additions (x = 0.1 
and 0.2 wt%), then increased significantly for 0.4 wt% 
PdCl2-added sample, before slightly decreased again 
with further addition. The highest Tc onset of 96 K and 
Tc zero of 77 K were obtained for 0.4 wt% PdCl2-added 
sample. Table 2 shows the transition width (ΔTc) of 
the undoped sample was 11 K and it broadened with 
increasing PdCl2 addition. The broadening of ΔTc 
indicates the inhomogeneities of Tc for the individual 
grains increased with PdCl2 addition. This finding is 
consistent with the room-temperature resistivity (ρ300 

K) results, where the addition of PdCl2 increased the 
room-temperature resistivity of Bi-2212 (Table 2). The 
higher resistivity is attributed to the formation of sec-
ondary impurity phases, as confirmed by the XRD 
results (Fig. 1), and to weak coupling between super-
conducting grains.

Figure 7 shows the derivative (dR/dT) versus tem-
perature curves for Bi1.6Pb0.4Sr2CaCu2O8 samples with 
x wt% PdCl2 additions (x = 0.0, 0.2 and 0.4 wt%). The 
first peak (Tc

p1) at higher temperature corresponds to 
the onset of superconductivity within the grains, while 
the grain boundaries remain in the normal state. The 
second peak (Tc

p2) at lower temperature corresponds 
to the temperature at which supercurrent flows 
between grains, indicating that the grain boundaries 
have also transitioned to the superconducting state. 

Fig. 5   Elemental distribution map of Bi1.6Pb0.4Sr2CaCu2O8 added with 0.4 wt% PdCl2
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All samples exhibited two peaks, except for x = 0.4 
and 3.0 wt% samples, which showed a single peak. 
This indicates that superconductivity occurs simulta-
neously within grains and across grain boundaries, 
likely due to the improved microstructure observed in 
the SEM image (Fig. 2). The plate-like grains with high 
aspect ratio in 0.4 wt% PdCl2-added sample enhanced 
intergrain coupling by reducing grain boundary area 
and minimising weak-link effects leading to better 
current flow between the grains [31]. This behavior 
can be explained by the Brick Wall (BW) model [32, 
33]. According to the BW model, when ab-plane con-
duction is hindered, the large surface area of basal-
plane-faced grain boundaries generated by elongated, 

high aspect ratio grains allow for substantial c-axis 
supercurrent coupling. This model emphasises that 
optimised grain structure improves current transport 
pathways, resulting in an increase in the critical cur-
rent density across the Bi-2212 samples.

The Tc
p1 and Tc

p2 for undoped sample were 76 and 
73 K, respectively. All PdCl2-added samples exhibited 
higher Tc

p1 values compared to undoped samples. The 
enhancement of Tc

p2 was more pronounced at higher 
PdCl2 additions (x = 0.5–3.0 wt%.). However, the dif-
ference between Tc

p1 and Tc
p2 for all PdCl2-added sam-

ples was generally larger compared to the undoped 
sample. This indicated that the weak-link behavior in 
Bi-2212 increased with PdCl2 addition [34].

Fig. 6   Normalised resistance versus temperature of Bi1.6Pb0.4Sr2CaCu2O8 with PdCl2 additions of a x = 0.0, 0.1, 0.2, and 0.4 wt% b 
x = 0.5, 1.0, 1.5, and 3.0 wt%

Table 2   Tc onset, Tc zero, 
ΔTc, Tc

p1, Tcp
2 and ρ300 K of 

Bi1.6Pb0.4Sr2CaCu2O8 samples 
with x wt% PdCl2 additions

Sample/wt% Tc onset/ K Tc zero/ K ΔTc/ K Tc p1/ K Tc p2/ K ρ300 K/ mΩ-cm

0 82 71 11 76 73 3.09
0.1 90 62 28 78 70 11.24
0.2 89 63 26 80 71 11.57
0.4 96 77 19 81 - 4.05
0.5 91 71 20 82 77 6.21
1.0 92 75 17 85 79 9.21
1.5 94 70 24 81 76 7.99
3.0 87 70 17 - 75 22.19
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3.4 �AC susceptibility analysis

AC susceptibility curves for all samples are shown in 
Fig. 8. The real part of the susceptibility (χ’) provides 
information about the paramagnetic-diamagnetic 
transition, also referred to as susceptibility transi-
tion temperatures (Tcχ’), which is identified as the 
point where the straight line begins to deviate. The 
Tcχ’ values for all samples ranged from 76 to 86 K. 
All PdCl2-added samples exhibited higher Tcχ’ values 
compared to the undoped sample, with the highest 
Tcχ’ = 86 K observed for x = 1.0 and 1.5 wt% samples.

The imaginary part of the susceptibility (χ”) exhib-
ited two peaks: the first peak at higher temperature 
corresponds to intragrain (intrinsic) losses, while the 
second peak at lower temperature is associated with 
intergrain losses. Intrinsic loss peaks were observed 
in x = 0.1 and 0.2 wt% samples (Fig. 8a), indicating 
flux penetration within the grains. The temperature 

for intrinsic losses peak (Tp1) for both samples was 
79 K. No Tp1 was observed in other samples.

Interestingly, all samples exhibited intergrain 
losses peak (Tp2) except for x = 0.1 and 0.2 wt% 
(Fig. 8). It is possible that the intergrain loss peaks 
for these samples occur below 20 K. The temperature 
of Tp2 for undoped (0.0 wt%) and x ≥ 0.4 wt% sam-
ples ranged between 45 and 69 K. The highest Tp2 
(69 K) obtained for x = 0.4 wt% sample. This finding 
aligns with the SEM microstructure analysis, which 
revealed larger grain size in the x = 0.4 wt% sample 
compared to undoped sample. This indicated that 
the intergrain coupling was significantly enhanced 
in the x = 0.4 wt% sample.

The critical current density (Jc) at the intergrain 
loss peak temperature (Tp2) of the imaginary com-
ponent of the AC susceptibility was estimated using 
Bean’s critical state model [35]:
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where Hmax represents magnetic field corresponding 
to full magnetic flux penetration at Tp2, and w denotes 
the cross-sectional dimension of the bar-shaped 
samples. The calculated Jc(Tp) values for all samples 
ranged from 14 to 17 A.cm−2, as summarized in Table 3.

High-Tc superconductors are well known to con-
sist of grains separated by weakly coupled boundary 
layers. The current crossing these boundaries (weak 
links) behaves as a Josephson current. The maximum 
Josephson current (I0) across grain boundaries can be 
estimated from the phase-locking temperature (Tcj), 

(4)J
c
(T

p
) =

H
max

√

w

which corresponds to the onset of grain decoupling 
and is associated with the lower transition tempera-
ture. It can be calculated using equation [36]:

The Josephson coupling energy (E j) can be 
expressed by the following equation:

where h is Planck’s constant and ⅇ is the elemen-
tary charge. The phase locking temperature, (Tcj), 

(5)I
0
= 1.57 × 10

−8 ×

(

T
2

c� �

T
c� � − T

cj

)

(6)E
j
=

(

h

4�e

)

I
0

Fig. 8   a AC susceptibility of Bi1.6Pb0.4Sr2CaCu2O8 added with x wt% of PdCl2 (x = 0.0, 0.1, 0.2, and 0.4 wt%). b AC susceptibility of 
Bi1.6Pb0.4Sr2CaCu2O8 added with x wt% of PdCl2 (x = 0.5, 1.0, 1.5, and 3.0 wt%)

Table 3   Tcχ′, Tp1, 
Tp2, Tcj, I0 and Ej of 
Bi1.6Pb0.4Sr2CaCu2O8 
samples with x wt% PdCl2 
additions

Sample/ wt.% Tcχ′/ K Tp1/ K Tp2/ K Tcj/ K Io/ µA Ej/ meV Jc(Tp)/ 
A.cm−2

0 76 - 62 62 6.48 13.31 17
0.1 81 79  < 20 76 20.60 42.32 17
0.2 83 79  < 20 80 36.05 74.06 17
0.4 84 - 69 70 7.91 16.26 14
0.5 85 - 47 47 2.99 6.13 16
1.0 86 - 48 52 3.42 7.02 16
1.5 86 - 45 44 2.76 5.68 16
3.0 85 - 64 77 14.18 29.13 14
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indicating the beginning of grain decoupling, was 
determined from the peak position of the dχ′/dT curve 
(Fig. 8). The Tcj values for all samples ranged from 44 
to 80 K, with the highest value of 80 K observed for 
0.2 wt% PdCl2-added sample. All key parameters 
obtained from χ’ and χ” curves including Tcχ′, Tp1, Tp2, 
Tcj, I0 and Ej are listed in Table 3. For the undoped 
samples, I0 and Ej were 6.48 μA and 13.31 meV, respec-
tively. Both parameters increased with PdCl2 addi-
tion up to x = 0.2 wt%, followed by a gradual decrease 
up to x = 1.5 wt% and subsequent increase at x = 3.0 
wt%. The highest I0 and Ej values were obtained for 
0.2 wt% PdCl2-added sample, indicating enhanced 
grain connectivity. It is noteworthy that 3.0 wt% 
PdCl2-added sample also exhibited higher I0 and Ej 
than the undoped sample, suggesting that the higher 
PdCl2 content can reinforce intergranular coupling of 
the sample.

4 �Conclusions

In conclusion, the effect of palladium (II) chloride 
(PdCl2) addition on the structural, microstructural, and 
superconducting properties of Bi1.6Pb0.4Sr2CaCu2O8 
were investigated. XRD results showed the Bi-2212 
phase is dominant for all samples. The lattice param-
eters and unit cell volume decreased with PdCl2 
addition. SEM analysis revealed the plate-like grains 
in the added samples as compared to undoped one. 
The onset transition temperature (Tc onset) and suscep-
tibility transition temperatures (Tcχ’) for PdCl2-added 
samples showed a higher value compared to undoped 
sample. The 0.4 wt% PdCl2-added sample exhibited 
the highest Tc onset of 96 K and zero-resistance tran-
sition temperature (Tc zero) of 77 K. In addition, this 
sample also showed the highest Tp2 value, indicating 
enhanced flux pinning strength within the Bi-2212 
phase. The samples with x = 1.0 and 1.5 wt% displayed 
the highest Tcχ’ of 86 K. Future work could investigate 
the effects of other metal chloride additions and fur-
ther optimize the synthesis parameters to improve the 
superconducting performance of Bi-2212.
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