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Abstract

Phase formation of REBa2Cu3O7�d (RE: Y0.5Gd0.5, Y0.5Nd0.5, Nd0.5Gd0.5) superconductors synthesised via co-precipitation (COP) method

were investigated by thermogravimetric analysis (TGA), differential thermal analysis (DTA) and X-ray diffraction (XRD) analysis. All samples

showed identical thermal decomposition behaviour from the thermogram in which 5 major weight losses were observed. However, XRD of the

samples at different heat treatment temperatures showed different diffraction patterns indicating different thermolytic processes. Meanwhile,

transmission electron microscopy and surface area analysis revealed that the powders obtained from COP have particle sizes ranging from 7 to

12 nm with relatively large surface area. Molar ratios of prepared samples obtained were near to the theoretical values as confirmed by elemental

analyses using X-ray fluorescence (XRF). The TC(R=0) for sintered YGd, YNd and NdGd were 87 K, 86 K and 90 K, respectively. Surface

morphological study via scanning electron microscope showed the structures of samples were dense and non porous.
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1. Introduction

Recently, preparation of high temperature superconductors

via the wet chemical technique has been proven to produce

good quality materials with comparable properties to the

samples synthesised via solid state method [1–4]. In wet

chemistry technique, the initial mixture of cations at atomic

scale is allowed thus enhancing the chemical reactions to form

desirable phases [2]. This is experimentally proven in which the

heat treatment duration has been significantly reduced and the

required intermittent grindings becomes unnecessary [1–4].

Formation of superconductor from metal oxalate precursors

involves several chemical reactions such as dehydration,

oxidation and further reactions with other metal oxides to
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form binary or ternary compounds. In considering preparation

of a complex compound, phase formation study is a prerequisite

in order to obtain phase pure samples with optimum properties

[5]. This also helps to determine appropriate heat treatment

condition.

Various types of high temperature superconductors have

been studied since their discovery in 1986 [6] particularly in

REBa2Cu3O7�d or so called RE123 superconductors [7]. This

type of superconductor receives huge attention due to their

fascinating properties, e.g. relatively high TC, high JC and

excellent capabilities of trapping magnetic fields [8–10]. There

appears a great possibility to substitute isovalent metal ions or

other elements with similar ionic radii into either, RE3+, Ba2+ or

Cu2+/Cu3+ sites. However, attempts to enhance the electrical

properties by chemical doping require careful understanding in

structural change in which the conduction mechanism is

influenced. For instance, a number of researchers have reported

that NdBa2Cu3O7�d, GdBa2Cu3O7�d and SmBa2Cu3O7�d
d.
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Fig. 1. X-ray diffractograms of co-precipitated (a)YGdBCO, (b)YNdBCO and

(c)NdGdBCO metal oxalate precursors.
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exhibit superior properties such as higher TC and JC if

compared to the typical YBa2Cu3O7�d [8–12].

In this study, the prepared materials namely REBa2Cu3O7�d

(RE = Y0.5Nd0.5, Y0.5Gd0.5 and Nd0.5Gd0.5) are of particular

interest in which it has been reported that by mixing trivalent

rare earth element, materials with higher TC and JC was

obtained [13–16]. It is therefore we report the formation study

and physicochemical properties of these mixed RE super-

conductors.

2. Experimental

2.1. Preparation of REBa2Cu3O7�d ceramic oxides

REBa2Cu3O7�d (RE = Y0.5Nd0.5, Y0.5Gd0.5 and Nd0.5

Gd0.5) were synthesised by reagent grade metal acetates of

RE (III) acetate [RE(OOCCH3)3�xH2O; RE = Y, Nd and Gd],

barium acetate and copper (II) acetate (purity >99%, reagent

grades). The metal acetates were dissolved in acetic acid,

namely solution A. Meanwhile, solution B containing 0.5 M

oxalic acid was prepared in a mixture of water: isopropanol

(v/v = 1:1.5). Solution B was added drop-wise into solution

A in an ice bath with continuous stirring. A uniform, stable,

blue suspension was formed and the slurry was filtered after

5 min of reaction. This was followed by a drying at 80 8C
overnight. The dried blue precipitates were ground prior to

thermal treatment at 860 8C in air for 12 h. The calcined

powders were reground in an agate mortar for 10 min

and cold pressed uniaxially into pellet of 13 mm diameter

using Specac manually operated hydraulic press. The

pellets were sintered in oxygen atmosphere at 970 8C for

15 h and cooled slowly to room temperature in furnace at a

rate 1 8C/min.

2.2. Characterisation

The thermal properties of the metal oxalate precursor

powders were analysed by Mettler Toledo TGA/SDTA 851

and Perkin Elmer DTA 7 from 30 8C to 1000 8C at a heating

rate of 10 8C/min in air atmosphere. The phase purity of

powdered samples was analysed by X-ray powder diffract-

ometer, Shimadzu XRD-6000 with Cu Ka radiation with a

step size of 0.028 over the 2u range 2–608. Particle size and

surface area were investigated via transmission electron

microscope (TEM) Hitachi H-7100 and volumetric sorption

analyser Quantachrome, Autosorb-1 using N2 as adsorbent.

Elemental analyses were carried out using Shimadzu energy

dispersive X-ray fluorescence (XRF) spectrometer. Electrical

properties of the pellets were determined by four point probe

method using constant current of 30 mA (DC) in the

temperature range of 50–300 K. The cryogenic set up is

based on the Closed Cycle Helium Cryostat Austin Scientific

M125. Surface morphology of the fractured samples was

investigated using scanning electron microscopy (SEM)

JEOL 6400.
3. Results and discussion

3.1. Physical properties of co-precipitated REBa2Cu3O7�d

(RE = Y0.5Nd0.5, Y0.5Gd0.5 and Nd0.5Gd0.5) metal oxalate

precursor powders

XRD analyses of co-precipitated REBa2Cu3O7�d

(RE = Y0.5Nd0.5, Y0.5Gd0.5 and Nd0.5Gd0.5) metal oxalate

precursor powders show that all samples have almost similar

diffraction patterns (Fig. 1).

Major peaks are found to match with the barium oxalate

dihydrate (ICDD: 21-1529) and copper oxalate hydrate (ICDD:

21-0297) phases. Meanwhile, the main peaks of rare earth

oxalates could possibly overlap with the barium oxalate

dihydrate peaks due to close proximity of their 2u values. For

instance, yttrium, gadolinium and neodymium oxalate hydrate

phases have their diffraction plane with highest intensity at

2u = 13.3–13.68 (ICDD: 33-1460, 20-0411 and 20-0764,

respectively). The remaining unidentified peaks are believed

to be the combination of co-precipitated phases containing rare

earth, barium and copper oxalates [17].

Meanwhile, TEM analysis of co-precipitated powders shows

images of agglomerated particles with clearly visible grain

boundaries (Fig. 2a–c). The particle sizes of the co-precipitated

powders obtained from TEM are in the range of 7–12 nm. On the

other hand, the surface area of co-precipitated powders was

determined via BET method. BET analysis indicates that these

samples have considerably high surface area with values of

24.59, 31.31 and 21.64 m2/g for Y0.5Gd0.5Ba2Cu3O7�d,

Y0.5Nd0.5Ba2Cu3O7�d and Nd0.5Gd0.5Ba2Cu3O7�d, respectively.

The large surface area denotes that the precursor powders are

ultra fine and reactive. This is agreeable with TEM results in

which very fine particles in nano-meter size are discovered.

3.2. Phase formation of REBa2Cu3O7�d (RE = Y0.5Nd0.5,

Y0.5Gd0.5 and Nd0.5Gd0.5)

The study of phase formation mechanism in such complex

reacting mixtures is important for optimisation of the sample



Fig. 2. TEM images of co-precipitated (a)YGdBCO, (b)YNdBCO and (c)NdGdBCO metal oxalate precursors.
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preparation, whereby formation of undesirable phases should

be suppressed. Moreover, reaction of a complex mixture of

powders might lead to formation of many different phases [5],

which may affect the properties. In this study, the thermal

decomposition behaviour of REBa2Cu3O7�d (RE = Y0.5Nd0.5,

Y0.5Gd0.5 and Nd0.5Gd0.5) metal oxalate precursors are studied

via TGA, DTA and XRD analyses.
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Fig. 3. TGA thermograms of co-precipitated (a)YGdBCO, (b)YNdBCO and

(c)NdGdBCO metal oxalate precursors.
According to TGA results, all samples display identical

thermograms where five major thermal events are discernible

(Fig. 3). The weight losses are labelled as drop 1, drop 2, drop 3,

drop 4 and drop 5.

For all samples, approximately 18% of weight loss (drop 1

and drop 2) is attributed to the dehydration of moisture and

water in crystalline solids, in which the dehydrated RE
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Fig. 4. DTA thermograms of co-precipitated (a)YGdBCO, (b)YNdBCO and

(c)NdGdBCO metal oxalate precursors.



Fig. 5. XRD patterns of prepared samples at different heating temperatures

(a)YGdBCO, (b)YNdBCO and (c)NdGdBCO metal oxalate precursors.

Fig. 6. Electrical resistance of samples obtained after sintering at 970 8C/15 h

in oxygen atmosphere.

M.H. Wahid et al. / Ceramics International 38 (2012) 1187–11931190
oxalates, BaC2O4 and CuC2O4 are formed. This dehydration

process is also confirmed by DTA results where endothermic

peaks in the same temperature range could be clearly observed

(Fig. 4).
On the other hand, a sharp weight loss is observed in drop 3

(�200–300 8C) as the dehydrated RE oxalate and copper

oxalate starts to transform into RE carbonates and copper oxide

respectively. It is a noteworthy to point out that rare earth

carbonates are amorphous and therefore they are difficult to be

detected by XRD analysis (Fig. 5a–c) [18]. The decomposition

process is also complemented by DTA results in which a

significant exothermic peak associated to decomposition is

observed. Interestingly, similar TGA curves obtained for all

three samples show different X-ray diffraction patterns under

same heat treatment. This indicates that the thermolytic

processes for these samples are different.

For instance, at drop 4 (�300–500 8C), samples containing

yttrium and gadolinium which was fired at 600 8C show

formation of yttrium oxide (Fig. 5a and b) and gadolinium

oxide (Fig. 5a and c) in their XRD results (ICDD: 41-1105, 12-

0797, respectively). Meanwhile, decomposition of barium

oxalate into barium carbonate is observed after firing at 400 8C
(ICDD: 5-0378). Surprisingly, neodymium oxide phase is not

formed in neodymium oxalate samples. This leads to formation

of Nd2CuO4 phase (ICDD: 24-0777) due to the reactive

behaviour of Nd at 600 8C. The low activation barrier between

Nd and copper oxide allows the reaction to occur at even lower

temperature [19].

The mixed ternary ceramic oxides, REBa2Cu3O7�d are

finally completed with the reactions of metal oxides or binary

neodymium–copper oxide with barium carbonate at tempera-

ture ranging from �860 to 940 8C. All chemical reactions

involved are summarized in Tables 1–3.

3.3. Elemental analysis

Elemental analysis of selected samples sintered at 970 8C/

15 h was carried out via X-ray fluorescence (XRF) analysis.

The experimental composition of Y0.5Gd0.5Ba2Cu3O7�d is in

good agreement with that calculated theoretically (Table 4).

This confirms that stoichiometric Y0.5Gd0.5Ba2Cu3O7�d is

successfully prepared without any significant Cu loss. Mean-

while, comparable results are also observed in other composi-

tions (Table 5).



Table 1

Chemical reactions involved in the formation of Y0.5Gd0.5Ba2Cu3O7�d.

Drop Weight loss

(Dm) (mg)

Dm

(experimental) (%)

Dm

(theory) (%)

Temperature

range (8C)

Reaction

1–2 3.27 16.21 16.21 41–219 Water loss from the sample

3 3.86 19.13 19.91 219–309 3Cu(C2O4) + (3/2)O2! 3CuCO3 + 3CO2

3CuCO3! 3CuO + 3CO2

(1/4)Y2(C2O4)3 + (3/8)O2! (1/4)Y2(CO3)3 + (3/4)CO2

(1/4)Gd2(C2O4)3 + (3/8)O2! (1/4)Gd2(C O3) + (3/4)CO2

4 1.94 9.62 9.42 310–520 2Ba(C2O4) + O2! 2BaCO3 + 2CO2

(1/4)Y2(CO3)3! (1/4)Y2O3 + (3/4)CO2

(1/4)Gd2(CO3)3! (1/4)Gd2O3 + (3/4)CO2

5 1.14 5.64 6.79 741–964 2BaCO3! 2BaO + 2CO2

(1/4)Y2O3 + BaO + (3/2)CuO ! (1/2)YBa2Cu3O6.5

(1/4)Gd2O3 + BaO + (3/2)CuO ! (1/2)GdBa2Cu3O6.5

(1/2)YBa2Cu3O7�d + (1/2)GdBa2Cu3O6.5! Y0.5Gd0.5Ba2Cu3O6.5

Table 2

Chemical reactions involved in the formation of Y0.5Nd0.5Ba2Cu3O7�d.

Drop Weight loss

(Dm) (mg)

Dm (experimental)

(%)

Dm (theory)

(%)

Temperature

range (8C)

Reaction

1–2 2.63 16.73 16.73 34–232 Water loss from the sample

3 2.91 18.51 20.01 232–316 3Cu(C2O4) + (3/2)O2! 3CuCO3 + 3CO2

3CuCO3! 3CuO + 3CO2

(1/4)Y2(C2O4)3 + (3/8)O2! (1/4)Y2(CO3)3 + (3/4)CO2

(1/4)Nd2(C2O4)3 + (3/8)O2! (1/4)Gd2(CO3) + (3/4)CO2

4 1.54 9.77 9.46 330–531 2Ba(C2O4) + O2! 2BaCO3 + 2CO2

(1/4)Y2(CO3)3 ! (1/4)Y2O3 + (3/4)CO2

(1/4)Nd2(CO3)3 + (1/4)CuO + (3/8)O2! (1/4)Nd2CuO4 + (3/4)CO2

5 0.86 5.44 6.83 738–973 BaCO3! BaO + CO2

(1/4)Y2O3 + BaO + (3/2)CuO ! (1/2)YBa2Cu3O6.5

(1/4)Nd2Cu O4 + Ba CO3 + (5/4)CuO ! (1/2)NdBa2Cu3O6.5 + CO2

(1/2)YBa2Cu3O6.5 + (1/2)NdBa2Cu3O6.5! Y0.5Nd0.5Ba2Cu3O6.5

Table 3

Chemical reactions involved in the formation of Nd0.5Gd0.5Ba2Cu3O7�d.

Drop Weight loss

(Dm) (mg)

Dm (experimental)

(%)

Dm (theory)

(%)

Temperature

range (8C)

Reaction

1–2 2.79 17.95 17.95 35–239 Water loss from the sample

3 2.70 17.44 19.50 239–316 3Cu(C2O4) + (3/2)O2! 3CuCO3 + 3CO2

3CuCO3! 3CuO + 3CO2

(1/4)Nd2(C2O4)3 + (3/8)O2! (1/4)Nd2(CO3)3 + (3/4)CO2

(1/4)Gd2(C2O4)3 + (3/8)O2! (1/4)Gd2(CO3)3 + (3/4)CO2

4 1.40 9.01 9.22 316–501 2Ba(C2O4) + O2! 2BaCO3 + 2CO2

(1/4)Gd2(CO3)3 + (3/8)O2! (1/4)Gd2O3 + 0.5CO2

(1/4)Nd2(CO3)3 + (1/4)CuO + (3/8)O2! (1/4)Nd2CuO4 + (3/4)CO2

5 0.82 5.26 6.65 753–955 BaCO3! BaO + CO2

(1/4)Gd2O3 + BaO + (3/2)CuO ! (1/2)GdBa2Cu3O6.5

(1/4)Nd2Cu O4 + BaCO3 + (5/4)CuO ! (1/2)NdBa2Cu3O6.5 + CO2

(1/2)GdBa2Cu3O6.5 + (1/2)NdBa2Cu3O6.5! Nd0.5Gd0.5Ba2Cu3O6.5

M.H. Wahid et al. / Ceramics International 38 (2012) 1187–1193 1191
3.4. Electrical resistivity measurements

Electrical resistances of the prepared samples were

measured as a function of temperature (Fig. 6). All samples

possess single step feature, which indicates good grain
connectivity within their structures [2]. The recorded zero

resistance temperature (TC(R=0) and TC(onset)) for YNdBCO,

YGdBCO and NdGdBCO samples are (87 K, 95 K), (88 K,

92 K) and (90 K, 98 K) respectively as shown in Table 5. The

mixed rare earth 123 phase superconductors do not show any



Fig. 7. SEM images of sintered (a)YGdBCO, (b)YNdBCO and (c)NdGdBCO samples.
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significant improvement on their TC. However, this gives a good

indication that there is a possibility to have superconducting

materials in their subsolidus systems.

3.5. Surface morphological study

The surface morphology of the samples sintered at 970 8C is

shown in Fig. 7. The samples are highly compact with hardly
Table 4

XRF analysis of YGdBCO sintered at 970 8C/15 h.

Sample Analyte Determined value Theoretical value

Wt% Molar ratio Molar ratio

YGdBCO Y 9.36 0.62 0.50

Gd 11.00 0.41 0.50

Ba 48.56 2.08 2.00

Cu 31.08 2.88 3.00

Table 5

The critical temperature of REBa2Cu3O7�d (RE: Y0.5Gd0.5, Y0.5Nd0.5,

Nd0.5Gd0.5).

Sample TC(onset) (K) TC(R=zero) (K)

Y0.5Gd0.5Ba2Cu3O7�d 92 87

Y0.5Nd0.5Ba2Cu3O7�d 95 86

Nd0.5Gd0.5Ba2Cu3O7�d 98 90
noticeable pores within the structure. A dense and pore free

structure is a prerequisite for low electric loss as the pores may

be hygroscopic which may result in an increase in loss,

particularly if soluble ions are leached from the solid phase.

4. Conclusion

REBa2Cu3O7�d (RE: Y0.5Gd0.5, Y0.5Nd0.5, Nd0.5Gd0.5)

metal oxalate precursors were successfully synthesised via

co-precipitation method. BET analysis and TEM revealed that

powders prepared via COP had relatively large surface area and

ultrafine. Thermal analyses via TGA and DTA show identical

thermal decomposition behaviour for samples, which under-

went different chemical processes during their formation. Nd,

unlike Y and Gd, reacted with copper oxide to form

neodymium–copper binary compounds as observed in XRD

after firing at 600 8C. This could be explained by the low

activation barrier between neodymium and copper oxide that

allowed the reaction to occur at lower temperature. Elemental

analyses via XRF showed that the prepared compositions were

in good agreement between their experimental and theoretical

values. The zero resistance temperature (TC(R=0) and TC(onset))

of samples were found to be at (87 K, 95 K), (88 K, 92 K) and

(90 K, 98 K) for YNdBCO, YGdBCO and NdGdBCO samples,

respectively. SEM images showed that the prepared samples

had high dense structures with less pores.
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