T AR ELE S WS  y Ek E-Y

3% 3%
KO EFREEBHLZEEF P FaESBEBELSY X
R 3%
356 356 353K 3K 3K 6 IO ORI K

s Meuaed OF627%
+ % %%+ NSC 90-2113-M-002-048
WA 90E87 1p 291&77 317

=

MR e U BB 2R
D{Wf1iép?@@$%«&
[N AR FNLANFY CFEIRL - >
Mo h R g g e @22 5425 4 &
[(R% & TR 3 d ety 354

F

~
4

b
~

Sl
4

4

25
|

~
pull'y

S SURIEY BN 5

i

PEARAY L-&#- 1 =L p

1



7 F
}RBHLEBT

FHELRE LTI EAEHL

L eng X g A

Synthesis and char acterization of metal-oxide compounds with
ordered structures
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Abstract

This study is divided into two parts. The issue of
the first part is about the investigation of the
characterization of metal-oxide compounds with
ordered structures, which is used for rechargeable
lithium ion battery. The single-phase sample of
LiVMoOg has been synthesized by solid-state reaction
method, which is crystallized with layered structure.
The synthesized powder has been characterized by
several analytic technologies. At the same time, the
electrochemical behaviors of the prepared electrodes
assembled in coin cells were aso investigated in terms
of half-cell performance. The amplitudes of three
discharge plateaus are about 2.1-2.0 V, 0.6-0.5 V and
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0.2-0.01 V, respectively. The total discharge capacity,
averaged over several test runs, is about 1250 mAh/g
which is much higher than the capacities, about
370-800 mAh/g, exhibited by many kinds of
developed anode materials. Further work therefore
needs to focus on the identification of the changing
crystal structures during the cycling, and based on
such that a plausible mechanism of the electrochemical
reaction can be realized. Furthermore, increasing the
reversible capacity of LiVMOoOg is also important.

The second part of this study is about the effects
of variations of crystal structure, magnetization and
conductivity resulting from the chemica pressure
effects of substituting Sr** by the smaller Ca®* on
(Sro.xCa)FeMoOg. An increase in the Ca-content leads
to an increase in the Fe/Mo ordering in the materials,
which raises the magnetic moments close to the
theoretical value of 4 mg. An increase in conductivity
with increasing Ca-content is also found and is
consistent with an increase in (Fe* + Mo™)/(Fe* +
Mo™") band overlap rather than bandwidth changes.
The changes observed by physical measurements are
supported by the X-ray absorption near edge structures
of Feand Mo, and band structure calculations.

Keywords: rechargeable Li-ion battery, LiVMO0Ose,
double perovskite, (Sr,..Ca,)FeMoOs.
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(a) Secondary battery material of LiVMoO;
Rechargeable batteries have been considered an
attractive power source for a wide variety of
applications and in particular, lithiun+ion batteries are
emerging as the technology of choice for portable
electronics. One of the main challenges in the design
of these batteries is to ensure that the electrodes
maintain their integrity over many discharge and
recharge cycles. Michael et al. have reported that
LiVM0oOg can be synthesized by a soft-combustion
(wet chemical) method [1]. However, the XRD pattern
of LiVMoOg reported by them was not indexed. On
the other hand, Gopalakrishnan et al. have shown [2]
that LiVMoOs as well as its reduced product,
LiVMO0O:s, obtained by solid-state reaction method can
be identified by their XRD patterns. Moreover, the
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authors performed many measurements on the physical
properties of these materials. In the present work, we
focus on finding a moderate method for preparing
LiVM0Og and on understanding the factors that
influence its electrochemical properties.

(b)Magnectic resistance materials of
(SrZ_XCaX)FeMOOg

Half-metallic compounds which have electrons
with only one spin direction at the Fermi level have
recently received considerable attention for their
potential applications in spintronics. Several magnetic
oxides have been identified as having half-metallic
behavior at low temperatures, however, their spin
polarization is strongly reduced at room temperature
(RT). Therefore, oxides with both high spin
polarization and high Curie temperatures are of
particular interest. Recently, Kobayashi et al. [3] have
reported a high spin polarization for an oxide material
with a double-perovskite structure, Sr,FeMoOg which
also has a high Curie temperature, (7c = 420 K).

In SroFeMoOg, the Fe?* or Fe* ions are in a
high-spin state with al the spin-up 3d orbitals
occupied. Sleight and Weiher [4] proposed that if the
spin-down 3d orbitals of Fe have similar energy to the
4d orbitals of Mo, the empty spin-down states (p*-b)
of Fe** are degenerate to the one electron occupied
spin down states (p*-b) of Mo®* which may lead to the
formation of anarrow band. The electrons in this band
have antiparallel spins to the localized spins in the
spin-up states (s*-a and p*-a) of Fe*. A
ferromagnetic half-metallic state is thus observed in
this ordered perovskite with localized up-spins of Fe**
and itinerant spin-down electron of Mo®. This is
supported by the band calculations, which show at the
Fermi level a mixing of the spin-down O 2p, Fe 3d and
Mo 4d bands. [5] This band description is equivalent
to an internal redox equilibrium between (Fe** + Mo®)
and (Fe** + Mo®") states.

It is thus of great interesting to explore other
prospective half-metallic compounds with large MR
effects a low magnetic fields, in ferromagnetic
compounds with 7c as close to RT as possible. We
also present our studies on the variation of crystal
structure and magnetic properties of the double
perovskite system by chemical substitution of the
smaller Ca®* ions into the bigger Sr** sites (applying
the internal anisotropic pressure) resulting in the
system (Sr,..Ca)FeMoOg (0 £ x £ 2.0).

SR AL
(a) Secondary battery material of LiVMoO;

The powder XRD pattern of LiVMoOg and the

structural  parameters calculated with Rietveld
refinement are presented in Fig. 1 and Table 1,
respectively.
Fig. 1. Observed (cross), calculated (solid line) X-ray
powder diffraction pattern of LiVMoQOgs. Small bars
indicate the positions of Bragg reflections for
LiVMoQOg. The difference between the calculated and
experimental patternsis plotted along the bottom.
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Table 1. Refined fractional atomic positions, unit cell
parameters and reliability factors (%) of LiVMo0Og
having space group C12/m1 at room temperature.

atoms X y z fraction| Uiso (A%
Li 0.00000 | 0.00000 | 0.00000 1 0.054(17)
V |0.18577(15) | 0.00000 | 0.65371(21) | 0.5 | 0.0252(6)
Mo |0.18577(15) | 0.00000 | 0.65371(21) | 0.5 | 0.0252(6)
O | 0.9676(7) | 0.00000 | 0.2783(8) 1 |0.0385(26)
O | 0.3329(7) | 0.00000 | 0.8957(9) 1 0.0420(26)
O | 0.3124(7) | 0.00000 | 0.4309(9) 1 |0.0524(30)

space group: C12/mi1 reliability factor bond distances (A)
lattice parameters: R, =7.25% 1.6839
a=9.3443(4) Ab = R . =10.69% V(Mo)-| 1.7180
_ wp ~ 4V 0
3.6461(1) Ac = o1 0 2.1833
6.6364(3) A o 1.8894

The XRD pattern of LiVMoOg could be indexed

on the basis of a monoclinic cell [ a=9.3443(4) A, b
= 3.64610(14) A, c= 6.63636(25) A,
a = 111.6382(10)°] and the space group of its crystal
structure is C12/m1. The sample could be synthesized
successfully in single phase, as evidenced from the
XRD refinement results. The layered structure of
LiVMO0oOg is shown in Fig. 2. LiVMoOg crystallizes in
the brannerite (ThTi,Og) structure which consists of
edge- and corner-sharing MOg (M = V or Mo)
octahedra. The negative charges on the M,Og sheets
are compensated by additional cations (Li) which
reside in the interlayer space [2].

The XANES spectra of LiVMoOs and the
standard samples at the V and Mo K-edges are shown
in Figs. 3 and 4, respectively. The differences between
the energy values corresponding to half height of
normalized absorption (Di x) can usually be used to
compare the oxidation states of the metal cations.
Hence, according to the chemical shift of LiVMo0Og
spectra, the oxidation number of the vanadium ion is
about 4.5+ (as shown in Fig. 3) while that of
molybdenum ion is 6+ (as shown in Fig. 4).

Moreover, the pre-edge feature can be assigned
to the forbidden transition 1sto 3d, the lower-energy
shoulder to the 1sto 4p shakedown transition and the
strong peak to the dipole-allowed transition 1sto 4p.
The initial 1s state being a gerade state, the 1sto 3d
trangition is dipole forbidden in the regular octahedral
VOg units with a center of inverson. When the
symmetry of the VO is lowered to distorted
octahedral (as in V,03) or distorted square-pyramidal
(as in V,0g), the inversion center is broken. The
pre-edge absorption becomes dipole alowed due to a
combination of stronger 3at4p mixing and overlap of
the vanadium 3d orbital with the 2p orbital of oxygen.




Fig. 2. Ideal crysta structure of LiVMoOg with
monoclinic cell (space group: C12/ml). Unit cel is
shown in the center. Part of each V(M0)Og octahedra
is shaded.

Fig. 3. Normalized V K-edge XANES spectra of
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Fig. 4. Normalized Mo K-edge XANES spectra of
LiVMoOg and those of the standard samples.

The intense dipole-allowed absorption occurring
in the pre-edge region of the vanadium K-edge in
LiVMO0Og is shown in Fig. 3. This is consistent with
the result of the XRD refinement (Table 1.) in the
manner of bond lengths between metal and oxygen.

The charge, discharge and cycling plotted in the
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form of potential vs. capacity are shown in Fig. 5. It is
observed that although the ratio of the discharge
capacity to charge in each cycle remains almost 95%
for 30 cycles, the absolute values of the capacities
were very low, 0.12 mAh/g.

Fig. 5. Typica charge and discharge curves of
LiVMOoOg at avoltage of 2.80-4.25 V.

Based on the chemical formula of LiVMoQOg that
is used for a cathode material, the theoretical capacity
is calculated to be 107 mAh/g, while the practical
utilizable capacity was 92 mAh/g for the first cycle,
which was reported by Michael et al. [1]. However,
based on our experimental results presented above, we
feel that LiVMoOg is not suitable as a cathode material
in rechargeable Li-ion batteries. The reasons are as
follows: First, since de-intercalation of positive lithium
ions from the crystal structure must be electrically
compensated by oxidation of V*** or Mo, this
suggests that even for layered structure phase, only the
amount of V*** contributes to the charge-discharge
capacity. As a result, the initial capacity of LiVM0Og
is limited by the intrinsic amount of V*** in the
material. On the other hand, the expected capacity
owing to V ions that can be oxidized seem to be much
less than the experimental result of Michael et al.
Second, as we know, the LiVMoOg phase has a
layered structure. When it is used for the cathode
materia in the Li-ion batteries and the charge current
is passed, the Li-ions are extracted during this period.
But it is reasonable to expect that the layered structure
needs a sufficient amount of Li ions in the lattice to
maintain the structure or else, the structure would
break down. Furthermore, it might be an irreversible
process. Therefore, coin type cells were also
assembled and cycled between 3.00 and 0.01 V. When
the cell was discharged, the potential rapidly drops to
reach a plateau, and then continuously decreases down
to 0.01 V as shown in Fig. 6. The amplitudes of three
plateaus are about 2.1-2.0 V, 0.6-0.5V and 0.2-0.01 V,
respectively. The total discharge capacity, averaged
over severa test runs, is about 1250 mAh/g which is
much higher than the capacities, about 370-800 mAh/g,
exhibited by many kinds of anode materials.
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Fig. 6. Typica discharge curves of LiVMoOg a a
voltage of 3.00-0.01 V.
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The capacity of the LiVMoQOg/Li cell on cycling
was also examined. The irreversible capacity of the
first cycle is about 450 mAh/g which means only
one-third lithium ions intercalated (or deposited) into
this layered material can be extracted out. From the
second cycle, the reversible capacity decayed
continuously until the fortieth cycle. After fortieths to
one hundredth cycle, the charge/discharge efficiency
of each cycle can maintain >95%. This phenomenon
implies that it is necessary for LiVMO0Og to activate its
reactivity by over-doping lithium ions through
electrochemical reaction. We aso think that it is
impossible to synthesis a LiuWMoOg (x>>1)
compound by the conventional solid-state reaction
method, which can exhibit good electrochemical
activity. In the other word, the layered material,
LiVMO0Og, should be seen as a starting substance
which is able to perform its good cyclability after
electrochemical treatment. Furthermore, we suggest
that the capability on cycling of the products of
LiVMoOg might be related to dramatic changing on
surface reactivity as well as its electrochemical
potential.

(b)Magnectic resistance materials of
(SrZ_XCaX)FeMOOg
The powder XRD patterns of the

(SroxCa)FeMoOg (0 O x [0 2.0) samples are shown in
Fig.7. Each composition of the series is single phase.
For the samples with x < 1.0 and x > 1.5, all the peaks
in each pattern can be indexed on the basis of a
tetragonal unit cell (space group: /4/mmm) and
monoclinic (space group: P2:/n), respectively. This
indicates that in the x = 1-1.5 region the structure
changes from tetragonal to monoclinic at RT.

The initial structurad models fitted with the
Rietveld profile method were based on SroFeMoQg for
x =0, 0.5 and 1.0 and Ca,FeMo0O; for x =1.5 and 2.0.
In Fig.8. (@ and (b) display the observed and
calculated X-ray powder diffraction profiles at 300 K
of (SroxCa)FeMoOg with x = 0.5 and 2.0. All the
observed peaks can be fitted with the reflection
conditions of the space groups /4/mmmfor x = 0.5 and
P24/n for x = 2.0, respectively. The idea crysta
structure of x = 0.5 with a tetragonal cell and x = 2.0
with a monoclinic cell at room temperature is shown
in the inset. The lattice parameters (a and ¢) and cell
volume (inset of Fig. 9.) decrease with increasing Ca
content as shown in Fig.9. which is due to the
substitution of the smaller Ca?* ions (1.34 A) for the
larger Sr** (1.44 A) cations. Importantly, these
structural parameters indicate that the structure phase
transition is continuous.
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Fig.7. XRD patterns of (Sr,.,Ca,)FeMoOs, indexed on
a tetragonal unit cell (/4/mmm) for x = 0, 0.5 ,1, and
indexed in a monoclinic unit cell (P24/n) for x = 1.5
and 2.0.

The transport properties of (Sr,..Ca)FeMoOg (X
= 0.5, 1.0, and 2.0) are illustrated in Fig.10. Both Ai(H
= 0) and A(H = 3T) show a semi-metallic behavior
over the whole temperature range, down to 5 K. The
observed value for x = 2.0, A (T = 300 K, H = 0), of
2x10°Q) cm is considerably smaller than that of the
Sr doped analogues (x = 0.5 and 1.0). The Ca-doped
samples which are characterized by a homogeneous
particle size, probably have an improved connectivity,
so that the measurements provide a Dbetter
approximation of the bulk (integrated) resistivity. The
more metallic behavior observed for the Ca-doped
materials suggests a higher degree of electronic
itinerancy.

The Fe L-edge XANES gpectra of
(SroxCa)FeMoOg (x =0, 0.5, 1.0 and 1.5) are shown
in Fig.11 (a). For comparison, the spectra of FeO,
Fe,0O; and Fe,0O; are also plotted. The spectra show
two broad multiplet structures separated by spin—orbit
splitting (of Fe 2ps, and 2py,). The chemical shift
does not vary significantly although the Fe profile
changes systematically when the Ca content is
increased from x = 0 to x =1.5. It is well established
that an effective Fe valence can be measured from the
peak width at the Fe 2p X-ray adsorption edge in FeO
and Fe,O;. We therefore adopted the same scheme to
obtain the Fe valence. As
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Fig.8. Rietveld fits to powder XRD data of
(SroxCa)FeMoOg with (@) x = 0.5; space group
I4/mmmand (b) x = 2.0 space group P2;/n, at 300K.
Observed (crosses) and calculated (solid line)
intensities are shown with the difference at the bottom.
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Fig.9. Lattice constants (a%nd ¢) as a function of x in
(SroxCa)FeMoOg (0 O x [ 2.0). Thecell volume asa
function of x isshown in the inset.
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Fig.10. Temperature dependence of resistivity of the
(SroxCa)FeMoOg (x = 0.5 and 1.0) samples. Effect
of amagnetic field of 3 T is shown.

deduced from Fig.11 (a), the Fe vaence is much
greater than 2+ but less than 3+ over the range of Ca
substitution. From the chemica  formula
(Sro.xCa)FeMo0Qg, assuming oxygen stoichiometry, if
the valence of Fe is 2+y, then Mo should formally be
in the 6y sate. In Fig.11 (b), the Mo M-edge
absorption spectra of (Sr,.,Ca,)FeMoOg aong with

Fig.11l. (a) Fe 2p-edge X-ray absorption near edge
structure spectra of FeO (Fe?"), Fe,0; (Fe*®™), Fe,0s
(Fe*) and (Srp.«Ca)FeMoOg (x =0, 0.5, 1.0 and 1.5).
(b) Mo 3p-edge X-ray absorption near edge structure
spectra of MoO, (Mo*™), MoO; (Mo®) and
(Sro..xCa)FeMoOg (x =0, 0.5, 1.0and 1.5).

those of MoO, (Mo*), and MoO; (Mo®) standards
are shown. The intense peaks at the Mo M-edge onset
involve 3p-core to 4d fina-state transitions. These
features can provide a probe of the 4d states, albeit
modified by transition matrix element,
core-hole-interaction and multiplet effects. Two strong
spectral features are clearly visible in the MoOs;
standard: the low energy peak (A), due to the 3pto 4d
by excitations; and the high-energy pesk (B), due to
3pto 4d.4 excitations. A clear decrease in the relative
(B)-feature strength strongly supports the Mo-valence
reduction with the increasing Ca-content. Moreover,
the Mo valence is consistent with a significant value of
y<1 in the formal value of 6-y. Hence, an increase in
Ca content will tend to valence states of Fe (3¢f) and
Mo (4d") to 2*~3" and 5'~6", respectively.

To discuss the anticipated half-metallic features,
we first show the electronic structures of double
perovskites (SroCa)FeMoOg (x = 0 and x = 2.0),
calculated by the full-potential augmented plane-wave
(FLAPW) method. The calculations were based on the
Rietveld refined models of x = 0 with the tetragonal
unit cell and x = 2.0 with the monoclinic unit cell. The

DOS (states/eV/(f.u.)
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density of states obtained by this calculation is shown
in Figure 12 (a) for x = 0 and 11 (b) for x = 2.0. At the
Fermi level (Ef), the density of states is non-zero only
in the spin-down band. The occupied spin-up band just
below E- mainly consists of Fe 3d electrons forming
the localized spins on the Fe sites. In contrast, the
spin-down band around Er is made up of hybridized
Fe 3d t,; and Mo 4d t,gstates. The predicted electronic
features for SroFeMoOg resembles those calculated by
Kobayashi et al. [3] and Fang et al. [5] Compared to
Sro,FeMoQg, the change in the spin-up band of
Ca,FeM0Qg is minor, but the change in the spin-down
band is significant. A splitting of the hybridized Fe 3d
by and Mo 4d b,y bands is observed in Ca,FeMoOg for
the first time, which may be due to the decrease in of
structural symmetry compared to that of SroFeMoQs.
Moreover, the density of sates of the
(SroxCa)FeMoOg (x = 2.0) sample in the spin-down
band has a loca peak at E- and so is strongly
enhanced (by 1.5 times) compared to the x = 0 sample,
which is consistent with the resistivity results (the x =
2.0 sample has a higher conductivity than the x = 0
sample).

Conductivity in this system can be viewed as
arising from electron transfer from Fe** to Mo® so the
influence of Ca content x on the charge transfer y in
(SroxCa)Fe?YM0®YO; is very important. A simple
predictor for the change iny isto compare the sums of
ionic radii for the extremes of y. For y = 0, r(Fe*") =
0.78 A and r(Mo®") = 0.59 A and their sumis 1.37 A;
aty =1, r(Fe*) = 0.645 A and r(Mo°") = 0.61 A giving
a sum of 1.255 A. Hence, an increase in Ca content
will tend to shift the charge balance towards Fe*+
Mo™ as this alows the transition metal oxide
framework to contract, and so y increases with x. This
increase in band overlap is supported by our
conductivity, XANES and band calculation results.

Fig.12. Thetotal and site-decomposed density of states
(D.O.S) of (SroxCa)FeMoOg (a) x = 0 and (b) x =
20

Fig. 12. The total and site-decomposed density of
states (D.O.S) of (Sr,Ca)FeMoOg (a) x = 0 and (b)
x=20

T~ B

LiVM0oOg was successfully synthesized using
the conventional solid-state reaction method. We have
shown that LiVMoQOg does not possess good structural
characteristics for a lithium half cell (Li / LiVMoQsg)
as a cathode in non-aqueous electrolyte environment.
Furthermore, we suggest that LiVMoOg may instead
be considered as an anode material of choice for
developing  rechargeable  lithium-ion  battery
technology.

The increasing Ca-content in (Sr,.,Ca)FeMoOg
samples increases the magnetic moment close to the
theoretical value due to a reduction of Fe/Mo anti-site
disorder. An increase of conductivity with Ca-doping
is also observed resulting from an increase in the Fe
3d-Mo 4dband overlap. Thisis explained from ssimple
ionic size arguments and is supported by XANES
spectra and band structure calculations. We conclude
that the chemical pressure effects of doping Ca from
Sr site is an important factor in control the charge
transfer and hence the electricd and magnetic
properties of the magnetoresistive Sr,FeMoOg type
materials.

TP EERAE

We have reached the goals of the research plan,
some parts of the results have been publicized in
scientific journals[6-21].
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Taiwan, R.O.C.

L. Woodall and M. Gerards
Merck KGaA, Darmstadt 64271, Germany

Abstract

In recent years, the focus of research on high-T. superconductors has
shifted towards the use of these materials in practical applications.
Superconducting tapes and wires have the potential for use in power
transmission. After fabrication, the tapes are subjected to mechanical and
thermal treatments, causing changes in the phase assemblage to occur within. It
is therefore of paramount importance to understand the behaviour of the
precursor powders under different heat treatment schedules. In this paper, we
present our studies on precursor powders with the nominal starting composition
Bi1 7Pbo.4Sr1sCa 2Cus ,0, synthesized by spray pyrolysis. By a combination of
X-ray diffraction and magnetization studies, we have identified a ‘mature
heating schedule, by which we can control the Pb content in the (Bi,Pb)-2212
precursor powders, which we take as the schedule for optimum conversion to
the (Bi,Pb)-2223 phase.
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1. Introduction

Since the discovery of high- 7c superconductivity in Bi,Sr,Ca,.1CunOones [1],
intense research activity has led to the discovery of several new phases in this
system. While most of the subset members seem to be non-superconducting, the
n =1 2 and 3 members (also known as 2201, 2212 and 2223) show
superconductivity with transition temperatures ( 7¢) around 6 K, 85 K and 110 K
respectively [2]. The Bi-Sr-Ca-Cu-O system possesses a very complex phase
diagram and synthesis of single-phase members with higher values of T7¢ is
difficult due to the problem of intergrowths. The phase field is further
complicated due to the addition of an extra element, Pb, which is necessary to
stabilize the n = 3 member of the above-mentioned series[3].

From the point of view of practical applications, power transmission with
negligible loss is an area where high- 7c superconductors have a great potential.
The proposed devices are tapes and wires, which are usually manufactured by
the powder-in- tube method where the precursor powder is densely filled into
Ag tubes and drawn into the necessary shape. The products are then subjected
to different mechanical and thermal processes.

The n = 3 member, i.e., the (Bi,Pb),Sr,Ca,CusO, phase, is of choice due
to its high 7c and J: values. However, synthesis of this composition in single
phase is difficult. Different phases in the phase diagram coexist at different
temperatures and it is very important to understand the influence of the
fabrication conditions on the phase assemblages; such knowledge would help in
optimizing the phase of choice while minimizing additional phases. Since the
tapes and wires are subjected to various heat treatments in the fabrication
process, it is desirable to start with a suitable precursor powder and let it
convert to the (Bi,Ph)-2223 phase inside the tape or wire.

This study aims at understanding the effect of different processing
conditions on the precursor powders towards conversion to 2223. In the first
step, we had undertaken a comparative study of the different synthesis methods
[4] and concluded that the powders prepared by the method of spray pyrolysis
are most suitable for conversion to the (Bi,Pb)-2223 phase. In this paper, we
report heat-treatment studies on the phase Bi; 7Py 4Sr1 sCap 2Cu; 20, and suggest
a ‘mature’ heating schedule, which we take as the schedule for optimum
conversion to the (Bi,Pb)-2223 phase.

2. Experimental

The  precursor  powder with the nomina composition
Bi1 7Po.4Sr1 sCa, 2Cus .0y was synthesized by the method of spray pyrolysis [4]
at Merck KGaA. Different batches of the ‘as-prepared’ powders (i.e., those
obtained from the spray pyrolysis unit) were heat-treated at 730°C and 800°C
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for 24 h each and then at 810°C for 12 h with intermediate grindings. Following
this, they were heated at 820°C for varying durations. For conversion to the
(Bi,Ph)-2223 phase, the powders were heated at 842°C for 12, 24, 48 and 72 h.
Powder X-ray diffraction (XRD) patterns were recorded after each heat
treatment on a Scintag D1 powder diffractometer. The diamagnetic behaviour
was studied by means of DC magnetic susceptibility, measured on a SQUID
magnetometer (Quantum Design).

3. Resultsand Discussion

Fig. 1 shows the powder XRD patterns of the as-prepared sample and after
initial treatments at 730°C and 800°C for 24 h each and at 810°C for 12 h. After
the 730°C treatment, the sample consists mostly of the 2201 phase, with
CaPbO, (CP) present as the magjor secondary phase. After the treatments at
800°C and 810°C, the 2212 phase evolves as the mgjority phase, with CP as the
secondary phase. Following the treatment at 810°C, the powders were heated at
820°C for 12, 24 and
36 h, followed by treatments at 842°C for varying durations. The treatment at
842°C isfor the conversion to the (Bi,Pb)-2223 phase.

Fig. 2 shows the low-angle (002) reflection in the XRD patterns of the
powders after treatments at 800°C, 810°C and 820°C. As can be seen, thereisa
shift to lower 2q with increasing temperature and time, indicating that the larger
Pb™ ion substitutes the smaller Bi®* site [5]. Our heat treatment schedule thus
offers a method of controlling the amount of Pb in the (Bi,Pb)-2212 precursor
powder, which may be an important factor in the optimum conversion to the
2223 phase.

Fig. 3 shows the XRD patterns of the powders after treatment at 820°C
for 12, 24 and 36 h, followed by heating at 842°C for 72 h (three treatments
each of 24 h with intermediate grindings). It can be seen that when the powder
IS heated for a longer duration at 820°C, the XRD pattern shows extra
reflections (indicated by arrows in the figure) indicating the appearance of
impurity phases. Thus, we find that a shorter duration of treatment at 820°C for
12 hisideal.

In the process of conversion to the 2223 phase, samples heated for
durations of 24 h or less show the presence of the 2212 phase and hence a
longer duration of heating is necessary. Samples heated at 820°C for 12 h
followed by treatments at 842°C for 72 h show nearly single phase 2223, with
CP as the minor secondary phase.

Fig 4 shows the temperature variation of magnetization for the samples
treated for different durations at 820°C and 842°C. The samples for
susceptibility measurements were carefully weighed and nearly the same mass
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of the sample was used for each run so that the magnitude of the signa is
proportional to the superconducting volume fraction. It can be seen from Fig. 4
that with increasing duration at 820°C, the strength of the diamagnetic signal
decreases, showing a decrease in the superconducting volume fraction, which is
probably due to the appearance of an impurity phase. Thisis in agreement with
the result obtained from the XRD study.

The two curves on the right side of the Fig. 4 are after conversion to the
(Bi,Pb)-2223 phase. Again, it can be seen that the magnitude of the signal is
larger for the powder heated for 72 h at 842°C, showing that a combination of
lower heating times at 820°C and longer durations at 842°C is favourable for
optimum conversion.

In conclusion, we find that for the precursor powder with the composition
used in the present study, treatments at 730°C, 800°C, 810°C and 820°C,
followed by heating at 842°C is suitable for conversion to the (Bi,Pb)-2223
phase. We suggest this schedule as the ‘mature’ schedule for precursor powders
with the composition used in the present study. Powders heated for longer
durations at 820°C show the growth of additional phases.
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Figure Captions

Fig. 1 XRD patterns of the powders at different stages of the heat treatments.
The vertical bars at the bottom of the figure indicate the calcul ated peak
positions for each phase.

Fig. 2 Thelow-angle (002) reflection in the XRD patterns of powders after
treatments at 800°, 810°C and 820°C.

Fig. 3 XRD patterns after treatments at 820°C for different durations, followed
by treatments at 842°C for 72 h.

Fig. 4 Temperature variation of magnetization at different stages of the heat
treatments.
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