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Solid-state kinetics and reaction mechanisms for

the formation of Y,Cu,0O;
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The kinetics of Y,Cu,Os formation by the solid-state reaction between Y,03; and CuO were
followed by quantitative X-ray powder diffraction, the initial nucleation stages being probed
by EPR spectroscopy. Analysis of fractional reaction versus time data showed a best fit to the
mathematical model of Jander, with an activation energy of 58.2 kcal mol . Preliminary
comparative studies, employing different preparative routes; coprecipitation, accelerants

and combustion synthesis are also reported.

1. Introduction
The kinetics and mechanism of formation of cuprate
superconductors e.g. YBa,Cu;0O- are not as yet fully
discussed in the literature. The solid-state reaction be-
tween Y,0;, CuO and BaCO; would appear most
complex, and traditional techniques such as thermo-
gravimetry and differential thermal analysis do not
allow complete mechanistic elucidation. During syn-
thesis of polycrystalline superconducting Bi,Sr,CuO,,
Ghinga et al. [1] have established a clear correlation
between kinetic factors and product composition dur-
ing standard solid-state synthesis. The rate of product
formation in additive solid—solid reactions may be gov-
erned by diffusion of reactants through a continuous
product layer, nucleation of the product at active sites
and growth of nucleated particles, or reactions at phase
interfaces. Mechanisms such as those of Jander [2],
Ginstling and Brounstein [3] and others [4] have been
proposed for solid-state reaction, each of which varies in
the initial assumptions used in their derivation.
Extensive experimental evidence has led to the
widespread - belief that solid-state reactions are

initiated at nucleation sites, followed by growth of

a reactant product interface which advances into the
unreacted precursor [5]. Commonly, kinetic data
from solid-state reaction is expressed in terms of the
fractional reaction completed (o) as a function of time
in an isothermal reaction [5] i.e. o = f(kt) where k is
the kinetic rate constant. Typically, fitting isothermal
data to established rate equations derived from
geometric considerations is an accepted means of
establishing the applicability. of a particular model.
Ultimately, we would expect to comment on the
mechanism of reaction.

In this work, a common parasitic phase frequently
observed during synthesis of YBa,Cu;0,, namely
Y,Cu,05 (often referred to as “blue phase”), is chosen
as a starting point with which to initiate a study
of reaction kinetics within this system. The binary,
semiconducting Y,Cu,0s, is readily formed by reac-
tion of Y,0O3 and CuO [6], and has been extensively
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investigated from a magnetic viewpoint, exhibiting
both ferromagnetic and antiferromagnetic interac-
tions [7, 8, 9]. Structurally, Cu** ions are linked by
Cu-O-Cu bridges with 90° bond angles forming
chains of Cu,0g5 dimeric units. It is proposed that
ferromagnetic ordering exists within the chains, which
order antiferromagnetically at low temperatures
(ca. 13 K). The manipulation of the magnetic proper-
ties of this phase by chemical substitution, has recently
been reported by Su and coworkers [10].

In general, we would expect kinetics and mecha-
nism to be inextricably linked to the type of synthetic
route employed. Preparation of high-T, superconduc-
tors and related cuprate insulators, is most commonly
undertaken using the conventional ceramic method,
which necessitates time-consuming regrinding and re-
peated firing in order to optimize solid phase reaction.
Even following this process the final compound is
often compositionally inhomogeneous, with a large
grain size distribution, ultimately contributing to low
measured critical currents. Various wet-chemical and
sol—gel routes [11] (well established in the advanced
ceramics field [12]) have also been exploited which
facilitate mixing on the atomic level, producing mater-
ials of superior quality. Furthermore, a number of
papers have apppeared based on an adaptation of a

“combustion method first introduced by Merzhanov

and Borovinkaya [13], and involve combustion of
redox mixtures containing the constituent metal ni-
trates, and a fuel such as urea [ 14, 157, glycine [15, 16]
or more recently maleic hydrazide (3,6 dihydroxy-
pyridazine) [17]. Formally, the term “combustion syn-
thesis™ also incorporates routes involving self-sustain-
ing reactions initiated by an external heat source,
these are sub-divided into “self-propagating high-tem-
perature synthesis” and “thermal explosion” methods
[18]. A specific feature of “wet-chemical” or “combus-
tion” derived oxide precursors in general, is an
extremely fine grained microstructure, which would
be expected to profoundly influence reactivity and
sintering and hence reaction kinetics.
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In order to gain an insight into the reaction kinetics
and mechanism of Y,Cu,0; formation, we used a
combination of conventional quantitative powder
X-ray diffraction (XRD) and electron paramagnetic
resonance (EPR) spectroscopy to monitor phase
formation and to make an assessment of the probable
reaction mechanism, with reference to published
models. Quantitative XRD data was analysed accord-
ing to a range of kinetic functions and activation
energies calculated. We further exploited this ap-
proach to probe the effectiveness of alternative
synthetic routes including the use of wet-chemical
precursors, combustion synthesis and low-melt accel-
erants (e.g. NaNO;).

2. Experimental procedure
Samples of Y,Cu,0O5 were prepared by four routes:

(i) Ceramic method Stoichiometric amounts of ana-
lytical grade Y,0; and CuO were milled in a cyclo-
hexane slurry, dried and fired in alumina crucibles at
1023, 1048, 1073 and 1098 K for various reaction
times.

(i) Coprecipitation 0.1 M sodium hydroxide solu-
tion was added slowly with constant stirring to an
aqueous mixture of equimolar yttrium (III) and cop-
per (II) nitrates with the pH being maintained at 11.5.
The necessity for careful pH control at this stage, has
been discussed elsewhere [197]. The blue precipitate
was filtered, washed and dried at 433 K for 4 to 6 h,
followed by decomposition to the constituent oxides
at 823 K for 18 h. The powder was pressed into pellets
and sintered at 973, 998 and 1048 K for different
reaction times.

(i1i) Combustion synthesis this uses an aqueous solu-
tion containing stoichiometric mixtures of metal ni-
trates which act as an oxidizer and a fuel — maleic
hydrazide. Combustion was carried out at 623 K in
a muffle furnace; the resulting voluminous oxide mix
was fired according to the conditions under investiga-
tion.

(iv) Ceramic method with accelerant NaNO; was
added to a stoichiometric mixture of Y,O3 and CuO.
The sample was initially heated at 873 K followed by
pelletizing and firing as in (i).

Scanning electron micrographs of representative
samples produced by each method clearly showed
the combustion route to yield the smallest grains
(1-2 pm) and narrowest size distribution. The hy-
droxide derived particles were slightly larger, al-
though fairly uniform, whereas the microstructure of
samples produced by solid state synthesis revealed
a wide range of sizes (typically 2-10 pm) and mor-
phologies.

Powder XRD measurements were carried out using
a Phillips PW3020 diffractometer employing Cuk,
radiation. Quantitative measurements used TiO,
(anatase) as an internal standard, facilitating calcu-
lation of fractional reaction (o). Constant step size
was used for all samples. Peak areas were calculated
at reflections 26 = 25.180 (TiO,) and 26 = 31.170
(Y,Cu,0Os). Fig. 1 illustrates the components of a typi-
cal XRD pattern used to calculate o values.
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Figure 1 X-ray powder diffraction pattern for a mechanical mix
used for quantitative measurement; the TiO, reflection is labelled
8

X-band (9.1 GHz) EPR measurements were ob-
tained using a Bruker ESP-300E spectrometer, with
all samples being sealed in Suprasil quartz tubes.

3. Results and discussion

X-band EPR spectra of a sample confirmed as
Y,Cu,05 by XRD revealed a broad symmetrical res-
onance at g = 2.10, with a peak-to-peak linewidth of
ca. 600 G. This was in accord with previously pub-
lished data [20]. However, a markedly different spec-
trum was obtained from a sample reacted at 1023 K
for only 15 min (Fig. 2), well defined °¥°>Cu (I = 3/2)
electron-nuclear hyperfine coupling is resolved along
with a clear g-tensor anisotropy. As the firing temper-
ature is increased, the hyperfine features progressively
coalesce until the single line spectrum discussed above,
is detected. Loss of metal hyperfine structure is a con-
sequence of decreasing magnetic dilution, and the
onset of exchange coupling. We suggest the 1023 K
response 18 characteristic of the initial stages of phase
formation, presumably corresponding to initial nu-
cleation at defects or grain boundaries, where indi-
vidual Cu®?* moments are fairly isolated. Following
accepted thinking, product formation follows by ac-
tive interface motion into unchanged reactant, where
chemical reaction takes place. We suggest that the
EPR response is mirroring this process, and providing
a probe of the solid state reaction at the microscopic
level, where more conventional methodology XRD,
thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC} etc. cannot provide informa-
tion.

Fig. 3 shows isothermal o-time curves for the
formation of Y,Cu,0Oj; at a range of temperatures, the
data was analysed using standard computer fitting
procedures according to the models listed in Table L
XRD traces were compared with a Y,Cu,O5 stan-
dard, formed by reaction of Y,O3 and CuO at 1223 K,
for 72 h. This sample showed no trace of starting
materials as guaged by XRD, and was used to define
the reaction at 100% completion. The best fit obtained
was to the Jander equation which is based upon inter-
diffusion between two flat slabs of reactant, and was
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Figure 2 First derivative X-band (9.1 GHz) EPR spectrum, mea-
sured at room temperature for a mixture of Y,05 and CuO fired at
1023 K for 15 min.
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Figure 3 Isothermal plot of percentage of reaction completed for
the formation of Y,Cu,Os5 at a range of temperatures. A 1098 K;
¢ 1073 K; V 1048 K; © 1023 K.

TABLE I Solid state reaction models, adapted from reference [4]

Reaction models Kinetic equations

kEt = o?
kEt=o+ (1 —o)ln(l — o)
kEt =[1—(1 — a)'/?]?

One-dimensional diffusion

Two-dimensional diffusion

Jander equation, three-dimensional
diffusion :

Dunwald—Wagner equation

Ginstling-Brounstein equation,
three-dimensional diffusion

Two-dimensional phase boundary
reaction

Three-dimensional phase boundary
reaction

First order kinetics

Random nucleation, Avrami
equation

Random nucleation, Erofeev
equation

kEt = 6/Inn*(1 — o)
kEt = (1 — 2/30) — (1 — o)*®

kEt =[1 — (1 — 0)*/2]
kEt =[1—(1 — 0)'3]

kEt = [ — In(l — aj]
kEt = [ ~ In(1 — o)]*/?

kEt = [ —In(1 — o)]*"3

kEt = reaction rate constant, ¢ = reaction time (min)
o == fraction of the reaction completed.

the first successful model for solid state reactions,
which, (although attracting criticism [21]) has proved
applicable in many cases [4]. Indeed, the applicability
of this model over a range of firing temperatures
is clearly illustrated in Fig. 4. Consideration of the
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Figure 4 Formation of Y,Cu,05 as a function of temperature,
according to the Jander diffusion model. Key as shown in Fig. 3.
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Figure 5 Temperature dependence of rate constants, obtained using
the Jander model.

TABLE II Comparison of different synthetic techniques at
1048 K (firing time 1 h)

Synthetic route a-value
Ceramic 9.375
Precipitation 24.86
Accelerant 29.22
Combustion 67.542

temperature dependence of the rate constants ob-
tained on the basis of the Jander model (Fig. 5) gave
a calculated activation energy of 58.2 kcalmol ™ *. Fur-
thermore, we also point out that the next best fit was
with the Ginstling-Brounstein equation, which is
again a diffusion based model. This similarity, to-
gether with poor fits to models based on phase-bound-
ary reaction, nucleation etc., suggest the reaction of
yttrium oxide and copper(Il) oxide in the solid state is
diffusion controlled.

Quantitative XRD studies were also used to pro-
duce a comparison of o values obtained by a range of
synthetic methods (Table II). Here we clearly observe
significant rate enhancement for the “wet-chemical”
methods, particularly the combustion technique, re-
flecting the small particle size of the reactant, which
enables more extensive interfacial reaction and small-
er distances for reaction front motion. One notable
example where kinetic contraints on synthesis are
overcome, is during preparation of superconducting

3055



YBa,Cu,Og, where kinetic demands require high oxy-
gen overpressures for conventional ceramic synthesis,
but additives such as alkali nitrates or carbonates
(where intergranular ionic diffusion is enhanced by the
molten additive) [22,23] or the use of sol-gel meth-
odology [24, 25], facilitate ambient pressure synthesis,
in high yield. It is apparent that the preparative ap-
proach employed will control the formation mecha-
nism and modify the activation energy. In this regard,
studies of the kinetics of reaction via wet chemical and
combustion methods (with a natural extension to the
superconducting cuprates themselves) are currently
underway in our laboratory.

4. Conclusions

'The results of this study have shown that the solid-
state reaction between Y,0; and CuO is diffusion
controlled, with the Jander model providing the most
suitable fit to our data. Quantitative powder XRD
proved an ideal means of monitoring the progress of
reaction, the paramagnetic nature of the product en-
abled EPR spectroscopy to probe the initiation of the
reaction down to product levels far below the XRD
detection limits. Certainly, the availability of a conve-
nient means of providing mechanistic information,
would reduce the usual “trial and error” approach to
obtaining compositionally homogeneous supercon-
ductors via solid-state synthesis or other routes, and
underpin future developments in synthetic methodol-

0gy.
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