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Size-induced structural transitions in the Cu-O and Ce-O systems
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We have studied the effect of reducing the particle size on the crystal structures of copper oxide and cerium
oxide. Below 25 nm, the cubic GO is found to be more stable than the monoclinic CuO. This confirms an
earlier conjecture that the ionic character of a solid tends to increase with a reduction in the particle size. As a
result, high-symmetry crystal structures are more likely to be stable at smaller sizes. For cerium oxide, the bulk
(cubig CeO, phase remains stable down to 4.8 nm and, as expected, does not undergo a transition to any of the
other available structures with lower symmetry.

I. INTRODUCTION cuprategwhich include the oxide superconductprghe sec-
ond system chosen was cerium oxide, which may exist as
The study of finite-size effects in various classes of smallCeO (cubic), Ce0; (hexagonal CeG, (cubig), and Cg0O;4
solids has recently acquired great significance since mangmonoclinig. A comparison of the results in these two sys-
such systems have important applications, such as in catalyems can be expected to clarify the relative importance of
sis, sensors, magnetic recording, magnetic fluids, electronichanges in lattice symmetry, ionic-covalent character, and
and optical materials, and as precursors for high strengtbxygen stoichiometryvalence with a decrease in the crystal
materials. These systems are also very interesting from theize.
point of view of basic physics. From a study of several dif-
ferent categories of nanocrystalline oxides, we have recently
proposed the following general ruten a majority of par-
tially covalent oxides, the unit-cell volume increases with a
decrease in particle size and the lattice gets distorted in such To rule out any process- or precursor-dependent effects,
a way that thecrystal symmetry tends to increada some  nanoparticulate CuO was synthesized by two different
casegsuch as Fg;,%2 Al,0;,! Zr0,,® and BaTiQ (Ref. 4],  routes: rapid liquid dehydration and precipitation. The liquid
the lattice distortion that occurs with decreasing size is largelehydration process involves fast nucleation of fine particles
enough to induce a transition to a more symmetric crystafrom an aqueous solution of copper citrate. Distilled acetone
structure. In most other cases, there is simply a size-inducedas used as dehydrating agent since it has a high solubility
reduction in an asymmetry parameter. Many importantfor water but not for copper citrate. The copper citrate pre-
physical propertiegsuch as the transition temperature andcursor thus obtained was calcined to produce copper oxide.
the magnitude of the order parameter in cooperative systemSamples with different average sizes were obtained by
are affected significantly by such changes in the size andhanging the solution concentration and the calcination con-
symmetry of the crystallographic unit cell. It was earlier ar-dition. The second route involved the precipitation of copper
gued that the size-induced increase in the crystal symmetry i@xalate from a solution of copper acetate at a constant pH of
related to an increasing ionic character of the sbile now  ~2.0. The oxalate was converted to oxide by heating and the
provide a direct confirmation of this conjecture. particle size was controlled as before.
In some of the oxides, there is—in addition to the sym- Cerium oxide nanoparticles were synthesized by a modi-
metry change—a variation in the oxygen stoichiometry withfied sol-gel method from a solution of Q¢05;);-6H,0. A
a reduction in the crystal size. As an example, for the threstable suspensioitsol) of Ce&OH); was gelated using a
high-T, oxides in which finite-size effects have been chemical dehydrating agent together with a surfactant. The
studied [viz., La; gsSKCuQ,,° YBa,CuO; ;5 and  gelated material was dried and calcined at different tempera-
Bi,Sr,CaCyOg,, (Ref. 6], the oxygen number decreases tures to obtain different sizes of cerium oxide nanoparticles
monotonically with a reduction in size. Here, we attempt to(ranging in size from 5 nm to aboutAm).
test the generality of this effect. Chemical phase analysis was carried out by powder x-ray
In the above context it is interesting to study finite-sizediffraction (XRD) using a Jeol JDX 8030 instrument. The
effects in CuO, a strongly covalent oxide with a low- coherently diffracting domain sizédyrp) was calculated
symmetry (monoclinig structure. The other commonly oc- from the width of the XRD peaks under the Scherrer
curring oxide of Cu, CyO has a high-symmetrycubic approximatiofi (which assumes the small crystallite size to
structure and a lower anion/cation ratio. The oxides of Cu arde the only cause of line broadenjngfter correcting for
also interesting in their own right. In addition to both CuO instrumental broadening. The equivalent spherical diameter
and CyO being semiconducting, they provide a relatively (dggr) of the powder samples was calculated from the spe-
simple reference system for the study of the complexcific surface area measured by the Brunauer-Emmett-Teller
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FIG. 1. Dependence of the particle si@herently diffracting
XRD domain siz¢ of CuO and CyO phases on the calcination time
of the copper citrate precursor produced by rapid dehydration. Al
the samples were calcined at 400 °C.

(gas adsorptiontechniqué using a Quantachrome Quanta-
sorb Jr. instrument.

Ill. RESULTS AND DISCUSSIONS
A. Size effects in copper oxide

Heating the citrate precurs@roduced by rapid dehydra-
tion) at 250 °C results in a mixture of G0 and CuO. The
percentage of GO in the mixture was found to decrease
when either the calcination temperature or the calcinatiot
time was increased. We observe, however, that though th
particle size of CuO increases gradudlisom 30 to 55 nm
with heating time, that of C/© remains approximately con-
stant atdygrp~25 nm (see Fig. 1 The figure refers to
samples obtained from the same starting solution concentr:
tion (0.5 M) and calcined at 400 °C for different times. The
above result possibly indicates the existence of a critical pat
ticle size up to which the GO phase remains stable. Any
further growth in size due to thermal aggregation leads to i
conversion to CuO.

Transmission electron micrographs give us a direct idea ¢
the particle size and its distribution. Most particles fall in the :
12-18 nm range in the sample heated for 10 min at 400 °( (b)

[Fig. 2(@)]. The size range is largé20—50 nm in the sample
heated for 120 min at 400 °{FFig. 2(b)] due to the presence
of sm_all CyO and Iarge_r CuO partld_es- Note that Fhe X_RD_ FIG. 2. Transmission electron micrographs of the CuQecu
technique appears to slightly overestimate the particle size in f d by heating th 400 °C(&r10 mi
these cases. system formed by heating the precursor at (8r10 min

. . . and(b) 120 min. The instrumental magnification wa<40 000 in

_ The results are egsennally _S|_m|If':1r for_copper oxide pary i cases(Approximate scale: micrograph widt514 nm)
ticles prepared by direct precipitation. Figure 3 shows the
XRD patterns of these samples after calcination at 250 °Ghat the increase in crystal symmetry that occurs with reduc-
(15 min) and 350 °C(15 min). The relative enhancement of ing size is related to a size-inducedgativepressure effect
the CyO phase at low particle sizes is obvious. The forma-as evidenced by an expansion in the unit-cell volume
tion of Cy,0, therefore, appears to be a size-induced pheHigh-pressure measurements in transition-metal oxides indi-
nomenon which is independent of the process and the preate that the covalence increases with increasing preS$sure.
cursor. We therefore postulated that a reduction in particle size

Figure 4 shows that the size-induced transition from theshould result in an enhancement in the ionic character of the
low-symmetry CuO phase to the high-symmetry,Giphase system and a consequent tendency towards structures of
is accompanied by a sharp increase in the unit-cell volumeomparatively higher symmetry. This argument is directly
(calculated per formula unitWe have previously suggested supported by the present results since@w-in addition to
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FIG. 3. X-ray diffractograms from samples prepared by the cal-
cination of copper citrate precursors at 250 °C for 15 rfawer
curve and 350 °C for 15 min(upper curvé The upper spectrum
shows the characteristic diffraction maxima for CuO only, while the
lower one shows lines from CuO as well as,Oumarked with®).

FIG. 5. X-ray diffractograms for CeQOsamples produced by
calcining the precursor at 100 °C for 15 milower curve and at
1000 °C for 10 h(upper curvé The upper spectrum represents
single phase, bulk Ceddger=684 nmj, and there is no observable
phase change down to 4.8 nafse7) as can be seen from the lower
being more symmetric—is also more ionic than CuO, as calspectrum.
be shown from Fajan’s rules of ionic polarizabilify.

It is probably a coincidence that some of the higher-process, then a size-induced structural transition to either the
symmetry structures(including CyO), which are more oxygen-deficient phase g@;; (low-symmetry or to CeO or
stable at low particle sizes, are also oxygen deficient comee,O, (both cubig could be expected. But if an increase in
pared to the corresponding “bulk” phases. To understand theymmetry is the more important effect of size reduction, then
role of oxygen in such size-induced structural changes, wgypic CeQ should not undergo a change in its crystal struc-
performed a complementary experiment involving ceriumy,re with decreasing size. But even a conversion to cubic
oxide. CeO is unlikely, since its unit-cell volun@®.329 nn) is less
than that of Ce©(0.396 nni), and our earlier resuft$ in-
dicate that the unit-cell volume tends to expand as the par-

The stable, “bulk” phase of cerium oxide is cubic CeO ticle size is reducednegative pressure effect
If a release of oxygen is a necessary part of the size reduction We used the sol-gel technique to produce ultrafine par-
ticles of cerium oxide with various average sizes down to 4.8
nm (dget). Calcining the precursor at 1000 °C for 10 h leads
0.04 - to single phasgbulk) CeQ, with dggr=684 nm, while cal-

O ® Cuo cining at 100 °C for 15 min still leads to completely single
phase Ce@with dgz=4.8 nm(Fig. 5). Clearly, the high-
symmetry cubic phase remains perfectly stable with a de-
crease in size and does not transform to any of the other
known phases with lower oxygen stoichiometry.

B. Size effects in cerium oxide

O Cu,0

0.03

(cell volume)/Z (nm?3)

IV. CONCLUSION
0.02

A size-driven transformation to higher-symmetry struc-
tures appears to be quite common in covalent or partially
' ' T covalent oxides. We have provided experimental evidence to

20 40 60 80 100 200 show that the high-symmetry phase that is more stable at
particle size (nm) lower sizes is less “covalent” than the bulk phase. An en-
hanced oxygen mobility and a reduction in the oxygen num-

FIG. 4. Variation of the normalized unit-cell voluriper for-  ber, on the other hand, does not appear to be a direct result of
mula uniy with the XRD domain size in the CuO-@D system. size reduction.
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The possibility of producing a predictable change in thecalcined sample below the critical size associated with the
symmetry of a chemical phase has important potential appliformation of CyO.
cations, and the synthesis of £ itself provides an ex-
ample. The usual method prescribed for the formation of
Cu,0 involves thermal reduction of CuO above 1100 °C.
Nanoparticle routes could be used as novel alternative tech- We thank Professor R. Vijayaraghavan for his support and
niques for synthesizing GO at much lower temperatures. encouragement and acknowledge the technical assistance
This should be made possible by proper optimization of theprovided by Mr. R. M. Wankar. We also thank Professor R.
process conditions so as to maintain the particle size of thdl. Singh for the TEM measurements.
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