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Structural transformation in nanosized zirconium oxide

M. Jouanne, J. F. Morhange, and M. A. Kanehisa
Laboratoire des Milieux Dsordonne et Heerogenes, Unitemixte UPMC-CNRS, UMR7603, Universiéerre et Marie Curie, case 86,
4 Place Jussieu-75252 Paris’ @ex 05, France

E. Haro-Poniatowski, G. A. Fuentes, E. Torteand E. Hernadez-Tellez
Division de Ciencias Bsicas e Ingenieria Universidad Autonoma Metropolitana Iztapalapa, Apartado Postal 55-5345d\d©340,
Distrito Federal, Mexico
(Received 29 December 2000; revised manuscript received 14 May 2001; published 20 September 2001

Structural properties of calcined Zg@anopowders having various sizes were investigated by Raman spec-
troscopy, x-ray diffraction, and high-resolution transmission electron microscopy. For grain sizes of the order
of a few nanometers the Raman spectrum is typical of an amorphous material as is the corresponding x-ray
diffractogram. As the size of the grains increases, the spectra progressively evolve towards that of a crystallized
sample, furthermore, two regimes of growth, vitreous and crystalline, are evidenced. As opposed to the acous-
tical, the optical branches exhibit a strong discontinuity near the amorphous-crystalline transition. From the
analysis of the Raman spectra as a function of size one can infer the phonon dispersion curves that has so far
been inaccessible by neutron diffraction. A simple analysis using a classic elastic model shows that the Raman
frequencies of the acoustical phonon bands of the nanograins are linearly dependent upon their size.
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[. INTRODUCTION tetragonal transitions and near 1100 °C for the tetragonal to
monoclinic transition; the latter transition has a width of
Raman scattering by confined acoustical phonons in nanabout 200 °@° The stable phase at ambient temperature is
particles has been studied since the early eighties. It has suttrus monoclinic. However, it is well known that under spe-
cessfully been applied to small particles of insulators orcific conditions of “wet” preparation, it is possible to obtain
semiconductors 3 where the nanocrystals were embedded ina porous polycrystalline metastable zirconia with tetragonal
a glassy matrix. Raman scattering of nanoparticles was alssymmetry, stable at ambient and moderate temperattires.
observed on SiQparticles in aerogefsas well as on metallic By using quenching processes, it is also possible to grow a
nanocrystals embedded in alkali-halide crystals or inmetastable orthorhombic phase that reverts to monoclinic
glasses~’ Observations of low-frequency bands were re-upon heating above 300°C or when it is ground in a
ported in various studies of Raman spectra of globulamortar?® A cubic phase can also be made stable at room
proteins®~'° Their occurrence was predicted as early astemperature by mixing zirconia with a few percent of an
1969, together with their interpretation in terms of acousticabxide like Y,0;. In addition, amorphous ZrQcan also be
vibrations of the proteins:'? It is also interesting to note prepared. An analysis of the distribution function for the
that similar modes at the other end of the frequency rang@morphous and the tetragonal phases indicates that they have
(fraction of millihert? are currently studied by geophysicists {he same first-neighbors distances, meaning that these phases
in very large structures like the Earth* have a similar short-range ord@r.
_ The vibrations of a sphere under stress-free boundary con- Thg gtapilization mechanism of the tetragonal metastable
ditions at the surface were first computed by Lamb, more, <o ot ambient temperature has been the object of numer-

I/Csrr:e ?:oiiri]dnej?é daggrif’rgera'idthaan:néoiﬁzg%%:ﬁzns ous discussions for more than 30 years and does not seem to
' » TIgeta, be yet elucidated. The different explanations involve the

Tamura and Ichinokaw extended that theoretical work by resence of stabilizing straifd the lower free ener or
considering different surroundings and thus various boundP'E 9 ' gy per-
it surface of the tetragonal phase versus the monoclinic

agreement is observed between experimental data and tQ8€ "~ the similarity between the amorphous structure and
computed mode frequencies given by the above-mentioneli® tetragonal on€, and a topotactic crystall|zat|ozﬁ..The
theories. Considering the difficulties to describe the bound!elatively large surface area and thus small crystal size of the
ary conditions when the particles are embedded in a matri)(petastable tetragonal zirconia are a critical factor in its per-
it is important to test free particles in powder form for which formance as a catalyst in petrochemistry. In fact, WO,
the stress-free boundary conditions of Lamb are valid. To ouhas been actively studied because of good combination of
knowledge, the only reported publication on powders conactivity and selectivity in this systefff.
cerns TiQ.'° The aim of the present work is to investigate  In this work, a large size range of nanopowders of ZrO
the structural properties and the size effects of calibratesvere investigated by Raman spectroscopy, x-ray diffraction,
nanopowders of ZrQusing their Raman spectra. and high-resolution transmission electron microscopy
Zirconium oxide can be found in three stable phases, cuHRTEM). The combination of these techniques allows to
bic (fluorine), tetragonal, and monoclinic. Phase transitioncharacterize in detail the structural properties of the material
temperatures are situated around 2200 °C for the cubic tas the grain sizes vary.
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TABLE I. Diameters of the nanoparticles measured by x-rays 2Awl
and HRTEM for different temperatures of calcination. The size dis- R(w)= Im{ — 2} =553 57
tributions obtained by HRTEM have two peaks for higher calcina- (@+il)"~wp) (0= wp=I')"+ 40T
tion temperatures. (2

where In{ } means the imaginary pard, is the mode fre-

Calcination Tetragonal size Monoclinic size  Size from quency,A the oscillator strength, anHl is the width. This

tem?,érature from x rays from x rays HRTEM formula coincides with the usual damped oscillator response
¢© (nm) (nm) (nm) functiorf® if one makes the substitution:
200
300 wi+T2—wj, 2I'—T.
400 5 o
500 45 1.9 75 Because of the symmetry property of the Bose-Einstein func-
600 35 3.10 6 12 tion[n(—=x)+1=-n(x)] and odd parity oR(w), Eqgs.(1)
700 3.00 4.60 10 20  describes the Stokes domain as well as the anti-Stokes one.
800 2.80 7.80 12 25  While the line shape described by E@®). is similar to usual
900 3.00 13.50 Lorentzian peak whem, is large andl’ is small, it is no
1000 1.90 16.80 longer the case when the scattered light frequency is situated
in the vicinity of the Rayleigh line. Note thab, is not ex-
Il. EXPERIMENT actly the apparent frequency of the maximum of the peak

andT’ is not its apparent half-width either. Finally it is to be
Our samples of nanometric zirconia (Z)Qvere obtained noted that the true line shape of the weak low-frequency

by hydrolysis of a 0.5 M ZrOGl solution with NHOH  modes can be recovered only when the entire spectrum in-
(28%) under constant stirring untpH equaled 10. The pre- cluding strong nearby high frequencies features are fitted si-
cipitate. was then washed with an aqueous solution ofnultaneously.
NH,OH also at goH of 10. After that, it was dried in air at A small and broad luminescence background was usually
383 K for 15 h and then calcined in air for 1 h. Severalobserved just after the initial laser irradiation. A similar
different samples were obtained by this procedure upomroadband has been observed on zirconia subjected to a UV
variation of the calcination temperature. The average crystakexcitatiori* and is different from the sharp luminescence
line diameter of the nanoparticles was estimated from th@eaks also observed at lower enetgfhe intensity of this
powder x-rays diffraction patteri€uK , radiation, Nifilter,  band decreases during the irradiation and stabilizes after a
DRX Siemens mod. D50Qusing the Scherrer equation with few tens of hours at the specified power density. The residual
a shape factor of 0.9. Diffraction patterns for the tetragonaband was subtracted from the spectra and the quality of the
metastable phase as well as the monoclinic structures coulglibtraction was accurately controlled by checking the sym-
be observed in many samples. The distribution of the sizes ahetry of the Stokes and anti-Stokes parts of the spectra after
the nanoparticles was also analyzed by using the images obeduction by the Bose-Einstein factor.
tained by HRTEM. In most cases a bimodal distribution was
observed. Table | summarizes the results for x-rays as well as IIl. RESULTS AND DISCUSSION
for the HRTEM measurements. The sizes obtained ranged
between 2 and 70 nm, depending on the calcination tempera-A. High-resolution transmission electron microscopy results

ture. It should be noted that, for particle diameters under 5 High-resolution transmission electron microscopy images
nm, the size determined by x-rays diffraction can only bepf some calcined powders are shown in Fig. 1. At 300 °C
indicative. [Fig. 1(a)] no reticular planes can be observed indicating that
Raman spectroscopy measurements were performed ffe sample is still amorphous. As the calcination temperature
room temperature under vacuum (fOI’orr_) in order to sup-  grows, these planes are clearly observed. Furthermore, one
press the low-frequency Raman signal induced by the rotacan roughly estimate the size of the nanograins from the

tion modes of the Nand G molecules of the ambient air. A mjcrographs as it is shown in Figs(h), 1(c), and 1d).
Jobin Yvon U1000 double monochromator was used in com-

bination with the 514.5 nm line of an argon lag&pectra
Physics at a power level of 5 mW focused onto a 1@én
diameter spot. Raman spectra were taken directly from zir- Figure 2 presents diffractograms, taken at ambient tem-
conia powder freely deposited on microscope slides as weperature, for some samples annealed at various temperatures.
as from pellets crushed under moderate pressure. Simild¥l the diffraction bands observed can be assigned to the
spectra were obtained in both cases. monoclinic phase with the exception of one band centered
To recover the true line shape of the modes, all spectra argear 30° that is typical of the tetragonal phase. To extract the
reduced by the Bose-Einstein factor and put in the form  widths of the diffracted bands, a least squares best fit with
three Lorentzian profiles was performed on the two largest
(w)= n(ﬁ_w R(w). (1)  bands of the monoclinic phageear 28.2° and 31.4and the
kT single band related to the tetragonal phase at 30°. Broaden-
Here, we take the spectral functi®®(w) as the imaginary ing by the diffractometer was roughly taken into account by
part of the retarded-phonon Green’s function of the ffrm  deconvoluting the measured widths using the equaéign

B. X-ray diffraction results

+1
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FIG. 2. X-ray diffractograms of the samples annealedaat
400 °C, (b) 500 °C, (c) 700 °C, and(d) 800 °C, respectively. The
continuous lines represent least square best fits to a sum of Lorent-
zian functions. We see an increase in crystallinity as the calcination

300 °C,(b) 500 °C,(c) 600 °C, andd) 700 °C. For higher tempera-

tures, reticular planegnarked of larger sizes are observed.

=JW2,— X2, where W, is the observed width of the
Lorentzian W, its deconvoluted width, an¥ the “apparatus
width” approximated by the observed width for a sample
annealed at 1000 °C for which the size of the crystallites i
much larger than for the samples annealed below 800 °C.
These best fits are plotted as continuous lines on Fig.
From the fitted widths of the diffracted patterns, the mean

temperatures are raised.

be observed400-1000°Q. The dependence of the mea-
sured size for the monoclinic phase is shown on Fig. 3,

size of the nanostructures were determined using the Scher-

rer equation as noted above. The measured size of the meta-
stable tetragonal phase of zirconia is nearly cond@mund

5 nm) for all the annealing temperatures where this phase cawhere

1 1
E,(T) (Eart Eaz)<f_ T_o) _( (Eal_EaZ)(

1 i)

T To

D(T) — Doe— Ea(T)/T,

2

+4A%

where the logarithm of the reduced sizes is plotted against
the inverse calcination temperature. The reduced size is de-
fined asD/2a, ratio of the measured sizé€3 by twice the
-mean lattice parametera{+a,+az)/3 of the monoclinic
SZrOZ. Two different regimes are clearly distinguished on this
igure. To describe this behavior, the following function was
hen fitted to the data points:

()

1/2

T

2

4

The latter form was chosen so that the argument of the extesponding to the fact that it costs less energy for particles to

ponential in Eq(3) is a hyperbola in IV having, as asymp-
totes, two lines of slopeg&,; andE,,. The E;; and E,,

diffuse in vitreous phase. The formuld) thus represents the
cross over from amorphous regime to the crystalline one.

slopes are energy parameters describing the crystalline arithe two other parameterg, and A represent respectively

vitreous regimes, respectively,, is smaller thark,,, cor-
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FIG. 3. Logarithm of the reduced size of the nanoparticles as a
function of the inverse calcination temperature. The dotted and
straight lines represent least square best fits to the experimental
data. We distinguish clearly two regimes of growth, crystalline and
vitreous, characterized by two activation energigg, and E,,,
respectively. The transition between these two regimes are rather 0
abrupt and takes place at abdut 650 °C. -100 0 100 200 300 400 S00 600 700

Raman shift (cm™)

A(A<1) corresponding to an abrupt transition. By least

square fitting, we obtain the crystalline and vitreous characésoFl(é' (S)' SESTS?C)SESSE?: (Odf) %eo fgngrf;gdfézoi@eraelseme)gt
teristic energies,;=0.343eV,E,,=0.153 eV and the two ’ ’ ’ ; , 1esp

other parameterS =652 °C andA =0.0377. This last pa- tively. We observe evolution of amorphous phalges (b)] to crys-

i . . talline phasd(c)—(e)].
rameter gives a rather abrupt transition, showing that phasq(c)—(e)]

the two regimes are well separated by a narrow range of o B
temperatures. sharpen, pointing at 100, 381, and 475 ¢mand new peaks

appear at 223, 315, 536, 558, and 750 énSpectrum 3e of
the 1000 °C calcined Zrgs similar to the spectra previously
reported for the monoclinic phase of zircoffaFor this
Figure 4 presents the reduced Raman spectra of differemthase(space grougC,s), 18 modes are expected to be Ra-
samples, annealed at various calcination temperatures. Foran active, most of which are effectively observed. While
calcination temperatureS§) lower than 310 °C, the Raman the frequency shift of the peaks is primarily due to the in-
spectrum is composed of broad bands centered at 310 amdeasing size of the ZrOcrystallites>® the mixture of the
550 cmit [Fig. 4@]. This spectrum is typical of an amor- metastable tetragonal phase with the monoclinic phase ob-
phous material and reflects its phonon density of states. Thecures the effect. It is thus difficult to extract information
amorphous character is confirmed by the correspondingoncerning the size of the nanocrystals from the optical pho-
HRTEM images obtained on the samples calcined at temaon domain of the Raman spectrum.
perature below 300 °C where it is not possible to observe any An expanded view of the frequency region under 200
lattice structurdsee Fig. 1a)]. Around 360 °C[Fig. 4b)], at cm™ ! is shown on Fig. 5 that presents the Raman spectra of
frequencies larger than 80 ¢ seven large bands are ob- the powders for different calcination temperatures. As it is
served near 96, 185, 335, 380, 478, 550, and 620'cm obvious on this figure, the low-frequency featytmder 80
These bands are characteristic of the tetragonal phase ofn ) can be decomposed into two broad bands. When the
zirconia®*34 Furthermore, the band centered at 185 ¢im  temperature of calcination increases, these two bands shift
this spectrum already begins to split into two peaks. As théowards lower frequencies. As was stated in Introduction,
temperature increases, there is a progressive splitting of thhis behavior has already been observed in many systems of
bands associated with the appearance and growth of monaanoparticles of increasing size embedded in various matri-
clinic phase. The bands at 185, 335, and 620 teplitinto  ces and interpreted in terms of confined acoustical vibra-
bands located at 178.5-191, 332347, and 615-638 cm tional modes.™’ In the present case the size of the nanopar-
respectively, as shown in Figs(cl—4(e). At the same time, ticles grows as the calcination temperature increases as
the remaining bands at 96, 380, and 478 ¢nshift and  shown in Table I. To analyze the experimental data below

C. Raman results
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Raman shift (cm™) Raman shift (cm™) size of nanoparticles. The two straight lines represent the calcula-
tions using Eq(5). Triangles correspond to sample whose nanopar-
FIG. 5. Extended low-frequency Raman spectra of the sampleficje sizes were not measured but determined by extrapolation on

annealed ata) 330°C, (b) 360°C, (c) 400°C, (d) 500°C, (6)  Fig. 3. This figure can also be condidered as the phonon dispersion
700 °C, (f) 1000 °C, respectively. The solid lines represent the leastor monoclinic ZrQ, (see text

square best fits with functions given by Eg). We observe that the

low-frequency featuré<80 cmi %) is composed of two bands and D. Discussion
shifts toward low frequency when the calcination temperature in- o
creases. As observed in Fig. (), around 300 °C the ZrEnanopo-

. ] ~wder is amorphous. In fact, the first nanocrystals can be de-
250 cm %, the reduced spectra were fitted to a sum of sixtected by x-ray diffraction and Raman spectroscopy near
damped oscillators of the shape given in E2). For all the 30 °C. Below this temperature, information about the size

samples, the frequencies of all the oscillators deduced frorg¢ panoparticles can only be extracted from Fig. 3 as de-
this fit as well as the frequencies of the peaks situated abov

= ! . X $tribed in the preceding paragraph. A so-called crystalliza-
250 cmi t are plotted in Fig. 6 as a function of the inverse of ;. oy otherm is known to occur around 460 °C while syn-
the reduced size as defined abova/R). For the lowest

i ; :.21,41 PSS
calcination temperature®00, 250, and 300 °C because of thesizing zirconig>*! The exotherm shifts in temperature

the amorphous nature of the sample, broad peaks are on?nd varies in intensity depending on the purity of the sample

observable making it impossible to extract a size im‘ormatiorii/nd on experimental conditions. Our results show that the

from the x-rays diffractograms. The corresponding size val-Xaman frequencies become stable at about that temperature

ues were obtained by extrapolation on the fit of the low-(S€€ for example the band at 96 chin Fig. 6). It is also
temperature regime of Fig. 3. At the calcination temperaturdt€resting to note that there is coexistence of phaseso-
T.=310°C we find a discontinuity in all the optical modes, €linic and tetragonalup to about 600°C as revealed by
while the acoustic modes change continuously. This meanTays diffraction(Fig. 2 and Raman spectroscoiigs. 4

that the frequencies of acoustic modes are uniquely detepnd 6. ) )

mined by the grain size. Figure 6 can also be regarded as the Concerning the low-frequency region of the Raman spec-
phonon dispersion curve of monoclinic ZfQn fact, in su-  tra, we have compared the experimental values ofde
perlattices, it is well known that confined modes frequenciesieduced from the fit to a calculation of the frequencies of the
for a layer of thicknesh is approximated by the bulk phonon first two Raman-active mod&sof nanoparticles modeled as
frequency of wave vectde= 7r/h,®” and one can even recon- spheres. The frequencies of these modes are inversely pro-
struct the phonon dispersion curves from the superlatticortional to their radius, according to the expression

modes measurementsPhonon dispersion curve of Zs@s
experimentally only available for the acoustic modes in the
bulk cubic stabilized phas&* and thus Fig. 6 can be con-
sidered as the first dispersion curve of monoclinic Zfer

the whole branches, except for highevalues of the optical whereV, is the transverse velocity of sound in mI3.the
modes. diameter or the particle in nanometer, akda numerical

®)

X\ V, 1
30D’

o
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constant depending upon the sound velocities and the modgeoximation of the elastic properties of continuous media
index!® To achieve this calculation, the value of the soundused for the calculations is no longer valid. This behavior is
velocities(longitudinal and transversef the material is re- similar to the bending of the acoustical branches of the dis-
quired. We have used the elastic constants extrapolated f@ersion curves for large wave vectors and has already been
zero-porosity monoclinic polycrystalline Zg@jiven in Ref.  observed in the case of bismuth nanoparticles embedded in

43: amorphous germaniufff.
E=2.44x 10"dyne/cn? (Young’s modulus, IV. CONCLUSION
w=0.97x 102 dyne/cnf. This work is a systematic study on free nanograins of

) ; ZrO, over a wide range of sizes, obtained using several
Computing thezother LameonstantA = u(E—2u)/(3u  complementary experimental tools: x-ray diffraction, high-
—E)=1.03x10"dyne/cnt and using the zero-porosity den- resolution transmission electronic microscopy, and Raman

sity of 5.71 g/cm of Ref. 43, we obtain for the longitudinal spectroscopy. The Raman spectra are found to be strongly

and transverse sound velocities: dependent on the crystallinity, phase, and size of the nano-
N+ 2| 12 particles. As gsyal,.the Raman optical frequency range al-

|:( ) =7212mls, lows a clear distinction between the amorphous and the crys-

talline phases. In the low-frequency range of the Raman

12 spectra, a good agreement between the frequencies of the
V.= (ﬁ) —4122 m/s confined acoustical phonon bands and the frequencies given
by a simple elastic model describing the vibrations of a
pherical nanopatrticle is obtained. We have established the
istinction of growth regimes for amorphous and crystalline
phases and its crossover at abdut 650 °C. We have suc-

The straight lines of the calculated frequencies versus th eeded in r_et;onstructmg the phonon dispersian curve for
inverse of the radius for the two possible Raman-active fun- ulk monoclinic ZrQ, for which no neutrons data are avail-
damental spheroidal modés 0 andl =2, (thel=2 of tor- able.
sional mode being Raman forbiddeare plotted in Fig. 6,
using these sound velocities. A reasonable fit is observed
between the lines and the experimental points for the largest The present work was financed by a CNRS-CONACYT
grain sizes, considering the crude approximation on theollaboration project #E130.1868/2000 and a CONACYT
sound velocities and the nonspherical shape of the nanopagrant #400200-5-C039-A. One of u&.H.E) thanks the
ticles. For the smallest sizébw calcination temperaturgs  Universidad Autonoma Metropolitana Iztapalapa for their
the agreement is poorer as one would expect since the apupport during sabbatical leave.

These values have been used for the three phases of Zré
involved in the range of temperature where the two low-
frequency modes are observed.
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