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The structure changes in hydroxide nanopowder ZrO,-3%Y,0;—xHO, (n=1,2) system
under high hydrostatic pressure have been studied using small-angle X-ray scattering and
EPR spectroscopy. It has been demonstrated that the studied xerogels are characterized by
multiple levels of spactial structure that can be described as mass fractals. It has been
shown that fractal dimensionalities of these levels tend to equalization, so a gradual
transition to a monofractal system takes place. The structural changes in xerogel under
high hydrostatic pressure have been found to be of of non-monotonic character with an
extremum at about 600 MPa.

MeTomaMyu MaJIOYIVIOBOTO PEHTIEHOBCKOTO paccesHns u IOIIP CIeKTPOCKONNU IIPOBEIEeHO
uccle0BaHNe CTPYKTYPHBIX H3MEHEHWH, NPOMCXOAAINNX B Kceporeae cucTeMbl ZrO,—
3%Y,05—xHO,, B ycioBusAxX BBICOKOr0 I'MAPOCTATHYECKOro BosmeiicTusa. Ilokasamo, 4uTo s
HCCJIeyeMbIX Kceporejeil xapakTepHA MHOYKECTBEHHOCTb YPOBHEH MIPOCTPAHCTBEHHOI'O CTPO-
eHNs, KOTOPbIe MOI'YT OBITH ONKMCAHBI KaK MaccoBble (dpaxTansl. Habaromaercs TeHgeHmus K
BBHIPABHUBAHNIO (DPAKTAIBHBIX Pa3MEPHOCTEH dTHX YPOBHEH, TO €CTh IIPOMCXOAUT IIOCTEIEeH-
HBIM mepexoa K MOHO(MpPAaKTalbHOU cucreme. Ilokasano, uTo meiicTBUe [ABJIEHUS HA CTPYKTY-
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Py Kceporeisi HOCUT HEMOHOTOHHBIN xapakTep ¢ skcrpemymom 600 MIla.

1. Introduction

The modern material science pays great
attention to the development of technologies
of obtaining of oxide nanomaterials with
functional properties being of importance in
catalysis, photocatalysis, microelectronics,
optics, biotechnology, medicine, polymer
chemistry, etc. [1, 2]. Among the major
characteristics controlling these features
are the size, phase composition, morphologi-
cal peculiarities of the particles, the nature
of the particle interaction, the space distri-
bution character of particles, the dispersity
and the aggregation degree thereof. At the
same time, the formation of physical and
chemical properties and structural charac-
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teristics of oxide nanoparticles are affected
essentially by the synthesis method, the na-
ture of precursors and alloying constituents
[3—5]. So, it was shown before that at the
stage of xerogel formation, the different
physical factors such as temperature, treat-
ment by ultra-high frequencies (MW-dry-
ing), pulse magnetic field (PMF) provide an
increased dispersity and reduced aggrega-
tion ability of synthesized zirconia
nanopowders [6, 7]. Moreover, the influence
of high hydrostatic pressure on the struc-
tural organization of the nanoparticulate
oxide system is very interesting and impor-
tant with respect to the purposeful aggrega-
tion of nanopowder materials. This work is
devoted to the evolution of structural or-
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ganization in ZrO,—3 mol.%Y,0;-nH,0 xero-
gels under high hydrostatic pressure (HHP).

It is to note that the structure of zir-
conia-based systems is formed in the course
of complex physical and chemical processes
of the coagel — xerogel —» amorphous hy-
droxide — oxide transformation. Thus, the
study of the relation between the xerogel
structural organization and the properties
of oxide systems formed on its base is very
interesting. The self-organization of
nanoparticles occurs already at the early
stages of the =xerogel synthesis and the
formed structures are random to some ex-
tent. Nevertheless, such systems are charac-
terized by a certain hierarchical structure
organization and the representation of ran-
dom fractal can be used to describe the sys-
tem geometry [8]. The fractal geometry
makes it possible to take the random events
into account, so it is often used to describe
the structure of chemical systems [9].

2. Experimental

The nanopowders of ZrO,—3%Y,03-nH,0
hydroxide xerogel were synthesized by co-
precipitation method according to nitrate
technology using MW radiation at 2.45 GHz
frequency and 500 W power. The xerogel
was subjected to high hydrostatic pressure
varied up to 1 GPa. The small-angle X-ray
scattering (SAXS) method was used to study
the structural organization of ZrO,—
3mol.%Y,03-nH,0 xerogels. The SAXS spec-
tra were measured using a DRON-3 diffrac-
tometer in CuKg-radiation monochromated
by reflection from (111) plane of a perfect
Ge single crystal. To reduce the parasitic
scattering area of the monochromating sin-
gle crystal, a special slit device was placed
in front of the sample with the displace-
ment possibility of +4 mm normal to the
incident beam. The background of air scat-
tering was restricted by a slit device in
front of the X-ray radiation detector. The
use of perfect Ge single crystal and collima-
tion system of the primary and scattered
beam allowed us to make the measurements
starting from the angles 6 = 0.2-0.3°. The
0.1 mm wide slit before the detector pro-
vides the space resolution of A26 = 0.16°.
The scattering intensity was recorded in the
point scanning mode (the angle step was
0.05°, the exposure time 100 s). As at the
smallest angles of scattering (0.2-0.4°), the
scattered beam is superimposed with the
primary radiation beam attenuated due to
absorption within the sample, the primary
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beam intensity taking into account the ab-
sorption within the sample was subtracted
from the measured intensity:

1(20) = I, (20) - KIo(20)/cos(20), (1)

where 145(20) is the primary beam intensity
distribution; Iexp.(29), the experimentally
measured scattering intensity; 1/cos(26),
the factor accounting the the beam path
within the sample depending on the scatter-
ing angle. The absorption coefficient was
calculated as

K = 1(0)/1(0), (2)

where 1y(0), I(0) are the intensities of the
primary and the secondary beams at the de-
tector position 20 = 0°. The intensity was
recorded within the s range from 0.1 to
2.55 nm~1. The collimation correction was
introduced according to the procedure in
[10]. The experimental spectra were proc-
essed using the GNOM software [11].

The fractal dimension of the scattering
area D; was defined in the known way [12]
from tﬁe slope of the corresponding linear
section of the SAXS scattering curve pre-
sented in lg(I(s))-1lg(s) coordinates. To
evaluate the space structure of the scatter-
ing xerogel area, the SAXS curves were
analyzed in Kratky coordinates I-s2—s [13].

The EPR studies of xerogels were carried
out using a standard PS-100X radiospec-
trometer with high-frequency modulation at
9 GHz and at room temperature. The MW
power was chosen to be far from the satura-
tion of the studied lines. The fifth CTC line
of two-valent manganese ion in cubic man-
ganese oxide for a calibrated sample was
chosen as a reference mark of paramagnetic
center concentration (PMC) The total inten-
sity of the studied spectral lines was deter-
mined as the ratio of areas under the ab-
sorption curves for the samples and the ref-
erence mark line calculated using the double
integration of the derivatives of absorption
lines. The measurement relative error of the
PMC content did not exceed 20 %.

3. Results and discussion

The xerogel structure can be presented
as a solid frame consisting of mono-dis-
persed particles with a developed hydrate
shell supplemented with porous space
formed in the course of drying. Fig. 1 pre-
sents the SAXS profiles in 1g(I(s))—1g(s) co-
ordinates for xerogels treated by hydro-
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Fig. 1. Scattering data in Porod coordinates
for ZrO,—3%Y,0,—x0OH,, xerogels subjected to
high hydrostatic pressure.

static pressure of 300, 600, 800, 1000 MPa.
The SAXS curve of the starting non-com-
pressed powder is added, too.

The analysis of SAXS spectra for the
starting ZrO,-3%Y,03;-nH,O xerogel testi-
fies the multiple levels of the scattering
area space structure: the curve in 1g(I(s))-
lg(s) coordinates consists of two parts dif-
fering in the angular dependence character
of the radiation intensity on the wave vec-
tor s. The first part is associated with the
scattering coordinate s values from 0.26 to
0.128 A~1, or in the direct space resolution
L = 2n/s from 2.4 to 5 nm. The second part
has s values from 0.02 to 0.124 A1, or in
the direct space resolution R = 2n/s from 25
to 5 nm. The fractal dimensionalities esti-
mated at scale levels less than 5 nm and in
the 5—25 nm range permit us to interprete
them as a mass fractal with dimensionali-
ties of 2.54 and 1.84, respectively.

The study of the xerogel structural or-
ganization evolution at varying applied
pressure has shown that the high hydro-
static pressure (HHP) treatment at 100-
1000 MPa results in the change of fractal
dimensionality at all scale levels. The analy-
sis of small-angle scattering spectra in loga-
rithmical coordinates has demonstrated that
in hydroxide system, within the applied
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range of pressures, the multiple levels of
the scattering area space structure is re-
tained with conservation of the fractal type.
They all are described as a mass fractal.
Moreover, non-monotonic evolution behavior
of the hydroxide system fractal dimensional-
ity is observed in dependence on the applied
pressure value at all the scale levels.

The effect of pressure on the hydroxide
structure at scale levels below 5-6 nm re-
sults in an essential "loosening” of the frac-
tal structure demonstrated as the fractal di-
mensionality reduction from 2.54 for non-
compressed hydroxide system down to 1.87,
1.88, 1.97, 1.83, and 1.78 for pressures of
100, 300, 600, 800, and 1000 MPa, respec-
tively. As seen from the presented data, the
pressure of 600 MPa exerts the least influ-
ence on the structural elements of hydrox-
ide system at this scale level. At the same
time, the hydrostatic compression of xero-
gel at 100, 300, and 800 MPa results in
consolidation of the scattering area fractal
structure at scale level above 5—6 nm (the
estimated fractal dimensionalities are 1.95,
1.90 and 1.90, respectively). The systems
compressed at 600 and 1000 MPa do not
demonstrate such effect. The fractal dimen-
sionality of hydroxide compressed is 1.80 at
600 MPa and 1.70 at 1000 MPa.

The comparison of fractal dimensionali-
ties of hydrostatically compressed xerogel
structures at the scale levels below 5-6 nm
and above 6 nm has shown that fractal di-
mensionalities of those levels tend to equali-
zation, thus, a gradual transfer to a mon-
ofractal system takes place. An exception is
the xerogel compressed at 600 MPa where
the "loosening” of fractal areas is observed
at both scale levels. The fractal dimension-
alities are 1.97 and 1.80 for scale levels
below 5—6 nm and above 6 nm, respectively
(to compare, those are 2.54 and 1.84 for
non-compressed xerogel).

In order to estimate the space structure
of the xerogel scattering area, the curves of
small-angle X-ray scattering were analyzed
using Kratky coordinates I-s2—s. The stud-
ied xerogel SAXS spectra in Kratky coordi-
nates are presented in Fig. 2.

It is to note that in these coordinates,
the scattering curve shape for the non-com-
pressed xerogel answers to scattering from
an object containing scattering fragments
(pores and particles) with various charac-
teristic sizes. It is seen that the treatment
of xerogel with high hydrostatic pressure
results in reduction of the total scattering
capacity.
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Fig. 2. SAXS intensity as a function of wave vector in Kratky coordinates.

The approximation of small-angle scat-
tering experimental spectrum in Kratky co-
ordinates using Gaussians made it possible
to estimate characteristic sizes of scattering
areas in the investigated systems, L = 2-n/s
(the approximation correlation coefficient is
at least 0.999 for all the spectra). Table
presents contributions from different struc-
ture fragments to the total scattering capac-
ity of the studied systems and characteristic
sizes of the scattering areas.

It is seen that that for the non-com-
pressed xerogel, a considerable fraction of
the total scattering capacity is contributed
by the scattering on fragments with the av-
erage characteristic sizes of 7 and 3 nm.

Table. Characteristic sizes of scattering areas.

Before [17], it was revealed by transmission
electron microscopy that the average parti-
cle size in the ZrO,—3%Y,03-nH,O hydrox-
ide system is about 3—5 nm. This fact al-
lows us to interprete the scattering from
the areas of 3—4 nm characteristic size as
the scattering on monodispersed hydroxide
particles forming the xerogel skeleton.
However, the pores of the same size may
contribute to the scattering in this area,
too. Most probably, the scattering areas of
16-23 nm size can be associated with the
aggregates of xerogel particles. The expo-
sure of xerogel to high hydrostatic pressure
results in the reduction of total scattering
capacity. The average scattering fragment

Pressure, MPa Scattering area size, nm (contribution to the total scattering, %)
0.1 16(9) 7(45) 4(5) 3(40)
100 23(17) 9(26) 6(17) 4(9) 3(32)
300 23(14) 10(23) 6(23) 4(9) 3(30)
600 23(14) 9(25) 6(10) 4(7) 3(44)
800 21(13) 10(19) 5(39) 3(15) 3(13)
1000 23(9) 10(18) 6(8) 4(8) 2(57)
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size increases up to 23 nm in the areas with
small s, so the fraction of their contribution
to the total scattering capacity rises, too.
This testifies a change of the system aggre-
gation state.

As to the scattering area of 7 nm aver-
age size, it must be most probably identified
as a pore, too. It is seen from Table that all
xerogels compressed at the studied pressure
values demonstrated the disappearance of
7 nm scattering area (this area makes the
main contribution to the total scattering ca-
pacity of the non-compressed hydroxide)
while the areas of 5-6 nm and 9-10 nm
emerge in the structure. Note that the con-
tributions from the 5—6 and 9-10 nm areas
for compressed hydroxides correspond to
the contribution from 7 nm area for non-
compressed xerogel. The sizes of these areas
do not depend on the pressure value applied
to the xerogel.

Let us consider the xerogel as an inho-
mogeneous structure containing open and
closed pores containing adsorbed water
bound with the hard framework. The bound
water can be treated as the second phase
rigidly bound with the solid ZrO, phase.
The estimations show that the pressure in-
side the pores calculated on the formula

p = ZLeosn, 3)

where D is the pore diameter; y, the surface
tension coefficient of water; 0, the wetting
angle of the surface, is p ~ —2.2-107 Pa at
2 nm pore diameter, and p ~ —-0.41-107 Pa
at 10.6 nm. It is seen that the pressure in-
side the pores is 1-2 orders lower than the
applied external hydrostatic pressure, so it
plays an insignificant role at high pres-
sures. The main effect is due to the exter-
nal applied pressure and it acts in two
ways. For the upper scale levels with the
size above 5 nm, the influence of relatively
low pressures of 100-300 MPa results in
rapprochement of powder particles to the
distances where the external hydroxile
groups become able to interact and to con-
nect the particles into a single agglomerate
without violating the inner structure. In
this case, the pressed material density is
reduced due to formation of new closed
pores and former open ones. As the pressure
increases, its second aspect begins to reveal
itself associated with the increase of addi-
tional boundary "misfit" stresses. Being co-
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ordinated by the solid phase, the water
within small closed pores has a compressi-
bility which differs by several orders from
that of the solid phase. Due to the essential
difference in the compressibilities of the
phases under HGP, shear misfit stresses
arise at zirconia/water phase interfaces. It
is shown in [14] that the magnitude of these
stresses depends both on the pressure value
and the compressibility difference between
the phases yy, y5 according to expression

Y1~ V2 (4)
v = p,
Y1 + Yo

where p is pressure; y; and v, compressibilities
of phases: for water, vy, = 0.125.109 Pa'1,
for ZrO,, Y2=0.0054-10’9 Pa’l [15]. The
estimation of misfit stresses according to
(4) shows that the stress increases from
92 MPa under 100 MPa pressure to
920 MPa at 1000 MPa. The additional shear
"misfit" stress value is rather high and able
to break the interphase bonds and squeeze
out water from pores, that results both in
increased material density and the breaking
of the material at the low scale level. The
action of two trends defines the sudden
change in the properties near 600 MPa.

The EPR studies of =xerogels dried at
140°C have shown that an isotropic signal
with g-factor of 2.008 is registered in EPR
spectra of samples treated by high hydro-
static pressure. This signal is usually asso-
ciated with the appearance of F center due
to removal of water molecule and OH
groups from the particle surface [16]. Note
that the non-compressed xerogel dried in
the same conditions does not have paramag-
netic centers. So, xerogels compressed at
100, 600, 800, and 1000 MPa show the
paramagnetic center concentrations of
4.38-1013, 9.27-1012, 2.35-1013, and
1.75-1013 spin/mg. A good agreement is ob-
served between the evaluated concentrations
of the registered oxygen vacancies in dried
compressed xerogels and the evaluated mis-
fit stresses. The variation of paramagnetic
centers concentration depending on the
pressure according to EPR spectra testifies
an extremum near 600 MPa, too. This may
be due be also to the realization of two
trends in the pressure influence.

Thus, the structure of the initial xerogel
contains the scattering fragments (pores
and particles) with various characteristic
sizes. It is shown that the evolution of the
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zirconia nanoparticular system occurs under
high hydrostatic pressure. At the scale level
below 5—6 nm and above 6 nm, the compari-
son of structure fractal dimensionalities in
hydrostatically compressed xerogels has
shown that the fractal dimensionalities of
this levels tend to equalization, so a gradual
transition to a monofractal system takes
place.

4. Conclusions

The structural organization evolution in
Zr0,—3%Y,05;—x0OH,, xerogels has been stud-
ied. It has been shown that the studied
xerogels are characterized by the multiple
levels of space structure that can be de-
scribed as mass fractals. It has been found
that in the systems exposed to HGP, fractal
dimensionalities of these levels tend to
equalization, so a gradual transition to a
monofractal system takes place. The charac-
teristic sizes of the scattering areas of the
studied systems have been estimated and it
is shown that the systems exposed to HGP
lose the scattering fragments of 7 nm size
while the areas of 5-6 and 9-10 nm size
appear in the structure. The contributions
from those 5—6 and 9-10 nm areas to the
total scattering intensity correspond to that
from the 7 nm one. The additional interface
misfit stresses of shear character are esti-
mated in the small pores.
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CrpykTypHa eBoamonisa kceporeiais ZrO,—Y,0;
B YMOBAaX BHCOKOIO TiJPOCTATHYHOTO THCKY

0.0.'op6ans, C.A.Cunaxina, I0.0.Kyaux, T.A.Promwuna,
C.B.I'op6anv, I1.A.Jlanunenxo, T.€.Koncmanminosa

MeTomom ManoOKyTOBOro peHTreHiBecbKoro poaciroBamusa ta EIIP cuekTpockorii mpoBemgeHo
JOCIiKeHHsA CTPYKTYPHHUX 3MiH y Kceporeni cucremu ZrO,—3%Y,0,—nH,0 B ymosax BumCO-
Koro rigpocratuuHoro Tucky. IlokasaHo, mio mys Kceporejeii, IO AOCIiJKeHO, CIOCTEpi-
raeTbcsi MHOKWHHICTH PiBHIB IPOCTOPOBOI CTPYKTYpPU, AKi MOKYTb OyTH ommcaHi SK MacoBi
dparTanu. Croocrepiraerbcss TeHIEHIIiA N0 BUPiIBHIOBAaHHA (PPaKTaJIbHUX PO3MipHOCTEH ITUX
piBHiB, TOOTO BigOyBaeThCcA MOCTyIOBUII Iepexin mo MoHO(MpaKTanbHOI cTpyKTypu. Ilokasa-
HO, IO Aifl THCKY Ha CTPYKTYPY KCEPOTEJI0 Mae HEMOHOTOHHUU XapaKTep 3 eKCTPeMyMOM

6iga 600 MIla.
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