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Abstract—The technology of liquid-phase synthesis of mesoporous xerogels and aerogels based on ZrO,—
Y,0;—CeO, is developed. Xerogels are obtained by the coprecipitation of hydroxides, while aerogels are
obtained in accordance with the sol—gel technology: the average pore size is 1.5—17.2 nm and the specific sur-
face area is 120—878 m?/g. Aerogels are characterized by a high degree of porosity: the pore volume attains
1—-4 cm’/g. Based on precursor xerogels, nanopowders of a tetragonal solid solution of the
(Z105,)0.92(Y203)0,03(Ce0,) o5 composition with a particle size of 5-9 nm and S, = 74 m?/g were fabri-
cated. Due to the high values of their specific surface area, the synthesized xerogels and aerogels are promis-

ing as sorbents, catalysts, or catalyst supports.
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INTRODUCTION

Recently, the interest in studies of materials with
particle size not exceeding a few nanometers has been
constantly increasing due to the core differences of
their properties from those of micro-sized powders
and materials based on them [1, 2]. The unique elec-
tric, mechanical, magnetic, optic, and other proper-
ties of nanomaterials are responsible for their applica-
tion in various fields of medicine, power and mechan-
ical engineering, etc.

Among numerous ceramic materials, the most
promising in terms of application are those based on
zirconium dioxide partially stabilized with oxides of
rare-earth elements in cubic and tetragonal structures.
Materials of this type are characterized with a wide
range of physical—chemical properties: chemical and
thermal stability, mechanical strength, hardness,
strong resistance to cracking, low heat conductivity,
high ionic electroconductivity, etc. Transition to
nanosized structures allows increasing the values of
the specific surface area and adsorption capacity, as
well as improving the materials’ chemical reactivity
and catalytic properties. However, creating the tech-
nologies for the production of materials on the basis of

nanopowders is impossible without reliable data on
their morphological, size, and structural characteris-
tics. Thus, studying the primary products of the syn-
thesis of ceramic materials (xerogels and aerogels)
constitutes a necessary task, as the very stage of xerogel
formation is the one, during which the structure and
size of the grains of ceramics on its basis are formed.
Aerogels are produced by the sol—gel method with
subsequent supercritical drying of alcogels, namely,
the removal of the solvent from pores of the gel at tem-
peratures exceeding the critical temperature [3—8].

Nanodispersed xerogels and aerogels based on zir-
conium dioxide are wide applied as superlight con-
struction materials and modifying additives to them,
heterogeneous catalysts, and catalyst supports [9—11].
To produce low-agglomeration xerogels, aerogels, and
highly dispersed powders on their basis, different methods
of liquid-phase synthesis are used: combined hydroxide
coprecipitation, sol—gel method, etc. [12, 13].

The objective of the present work consisted in the
synthesis of xerogels, aerogels, and powders in the
7Zr0,—Y,0;—CeO, system by different liquid-phase
methods (coprecipitation and sol—gel method) and
the study of their physical—chemical properties.
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Fig. 1. Microstructure of xerogel of the (ZrO,)( 95(Y,03)g 03(Ce0,) o5 composition fabricated by method of hydroxide copre-

cipitation.

EXPERIMENTAL

Study methods. The following study methods were
used in the present work. The pH of hydroxide precip-
itation was determined by the pH measurement
method (150 M pH-meter). The powders specific sur-
face area and pore size distribution were determined
by the method of low-temperature nitrogen adsorp-
tion (gas sorption analyzer Autosorb-1 and Quanta-
chrome Nova 4200¢). The differential thermal analysis
(DTA) was used to study the processes occurring in
coprecipitated xerogels, aerogels, and powders on
heating in the temperature range 20—1000°C (Q-1000
derivatograph, MOM). The powders’ phase composi-
tion was determined by the method of X-ray diffrac-
tion analysis (XRD) (D8 Advance Bruker diffractom-
eter, Cuk, radiation, 26 = 15°—80° in air). The X-ray
images were refined using an international ICDD-
2006 database. The coherent scattering region (CSR)
was calculated using the PDWin software package
developed by NPO Burevestnik. The ceramics’ micro-
structure was determined by the method of scanning
electron microscopy using an NVision 40 working sta-
tion (Carl Zeiss). The powders’ IR transmission spec-
tra were obtained using a Vertex 70 Fourier transform
IR spectrometer (Bruker).

Synthesis of xerogels and aerogels based on the
Zr0,-Y,0;—Ce0, system and tetragonal solid solution
of the composition (Zr0,), 9,(Y,03)5.03(Ce03)g o5 Syn-
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thesis of xerogels and powders by the method of
coprecipitation in the system was carried out from
solutions of zirconium, yttrium, and cerium nitrates
by aqueous ammonia solution using the cryochemical
treatment (freezing at —25°C). The following concen-
trations of the initial aqueous solutions were selected:
0.1 M ZrO(NOs;), - 2H,0, 0.1 M Y(NO;); - 5H,0,
0.1 M Ce(NO;); - 6H,0,and 1 M NH,OH. Precipita-
tion was carried out at pH 9—10. Upon completion of
the precipitation process, the time that the precipitate
was left in the solution was minimized to avoid the
processes of olation and oxolation, characteristic of
zirconium hydroxide and that result in the formation
of polymer compounds [12, 14—16]. According to the
XRD data, the obtained xerogels are X-ray amorphous
with particle sizes in the range 5—8 nm and consist of
fine granules of rounded shapes with a low degree of
agglomeration of ~30—40 nm (Figs. 1, 2).

The thermal treatment of amorphous precursors at
400°C results in the crystallization of the solid solution
based on zirconium hydroxide in a metastable cubic
structure of the fluorite (c-ZrO,) with the average
crystallite size of ~6 nm (Fig. 2). The temperature
increase up to 600°C yields the formation of a tetrago-
nal solid solution based on ZrO,; the average size of
the -ZrO, crystallites is 11 nm.

Aerogel samples in the ZrO,—Y,0;—CeO, system
were synthesized by the sol—gel technology. The zir-
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Fig. 2. Sequence of process of formation of #-ZrO, phase in samples of xerogel fabricated by method of coprecipitation (a) and

aerogel dried in MTBE (b).

conium oxynitrate powder was dissolved in methanol
and, thereafter, cerium and yttrium nitrates, as well as
a catalyst for gel formation (propylene oxide), were
added. The gels were formed within 20—30 min, held
at room temperature for 24 h, and then washed by dif-
ferent solvents once a day for 7 days in order to replace
the liquid in the pores by pure solvent [7, 17].

Isopropyl alcohol (IPA), methyltert-butyl ether
(MTBE), and carbon dioxide (CO,) were selected as
the solvents. Heating was carried out in an autoclave
until the temperature exceeded the solvent’s critical
temperature, and then the mixture was held at this
temperature for 10—15 min. For IPA and MTBE, the
drying temperatures were 250—260°C (6.0—7.0 MPa)
and 235-245°C (6.0—7.0 MPa), respectively. During
supercritical drying in carbon dioxide, the sample was
washed with liquid CO, (20°C, 15 MPa). Then, the
temperature in the reactor was increased to 50°C, and
the sample was washed by supercritical CO, (15 MPa)
[17]. Thus, aerogel samples in the ZrO,—Y,0;—CeO,
system dried in IPA, MTBE, and carbon dioxide were
fabricated.

RESULTS AND DISCUSSION

The behavior of the synthesized samples of xerogels
and aerogels of the (Zr0O,)(9,(Y;,03)0.03(Ce05)05

GLASS PHYSICS AND CHEMISTRY  Vol. 43

composition on heating was investigated by the differ-
ential thermal analysis (Figs. 3, 4). Figure 3 shows the
DTA/TG curves for xerogels synthesized by the
method of coprecipitation of zirconium, yttrium and
cerium hydroxides with elements of cryotechnology.
We observe the endo-effect corresponding to the
main stage of precipitate dehydration with the mass
loss of about 10% in the range 110—150°C. Such an
insignificant mass loss is related to the fact that freez-
ing the coprecipitated gels decreases the quantity of
water in the crystal hydrates of amorphous hydrox-
ides, which is related to the increase of the dispersity
of the precipitated powder and the start of the dehy-
dration process as early as during the drying of the
hydroxide precipitate [12, 13]. The narrow exo-effect
around 435°C indicates the explosive character of the
crystallization yielding a cubic solid solution of
(Z103)0.92(Y203),03(Ce0,)g o5 (c-ZrO,) with the aver-
age particle size of 5—8 nm, which is in agreement with
the XRD results. The further temperature increase up
to 600°C results in the formation of the nanostruc-
tured single-phase tetragonal solid solution (#-ZrO,,
10—12 nm).

Figures 4a—4c show the DTA and TG curves for
different aerogel samples. All the DTA curves
(Figs. 4a—4c) contain overlapping peaks of the exo-
thermal effects in the temperature ranges 210—290°C
and 280—350°C, indicating the occurrence of the pro-
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Fig. 3. Results of differential thermal analysis of xerogel
fabricated by method of hydroxide coprecipitation with
cryo-treatment.

cesses of burning-out of the excess CH groups and
carbon and the start of crystallization of the metasta-
ble cubic structure (c-ZrO,). These processes occur
with mass losses of 30—40% depending on the aerogel
drying method.

The studies of the characteristics of the texture of
the fabricated samples were carried out by the method of
the low-temperature adsorption of nitrogen (Fig. 5). Fig-
ures 5a and 5b show the adsorption—desorption iso-
therms and the pore size distribution curves for xerogel
and powder of the (Zr0,).9,(Y,03)0.03(Ce0;)y 95 coOm-

position synthesized by the coprecipitation method.

As seen from Fig. 5a, the capillary—condensation
hysteresis is not expressed clearly, whereas the sorp-
tion curve type indicates the microporous structure of
the xerogel (type I of the IUPAC classification) [19].
The characteristic appearance of the sorption curve
for the nanopowder (Fig. 5b) enables us to confirm its
mesoporous structure (type V of the IUPAC classifi-
cation), while the type of the capillary—condensation
hysteresis reveals the presence of bottle-like meso-
pores. As seen from the figure, in the xerogel sample
(a), micropores (~2 nm) are predominant, the total
pore volume is 0.136 cm?/g, and the specific surface
area is 120.4 m?/g. In the nanodispersed powder sam-
ple (b), the number of micropores is significantly
smaller, while the number of fine mesopores increased
(~5—7 nm). The total pore volume was 0.129 cm?/g.

As an example, Fig. 5¢ shows the isotherm of nitro-
gen adsorption—desorption on the (ZrO,)gg,-
(Y,03)0.03(Ce0,), 05 sample synthesized by the sol—gel
method and dried in the MTBE. As seen from Fig. 5c,
the type of the sorption curve allows us to speak of the
mesoporous structure of the aerogel (type III of the
IUPAC classification), whereas the type of the capil-
lary—condensation enables us to state the presence of
pores of a slit-like shape of a diameter of ~22 nm. The
specific surface area was 495 m?/g. The aerogel is
characterized with a wide pore size distribution rang-
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Fig. 4. Results of differential thermal analysis of aerogel
fabricated in accordance with sol—gel technology dried in
IPA (a), MTBE (b), and CO, (c).

ing from 1 to 120 nm. The characteristics of the porous
structure of the aerogels dried in other media (isopropyl
alcohol and carbon dioxide) are presented in Table 1. We
can see that the largest values of the specific surface area

2017



372 KOVAL’KO et al.

(a)
0.04
140 2 - 140

g 0.03 —— Adsorption

50 0 — .. -Desorption
3120 rE - 120 m@
“ < 0.01 S
5100 -2 4100 ©
o < 0 T SEEE g
g 0546 8101214161820 =
S 80 + Pore diameter, nm .. 4180 S
: L =
S 60t 160 2
2 3
A 40 - 140

1 1 1

0 01 02 03 04 05 06 07 08 09 10
Relative pressure p/p,

(b)
200 - 0.04 200
180 £0.03 180
=) — - - =Adsorption
20160 50,02 Desorption - 160
2 K
g 140 —50_01 - 140 g
. 3 -
g 120 _% 0 1 1 1 1 1 T 120 GE)
Z100F 0 2 4 6 8 10 12 14 16 4100 5
= Pore diameter, nm / g
.g O ez 480 g
560 160 &
g 3
240 1 440 @«
20 + 420
1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 0.6 0.7 08 09 1.0
Relative pressure p/pg
(©)
3000 - 3000
— Adsorption
w2500 " %0.10 — .. =Desorption | 2500 g
. £0.08 &
£2000 -%0,06 4120005
‘LE; 50.04 ) £
= 1500 - = 0.02 ;1 115003
g % 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] :. ;
S 1000 0246 81012141618202224262830 _-' i 1000‘8
= Pore diameter, nm t &
& . )
) 12
500 4500
0 1

0
0 0.1 02 03 04 05 06 07 0.8 09 1.0
Relative pressure p/p

Fig. 5. Isotherms of adsorption—desorption and differential curves of pore size distribution for xerogel synthesized by method of

coprecipitation (a), nanopowder of the (ZrO,)( 9,(Y,03)(.03(Ce0,)0.05 composition upon thermal treatment at 600 °C (b), and
aerogel of the (Zr0O,)(.92(Y703)¢.03(Ce0,)q o5 composition synthesized by sol—gel method and dried in MTBE (c).
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Table 1. Characteristics of porous structure of xerogels, aerogels, and powders of the (ZrO,)( 9:(Y,03)0.03(Ce0,)( 5 composition

- Specific Sorption Total pore Average
Method’ Condmon.s Phas.e' surface area, volume, volume, Average pore particle size
of synthesis of synthesis  |composition ) 3 3 volume, nm ’
Sspec’ m /g VS, m /g cm /g d, nm
Ttorm = 25°C Amorphous 120.4 85.7 0.121 1.33 2.9%
Coprecipitation | Ty = 400°C c-phase 84.1 101.1 0.090 5.16 5.5%; 8.7%*
Ttorm = 600°C t-phase 64.1 90.2 0.073 12.5 10.1%*
Drying in IPA
Try ne 12r15 ¢ |Amorphous| 8785 2524.6 4.058 1.07 9.7+
form —
Drying in MTBE
Sol—gel e | Amorphous| 8155 2022.4 3.265 1.08 9.9%
form —
Drying in CO,,
 neo Amorphous| 436.1 1058.0 1.674 17.17 11.6*
Ttorm = 25°C

* Calculations of average particle size were performed in accordance with Gurvich formula: d = 4V/S;c [18]; ** according to CSA.

Table 2. Results of X-ray diffraction analysis of samples of aerogels fabricated in different solvents (IPA, MTBE, CO,)

upon thermal treatment at different temperatures

Sample
T oC aerogel dried in IPA aerogel dried in MTBE aerogel dried in CO,
form»
phase, crystal lattice CSA, nm phase, crystal CSA., nm p.hase, crystal CSA., nm
parameters lattice parameters lattice parameters
25 Amt?rpl.lous, — Amorphous — Amorphous —
crystallization start
Metastable cubic Metastable cubic
300 2=5108 A 13 2=5119A 68 Amorphous —
Tetragonal Tetragonal Tetragonal
1000 a=3.623A 25 a=3.626 A 73 a=3.625A 35
c=5.191A c=5.194A c=5.193A

(878 m?/g) and total mesopore volume (4 cm?®/g) char-
acterize the aerogels dried in isopropyl alcohol, which
is determined by the properties of the solvent that is of
primary importance in the aerogel synthesis. The
phase composition of aerogels obtained in different
solvents can also be different. For example, the X-ray
image of the aerogel based on ZrO, fabricated by dry-
ing in isopropyl alcohol contains reflections around 30°,
characteristic of a metastable crystalline cubic structure,
while an amorphous aerogel is formed when drying in
ether (Fig. 2b). The formation of a crystalline cubic
structure in the case of the sample obtained using iso-
propyl alcohol must be related to the fact that the critical
parameters of this solvent and, therefore, the tempera-
ture of supercritical drying of this aerogel significantly
exceed the similar values for MTBE and CO,.

The sizes of particles of aerogels obtained through
drying in different solvents and under different ther-
mal treatment and the parameters of crystal structures
are shown in Table 2. The phase composition of aero-
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gels determined by the XRD method is in good agree-
ment with the data obtained by the method of scan-
ning electron microscopy (Figs. 6a—6c). As seen from
Fig. 6, the aerogels fabricated using different solvents
have complex micromorphologies characterized with
a homogeneous framework of the porous structure.

Xerogels are characterized with the values S, =

120 m?/g and total pore volume 0.13 cm?3/g, which are
substantially smaller than the respective parameters
for aerogels: S, = 440—878 m?/g and 2—4 cm’/g,
respectively. Such differences are related to the fact
that the aerogel framework remains unchanged under
supercritical drying (just the solvent is removed),
while xerogels shrink and aggregate upon thermal
treatment, which affects their characteristics, espe-
cially the values of specific surface areas [4—6, 20].

The synthesized xerogels, aerogels, and powders
were investigated by the method of Fourier transform
IR spectroscopy (Fig. 7). The IR spectra of all the
samples contain a wide area of diffuse absorption in
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Fig. 6. Microstructure of aerogels of the (ZrO,)g g,-
(Y503)0.03(Ce05)g 95 composition fabricated in accor-
dance with the sol—gel technology dried in isopropyl alco-
hol (IPA) (a), methyltert-butyl ether (MTBE) (b), and
carbon dioxide CO, (c).

the range 400—800 cm~!, indicating the presence of
Zr—O0 and O—Zr—O oxygen bridges. On curve I, the
set of absorption bands around 1380 and 1550 cm™!
assumes the presence of a water “bridge” coordinated
by two zirconium ions on the surface of the ZrO,-

based xerogel: Zr**—H,0—Zr*".
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Fig. 7. IR spectrum of xerogel of (ZrO,)gg,-
(Y503).03(Ce05)( 95 composition fabricated by method
of coprecipitation (/) and aerogel fabricated in accordance
with sol—gel technology dried in methyltert-butyl ether
(MTBE) (2).

The bands around 1280, 1310, and 1420 cm~!, char-
acterizing vibrations of CH and CH, groups are
observed on curve 2. Besides, the peaks in the 2800—
3000 cm™! range characterizing the stretching vibra-
tions of the unhydrated CH;and CH, groups are pres-
ent on the same curve.

The presence of these groups is caused by using
MTBE during the synthesis of the aecrogel sample. The
characteristic feature of curve 2 consists in the pres-
ence of Zr—OH—Zr bonds (800—900 cm~') and crys-
tallization water (1600—1650 c¢cm™!). Probably, the
existence of these bonds and the bound water is deter-
mined by the sample fabrication methods, in particu-
lar, the sol—gel technology and aerogel drying at
supercritical temperatures.

All the curves are characterized by the presence of
a broad absorption band around 3400 cm~!, corre-
sponding to the stretching vibrations of the adsorbed
water determined by the liquid-phase synthesis meth-
ods used in fabricating the samples under study.

CONCLUSIONS

The suggested technologies of synthesis, coprecip-
itation and the sol—gel method, allow us to obtain meso-
porous xerogels with a particle size of 5—8 nm and a low
degree of agglomeration (~30—40 nm) and aerogels
with a particle size of 9—10 nm. The thermolysis and
the textural and structural features of the fabricated
xerogels, aerogels, and powders in the ZrO,—Y,0;—
CeO, system have been investigated. The synthesized
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precursors manifest single phase areas of the existence
of cubic and tetragonal solid solutions in the tempera-
ture range 300—1000°C. Due to the significant spe-
cific surface area and, as a result, the large number of
active surface sites, xerogels and aerogels are applied as
superlight construction materials, sorbents, highly
efficient heterogenous catalysts, and catalyst supports.
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