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/Jlannoe uccnedosanue noceauieHo NOAyUeHU0 Memooom SAS 6 ceepxKkpumuueckom ou-
OKcUOe y2/1epo0a HAHOPA3MEPHBIX OUOKCUOA UUPKOHUA, OKcUOa Kobanbma u ¢az na ux ocnoee. HUc-
X0OHbBlE pACMEOPbL 20MOBUNU yHeEM 000as1eHUA K ayemunayemonamy yupkonus (IV) u auemuna-
yemonamy xooanvma (I1) memunosozo cnupma 6 3a0aHHBIX COOMHOULEHUAX, KOMOPbIE 3aMeM 8HO-
cunu ¢ peakmop. llapamempol IKcnepumenma npu nOaAYYeHUN HAHOUACHIUY UMENU ClledyIoujue 3Ha-
yenua: oaenenue 10 MIla, memnepamypa 50 °C, ckopocmev nodauu ouokcuoa y2nepooa 35 z/mum,
CKOpPOCHIb HOOAYU UCXO00H020 pacmeopa 0,5 ma/mun. boiiu noayuenvt Housuodyanwvnule gazwl, cooep-
Jcaugue YUPKOHUIL U Kobanvm, a maxice o0pasybl ¢ MOAbHLIM COOMHOUIEHUEM UUPKOHUA K KO-
oanomy: 3:1, 2:1, 1:1, 2:1, 1:3. Ilonyuennsle 06pazysl ouliu 0xXxapaKmepu3oeanvl KOMHIEKCOM u-
3UKO-XUMUYECKUX MEM 0006 AHANU3A: UHPPAKPACHAA CReKMPOCKOnU, oughdepenyuanvhas ckanu-
Pyrowasn Kaiomempus, peHmzeHo(azoevlii AHANU3, NPOCEEUUBAIOWAA IIEKMPOHHAA MUKDOCKORUA,
Penmzeno6cKan homosnekmponnan cnekmpockonus. Hcnonv3oeanue ayemuiayemonamos yupKko-
HUA U Kobanbma 8 Kauecmee UCX0OHbIX KOMHOHEHN 06, RPUBOOUM K 00PA306AHUI0 YCHIOUYUEIX NPO-
O0YKMOG — HAHOUACMUY, AUEMAMO08 COOMEEMCMEYIOU{UX MEMANN08 8 PEHMZEHOAMOPPHHOM COCmO-
Huu. Ilpu nazpeeanuu 0o 340-350 °C npoucxooum paspyuienue mMemaniopzaHuieckux KOMNIeKcos
00 0KCu008 ¢ oopazosanuem 6 cucmeme ZrQz — CoO nenpepviéHo20 paoa peHmzeHoamophHslx meep-
ovix pacmeopos. Ilpu memnepamype eviue 600 °C npoucxodum Kpucmanauzauus §asz ¢ pacnaoom
meepovix pacmeopos na unousudyabhuvle okcuovl ZrQ, u Coz04 Illpu memnepamype evtue 900 °C
npoucxooum oanvHeiiuiee okucaenue kovanvma. Takum odpazom, npouyecc OKUCIeHUA OKCUOA KO-
oanvma 0o Co304 npoxooum & 0ée cmaouu npu 600 u 900 °C. /[na o6pazyoe ouokcuda yupKoHus c
npumecwvio oxcuoa xobanvma npu memnepamype 700 °C nadnodaemea cmadunuzayus Kyouueckou
Mooupukayuu, ¥Mo 8EPOAMHO, C6A3AHO C 6X0HCOCHUEM 8 KYOUUECKYI0 CHPYKMYPY OKCUOA UUPKO-
HUA npumecu Kodajivma, KOMOPAs NPENAMCMEYem nepexooy 6 mempazoHaaIbHy0 U MOHOKIUHHYIO
Moouukayuu.
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This study is devoted to obtaining nanoscale zirconium dioxide, cobalt oxide and related
phases by SAS method in supercritical carbon dioxide. The synthesized compounds were charac-
terized by a complex of physico-chemical analytical methods: infrared spectroscopy, differential
scanning calorimetry, X-ray diffraction, transmission electron microscopy, X-ray photoelectron
spectroscopy. The experimental parameters for obtaining the nanoparticles were: pressure 10 MPa,
temperature 40 °C, carbon dioxide supply rate 35 g/min, the initial solution supply rate 0.5 ml/min.
Individual phases containing zirconium and cobalt, and also samples with zirconium to cobalt mo-
lar ratios 3:1, 2:1, 1:1, 2:1 and 1:3 were obtained. The use of zirconium and cobalt acetylacetonates
as initial components leads to formation of stable products — nanoparticles of acetates of the cor-
responding metals in the X-ray amorphous state. When heated to 340-350 °C, the destruction of
organometallic complexes to oxides occurs with formation of a continuous series of X-ray amor-
phous solid solutions in the ZrOx-CoO system. At temperatures above 600 °C, the phases crystallize
with the decomposition of solid solutions into ZrO; and C03O4. When temperature is above 900 °C,
further oxidation of cobalt occurs. Thus, cobalt oxide oxidation into CosO. proceeds in two steps,
at 600 and 900 °C. For samples of zirconium dioxide with cobalt oxide admixture at a temperature
of 700 °C stabilization of the cubic modification is observed which is probably due to the entry of
cobalt into the cubic structure of zirconium oxide, which prevents transition to tetragonal and mon-
oclinic modifications.

Key words: nanoparticles, supercritical antisolvent precipitation technique, cobalt oxide, zirconium dioxide,
transmission electron microscopy
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INTRODUCTION applied also in a number of other medical branch_es,

such as orthopedics and stomatology [2, 3]. Ceramics

The nanosized zirconium dioxide becomes of  hased on zirconium dioxide and aluminum oxide can

greater and greater practical importance in many  be used as bone implants [4]. Special attention is paid
spheres of human life. Recently the use of ceramics in  to using zirconium dioxide as a catalyst or a catalyst
biomedicine has increased [1]. Zirconium dioxide is  carrier [5-7]. Zirconium dioxide modified by anions
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such as sulfate ions forms a high-acidity or a superacid
catalyst depending on the synthesis conditions [8, 9].
Such a catalyst has worked well in many important
commercial processes, such as isomerization of hydro-
carbons, alkylation, condensation, cyclization, Fischer-
Tropsh reaction, cracking of oils and oil products and
many others [10-15]. The surface characteristics of
such catalysts can be improved by adding metal cations
as promoters [16-18]. Using zirconium dioxide cata-
lysts with addition of iron and cobalt oxides as active
sites enables reducing nitrogen oxides [19, 20]. Com-
plex oxide systems of cerium and yttrium stabilized by
zirconium oxide were suggested as electrolytes for the
solid-state fuel cells [21]. The development of low-
temperature catalysts for carbon monoxide oxidation
in the presence of hydrogen — cobalt, iron and copper
oxides applied on zirconium dioxide — seems to be
promising [22]. Utilization of carbon dioxide is equally
important. This process utilizes cobalt- and iron-con-
taining catalysts applied on zirconium dioxide or on
aluminum gamma oxide [23, 24]. Zirconium oxide is
used in sensors for detecting various gases (such as car-
bon monoxide, nitrogen oxides, ammonia, sulfur diox-
ide, hydrogen sulfide) in air [25, 26].

By now many methods for synthesizing zirco-
nium dioxide and zirconium oxide based catalysts have
been suggested: a sedimentation method, where ni-
trates of the corresponding metals are used as precur-
sors [27, 28]; a sol-gel method and hydrothermal meth-
ods using zirconyl chloride or zirconium alcoholate as
initial salts [29-32].

However, these methods have a number of
shortcomings. Specifically, they do not make it possi-
ble to control particles morphology and prepare a prod-
uct without impurities of the initial salts. From this
point of view, the method of supercritical antisolvent
precipitation (SAS) is promising. This method uses as
precursors transition metal alcoholates dissolved in an
organic solvent and supercritical CO; as an antisolvent.
Using this method of synthesis allows to control finely
the size and geometrical shape of particles by varying
process parameters, such as pressure, temperature and
the rate of solution or CO- delivery.

The authors published previously the results of
studies on the synthesis of nanosized titanium and zir-
conium dioxides, as well as their solid solutions by su-
percritical antisolvent precipitation (SAS) with super-
critical CO;, [33-35]. The isopropylates of the corre-
sponding metals in isopropanol were used as start-
ing substances. The obtained nanoparticles had an
X-ray amorphous structure, high specific surface
area and porosity.
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The goal of this work was to obtain and char-
acterize nanosized zirconium dioxide, cobalt oxide and
related phases using SAS in the supercritical fluid of
CO,. Noteworthy, it is known that double oxides are
not formed in the CoO — ZrO, system studied by the
solid-phase synthesis methods.

EXPERIMENTAL SECTION

Synthesis

The nanosized samples of CoO — ZrO; system
were synthesized in a SuperParticle SAS-50 System
experimental unit ("Waters Corp"). The initial solu-
tions were prepared by addition of methanol (HPLC,
"LAB-SCAN") to zirconium (IV) acetylacetonate
(98%, "Sigma-Aldrich™) and to cobalt (II) acety-
lacetonate (97%, "Sigma-Aldrich") in preset ratios.
Then the reaction mixtures were transferred into a re-
actor. After the experiment, CO- fluid was supplied for
15 min more to remove the solvent from the surface
and from the volume of the obtained particles. The ex-
perimental parameters for obtaining the nanoparticles
were: pressure 10 MPa, temperature 40 °C, CO. supply
rate 35 g/min, the initial solution supply rate 0.5 ml/min.
The individual phases containing zirconium and co-
balt, and also samples with zirconium to cobalt molar
ratios 3:1, 2:1, 1:1, 2:1 and 1:3 were obtained.

Research Methods

The obtained samples were studied by a series
of physicochemical methods. In order to remove traces
of the organic solvent the samples were dried inan LT-
VO/20 vacuum drying oven at 0.7 bar. The thermal
analysis of the samples was carried out with the use of
asynchronous SDT Q6000 TGA/DTA/DSC thermoan-
alyzer in ceramic crucibles. Curves were recorded in
10 °C/min increments up to 1000 °C in the air. The IR
absorption spectra were registered with using Bruker
EQUINOX55 Fourier spectrometer. Samples were
prepared in the form of pellets with KBr. The X-ray
studies were executed using Bruker D8 Advance dif-
fractometer (Cu-Ka radiation, a graphite monochrom-
ator). ICDD-JCPDS cards were used for the phase
identification. A transmission electron FEI Osiris mi-
croscope equipped with a field emission source was
used. Microphotographs were obtained at an accelerat-
ing voltage of 200 kV. Resolution: 0.12 nm in the light-
field mode (TEM). The content of the organic compo-
nent in the samples was controlled with the use of a
ThermoQuest FLASH EA 1112 automatic C, H, N, S
elemental analyzer.

The photoelectron studies were performed
with KRATOS AXIS ULTRA DLD photoelectron
spectrometer in ultra-high vacuum (5-10%° — 3-107* torr)
using AlK« radiation at a photon energy of 1486.69 eV
(energy resolution 0.48 eV, binding energy was cali-
brated using Ag3ds, line).

W3B. By30B. Xumus u xuM. TexHonorus. 2021. T. 64. Beimn. 5



RESULTS AND DISCUSSION

Freshly prepared samples with various zirco-
nium/cobalt ratios have amorphous structures, which
were confirmed by a ring diffraction pattern obtained
when studying by electron microscopy. The particles
are agglomerates of 70-270 nm spherical bodies tightly
bound with each other (Fig. 1).

«

Fig. 1. Diffraction pattern and agglomerates of freshly prepared
particles of sample with Co/Zr ratio 1:2
Puc 1. ludpakunonHast KapTuHA U arJIOMEPaThl CBEKETIPUTOTOB-
JIEHHBIX YacTuIl 00pasiua ¢ cootHoureanem Co/Zr 1:2

The registered IR absorption spectra show
presence of acetate groups in freshly prepared samples.
Absorption bands at 1585, 1381, 1025, 930 and 656 cm™*
are attributed to these groups (Fig. 2) [36]. In addition,
the qualitative reaction with iron chloride for confir-
mation the presence of acetate salts was carried out.

1.0

T
o
o
Absorbance

0,0

2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. The IR absorption spectrum of freshly prepared sample
(dotted line) calcined at 700 °C (dashed line) and 1000 °C (solid
line) with Co/Zr ratio 1:2
Puc. 2. UK cnexTp morionieHus CBEKENPUTOTOBIEHHOTO 00pa3ia
(ToueuHas MMHUSA), TPOKaJIEHHOTO NpH TeMneparype 700 °C
(mysxtupHas auHuA) U 1000 °C (crutomHas JUHUS) C COOTHOLIE-
uuem Co/Zr 1:2

The mechanism of zirconium acetylacetonate
thermal decomposition was studied by Ismail [37].
The authors found several intermediate products
containing acetate groups: Zr(CsH702)2(CH3zCOQ),,
ZI’OH(CHsCOO)s and ZI’O(CHsCOO)z.

Thermogravimetric analysis of a freshly pre-
pared sample of zirconium acetate shows that heating
to 340 °C results in a large weight loss (to 46.7%),

ChemChemTech. 2021. V. 64.N 5
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which is close to the theoretical value of 45.1% upon
ZrO(CHsCOO), zirconium acetate thermal decompo-
sition to zirconium oxide ZrO,. The synthesis specific
features, can explain the excess of weight loss as com-
pared to the theoretical value by the presence of a re-
sidual organic solvent (alcohol) in the large volume of
the pore space according to early studies [33-35]. The
C, H, N, S elemental analysis data presented in Table
indicate that the excessive amounts of carbon and hy-
drogen are equal to 1.33% and 0.99%, respectively,
with regard to the values theoretically calculated for
zirconium acetate.

Table
Results of the elemental analysis for freshly prepared
zirconium acetate sample
Taobnuya. Pe3ysibTaThl aHATU3A 3JIEMEHTHOI0 COCTaBa
CBECKCIMPUTOTOBJICHHOT O 00 a3la aneraTa HMPKOHUS

Determined parameter C %wt. H %wt.
Theoretical value 21.33 2.67
Freshly prepared sample 22.66 3.66

Thus, it can be concluded that the synthesis
from the supercritical CO; fluid with the use of transi-
tion metal acetylacetonates as starting substances af-
fords zirconium acetate Zr(Ac) and cobalt acetate
Co(Ac) as the reaction products. They were trans-
formed into oxides upon heating to 340 °C. The latter,
according to the results of X-ray phase analysis, also
have an amorphous structure.

Decomposition of individual zirconium ace-
tate at 450 °C results in the nucleation of a cubic ZrO;
phase. The nucleation centers were identified by the
existence of the most intensive peak (111) on the amor-
phous ring of the X-ray pattern.

Analysis of electronic microphotographs of
analogous samples with various Co/Zr ratio shows uni-
form distribution of the chemical elements in the nano-
particles volume. This indicates the formation of a con-
tinuous series of solid solutions in the amorphous state
of the ZrO, — CoO system (Fig. 3).

According to the results of thermogravimetric
and X-ray phase analyses of the solid solution with
Col/Zr ratio 1:2 two thermal effects with weight loss up
t0 5.30% were registered in the temperature range from
500 to 650 °C. They were attributed to the amorphous
oxide crystallization and cobalt partial oxidation (Fig. 4).
The latter was indicated by the emergence of a second
component in the XPS spectrum. This is evidenced
also by the X-ray phase analysis results. Most likely, in
this case the weight loss is due to the residual solvent
expelling from the pore space upon the substance crys-
tallization.
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zzzzzzz

ot et i
Fig. 3. The area of elemental analysis of a solid solution with
Co/Zr ratio 1:2: a darkfield image and a distribution map for Co,
Zrand O
Puc. 3. O6nacts nmpoBeaeH s 3JIEMEHTHOTO aHaIK3a TBEPIOTO
pactBopa ¢ cooTHotiernrueM Co/Zr 1:2: TeMHOMOIbHOE H300paxke-
HUE U KapTa pacnpeneneHus snemenToB Co, Zr u O

100 7 - ~05
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Temperature (°C)
Fig. 4. TG/DSC (dashed/solid) curve of sample with Co/Zr ratio
1:2
Puc. 4. TA/ATA/JICK o6pasiia ¢ coorHommennem Co/Zr 1:2

Analysis of the electronic microphotographs of
a sample with Co/Zr ratio 1:2 calcined at 700 °C
(Co/Zr(Ac) 700 °C) shows nonuniform distribution of
the chemical elements in the nanoparticles volume.
This indicates the formation of Co3zO4 polycrystals on
ZrO; surface. Particles adhere to one another forming
agglomerates. The particles size is from 70 to 260 nm.
The high-resolution photograph clearly shows for-
mation of the samples with crystalline structure (Fig. 5).

% ’ -
Fig. 5. Agglomerates of the particles of sample with Co/Zr ratio
1:2 calcined at 700 °C and a distribution map for Co, Zr and O
Puc. 5. Arnmomeparsr yactui o6pasia ¢ cootHotrernem Co/Zr
1:2, mpokanennoro npu temneparype 700 °C, u kapta pacmnpene-
stenns snementos Co, Zru O

The X-ray patterns of freshly prepared samples
of zirconium and cobalt acetates, as well as their solid
solutions calcined at various temperatures are shown in

40

Fig. 6. In case of individual zirconium
and cobalt acetates, corresponding ox-
ides ZrO; and Cos04 were formed after
calcination at 700 °C. The formation of
the oxide crystal structures was also
demonstrated by the emergence of
characteristic intense bands at 661, 557
and 752 cm? in the IR absorption spectra related to the
vibrations of cobalt- and zirconium-oxygen polyhedra
[38, 39]. The presence of an absorption band at 1625-
1655 cm* attributed to the water deformation vibration
is probably due to the capture of water molecules by
the pores of the samples under study and by potassium
bromide (Fig. 2) [39].

Do ettt
NN ]
3

37-1484
l7-092?i
N
42-1467
[

Intensity

27-0997
T T T T T 1 T T T T 1

5 10 15 20 25 30 35 40 45 50 55 6(

20
Fig. 6. The X-Ray patterns of freshly prepared samples calcined at

different temperatures: Zr(Ac) 450 °C (1), Zr(Ac) 700 °C (2),
Co(Ac) 700°C (3), Co/Zr(Ac) 1:2 700 °C (4), Co/Zr(Ac) 1:2 1000 °C
(5); ICDD-JCPDS: m-ZrO2 (37-1484), t-ZrO2 (17-0923), ¢c-ZrO2

(27-0997), Co304 (42-1467)

Puc. 6. PeHTreHorpaMMbl CBEKEIPUTOTOBICHHBIX 00Pa3IoB,
NPOKAJICHHBIX TIPH Pa3NUuHbIX Temmeparypax: Zr(Ac) 450 °C (1),
Zr(Ac) 700 °C (2), Co(Ac) 700°C (3), Co/Zr(Ac) 1:2 700 °C (4),
Co/Zr(Ac) 1:2 1000 °C (5); ICDD-JCPDS: m-ZrO (37-1484),

t-ZrO2 (17-0923), c-ZrO2 (27-0997), Co304 (42-1467)

The X-ray pattern of a ZrO, sample with cobalt
oxide impurity Co/Zr 1:2 at 700 °C (Co/Zr(Ac) 700 °C)
shows stabilization of the cubic modification (there is
no multiplicity of the cubic phase peaks typical of X-
ray patterns of the tetragonal and monoclinic phases).
Most likely, it is due to the inclusion of a part of cobalt
into zirconium oxide structure, which interferes with
the cubic modification transformation into the tetrago-
nal and monoclinic.

Heating up to 900 °C resulted in decomposi-
tion of the thermodynamically unstable cubic phase of
zirconium oxide into the tetragonal and monoclinic
phases. The transition to the monoclinic phase stable at
this temperature is hindered. Therefore, it proceeds se-
guentially from the cubic phase via the tetragonal one,
which was observed by the presence of the peaks of the
monoclinic and tetragonal ZrO, phases.

The last endothermic effect was registered at
909 °C. The X-ray pattern of a sample with Co/Zr ratio
1:2 calcined at 1000 °C (Co/Zr(Ac) 1000 °C) shows
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both reflections of two polymorphic modifications of
zirconium oxide and of cobalt (11, 111) oxide. However,
in this case the phase ratio is shifted towards the mon-
oclinic modification of zirconium dioxide.

According to reference data cobalt (I1) oxide is
transformed into the mixed cobalt (11, 111) oxide at a
temperature over 500 °C and melts at a temperature
over 977 °C [40]. As noted above, the X-ray pattern of
a sample with Co/Zr ratio 1:2 calcined at 1000 °C
shows presence of a signal of the mixed cobalt (I1, I11)
oxide phase.

Nevertheless, according to the XPS data pre-
sented in Fig. 7, only one state Co?* with Co 2ps, bind-
ing energy 780 eV is present in the sample up to 450 °C.
As calcination temperature increases to 700 °C, two
states Co?* and Co®* with prevalence of the reduced
cation (binding energy 780 and 780.3 eV, respectively)
are present in the sample at the same time. When cal-
cination temperature is 1000 °C, two states of cobalt
are present as well. However, the ratio of oxidation de-
grees changes towards Co** with binding energy 780.3 eV.

Intensity

SJI.S 8:ILO S(I)S 8(I)O 7;)5 75;0 7;35 7é0 7%5 770
Binding Energy (eV)

Fig. 7. The photoelectron spectrum of the Co2p region of the calcined
samples with Co/Zr ratio 1:2: 450 °C (1), 700 °C (2), 1000 °C (3)
Puc. 7. ®otosnexkrponHslii ciektp obnactu Co2p obpasia ¢ co-
orrommenneM Co/Zr 1:2: 450 °C (1), 700 °C (2), 1000 °C (3)

CONCLUSION

Synthesis in a CO; supercritical fluid with the
use of zirconium and cobalt acetylacetonates as initial
components results in formation of stable products —
nanoparticles of cobalt and zirconium acetates in an X-
ray amorphous state. When heating to 340-350 °C, de-
struction of the organometallic complexes occurs to
give the X-ray amorphous individual oxides or to form
a continuous series of X-ray amorphous solid solutions
in ZrO, — CoO system. When temperature is increased
above 600 °C, crystallization of phases with the solid
solutions decomposition into individual zirconium and
cobalt (11, I11) oxides occurs. According to X-ray anal-
ysis results, it is possible to obtain pure cubic ZrO,
modification only for cobalt-containing samples.

ChemChemTech. 2021. V. 64.N 5
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When temperature is above 900 °C, further oxidation
of cobalt occurs. Thus, cobalt oxide oxidation into
Co30. proceeds in two steps, at 600 and 900 °C.
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