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The X-ray photoelectron spectroscopy investigation of doped zirconium dioxide nanopow-
ders of ZrO, + 8 mol.% Y,05 + 0.5 % Cr,04, ZrO, + 0.5% Cr,05 and ZrO, + 8 mol.% Y,04
compositions has been carried out in order to obtain information about surface states of
the nanoparticles. Samples of all compositions are nonstoichiometric and include four
states of zirconium atoms: Zr**(0%), Zr**(OH), Zr3*, and Zr?*. Although initial states of
samples doped with yttrium and chromium and with yttrium only differ slightly from one
another, after calcination at 600 °C in air for 1 h, intensity of component corresponding
to Zr-OH bond in case of Y-doping decreased by 58% and in case of Y and Cr doping by
27% only. This fact shows that doping with chromium oxide slows down depiction of OH
groups and explains nanopowders crystallization process delay.

MeTomomM pPeHTreHOBCKOU (DOTO2JIEKTPOHHOM CIIEKTPOCKOINM HCCJIeL0OBAHLI HAHOIIOPOIIKU
JIETHPOBAHHOTO JUOKCH/JA IIMPKOHHUA clefyiomux cocraBos: Zr0, + 8 mon.% Y,05 + 0.5 %
Cr,05, ZrO, + 0.5% Cr,03 u ZrO, + 8 mox.% Y,0,, mna monydenusa wH(pOpMAnuUM O
TIOBEPXHOCTHBIX COCTOAHUAX. Bce 00pasiibl XapaKTepU3YIOTCA HECTEXHMOMETPUEH U COmepar
YeTHIPe COCTOSHUSA ATOMOB IUPKOHHUs Ha moBepxHocrum: Zrit(0%), Zr**(OH), Zrd3* v Zr2*. Xora
HAuyaJbHEIE COCTOSHHUS OOPA3I0B, JIETMPOBAHHBLIX UTTPHEM M XPOMOM M TOJBKO HTTPUEM,
OTJIMYAIOTCA HE3HAUYNTEJLHO, IIOCJIEe INPOKAJMBAHMS B BO3LylIHOM atmochepe npu 600 C B
TeueHre 1 daca, MHTEHCUBHOCTh KOMIIOHEHTHI, COOTBeTcTByMmeil cBasu Zr-OH, B cayuae
nerupoBanus Y ymenbinujack Ha 58%, a B cayuae jerupoanus Y u Cr — roabko Ha 27%.
ITanHBIA (PaKT CBHUAETEILCTBYET O TOM, UTO JIEMMPOBaHHE XPOMOM 3aMefJjseT IIPOIlecc yXoaa
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OH rpyumn mn 00bsCHAET 3a/IePKKY KPpUCTaAJJIN3allul HAHOIIOPOIIIKOB IIPU Harpese.

Doped zirconia is used widely in differ-
ent fields, such as structural and functional
ceramics, as catalysts, sensors, solid elec-
trolytes of Solid Oxide Fuel Cells (SOFC),
etc. In last years, a great interest is ob-
served in nanotechnology, and in particular,
in zirconia nanopowders. It is connected
with the fact that with decreasing particle
size down to a certain limit, the amount of
surface atoms becomes comparable with
amount of atoms in the bulk, thus affecting
dramatically the properties of materials.
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There are three polymorphs of zirconia:
monoclinic (m), tetragonal (t), and cubic (c).
The transformation between different poly-
morphs is very important for the processing
and mechanical properties of zirconia ce-
ramics. It is well known that in order to
obtain stable t- or c-phase zirconia at room
temperature, doping of zirconia with ox-
ides, such as CaO, MgO, Y,05 and CeO, is
required. The crystallization process of
doped zirconia is very complex and includes
a phase transformation with chemical reac-
tion. In Fig. 1, the TG, DTG, and DTA data
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for composition ZrO, + 8 mol.% Y,03 are
shown. As it is seen from the DTA data, the
crystallization of doped zirconia takes place
at 442°C.

Over the last years, most of publications
are devoted to zirconia ceramics doped with
a single oxide. Although optimized proper-
ties can be obtained in these ceramics, ter-
nary systems on ZrO,-base are drawing an
increasing interest. Incorporation of second
dopant makes it possible to improve me-
chanical properties, increase ionic conduc-
tivity, reduce the sintering temperature of
ceramics, etc. For example, adding 1 % of
Yb,0O5 to zirconia stabilized with 1 % Y,043
results in complete stabilization of tetrago-
nal phase, while 3 % of Y,03; is needed to
stabilize t-phase of ZrO, in a binary system
[1]. The influence of second element doping
of Y, Ce, Sc and Ca-stabilized zirconia with
such elements as Y, Ni, Fe, Cu, Mn, Al, Bi
and Zn on electrical conductivity and me-
chanical properties of solid electrolytes are
shown in [2-9]. Ce-doped yttria stabilized
zirconia is one of the promising materials
for nuclear waste storage due to its high
mechanical properties, high radiation stabil-
ity and high melting temperature [10]. Ti-
doped yttria stabilized ZrO, appears to be
an attractive material for SOFC electrodes
due to its mixed conductivity [11]. Several
studies of structural and mechanical proper-
ties of Y and Ce stabilized zirconia doped
with Al, Mn, Fe, Nd and Yb oxides were also
carried out [1, 12-15]. ZrO,—Ce0,—CuO ter-
nary system is investigated as catalyst for
oxidation of propane and toluene [16].

In our previous studies [17-20] on the
influence of second element doping on prop-
erties of stabilized zirconia nanopowders, it
has been shown that chromium doping of
yttria stabilized zirconia increases the crys-
tallization temperature by more than 100°C
and triggers the temperature dependence of
susceptibility from diamagnetic to paramag-
netic type [21]. The aim of this work was to
compare the surface state of chromium
doped yttria stabilized zirconia nanopowders
with yttria stabilized zirconia ones. Corre-
spondingly, X-ray photoelectron spectros-
copy method was chosen to investigate sur-
face state of hydroxide and oxide zirconia
nanopowders doped by yttrium and chro-
mium oxides.

Zirconia hydroxide nanopowders were
prepared by co-precipitation technique.
Aqueous solutions of ZrO(NOs),, Y,(NOj)3
and CrCl3-6H,0 taken at stoichiometric ratio
and mixed together were used as starting
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Fig. 1. TG, DTG, and DTA curves of ZrO, +
8 mol.% Y,0;.

materials. This precursor solution was
mixed with 25 % ammonia solution. After
reaction completion, the precipitate was re-
peatedly water washed to remove NO;~ ions.
In this state, zirconium-yttrium hydroxide
gel contained 85-90 % of water and had an
amorphous structure. The precipitates were
then dried in air at 120°C in a microwave
oven. A 600 W magnetron served as source
of microwave radiation with operating fre-
quency of 2.45 GHz. The samples of follow-
ing compositions were investigated: ZrO, +
3 mol.% Y203 + 0.5 % Cr203, Zr02 +
0.5 % Cry05 and ZrO, + 8 mol.% Y,0; la-
beled ZYC, ZC, and ZY, respectively. The
oxide nanopowders were obtained from hy-
droxides by calcination at 600°C in air for
1 h, and labeled as ZYCT, ZCT, and ZYT,
respectively. The phase composition and av-
erage grain size (CSA) were determined by
X-ray diffraction using a DRON-3 instru-
ment at room temperature. Electron struc-
ture of nanopowders was investigated by X-ray
photoelectron spectroscopy method using
ES-2402 spectrometer (E MgK, = 1253.6 eV,
P=200 W, p=210"7 Pa) equipped with
PHOIBOS-100 SPECS energy analyzer. The
spectrometer was also equipped with an IQE-
11/35 ion gun and the slow electrons gun FG-
15/40 to compensate the surface charge of in-
sulators. The Zr3d XPS spectra were decom-
posed into pairs of components with the
following parameters E;(3ds /2—3d5 /2) =24 eV,
I(3d3/2)/I(3d5/2) = 0.66. The Gauss-Newton
method was applied in calculation. The com-
ponent areas were calculated after back-
ground subtraction by Shirley method.
Chemical composition, average grain size
(CSA) and phases of oxide samples (labeled
T) are shown in Table 1. X-ray photoelec-
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Table 1. Labeling, chemical composition, size (CSA) and phases of zirconium oxide nanoparticles

calcined at 600°C in air

Label Composition Grain size, nm Phases
ZYCT ZrO, + 8 mol.% Y,045 + 0.5 % Cr,04 11.1 100 % T
ZCT ZrO, + 0.5 % Cr,04 10.1 783 % T+ 27 % M
ZYT ZrO, + 8 mol.% Y,04 15.5 100 % T
I, a.u. I, a.u.
ZYC 3ds, ZYCT 3ds,
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Fig. 2. XPS spectra of Zr3d levels, T — after calcination at 600°C in air; components of Zr3ds, level
labeled as a,b,c,d are: Zr?* (E,3dy,, =180.2 eV), ZrP*(E,3dy 5 = 181.2 eV), ZI**(0%) (E,3d;,, =
181.9 eV), Zr4+(OH) (E,73d5/2 = 182.7 eV), respectively, components a’,b’,c’,d’ correspond to Zr3ds,

level.

tron spectra are shown in Fig. 2, the compo-

nent intensities, in Table 2.
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The X-ray diffraction results show that

zirconia hydroxide powders are amorphous.

The oxide species calcined at 600°C are

Functional materials, 14, 4, 2007
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Table 2. Intensities of components of Zr3d- and O1s- XPS spectra

Charge state Binding Relative intensity

energy, eV ZYC ZYCT ZC ZCT ZY ZYT

zr2 180.2 (3d;5) 3.8 3.8 2.8 4.2 4.5 4.8

Zr3* 181.2 (3d5/2) 17.6 18.1 19.6 30.0 19.8 28.2
Zr**(0%) | 181.9 (3dy,y) 42.8 50.0 37.2 44.8 41.8 45.5
Zr**(OH) | 182.7 (8dy,,) |  85.7 28.1 40.4 21.0 33.9 21.5
Zr-0-Y 528.2 (O1s) 6.1 16.9 1.8 1.8 7.3 2.7
H,O 533.0 (Ols) 8.1 2.6 3.5 3.4 5.0 1.6

100 % tetragonal, except for ZCT one either under connection of an electron to

which also includes 27 % of monoclinic
phase. This is connected with the small
amount of chromium oxide which is insuffi-
cient for complete stabilization of tetrago-
nal phase [22]. Nevertheless, dopants with
ionic radius smaller than Zr atomic radius
are not referred to as stabilizers. The ZYT
sample is a well studied tetragonal zirconia
dioxide with ecrystallization temperature
around 425°C, but adding 0.5 % of Cry,05
induces the crystallization temperature
shift towards higher temperature region by
more than 100°C [17].

The surface state of hydroxide and oxide
nanoparticles is complex and shows several
states with different binding energies corre-
sponding to different nonequivalent states
of zirconium atoms, as it can be seen from
the XPS spectra of Zr3d levels (Fig. 2). On
the surface of these nanoparticles, zirco-
nium atoms are present in four states: Zr2*
(Ey3d5,9 = 180.2 eV, complex a), Zr3*
(Ep3ds5,9 = 181.2 eV, complex b), Zr**(02")
with b3d5/2 =181.9 eV, (complex c¢) and
Zr**(OH) with E,3d5,5 = 182.7 eV (complex
d), respectively. Zr‘?"(OZ‘) and Zr4*(OH)
states are common for investigated systems
and presence of Zr3* and Zr2* states may be
connected with the difference between
speeds of OH groups detachment and re-
placement them with oxygen atoms. Zr2*
states were also observed by other re-
searchers [23, 24]. In the stabilized materi-
als, the effective reduction of the zirconium
coordination by oxygen from eightfold to
sevenfold results in the introduction of oc-
cupied Zr4d valence bands which are associ-
ated with Zré* [24].

The presence of Zr3* states with energy
Eb3d5/2 = 181.2 eV in Zr3d spectra can be
connected with non-stoichiometry of investi-
gated oxides and hydroxides. According to
[25], charge compensation under oxygen de-
fects formation may occur in two ways,
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Zr** jon with transition of the latter to the
lower valence state or under electron local-
ization in oxygen vacancy with F-center for-
mation (detachment of OH groups requires
one electron per one oxygen vacancy). The
influence of Cr doping on nanoparticles sys-
tem behavior was investigated in different
studies by EPR method [20, 26, 27]. These
investigations demonstrate possibility of
use of Cr ions as markers, carrying infor-
mation about properties of zirconia
nanoparticles and their changes under dif-
ferent conditions. The significant increase
of Zr3* component in the case of one-ele-
ment (Cr or Y) doping, in contrast to doping
with two elements (Cr and Y) should be also
mentioned. In the case of simultaneous dop-
ing with chromium and yttrium oxides, this
fact may be associated with inhibition of
OH group detachment and crystallization
onset [17]. High intensity of Zr3* component
in comparison to traditionally observed non-
stoichiometry is explained by great contri-
bution of surface in nanopowder system.
Unlike EPR spectroscopy, the XPS method
discovers Zr?* state, which can also be asso-
ciated with surface dehydration of hydrox-
ide and oxide nanoparticles. As it is seen
from the TG curve (Fig. 1), the mass loss
does not stop even above 650°C.

The doping of zirconium hydroxide and
oxide affects all components of Zr3d levels,
but the most dramatic effect it has on
Zr**(0%) and Zr**(OH) states. The initial
states of samples with yttrium and chro-
mium and with yttrium only differ slightly
from one another, but after calcination at
600°C for 1 h in air, amount of Zr—OH
bonds in case of Cr-doping decreased by
21 % in contrast to simultaneous doping by
chromium and yttrium oxides, where this
value amounts 37 %. The increased amount
of OH bonds in calcined sample with yt-
trium and chromium influences the crystal-
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lization process, also increasing the crystal-
lization temperature by more than 100°C. The
O1s states which correspond to absorbed H,O
molecules disappear almost completely after
calcination for all samples. The dynamics of
changes is specific for each sample, but the
general trend is reduction of hydroxide states
contribution, although hydroxide states do
not disappear completely after calcination at
600°C. For all calcined samples, the ratio
Zr4*(02)/Zr**(OH) of surface states in-
creases, resulting in increased amount of
oxide states. The lowest value of Zr4+(O2-
)/Zr**(OH) ratio corresponds to the sample
containing both yttrium and chromium
dopants. Such a behavior may result from
increase of M—-OH complex binding energy
due to presence of chromium atoms.
Zr4*(027)/Zr**(OH) ratio for samples contain-
ing only Y and only insert space "Cr dopants”
is higher than for sample including both
dopants. This fact shows that the doping with
second element can affect M—OH complex bind-
ing energy [20].

According to the data shown in Table 2,
a change of Zr—-O-Y states also takes place
on the surface of nanoparticles after calci-
nation. For sample with chromium and yt-
trium dopants, a considerable rise of such
states occurs, contrary to the sample with-
out chromium. This can be associated with
the diffusion of yttrium atoms to the sur-
face of particles or with partial destruction
of the shell consisting of H,O and OH mole-
cules.

The described changes of states in doped
ZrO, nanoparticles can impact dramatically
the properties of this particulate systems,
such as agglomeration, catalytic activity,
sorption properties, compacting, etc.

Thus, the surface of both zirconium hy-
droxide and oxide has a rather complex
structure and includes Zr**(027), Zr**(OH),
Zr2* and Zr3* states. Zr**(02-) and Zr4*(OH)
states are common for investigated systems
while the presence of Zr3* and Zr2* states
may be connected with the difference be-
tween speeds of OH groups detachment and
replacement them with oxygen atoms. A
high non-stoichiometry degree observed in
our experiments can be explained by contri-
bution from the surface of investigated
nanoparticles.

The contribution from Zr**—OH bonds in
case of simultaneous (Cr and Y) and sepa-
rate (Cr or Y) doping decreases from 40.4 %
to 33.9 % with maximum value in 0.5 %
Cr doped zirconia sample. The use of simul-
taneous or separate doping makes it possible
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to change the non-stoichiometry degree of
oxide matrix. So, in the case of simultane-
ous doping with chromium and yttrium, the
amount of Zr3* states changes after calcina-
tion only slightly (3 %), while separate dop-
ing with chromium or yttrium results in a
significant increase of Zr3* states by 53 %
and 42 %, respectively.

Doping of zirconium hydroxide and oxide
affects all components of Zr3d XPS spectra,
but most dramatically influences the
Zr4*(0%7) and Zr4*(OH) states. The amount
of hydroxyl groups after calcination is
much higher for sample with yttrium and
chromium dopants, though initial states of
samples ZrO, + 8 mol.% Y,03+ 0.5 %
CI’203 and Zr02 + 3 mol. % Y203 differ only
slightly. This fact shows that doping with
both chromium and yttrium oxides can af-
fect the M—OH complex binding energy and
explains the crystallization temperature in-
crease by more than 100°C.

This work has been done under the pro-
ject of STCU-NAS of Ukraine # 4140 and
NAS of Ukraine grant # 103/07-H.
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PenTreniBcbka (poTO€JEeKTPOHHA CHEKTPOCKOIIiS
HaHONMOpOomKiB ckiaaxy Zr0O,-Y,0,;-Cr,0,

O.M.Kopdyb6an, 1.0.Awuwun, T.€.Koncmanminoséa,
I1.A.Jlaninenxo, I''K.Boakoéa, B.O.I'na3ynoea

MeTomom peHTreHiBCbKOI (DOTOENEKTPOHHOI CIIEKTPOCKOIIil JOCIiIKeHO HAHOMOPOIIKU Jie-
roBaHOro NioKCHAY NUPKOHiO HacTymHuxX ckaagis: ZrO, + 8 mon.% Y,05 + 0.5 % Cr,0g,
ZrO, + 0.5% Cr,0; Ta ZrO, + 8 mon.% Y,03 3 meroro orpumanHa imdpopmanii mpo
noBepxHeBi craHu. Bel 8paskm xapakTepusylOThCA HecTexioMeTpielo Ta MicTAThL YOTUPU
CTAaHM aTOMiB IUPKOHiI0 Ha moBepxHi: Zr**(0%), Zr**(OH), Zr3* ™@ Zr2*, IlouaTkoBuit cram
3pasKiB, JIeroBaHUX iTpieM Ta XpoMoOM Ta TiJIbBKU iTpieM, IpakTWYHO He BigpisHAeTbCH, aje
micaa Bizmany mpu 600 °C BopogoB: 1 roguHu iHTeHCHBHICThL KOMIIOHEHTH, IO BifmoBizae
3B’asky Zr-OH y Bumazxy serysanHa Y smeHmmiaach Ha 58%, a y Bumagky JeryBasHa Y Ta
Cr — rinpku Ha 27% . Ileil akT BKasye Ha Te, IO JEryBaHHA XPOMOM YIIOBIIBHIOE IIPOLEC
Bigpuy OH rpyn Ta mosicHioe saTpuMaHHsS KpucTrajiisaliil HAHONOPOIIKIB mpu Bigmauri.
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