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Doped zirconia nanopowders of ZrO, + 8 mol. % Y,05 + xCr,05 (x = 0, 0.3, 0.75, 1.5,
2.9) compositions have been prepared by co-precipitation technique and studied using
X-ray diffraction, X-ray photoelectron spectroscopy, and spin electron resonance. Intro-
duction of chromium oxide to zirconia stabilized with yttrium results in a nonuniform
dependence of crystallite size, monoclinic phase amount and specific surface area on
chromium concentration. The joint analysis of structural and spectroscopic data suggests
that the crystallite size increase is connected with competition between dopants and the
increase in monoclinic phase amount is connected with Zr?* substitution for Cr2* in the
crystal lattice of zirconia nanopowders.

Hanmomopomku nermposanHoro aumokcuzaa mupkonus ZrO, + 8 mol. % Y,05 + xCr,04
(x =0, 0.3, 0.75, 1.5, 2.9) mosnyueHbl METOLOM COBMECTHOI'O OCAKIEHUS U H3YUEHBl METO-
JaMH PEHTIeHOCTPYKTYPHOIO aHAJM3a, PEHTIE€HOBCKOI (POTOIIEKTPOHHON CIEKTPOCKOINHN I
9JIEKTPOHHOI'O IIapaMAarHWTHOI'O pe3oHaHca. BBemeHue OoKcHIA XpoMa B CTAOMIM3MPOBAHHBINA
UTTPHEM AUOKCHJ LIUPKOHUA I[IPHBOAAT K HEMOHOTOHHOMY HM3MEHEHHMIO pasMepa YacTHIl,
KOJIMYeCTBA MOHOKJIMHHON (Paspl M ILJIOIWAAXA YIAEJbHON IIOBEPXHOCTH B 3aBHUCHUMOCTH OT
KOHIIEHTPAIIY NPHUMecH. AHAIN3 CIEKTPOCKOIMYECKUX M CTPYKTYPHBIX AAHHBIX IIO3BOJISET
crenaTh IPEIIIONOMKeHNe O TOM, UYTO yBeJIMYEHHE Pa3MepPOB YACTHUIL BBI3BBAHO KOHKypPeHIuel
JIETHPYOIHUX L00ABOK, 4 POCT KOJMYECTBA MOHOKJIMHHON (Da3bl CBA3AH € 3aMelleHneM HMOHOB
Zr?* ga womer Cr2* B pemeTKe AUOKCHIA LUPKOHUS.

1. Introduction ample, Ca?*, Mg?*, Y3*, Ce**.
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Doped zirconia possess an outstanding
combination of properties, namely, mechani-
cal strength and fracture toughness, corro-
sion resistance, thermal and chemical stabil-
ity, high ionic conductivity, transparency
within a wide spectral range, stability to
neutron flux. This material is applied in
various fields as a functional and structural
ceramics including biocompatible ceramics,
as an electrolyte for SOFC, as a catalyst, in
medicine, etc. Stabilization of high-tem-
perature polymorphs of zirconia is achieved
by adding suitable oversized cations, for ex-
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years, an increased interest is paid in litera-
ture to multicomponent doping of zirconia
with two or more elements providing the
material properties to be varied in a wider
range. [1-5]. Among many elements used
for doping, chromium seems to be the least
learned one, but in our opinion, it is one of
the most interesting dopants, due to its
smaller ionic radius (RCr = 0.063 nm,
RZr = 0.084 nm), multivalence and possibil-
ity of identification by variety of spectro-
scopic techniques. Our previous works on
chromium doping of stabilized =zirconia
[6, 7] show that this element produces a
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significant impact on the ZrO,-Y,O5 system
properties. Those works have discovered
several interesting effects, in particular,
the elevation of nanopowder crystallization
temperature, particle growth suppression,
and a significant increase in the number of
paramagnetic centers. Computer simulation
of Cr impurity in ZrO, crystal [8] have
shown a change in the electron structure of
zirconia with chromium being a donor. Be-
sides of the electron structure change, the
presence of Cr ion in cation position of zir-
conia crystal increases the binding energy
of OH groups with nanoparticles surface re-
sulting in the inhibition of hydroxide/oxide
transformation and shifting the ecrystal-
lization temperature towards higher values.
However, the above results were obtained
for only two chromium concentrations (0.5
and 5 mol.% Cry,03). Thus, in order to ex-
plore the influence of chromium doping on
stabilized zirconia properties in more detail, a
new set of samples was prepared consisting of
five samples with chromium oxide concentra-
tions in the range 0-3 mol. % and yttrium
oxide 8 mol.%. The chromium oxide / yttrium
oxide ratio has been chosen to be 0, 0.1, 0.25,
0.5 and 1.0. This work presents the investiga-
tion results of ZrO,-Y,05-Cr,05 system using
X-ray diffraction, XPS and ESR spectroscopy.

2. Experimental

The co-doped zirconia nanopowders were
prepared by co-precipitation technique. The
mixed water solutions of ZrO(NOs),,
Y5(NO3)3; and Cr(NO3); taken at stoichiomet-
ric ratios were used as starting materials.
The precipitates were dried at 120°C and
calcined in air at 600°C for 2 h followed by
natural cooling together with the furnace.
The samples of following compositions were
investigated: ZrO, + 3% mol. Y,03 + x%
Cr,O3, where x = 0, 0.3, 0.75, 1.5, 2.9. In
what follows, the samples are referred to as
ZYC, with r being 0, 0.1, 0.25, 0.5, 1.0 and
indicating the chromium oxide / yttrium
oxide ratio. An X-ray diffractometer (XRD)
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Fig. 1. Concentration dependences of Zr3d XPS
spectrum. 1— Zr*t, 2 — 73t 3 — Zr¥*(OH), 4 —
Zr2t,

with nickel-filtered Cu Ko radiation was used
to determine the phase composition and crys-
tallite size of calcined powder. The crystallite
size was estimated using the Scherrer for-
mula [9]. The phase composition was calcu-
lated from the intensities of the 111 and 111
diffraction lines of m-ZrO, and 111 line of
t-ZrO, [10]. The electron structure of
nanopowders was investigated by X-ray pho-
toelectron spectroscopy using an ES-2402
spectrometer (E MgK = 1253.6 eV, P = 200
W, p = 2:10°7 Pa) equipped with a PHOI-
BOS-100 SPECS energy analyzer. The spec-
trometer was also equipped with IQE-11/35
ion gun and FG-15/40 slow electron gun for
compensation of surface charge of insulators.
The XPS spectra were expanded using the
Gauss-Newton method. The component areas
were calculated after background subtraction
by Shirley method. The ESR spectra were ob-
tained using an ELEXIS 580 instrument at
9.8 GHz frequency. After integration, the in-
itial ESR spectra were expanded into compo-
nents using Gauss-Newton method.

3. Discussion

The X-ray diffraction shows that the
crystallite size and phase composition of
nanopowders vary nonmonoctonously with

Table 1. Labels, chemical composition, average crystallite size (CSA) and specific surface area of

investigated nanoparticles.

Label Chemical composition D (CSA), nm m-phase, % SBET, m?/g
ZYCy ZrO, + 8 mol. % Y,04 14.8 1.4 61.5
ZYCy 4 ZrO, + 8.0 mol. % Y,05+ 0.3 Cr,04 17.6 4.0 48.3
ZYCy 55 | ZrO, + 8.0 mol. % Y,05+ 0.75 Cr,04 15.5 7.0 60.6
ZYC 5 ZrO, + 8.0 mol. % Y,05+ 1.5 Cr,0O4 14.5 4.5 69.0
ZYC, ZrO, + 8.0 mol. % Y,05+ 2.9 Cr,04 12.1 3.6 85.3
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Fig. 2. Concentration dependences of Ols
XPS spectrum. 1 — 027, 2 — (OH), 3 — 02+d)-,

chromium concentration increase and dem-
onstrate maxima at particular chromium
concentrations (Table 1.). The concentration
dependence of specific surface area agrees
well with that of crystallite size, showing
that X-ray diffraction provides an adequate
estimation of nanoparticle size. The maxi-
mum values of crystallite size and m-phase
amount are attained at chromium oxide con-
centrations of 0.3 and 0.75 mol. %, respec-
tively. The chromium introduction to yttrium
stabilized zirconia results in a significant in-
crease of crystallite size at 0.8 mol.% chro-
mium oxide concentration followed by a mo-
notonous decrease in crystallite size with
increasing chromium fraction. Our previous
work [11] shows that a significant segrega-
tion of yttrium takes place at this concen-
tration; this is also supported by FTIR and
NMR data of this system published in [12].

The decomposition results of Y3d and
Cr2p XPS spectra are presented in Table 2
and concentration dependences of Zr3d and
Ols spectra components are shown in Fig. 1
and Fig. 2, respectively. The decomposition
of Zr3d spectra into components demon-
strates the presence of zirconium ions in
four nonequivalent states: main oxidation
state Zr** (E, = 182.0 eV), oxide states Zr3*

(E, = 181.3 eV) and Zr?* (E, = 180.2 eV),
and hydroxide state Zr**(OH) (E, = 182.6
eV). The majority of surface zirconium ions
are in main oxidation state Zr#* (about
55%), approximately 380% of Zr ions, in
Zr3* and the remaining fraction is shared
between hydroxide states and Zr2* ones. The
presence of Zr2* is uncommon for that
oxide, but it was observed by other re-
searchers [13, 14] and connected with oxy-
gen vacancies as well as the Zr3* state. Con-
centration dependences of components in-
tensities include two extreme points
corresponding to maximum values of crystal-
lite size and m-phase amount. The variation
of hydroxide state amount with chromium
concentration correlates well with oxide state
variation and connected with OH group elimi-
nation from the nanoparticle surface.

The Y3d XPS spectrum comprises only
two components corresponding to main
oxide state Y3* and yttrium ions connected
with hydroxide groups. It should be men-
tioned that vast majority of yttrium ions
are in the main oxide state (see Table 2.).
The O1l1s spectrum decomposition reveals
three main components: 0% (E, = 529.6
eV), 0@*)- (E, = 527-528 eV) and compo-
nents with E, = 531.2 and E, = 531.7 eV
corresponding to oxygen ions of surface hy-
droxyl groups of different type [15]. The
O(2+3)- component can be attributed to oxy-
gen ions with redundant electron density
localized near oxygen vacancies, and its in-
tensity corresponds to the amount of oxy-
gen vacancies on the nanoparticle surface.
The 02 component dominating in all the
spectra is attributed to main oxidation state
of zirconium ions. Besides, the signals
from yttrium and chromium oxides are pre-
sent in the binding energy range E, = 529.3
- 530.3 eV. The concentration dependences of
three main components are shown in Fig. 2. It
is to note as well that a significant increase
of O(*)- component intensity at 0.3 mol.%
concentration is connected with the yttrium

Table 2. Relative component intensities in Cr2p and Y3d XPS spectra.

Label Relative intensities, %
E,, Cr?*, Cr*, Cr3*(OH), Crd+, Y3+,
eV 575.5 576.5 577.5 578.4 156.7
ZYCy o 0 0 0 0 92.33
ZYC, , 24.99 33.41 39.47 2.14 83.87
ZYCy o5 32.26 42.88 21.26 3.61 94.31
ZYC, 11.39 40.45 42.14 6.02 93.18
ZYC, , 15.37 39.77 37.71 7.15 87.72
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Fig. 3. ESR spectra of nanopowders. Inset: sig-
nal corresponding to clusters of exchange inter-
acting paramagnetic ions Cr3*(d3) and Cr2*(d4).

1-7ZYC, o, 2 — ZYCy 5, 3 — ZYC, o5, 4 — ZYCy ;.

surface segregation [11] and increasing
amount of oxygen vacancies at the nanopar-
ticle surface according to mechanism de-
scribed in [17].

The decomposition of Cr2p spectrum into
components shows chromium ions in four
charge states at the nanoparticle surface.
These states correspond to the main oxida-
tion state of chromium oxide Cr3*, Cr2* and
Cro* oxide states, and those corresponding
to the Cr3*(OH) ions connected with hydrox-
ide groups. The distribution of component
intensities as depending on chromium con-
centration is different (Table 2.) The mini-
mum values of oxide and hydroxide Cr3*
states are attained at 0.75 mol.% chromium
oxide concentration; the amount of Cr2*
states reaches its maximum at the same
concentration along with the m-phase
amount. The concentration dependence of
Cro* state is monotonous and does not ex-
ceed 10% in intensity.

The parameters of ESR lines make it pos-
sible to assign the observed signals to
paramagnetic Zr3*, Cr3* and Cr® ions. The
component with g =1.958 corresponds to
Cr°*, that with g =1.951, to the signal of
Cr3* ions and the broad line with g =1.980
is attributed to Zr3* ions. Besides of the
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Fig. 4. Concentration dependences of param-
agnetic centers obtained by ESR. 1 — Cr3+,
2 — Cr3*...Cr2*, 3 — Zr3*(OH), 4 — Cr°+.

signals mentioned, an additional broad line
with g¢ = 2.236 is observed for the sample
with 0.75 mol.% of chromium oxide and is
attributed to the appearance of exchange
interacting clusters of paramagnetic ions
C3*(d3) and Cr2*(d4).

The joint analysis of spectroscopic
data and X-ray diffraction results shows
that for chromium concentrations of 0.3
and 0.75 mol. %, the properties of this
system change considerably, in particular
for the crystallite size and m-phase amount.
A significant increase of crystallite size at
chromium concentration of 0.3 mol. % is
attributed to the competition of dopants
during the particle growth with yttrium
displacement to the mnanoparticle surface
[11] and can be connected with higher chro-
mium electronegativity comparing to yt-
trium. The significant increase of m-phase
amount at chromium concentration of 0.75
mol. % can be connected with the substitu-
tion of Zr?* ions for Cr?* ions in the
nanoparticle crystal lattice and the system
destabilization because of smaller ionic ra-
dius of the latter. These presumptions are
supported by the concentration dependences
of corresponding component intensities in
the XPS spectra (Fig. 1, Table 2.), as well
as by the appearing clusters of exchange
interacting paramagnetic ions Cr3*(d3) and
Cr2*(d4) evidenced by the ESR spectra [16].
According to [16], Zr?* states play an im-
portant role in zirconia phase stabilization.

The lack of correlation between concen-
tration dependences of paramagnetic Zr3*
centers between XPS and ESR data is con-
nected with the fact that ESR data are at-
tributed to bulk and surface centers and
XPS data is limited only to the 2-3 nm thick
surface layer. The amount of oxygen vacan-
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cies at the nanoparticle surface agrees also
with the above assumptions; the sharp in-
crease of oxygen vacancies amount at the
nanoparticle surface at chromium concen-
tration of 0.3 mol. % corresponds to sig-
nificant  yttrium  segregation to the
nanoparticle surface while the further mo-
notonous increase thereof corresponds to
the increase of Cr3* states amount according
to the chemical composition and mechanism
of oxygen vacancies appearance for described
systems [17].

4. Conclusions

The doping of yttrium stabilized zirconia
with chromium oxide in the mentioned range
results in nonmonotonous changes in the
structure and spectroscopic properties of the
system. The significant changes of properties
occur at chromium oxide concentrations of
0.3 and 0.75 mol.%, while the further con-
centration increase causes monotonous vari-
ation of the nanopowder properties. Basing
on joint analysis, two assumptions are made:
(i) the crystallite size increase is attributed to
the competition between doping additives and
accompanied by a significant segregation of
yttrium to the nanoparticle surface; (ii) in-
crease in m-phase amount is connected with
the substitution of Zr?* ions for Cr2* ions in
the zirconia lattice, resulting in a destabiliza-
tion of the metastable tetragonal zirconium
dioxide polymorph.
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P®C ta EIIP cnekTpocKomisi HAHONMOPOIIKIB
CHUCTEeMH Zr02-Y203-Cr203

I.AAwuwun, A.M.Kopdy6an, B.B.T panwescoruil,
T.E.Koncmanmunoea, I.A./[anunenxo, I''K.Bonkoea, I.K.Hoconee

Hanomopomku Jerosanoro giokcuny nupkoniro ZrO, + 38 mol. % Y,05 + xCr,O5 (x = 0,
0.3, 0.75, 1.5, 2.9) ogxep:xaHO METOLOM CITiBOCAKEHHS Ta MOCJHiIKEeHO MeTONaMU PeHTIe-
HOCTPYKTYPHOT'O aHaJi3y, PeHTTeHiBChKOI (DOTOENEKTPOHHOI CIIEKTPOCKOIIiI Ta eJeKTPOHHOI'O
mapaMarHiTHOTO pe3oHaHCY. JleryBaHHA cTabiis0BaHOTO OKCUAOM iTpil0 HiOKCHAY IIUPKOHIiIO
OKCHJIOM XpOMY IIPUBBOAUTHL [0 HEMOHOTOHHOI 3MiHM pO3Mipy YacTUHOK, KiJIbKOCTi MO-
HOKJIIHHOI (pasu Ta HMUTOMOI IMOBEPXHI B 3ajJIe;KHOCTI Big KOHIleHTpallii momimiok. AHaIis
CHEKTPOCKOIIIYHNX Ta CTPYKTYPHUX JAaHUX IIOKasaB, IO 30iJbIIeHHA PO3Mipy YacTUHOK
BUKJMKAHO KOHKYPEHIII€I0 JIeryIOUUX [JOMIIlIOK, a 3POCTaHHA KiJbKOCTI MOHOKJIHHOI (hasu
0B’ s13aHO 3 saMimeHHaM 1oHIB Zré* Ha iomm Cré* y rparni ZioKcuzy LUPKOHIO.
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