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Ceria–yttria stabilized zirconia (CYSZ) coatings were prepared by air plasma-sprayed on the nickel alloy.
The as-sprayed CYSZ coatings and heat-treated CYSZ coatings were characterized by X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD). The XPS data indicated the coexistence of Ce3+, Ce4+, Y3+
and Zr4+ ions near the surface of the as-sprayed CYSZ coatings and the disappearance of Ce3+ ions in the
CYSZ coatings after thermal treatment at 1000 8C for 15 h. From the XRD patterns, the solid solution of
CeO2–Y2O3–ZrO2 formed in the CYSZ coatings because of the lack of any features from Y2O3 and ZrO2
single phases. After thermal treatment, the main phases of all the samples were consistent with the
characteristic peaks of cubic ZrO2.
ß 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Stabilized Zirconia has been actively investigated because of a
variety of applications, such as thermal barrier coatings (TBCs),
oxygen sensors and solid oxide fuel cells (SOFC). It is known that
below 1170 8C the stable phase of bulk zirconia is monoclinic,
while from 1170 to 2370 8C the stable phase is tetragonal. Above
2370 8C the stable phase is cubic. But the tetragonal and the cubic
phases can be stabilized near room temperature by doping
trivalent and divalent metal oxides into the zirconia. Many metal
oxides such as Y2O3, CeO2, CaO, MgO, Yb2O3, Gd2O3, Al2O3, Ta2O5,
HfO2 and La2O3 are dopants into zirconia [1–11]. At moderate
operation temperatures, the best compromise satisfying most of
the above requirements is presently offered by 8 wt.% Y2O3–ZrO2
(8YSZ) on a MCrAlY (M = Ni, Co) bond coat, deposited either by air
plasma spraying (APS) or by electro-beam physical vapor
deposition (EB-PVD). With respect to 8YSZ coatings, CeO2–ZrO2
coatings exhibit an improved thermal shock resistance, a better
corrosion resistance and a lower thermal conductivity [12–14]. By
way of contrast, a lower phase composition stability has been
evidenced. At high temperatures, ceria doped zirconia is an
electron–oxygen ion mixed conducting material because of the
valence change between Ce4+ and Ce3+. The reaction is represented
using the Kröger–Vink notation [15],
2CeXZr þOXo $ 2Ce0Zr þ V 00o þ 12O2

(1)

As the expression (1), though the oxygen vacancies appear
which is in favor of the thermal insulating properties, the phase
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stability become lower. In order to overcome this problem, the
combined use of CeO2 and Y2O3 as stabilizers could represent a
possible compromise solution, ensuring the good features of both
stabilizers with a probable synergic effect.
In this work, CeO2 was incorporated into 7YSZ to improve the
corrosion resistance, fracture toughness, and thermal insulation of
the coatings. CYSZ coatings were prepared by air plasma-sprayed
on the nickel alloy. XPS were used to examine the chemical and
electron states of the as-sprayed CYSZ coatings and thermaltreated CYSZ coatings.
The crystal structure of samples was investigated by XRD.
2. Experimental details
The CYSZ coatings were deposited by a commercial air plasma
spray (APS) equipment. The main chemicals used in this work were
CeO2 (99.9%, Aldrich) and 7 wt.% Y2O3 stabilized ZrO2 (7YSZ)
(99.9%, Aldrich). The starting powders for plasma-sprayed were
obtained by mixing CeO2 and 7YSZ powders with the molar ratio of
1:9 by magnetic mixer. The size of the CeO2 powders is from 20 mm
to 100 mm, and the size of the 7YSZ powders is from 35 mm to
75 mm. The micro-7YSZ powders are made by nano-7YSZ powders
with the size of 12–25 nm. The nickel alloy substrates were
cleaned, dried and grit sprayed. The CYSZ coatings were deposited
with a 300 mm thick on the substrates then naturally cooled to
room temperature. Some samples were thermally treated at
1000 8C for 15 h. Then the samples were cut into small plates with
the dimensions of 10 mm length  10 mm width for measurements.
The XPS measurements were performed on a PHI ESCA 5700 Xray Photoelectron Spectrometer at the base pressure of about
8  1010 Torr. The present X-ray source was Al Ka (1486.6 eV)
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radiation. The core level spectra of Ce 3d, Zr 3d, Y 3d and O 1s were
acquired with the pass energy of 29.35 eV and a step of 0.125 eV
per channel. XPS surveys were also carried out after argon ion (Ar+)
bombardment of the samples. All recorded lines were calibrated to
the C 1s line. The atomic percentages of Ce, Zr, Y and O are
respectively calculated from the peak areas and sensitivity factors
by
ðAX =SX Þ
X% ¼ PN
i¼1 ðAX =SX Þ

(2)

where X is the element, AX is the area under the peak for element X
in the spectrum, and SX is the sensitivity factor.
The crystalline phases of the samples were identiﬁed by powder
X-ray diffraction on a Rigaku D/max-rB X-ray diffractometer with
Cu Ka radiation of 1.5418 Å. The X-ray tube was operated at 40 kV
and 50 mA. The X-ray diffractogram was recorded at 0.028 intervals
in the range of 10–908 with a scanning velocity of 58 min1.
3. Results and discussion
The XPS method was used to examine the probable changes in
electronic states and chemical environment of the Ce, Zr, Y and O
atoms in the CYSZ coatings coated on the nickel alloy plates.
Fig. 1a–d shows the Ce 3d, Zr 3d, Y 3d and O 1s photoelectron
spectra of CYSZ coatings. And Table 1 lists the core level binding
energies measured in selected elements.
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Fig. 1a shows Ce 3d5/2 and Ce 3d3/2 photoelectron spectra
obtained in the two samples which are un-treated as coated and
heat treated at 1000 8C for 15 h. Six peaks labeled as V0, V1, V2 (3d5/
0
0
0
2), V 0 , V 1 and V 2 (3d3/2) referring to three pairs of spin–orbit
doublets can be identiﬁed and they are characteristic of Ce4+ 3d
ﬁnal states. And the spin–orbit doublet u/u0 is corresponding to
Ce3+ 3d ﬁnal state [16]. The doublet V 0 =V 00 at 882.4 and 900.8 eV
from as-sprayed coatings and the doublet V 0 =V 00 at 882.4 and
900.9 eV from heat-treated coatings are corresponding to
Ce(IV)3d94f1O2p4 ﬁnal state. And the doublet V 1 =V 01 at 888.8
and 907.4 eV from heat-treated coatings are assigned to the ﬁnal
state of Ce(IV)3d94f1O2p5. The high binding energy doublet V 2 =V 02
at 898.5 and 916.7 eV from as-sprayed coatings and the doublet
V 2 =V 02 at 898.4 and 916.6 eV from heat-treated coatings are
attributed to the ﬁnal state of Ce(IV)3d94f0O2p6. The doublet u/u0
at 885.3 and 903.9 eV are originated from the state of Ce(III)3d94f2O2p5. Compared with literature results, which were tested in
independent samples, it reveals that the Ce4+ plus Ce3+ species
coexist in the as-sprayed samples, whereas Ce4+ ions are only
contained in the heat-treated samples [17–19]. The binding
energies of Ce 3d5/2 lying at 885.3 eV and Ce 3d3/2 lying at
903.9 eV are the Ce3+ component. The cerium ion presenting in the
trivalent state gives rise to high oxygen vacancy concentrations
with an increased stability effect. In particular, the presence of
Ce2O3 tends to stabilize a cubic zirconia with pyroclore structure
[20]. The thermal treatment causes complete oxidation of Ce3+ to
Ce4+ transformation, as evidenced by XPS spectra.

Fig. 1. XPS spectra of (a) Ce 3d doublet, (b) Zr 3d doublet, (c) Y 3d doublet and (d) O 1s in CYSZ coatings with different conditions (as marked in Table 1).
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Table 1
XPS data for CYSZ coatings.
No.

Samples

Condition

Ce 3d5/2 (eV)

Ce 3d3/2 (eV)

Zr 3d3/2 (eV)

Y 3d3/2 (eV)

O 1s (eV)

1
2

CYSZ
CYSZ

As-sprayed
Treated at 1000 8C for 15 h

882.4, 885.3, 898.5
882.4, 888.8, 898.4

900.8, 903.9, 916.7
900.9, 907.4, 916.6

181.8
181.8

156.6
156.7

529.6, 532.0
529.5, 531.8

Table 2
The atomic composition of CYSZ coatings obtained from XPS analysis.
No.

Samples

Condition

Ce 3d (at.%)

Zr 3d (at.%)

Y 3d (at.%)

O 1s (at.%)

1
2

CYSZ
CYSZ

As-sprayed
Treated

8
3

19
22

2
3

71
72

In Fig. 1b and c, there is no apparent difference in the Zr 3d and Y
3d spectra between the two kinds of samples. The spectra for the O
1s ionization feature are numerically ﬁtted with two Gaussian–
Lorenz features, which are shown in Fig. 1d. The primary binding
energy (BE) peak between 529.5  0.2 eV represents the O 1s
ionization for oxygen associated with the ceria–yttria–zirconia mixed
oxides [21]. The higher binding energy features suggest the formation
of Ce(III) related surface defects, where oxygen occupies additional
lattice sites like vacancy or oxide ions in a defective CeOx (x < 2), or
oxygen chemisorbed on the surface in other forms such as CO, CO2, or
water or –OH species [22–25].
The atomic percentage of the composition in the CYSZ coatings
is determined using sensitivity factors of 204.92, 60.06, 50.57 and
17.43 for Ce 3d, Zr 3d, Y 3d and O 1s, respectively. In light of the
expression (2), the atomic percentages of Ce, Zr, Y and O are
respectively calculated from the peak areas and sensitivity factors.
The atomic percentages of elements in the CYSZ coatings are
summarized in Table 2. Compared with molar ratio in the starting
powders, it is easily to be found that the content of Ce element
reduces. The reason is the evaporation of CeO2 during air plasma
spraying.
Fig. 2 shows the XRD patterns of CYSZ starting powders, CYSZ
coatings as-sprayed and CYSZ coatings heat-treated at 1000 8C for
15 h. The main peaks of XRD patterns of all the samples are
consistent with the characteristic peaks of cubic ZrO2 while
presenting superiority in symmetry. In Fig. 2a, the cubic ZrO2 and
cubic CeO2 are only contained in the CYSZ starting powders, which
reveals that Y2O3 and ZrO2 form the solid solution completely in
the 8YSZ powders. In Fig. 2b and c, the cubic CeO2 phase
disappears. And a small amount of Ce1xZrxO2 (0 < x < 1) phase is
visible in the Fig. 2b and c. From the XRD patterns, the solid

Fig. 2. XRD patterns of (a) CYSZ starting powders, (b) CYSZ coatings as-sprayed and
(c) CYSZ coatings treated at 1000 8C for 15 h.

solution of CeO2–Y2O3–ZrO2 formed in the CYSZ coatings because
of the lack of any features from Y2O3 and ZrO2 single phases. The
main peaks experience a sharpening after thermal treatment,
which indicates the growth and integrity of crystal grain. The
formation of the cubic phase of ZrO2 based solid solutions depends
on the amount of dopant as well as the treatment temperature. The
small shift of diffraction peaks with respect to pure cubic ZrO2 is a
result of Y and/or Ce incorporation. As shown in Fig. 3, the (1 1 1)
peak of CYSZ coatings as-sprayed shifts to the smaller degree
region. The angular region 28.68 and 318 in 2u, encompassing the
(1 1 1) peak of cubic ZrO2, was studied for qualitative analysis of
the phases present. The results of peak separation of CYSZ coatings
as-sprayed in the (1 1 1) peak region are shown in Fig. 4. The 1 peak
is the (1 1 1) peak of the as-sprayed CYSZ coatings and 2–6 peaks
are separated peaks from the original peak 1. The peaks of 2, 3, 4, 5,

Fig. 3. XRD patterns of the (1 1 1) peak region of (a) CYSZ starting powders, (b) CYSZ
coatings as-sprayed and (c) CYSZ coatings treated at 1000 8C for 15 h.

Fig. 4. The results of peak separation of CYSZ coatings as-sprayed in the (1 1 1) peak
region.
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and 6 are corresponded to the (1 1 1) peak of cubic ZrO2, (1 0 1)
peak of Zr0.84Ce0.16O2, (1 0 1) peak of Zr0.5Ce0.5O2, (1 1 1) peak of
Zr0.4Ce0.6O2 and (1 1 1) peak of Zr0.25Ce0.75O2, respectively.
The outer electron conﬁguration of Ce, Y and Zr atom is
4f15d16s2, 4d15s2 and 4d25s2, respectively. Because of a large
similarity in the ionic radii between Ce3+ (1.03 Å), Y3+ (0.89 Å), Ce4+
(0.92 Å) and Zr4+ (0.79 Å), it is easy to form a new compound when
the two materials mixed in a certain temperature. From the ionic
radii of metal in the CYSZ coatings, the Zr4+ is the smallest. Metal
ions larger than Zr4+ are especially effective in stabilizing the cubic
phase [26]. Because the starting powders are mixed by a
mechanical method, the composition distribution is uneven. While
in the spraying process, most of the starting powders are in melting
phase. When Ce4+ ions enter into the lattice of ZrO2, the solid
solution of Ce1xZrxO2 (x  0.5) generate. But Zr4+ ions ﬁlter into
the lattice of CeO2 in the CeO2 rich area, the solid solution of
Ce1xZrxO2 (x  0.5) will form. After spraying the temperature of
the coatings drops very quickly, multi-phase solid solutions coexist
in the CYSZ coating. When the CYSZ coatings are thermally treated
at high temperature for a long time, the Ce4+ ions can enter into the
lattices and defects of ZrO2 completely. The samples thermally
treated are crystallized better. The main peaks of CYSZ coatings
shift to the locations of the peaks of cubic ZrO2 after thermal
treatment as shown in the Figs. 2 and 3.
4. Conclusion
The present XPS and XRD investigations show that the CeO2–
Y2O3–ZrO2 solid solutions form in the as-sprayed CYSZ coatings on
the nickel alloy substrate. After thermal treatment at 1000 8C for
15 h, the main phases of all the samples are consistent with the
characteristic peaks of cubic ZrO2. The metal ions of Ce3+, Ce4+, Y3+
and Zr4+ appear on the surface of the as-sprayed CYSZ coatings, but
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the trivalent Ce cations disappear in the thermal-treated CYSZ
coatings.
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