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Zirconia nanopowders of tetragonal crystallographic structure doped

with Pr2O3 were prepared by the microwave-assisted hydrothermal

synthesis and coprecipitation method. The surface compositions were stud-

ied by X-ray photoelectron spectroscopy. The nanopowder particles appear

to be inhomogeneous in their structure: for the surface region an enrich-

ment with praseodymium is detected by X-ray photoelectron spectroscopy

measurements. This allows the assumption of a core-shell-like structure of

single nanopowders particles. The X-ray photoelectron spectroscopy stud-

ies confirm also Zr4+ and Pr3+ as main oxidation states of zirconium and

praseodymium in the studied compounds.

PACS numbers: 79.60.–i, 61.46.–w, 61.46.Hk

1. Introduction

Zirconia related materials have attracted in the last decades increasing
attention of both researchers and manufacturers because of the wide variety of
applications which spread from the jewellery industry to substrates for the growth
of superconductors [1] to the nanopowders used in catalysis [2–4]. Due to the
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high thermal and chemical stability accompanied by significant mechanical-stress
resistivity zirconia is applied in the ceramic industry [5] and for thermal barrier
coatings (TBCs) [6]. The fact that zirconia is very stable over the pH range of 1–14
[7] allows a sample packing application in high-performance liquid chromatography
(HPLC). Biomedical applications of zirconia are reported as well, as for example
for implants or dental ceramics [8].

Unfortunately, the phase transition of zirconia from the monoclinic to the
tetragonal system (at 1400 K) restricts its high-temperature use. Yttria, calcia,
ceria or oxides of rare-earth metals (e.g. Er, La, Pr) allows to improve the thermal
stability of zirconia [9–14]. With these stabilizers the zirconia structure becomes
a cubic solid solution which shows no phase transformation up to the melting
point [15]. Being a good ceramic ion conductor, stabilized zirconia is used in
oxygen sensors and in solid oxide fuel cells (SOFCs) [16]. A further interesting
application of zirconia is related to its luminescent properties [17, 18], where the
dependence of the luminescence characteristics on the number of oxygen vacancies
makes it a promising material for an optical oxygen pressure sensor [19].

In heterogeneous catalysis zirconia-containing mixed oxides are used as a
support for catalytically active noble metal particles or as a catalyst itself e.g.
for selective NOx reduction with hydrocarbons or CO [20–23]. Addition of ZrO2

to ceria based catalysts enhances the thermal stability and the oxygen storage
capacity of pure ceria, resulting in better performance in diesel soot combustion
[24] due to more reactive oxygen ions, similarly as was observed in three way
catalysts [25].

Progress in the synthesis of zirconia materials with a well developed surface
area (nanopowders with controlled size, porosity and chemical composition) may
significantly improve the performance of the commercially used zirconia-containing
catalysts. It was shown, e.g., that the catalytic activity of Au nanoparticles
(4–5 nm) in Au/ZrO2 can be enhanced remarkably when the particle size of the
zirconia “support” decreases from 100 to 5 nm [26]. Zirconia nanopowders may
also be applied directly as catalysts for the decomposition of N2O [27], for selec-
tive reduction of NO with methane [28] or for esterification of acrylic acid with
but-1-ene [29].

Most of the above-mentioned applications of zirconia-based materials, espe-
cially of nanopowders, are related to their surface properties and to the dopant
effects. Thus there is an evident need for a surface characterization of variously
doped zirconia nanopowders prepared using different methods. A direct insight
into the chemical composition and chemical state of the surface species can be
gained by X-ray photoelectron spectroscopy (XPS). We present in this study a
detailed XPS study of zirconia nanopowders doped with Pr2O3.

2. Experimental
The Pr2O3 doped zirconia nanopowders were obtained by two different meth-

ods: coprecipitation from aqueous solution of ZrOCl2 and Pr(NO3)3 using 1 M
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solution of NaOH as precipitating agent, and the microwave-assisted hydrothermal
method.

During the precipitation at increasing pH values, samples of the solution
were taken for different values of pH to measure the concentrations of Zr and Pr
using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Yvon-
-Jobin, France). The precipitation was considered as completed at pH = 10, and
was followed by calcination at 773 K in air for 3 h.

The alternative procedure of nanopowder preparation was the microwave-
-assisted hydrothermal method. The same solutions as for the precipitation were
poured at 543 K and under the pressure of 5.5 MPa in a PTFE reaction vessel
of the microwave reactor (ERTEC, Poland), operating at 2.45 GHz and at power
density adjusted to 4 W/ml.

The resulting chemical composition of the prepared samples was determined
using ICP-AES, and the phase composition of the samples as well as their mean
crystallite size was obtained by X-ray diffraction (XRD) analysis (Philips X-Pert
powder diffractometer with Co Kα1 radiation). The specific surface area mea-
surements were conducted by means of the multipoint Brunauer–Emmett–Teller
(BET) method (Micromeritics Instruments, USA), using nitrogen as adsorbate.

The surface properties were studied in a commercial multipurpose UHV sur-
face analysis system with XPS, low energy electron diffraction (LEED), scan-
ning tunneling microscopy (STM), ultraviolet photoelectron spectroscopy (UPS),
and the Auger electron spectroscopy (AES) (SPECS, Germany) operating at base
pressures around 10−10 mbar. The XP-spectra were recorded with a 150 mm
hemispherical energy analyzer (Phoibos-150, SPECS) which allows a simultane-
ous photoelectron detection on 9 channels, and permits thus fast data acquisition
times (0.5 s per data point) with a satisfactory signal-to-noise ratio. In the present
study, a standard high-intensity Al/Mg twin anode X-ray source (XR-50, SPECS)
has been used, mainly in a “stop-and-go” mode in order to reduce sample irra-
diation (Mg Kα, excitation energy 1253.6 eV, 150 W) just to the period of data
acquisition only to avoid the X-ray induced photoreduction of surface regions [30].
A possible vacuum-induced reduction of the samples was minimized by fast sam-
ple transfer (less than 5 min between the start of the evacuation of the load lock
and the first XP-spectrum at a pressure better than 5× 10−10 mbar [31]). High-
-resolution spectra (pass energy 10 eV, step size 0.1–0.2 eV) of the Pr 3d, Zr 3d,
and O 1s regions as well as the survey spectra were measured with the largest
possible aperture in order to obtain maximum signal intensity. The work function
of the analyzer was calibrated using the binding energy (BE) value of 84.0 eV for
the Au 4f7/2 signal from a clean gold foil. The deconvolution of the XP-peaks
as well as the whole evaluation of the spectra was performed using the CasaXPS
software package [32].
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3. Results and discussion

During precipitation the concentration of zirconium and praseodymium in
an aqueous solution of ZrOCl2 and Pr(NO3)3 changes, since zirconium hydroxide
precipitates at remarkably lower pH-values than praseodymium hydroxide. As
one can see in Fig. 1, only about 25% of the zirconium ions are still present in
the solution at pH = 4 (i.e. ≈ 75% of Zr is precipitated as hydroxide) and,
simultaneously, less than a quarter of praseodymium is precipitated at this pH
value.

Fig. 1. Relative concentrations of zirconium and praseodymium ions in the solution

during the precipitation process.

Such differences in solubility of Pr and Zr at different pH-values may lead to
inhomogeneities in the structure of the resulting particles: each of them might be
composed of a core containing mainly zirconium hydroxide and of a shell in which
praseodymium is prevailing. We note that for pH-values between 6 and 7 almost
pure Pr is precipitated leading thus presumably to a praseodymium hydroxide
shell over on top of the grains.

It is interesting to compare the properties of the zirconia samples with a
similar quantity of the dopant but obtained by different methods (coprecipitation
via hydrothermal). This was done for samples with 4.6 and 7.4 wt.% of Pr2O3,
respectively. The BET measurements reveal that the samples obtained by the
hydrothermal method appear to be more porous: their specific surface area ranged
up to 145 m2/g and was significantly higher than those of the samples prepared
by coprecipitation, whose surface area reached 33 m2/g only.

The XRD analysis for both samples shows that the powder particles are of
nanometric size (the mean crystallite size of zirconia particles prepared by the
hydrothermal method and by coprecipitation was 7 nm and 9 nm, respectively).
The slightly smaller size of the particles obtained with hydrothermal method do
not justify the over four times higher surface area. This apparent discrepancy
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indicates that in case of the coprecipitation method the crystallites tend to form
clusters. Formation of clusters does not affect the XRD measurements (crystallites
size) significantly but strongly affects the BET results due to the lower exposed
surface area necessary for the adsorption of the nitrogen.

The tetragonal form of zirconia with some traces of the monoclinic phase
was detected by XRD in both types of samples. However, at room temperature
the known stable form of pure zirconia of “non-nanocrystalline” size is monoclinic.
The different stable crystallographic system of doped samples seems to be due to
the stabilizing effect of praseodymium oxide and the nanometric size of the parti-
cles. Several authors confirm that the tetragonal phase can be observed at room
temperature for the zirconia nanoparticles with a critical size of about 30 nm [33].

To investigate the surface properties of the zirconia nanopowders doped with
praseodymium oxide, and to evaluate the oxidation state of Zr and Pr in the
compounds, XPS studies were carried out on two different samples prepared by
the hydrothermal method and containing 5 and 18 wt.% of Pr2O3, respectively.
Identification of the oxidation states of metals in their oxide compounds via XPS is
a challenging task in the majority of cases, especially for powder samples. However,
in the present case of praseodymium the characteristic shape of the 3d3/2 and 3d5/2

peaks allows an unambiguous identification even without the exact knowledge of
the peak positions. The characteristic shoulders s and s′ on the low energy sides of
both Pr 3d peaks do not appear in the Pr 3d spectra for the metallic praseodymium
but, in turn, form a clearly visible satellite structure with adjacent minima in the
case of PrO2 [34–37]. These minima remain invisible in the Pr2O3 case, as it is
demonstrated in Ref. [34] and clearly seen in Fig. 2a. Thus in our compounds the
praseodymium is present mostly in the Pr3+ state.

This unambiguous identification allows us to assign the position of the
Pr 3d5/2 peak to the literature BE value of 933.6 eV for Pr2O3 [34, 35]. This
permits a possibility to consider properly the charging effects in the studied sam-
ples. The correspondingly calibrated energy scale assigns then the O 1s peak with
the BE of 529.8 eV to oxygen from ZrO2 whereas a rather minor contribution lo-
cated at 529.1 eV can be attributed to Pr2O3 and a hydroxide formation causes a
shoulder on the high-energy side at 532 eV (Fig. 2b). The above value of 529.8 eV
is in nice agreement with the known literature data for ZrO2 [38] and the value of
529.1 eV matches exactly the known O 1s peak position for the pure Pr2O3 [36].

Figure 3c shows the corresponding 3d3/2 and 3d5/2 peaks for Zr which are
found at 181.9 eV and 184.3 eV, respectively, also in good agreement with the
literature data for ZrO2 [36, 39]. Although the above positions of the Zr 3d3/2 and
3d5/2 peaks provide a strong suggestion that Zr4+ is the main oxidation state of Zr,
the FWHMs have to be taken into account under the aspect of a possible suboxide
contribution. However the, for powder samples, relatively narrow FWHMs of
1.66 eV and 1.75 eV for the Zr 3d3/2 and 3d5/2 lines, correspondingly, support
strongly the suggestion of the dominance of Zr4+ in the studied compounds.
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Fig. 2. High resolution XP-spectra of the “18%” sample: (a) Pr 3d region, note the

shoulders s’ and s in the Pr 3d3/2 and in the Pr 3d5/2 peaks correspondingly, as well as

the feature t’ in the Pr 3d3/2 peak (the indexing and the assignment of the features m,

m’, s, s’, and t’ correspond to those of Ref. [28]); (b) O 1s peak, note the shoulder s

on the high energy side (at 532 eV); (c) Zr 3d region, the FWHMs of the Zr 3d3/2 and

Zr 3d5/2 peaks amounts 1.66 and 1.75 eV, correspondingly.

Additionally, the energy difference between the O 1s and metal 3d lines can
be used as a measure for an (effective) “average oxidation state” of a metal in an
oxide compound. This method is often used when the deconvolution appears to be
difficult, e.g. when the powder materials are studied, where the differential charg-
ing might deform the peaks leading to the appearance of “apparent” oxidation
states. Recent applications to the vanadium-based oxide catalysts demonstrated
the usefulness of such a criterion [31, 40]. In the present case, the energy difference
between the Zr 3d5/2 line and the main O 1s peak amounts to 347.9 eV in a perfect
agreement with the known literature data (347.9 eV is reported in Ref. [36] for
pure ZrO2, similar values are obtained elsewhere [41, 42]). Since this criterion is
independent of the charging effects as well as of the calibration of the energy scale,
and due to a significant chemical shift of Zr 3d region of 4.23 eV in respect of the
pure Zr-metal [42], one can conclude with a sufficient reliability that no reduction
of ZrO2 is observed and also none of possible UHV-induced [31] or photoreduction
(caused by X-rays [30]) effects take place under the present conditions.
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Fig. 3. An XPS analysis of the “5%” sample: (a) Pr 3d region, similarly as in Fig. 1a,

the s’ and s shoulders, typical of Pr3+ and the t’ feature are well visible; (b) O 1s

peak, the inset illustrates the basic mechanism enhancing the surface sensitivity for bent

surface of powder particles (see text); (c) Zr 3d region, the Zr 3d3/2 and Zr 3d5/2 peak

positions (184.2 and 181.8 eV, correspondingly) provide an evidence for the dominance

of the Zr4+ in the sample.

A quantitative comparison of the Pr and Zr 3d contributions demonstrates
that the Pr2O3 concentration in the sample regions from which the information
carriers originate is by a factor of 3.1 higher than in the initial sample composition.
For the used energy interval the information depth (ID) ranges in the present case
between 0.6 and 1.8 nm [43], however, because powder particles are analyzed here,
the contribution of the topmost surface layers is even higher than it would be in
the flat surface case. The reason for this lies in the variation of the take-off angle
for the bended surface of a powder particle. The sampling depth and thereby the
degree of surface sensitivity of XPS varies with the take-off angle as d = 3λ sinα,
where d is the sampling depth and λ is the effective attenuation length (EAL),
α is the take-off angle. The value 3λ results from the Lambert–Beer law in the
assumption that 95% of the signal intensity is obtained normal to the surface from
this depth [44, 45]. For the relation between the sampling depth, EAL, inelastic
mean free path (IMFP) and for the role of elastic-scattering of XP-electrons that
causes differences between the EAL and IMFP, see review [45].
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A surface, bent on a scale much bigger than the EAL, produces deviations in
the ID since the electron exit angle at a given surface point will generally be differ-
ent from that defined with respect to the macroscopic sample plane held parallel
to the analyzer acceptance plane. Of course, the exact values of such deviations
are strongly related to the particular shape of the surfaces, but generally, for a
powder particle a disproportionally high contribution of the topmost surface layer
in the XP-signal is expected since a significant part of the XP-electrons originate
from the sloping part of the particle surface. The inset in Fig. 3b illustrates these
considerations. Therefore we conclude from the present data that segregation of
the Pr2O3 additive in the surface regions takes place.

Figure 3a–c shows the high-resolution XP-spectra measured for the “5%”
sample. Following the same procedure as described above for the sample containing
18% of Pr2O3, the binding energies of 954.1 and 933.6 eV were assigned to the
Pr 3d3/2 and Pr 3d5/2 peaks, respectively. This assignment yields the value of
529.9 eV for the O 1s peak (oxygen from ZrO2) and of 184.2 and 181.8 eV for
the Zr 3d3/2 and Zr 3d5/2 peaks, correspondingly. A shoulder on the high energy
side from hydroxide appears at 531.8 eV and the oxygen contribution from Pr2O3

is hardly detectable because of its small concentration. Similarly, as in the case
of another sample a surface segregation of Pr2O3 may be stated, whereas the
concentration of the Pr-additive in studied regions is by factor 2.2 higher than
that in the initial compound.

4. Conclusions

The comparative measurements for zirconia nanopowders doped with Pr2O3

as prepared by the microwave-assisted hydrothermal synthesis and by standard
coprecipitation show that the samples prepared using the first way exhibit a
smaller crystallite size and a larger surface area than those obtained by the second
method. The stabilizing effect of the praseodymium oxide and the nanometric
size causes that the stable system has a tetragonal structure at room tempera-
ture for both kinds of samples. The composition of the nanoparticles prepared by
both methods appears to be inhomogeneous: for the surface region an enrichment
with praseodymium oxide is detected which was attributed to the Pr and Zr con-
centration dependence during the precipitation. This allows an assumption of a
core-shell-like structure of single nanopowder particles. The XPS studies confirm
also Zr4+ and Pr3+ as main oxidation states of zirconium and praseodymium in
the studied compounds.
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