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Abstract: The real/atomic structure of single phase 
homogeneous nanocrystalline Ce0.5Zr0.5O2±δ oxides 
prepared by a modified Pechini route and Ni-loaded 
catalysts of methane dry reforming on their bases 
was studied by a combination of neutron diffraction, 
synchrotron X-ray diffraction, total X-ray scattering and 
X-ray absorption spectroscopy. The effects of sintering 
temperature and pretreatment in H2 were elucidated. The 
structure of the mixed oxides corresponds to a tetragonal 
space group indicating a homogeneous distribution of Ce 
and Zr cations in the lattice. A pronounced disordering of 
the oxygen sublattice was revealed by neutron diffraction, 
supposedly due to incorporation of water into the structure 
when in contact with air promoted by the generation of 
anion vacancies in the lattice after reduction or calcination 
at high temperatures. However, such disordering has 
not resulted in any occupation of the oxygen interstitial 
positions in the bulk of the nanodomains.

Keywords: mixed ceria-zirconia oxides; neutron 
and X-ray diffraction studies; real/atomic structure; 
disordering

Introduction 1  
Dry reforming of methane (DR) is now attracting a lot of 
attention because it converts cheap greenhouse gases 
into syngas with a H2/CO ratio ~ 1, which is most suitable 
for synfuel production [1]. Mixed ceria-zirconia oxides 
promoted by inexpensive Ni are considered as promising 
catalysts of methane dry reforming due to their high 
activity, thermal and coking stability provided by a strong 
metal-support interaction along with a high mobility and 
reactivity of the support oxygen [2-7]. However, strong 
effects of the ceria-zirconia real/defect structure and 
spatial uniformity of Ce and Zr cations distribution in 
mixed oxides on the performance and coking resistivity of 
these catalysts were revealed as well [2-7]. In our work [8] a 
high performance and coking stability was demonstrated 
in the case of a catalyst comprised of Ni loaded on Ce-
Zr-O prepared by the Pechini method using ethylene 
glycol as the solvent. For the optimization of such catalyst 
performance, its atomic structure controlling its oxygen 
mobility and reactivity is to be studied in detail, which 
is the aim of this work. Since structural features of these 
mixed oxides are very complex depending upon the 
spatial homogeneity of cation distribution in the oxide 
domains and oxygen stoichiometry, as well as the possible 
occupation of oxygen interstitial positions with formation 
of Frenkel defects [8-19], in this work neutron diffraction 
was used as the main technique since it is much more 
sensitive to the oxygen stoichiometry as compared with 
X-ray diffraction. Hence, detailed analysis of the oxygen 
stoichiometry effect on the real/defect structure of 
catalysts based on mixed ceria-zircinia oxides was the 
main purpose of this study. 
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Experimental2  
Catalyst Preparation 2.1  

Dispersed Ce-Zr-O mixed oxides were prepared by a 
modified polymerized polyester precursor (Pechini) route 
[8]. At a constant stirring, metal nitrates were dissolved in 
an ethylene glycol mixture with citric acid followed by the 
dropwise addition of ethylenediamine. The mole ratios of 
citric acid (CA), ethylene glycol (EG) and ethylenediamine 
(ED) to the total metal ions in the solution were equal 
to 3.75:11.25:3.75:1. All reagents used for synthesis were 
of the “chemical pure grade”. This viscous polymer was 
evaporated on a hot plate increasing the temperature to 
100°C for 5 h followed by heating at 150°C for the next 
5 h. A solid resin thus formed was burned under air at 
600°C. The product thus obtained was ground with an 
agate pestle and mortar and calcined again under air at 
600°C for 2 h. Ni (in amount of 10 wt.% Ni) was loaded 
by incipient wetness impregnation with a Ni nitrate 
solution followed by drying and calcination under air at 
600°C. A part of the Ce0.5Zr0.5O2±δ and Ce0.5Zr0.5O2±δ+10%Ni 
samples was calcined under air at 800°C and then a part 
of samples calcined at 800°C were reduced by mixture of 
20 vol % H2 in Ar with flow of 80 ml/min at 600°C for 3 h. 
There were therefore 6 different samples to investigate – 
two samples of Ce0.5Zr0.5O2±δ calcined at 600°C and 800°C, 
two samples of Ce0.5Zr0.5O2±δ loaded by Ni and calcined at 
600°C and 800°C and two reduced samples of Ce0.5Zr0.5O2±δ 
(800°C) and Ce0.5Zr0.5O2±δ+10%Ni (800°C).

Characterization of Catalysts 2.2  

Neutron Diffraction 2.2.1  

Neutron diffraction studies were carried out at the High 
Resolution Fourier Diffractometer (HRFD) installation in 
the Frank Laboratory of Neutron Physics of the Unified 
Institute for Nuclear Research in Dubna [20] using 
both high and low resolution modes. Diffraction data 
analysis was carried out using the FullProf software [21]. 
To minimize effects of statistical factors on the results 
of analysis, refinement of the structure of Ce0.5Zr0.5O2±δ 
samples of a different genesis was carried out using low 
resolution diffraction patterns.

X-ray Diffraction and total X-ray scattering2.2.2  

Synchrotron X-ray Diffraction experiments of crystal 
structure parameters were performed at the “Precision 

Diffractometry” station in Siberian Synchrotron 
and the Terahertz Radiation Center of the Budker 
Institute of Nuclear Physics (Siberian Branch, Russian 
Academy of Sciences) [22]. The working photon energy 
(wavelength) was selected by a silicon (111) “channel-
cut” monochromator with an energy resolution ~3·10-4. 
The photon flux on the sample is usually estimated as 108-
109 phot/sec. The diffractometer operates in either high 
or low resolution mode with a Ge(111) crystal analyzer 
or a receiving slit in front of the scintillation detector. 
For Ce0.5Zr0.5O2±δ oxide calcined at 600°C, the diffraction 
pattern in high resolution mode was recorded with 
λ=0.1127 nm in the 2Θ range of 10-90° and with a step 
size of ∆2Θ=0.05°. For refinement of its structure (space 
group P42/nmc:1) Rietveld analysis with a MAUD software 
was applied [23]. For Ce0.5Zr0.5O2±δ 600°C, Ce0.5Zr0.5O2±δ 
800°C, 10%Ni-Ce0.5Zr0.5O2±δ 600°C, 10%Ni-Ce0.5Zr0.5O2±δ 
800°C samples, diffraction data were collected in the 
low resolution mode with λ=0.07 nm radiation within the 
angular range 2Θ=3-140° and with a step size ∆2Θ=0.1°. 
The data were used for total X-ray scattering analysis to 
construct the radial distribution functions of the electron 
density (RDF). 

X-ray absorption spectroscopy2.2.3  

The X-ray absorption spectra of the Ce LIII-edge (5.724 
keV) as well as Zr and Ni K-edges (17.996 and 8.333 keV, 
respectively) were obtained at the “Structural Materials 
Science” beamline of Kurchatov Synchrotron Radiation 
Source at the National Research Center Kurchatov 
Institute [24]. The energy range of the beamline is 4.9-35 
keV, with an energy resolution ∆E/E~2·10-4. The radiation 
is emitted from the bending magnet with a photon flux on 
the sample of about 5·107 phot/(sec·mm2) at a current of 
100 mA. In particular experiments X-ray absorption data 
were collected in transmission mode and spectral analysis 
was carried out using Athena and Artemis software [25].

Thermal analysis 2.2.4  

Thermogravimetric analysis was performed on a Netzsch 
STA 449C instrument. The sample temperature was 
linearly raised from 25°C to 900oC in a 100 ml/min He flow 
with a heating rate of 10°C/min. 

Ethical approval: The conducted research is not 
related to either human or animals use.
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Results and Discussion3  

Thermal analysis3.1  

Typical results of thermal analysis for Ce0.5Zr0.5O2±δ samples 
are shown in Figure 1. For samples calcined at 600°C,  
a pronounced weight loss below 100°C is due to removal 
of adsorbed water while at higher temperatures bulk 
hydroxyls along with some amount of the lattice oxygen 
are removed [12]. For samples calcined at 800°C the weight 
loss is shifted to a higher temperature due to decreasing 
specific surface area and incorporation during cooling in 
air of some additional amount of hydroxyls into the lattice 
to fill anion vacancies formed due to removal of some 
lattice oxygen species at 800°C [12].

Neutron diffraction 3.2  

Figure 2 presents experimental neutron diffraction pattern 
and its fitting for the Ce0.5Zr0.5O2±δ sample calcined at 800oC. 
In all studied samples the structure of Ce0.5Zr0.5O2±δ oxide 
corresponds to the tetragonal fluorite t’ phase with P42/
nmc space group and c/a =1.01 [11,13,15]. Main structural 
parameters obtained by the data analysis are given in 
Table 1. In all cases uncertainty in estimation of these 
parameters is less than 10-11%. 

The domain size estimated from refined profile 
parameters of the neutron diffraction pattern [21] of 
Ce0.5Zr0.5O2±δ oxide tends to increase with the temperature 
of calcinations. The domain size of supported NiO is ~20 
nm, while the size of Ni nanoparticles in the reduced 
sample is ~10 nm which is typical for mild reduction.
The oxygen stoichiometry values given in Table 1 
demonstrate an apparent excess of oxygen in the 

lattice. This excess is largest for samples calcined at 
800oC exceeding any possible estimated errors and not 
depending upon the applied procedure of the structure 
refinement. Since the synthesis procedure excludes the 
presence of any residual anions with a higher scattering 
ability as compared with oxygen anions, an alternative 
explanation is proposed. In the mixed oxide calcined at 
600°С the oxygen content is close to the stoichiometry, 
while for samples calcined at 800°С a small fraction of 
the Ce cations can be reduced into +3 state with a loss of 
lattice oxygen [26]. Cooling of samples after calcinations 
under contact with air can result in water incorporation 
into some anion positions, thus leading to appearance 
of hydrogen in the lattice, for which neutron diffraction 
is sensitive as well. Since the orientation of the water 
molecule in these positions is flexible (rotation, etc), 
it can be considered as heavy-weighted oxygen, thus 

a b

Figure 1: Typical thermal analysis data for Ce0.5Zr0.5O2±δ  oxides calcined at 600°C (a) and 800°C (b). 1 – DTG, 2 – TG, 3 – DTA.

Figure 2: Experimental neutron diffraction pattern (points) and its 
fitting (solid line) for Ce0.5Zr0.5O2±δ sample calcined at 800oC.
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explaining the apparent oxygen excess. Such an excess 
is more pronounced for Ni-loaded samples (Table 1), 
which can be due to the generation of additional oxygen 
vacancies due to incorporation of a fraction of Ni2+ cations 
in the mixed oxide lattice replacing some of the Ce4+/Zr4+ 
cations. This is apparently reflected in the increase of the 
unit cell volume for Ni-loaded samples (Table 2). After 
reduction by H2, oxygen stoichiometry is decreased as 
expected (Table 1), though some reoxidation of samples 
under contact with air even at room temperature could not 
be excluded as well. Indeed, the presence of some amount 
of NiO in the reduced sample (Table 1) agrees with such 
mild reoxidation. 

The presence of the oxygen excess as bulk hydroxyls 
in nanocrystalline mixed ceria-zirconia oxides was earlier 
demonstrated by analysis of the total X-ray scattering data 
[27] as well as 18O2 oxygen isotope heteroexchange data 
[28]. In the latter case, up to 3-4 monolayers of the excess 
oxygen were revealed by analysis of the gas phase balance 
while replacing 16O in the oxide by 18O from the labeled 
oxygen molecules [28]. 

To clarify the nature of the positions occupied by 
these water molecules/hydroxyls in the fluorite lattice, 
analysis was carried out for the model where additional 
oxygen atoms were placed into positions not occupied in 
the tetragonal unit cell. In this case, modeling revealed a 

sharp increase of isotropic temperature parameters up to 
senseless values, thus demonstrating the inadequacy of 
such schemes.

Earlier, Mamontov et al [14,15] suggested a model of 
disordering of the oxygen sublattice in the cubic fluorite-
like structure where a part of oxygen is shifted from 
basic O1 positions into interstitials О2: CeO12-cO2c. Since 
in our case the structure is tetragonal, for modeling the 
coordinates of the interstitial position were recalculated 
from the cubic to tetragonal space group (Table 3).

Modeling revealed that attempts to apply such 
disordering in our case result in the increase of R-factors 
(the conventional factors of agreement between observed 
and calculated data) up to 19-20% even in the case of small 
occupations of O2 sites. This suggests that for samples of 
oxides studied in this work such a disordering does not 
take place.

Table 1: Refinement of the structural parameters of  Ce0.5Zr0.5O2±δ samples.

Sample Phase 
composition

Volume fraction of 
phase,  %

Unite cell parameters, 
nm

c/aF
* Oxygen 

stoichiometry
Domain size, 
nm

Ce0.5Zr0.5O2, 600°C Ce0.5Zr0.5O2±δ 100 a=0.3723(1) 
c=0.5302(3) 

1.007 2.04(1) 6.1(5) 

Ce0.5Zr0.5O2, 800°C Ce0.5Zr0.5O2±δ 100 a=0.3728(1) 
c=0.5312(4) 

1.008 2.12(1) 7.0(5)

10%Ni(II) Ce0.5Zr0.5O2, 
600°C

Ce0.5Zr0.5O2±δ 70 a=0.3736(1) 
c=0.5289 (3)

1.001 2.03(1) 6.1(5)

NiO 30 a=0.4178(1) 20.0(10)
10%Ni(II) Ce0.5Zr0.5O2, 
800°C

Ce0.5Zr0.5O2±δ 70 a=0.3732(1) 
c=0.5309(3) 

1.006 2.17(1) 7.6(5)

NiO 30 a=0.4180(1) 18.6(10)

Ce0.5Zr0.5O2, 800°C, 
H2

Ce0.5Zr0.5O2±δ 100 a=0.3727(1) 
c=0.5312(4) 

1.008 1.90(1) 8.1(5)

10%Ni(II) Ce0.5Zr0.5O2, 
800°C, H2

Ce0.5Zr0.5O2±δ 75 a=0.3742(1) 
c=0.5279(3) 

0.998 1.98(1) 9.5(5)

NiO 3 a=0.4180(4) 23.0(10)
Ni0 22 a=0.3525(1) 9.2(5)

*defined for the fluorite-like structure as c/a√2 [13]

Table 2: Unit cell volume of Ce0.5Zr0.5O2±δ oxides.

Sample V, Å3

CeZrO2±δ, 600°C 73.50
CeZrO2±δ, 800°C 73.81
Ni+CeZrO2±δ, 600°C 73.80
Ni+CeZrO2±δ, 800°C 73.93
CeZrO2±δ, 800°C +H2 73.80
Ni+CeZrO2±δ, 800°C +H2 73.92
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X-ray diffraction and total X-ray scatte-3.3  
ring analysis

X-ray diffraction3.3.1  

Fitting of experimental data for the Ce0.5Zr0.5O2±δ sample 
calcined at 600°С (Figure 3) in the P42/nmc:1 space 
group provides unit cell parameters a=0.37293(5) nm 
and c=0.5295(1) nm which are close to that estimated 
from neutron diffraction. Refinement of size and strain 
parameters gave a domain size of ~9.5-10.5 nm and 
microstrain close to 0.004. The oxygen position occupancy 
was found to be 1.06(3), which gives oxygen stoichiometry 
equal to 2.12(6) i.e. also close to the results of neutron 
diffraction analysis within estimated error (Table 1). The 
results of structure refinement of the Ce0.5Zr0.5O2±δ sample 
calcined at 600°С are collected in Table 4.

In spite of poor statistics of the pattern and low 
sensitivity of X-ray diffraction to oxygen stoichoimetry 
the results of Ce0.5Zr0.5O2±δ structure analysis seem to be 
reasonable and goes in agreement with other implied 
methods.

Total X-ray scattering3.3.2  

Analysis of RDF curves (Figure 4) revealed that positions 
and intensities of peaks are better described for the model 
of the tetragonal structure with an R-factor ~ 10%. The 
main discrepancy between experimental and modeling 
curves is observed in the range of peaks corresponding 
to Me-O distances demonstrating a strong disordering of 
the oxygen sublattice in agreement with published data 
[27]. Moreover, one can see that the calculated peak which 
corresponds to a longer Me-Me distance is higher than the 
experimental peak, whereas neighboring maxima at 9.2 Å 
and 10.7 Å seem to be lower, that may be also caused by 
strong disordering at long distances.

X-ray absorption spectroscopy3.4  

X-ray absorption spectra of the samples recorded near 
CeLIII, ZrK and NiK absorption edges are shown in Figures 5, 
6 and 7. For Ni the Fourier Transform (FT) of the absorption 
spectra is shown in Figure 8. Figures 5 and 6 demonstrate 
that CeLIII and ZrK spectra, despite of thermal or reducing 
treatments, are identical for all samples being close to 
that described earlier in our studies [27,29]. That means 

Table 3: Transformation of atomic positions from cubic to tetragonal system.

Cubic modification Tetragonal modification

Space group Fm3m P42/nmc

Positions Zr, Ce: 0.0, 0.0, 0.0 Zr, Ce: 0.0, 0.0, 0.0
O1: 0.25, 0.25, 0.25 O1: 0.0, 0.5, 0.293

Centers of empty cubes 0.5, 0.5, 0.5 0.0, 0.0, 0.5

Additional O position
(shifted from centers of empty cubes )

O2 0.354, 0.354, 0.5 O2: 0.0, 0.708, 0.5

Figure 3: Experimental X-ray diffraction pattern (black points), its 
fitting (red solid line) and difference between experimental and 
calculated patterns (blue solid line) for Ce0.5Zr0.5O2±δ sample calcined 
at 600°С.

Table 4: Results of Rietveld refinement of Ce0.5Zr0.5O2±δ sample 
calcined at 600°С.

Structure parameters
a, nm 0.37293(5)
c, nm 0.5295(1)
zO 0.2247(1)

Ce Zr O

Occupancy 0.56 0.44 1.06
B factors 0.97 1.1 1.7
RW, % 19.5%
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the local structure around Ce and Zr appears to be stable. 
The comparison of CeLIII spectra with that of standard 
samples Ce(IV)O2 and Ce(III)AlO3 leads to the conclusion 
that Ce remains in +4 state even in samples pretreated in 
hydrogen (Figure 6), which is explained by reoxidation of 
the mixed oxide support under contact with air even at 
room temperature.

Figures 7 and 8 indicate that for samples calcined 
under air at different temperatures the local structure of 
oxidized nickel is practically the same. The reduced sample 
contains a substantial amount of metallic nickel that one 

can see from the spectra and FT of NiO and metallic Ni 
standard samples.

The formation of the interaction phase due to 
incorporation of Ni into Ce-Zr mixed oxide lattice seems to 
be possible but hardly detectable because the amount of 
this phase would be very small. Both neutron diffraction 
and X-ray absorption spectroscopy demonstrate the 
presence of Ni oxide even in the reduced sample, so such 
a three-component system with a substantially different 
phase content is very difficult to analyze.

Figure 4: The pair distribution function (PDF) curve calculated from 
total X-ray scattering data for sample Ce0.5Zr0.5O2±δ 800°С and model 
curves.

Figure 5: X-ray absorption spectra near CeLIII absorption edge: 
1 – Ce0.5Zr0.5O2±δ 600°C; 2 – Ce0.5Zr0.5O2±δ 800°C; 3 – Ce0.5Zr0.5O2±δ 
800°C+H2; 4 – Ni+ Ce0.5Zr0.5O2±δ 600°C; 5 – Ni+Ce0.5Zr0.5O2±δ 800°C; 
6 – Ni+Ce0.5Zr0.5O2±δ 800°C+H2; 7 – Ce(III)AlO3; 8 – Ce(IV)O2.

Figure 6: X-ray absorption spectra near ZrK absorption edge: 
1 – Ce0.5Zr0.5O2±δ 600°C; 2 – Ce0.5Zr0.5O2±δ 800°C; 3 – Ce0.5Zr0.5O2±δ 
800°C+H2; 4 – Ni+ Ce0.5Zr0.5O2±δ 600°C; 5 – Ni+Ce0.5Zr0.5O2±δ 800°C; 
6 – Ni+Ce0.5Zr0.5O2±δ 800°C+H2.

Figure 7: X-ray absorption spectra near NiK absorption edge: 
1 – Ni+ Ce0.5Zr0.5O2±δ 600°C; 2 – Ni+Ce0.5Zr0.5O2±δ 800°C; 3 – 
Ni+Ce0.5Zr0.5O2±δ 800°C+H2; 4 – Ni(0); 5 – Ni(II)O.
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Conclusions4  
Studies of the real/atomic structure of single phase 
homogeneous nanocrystalline Ce0.5Zr0.5O2±δ oxides prepared 
by a modified Pechini route by sophisticated diffraction 
methods revealed pronounced disordering of their 
oxygen sublattice due to formation of oxygen vacancies 
and consequent incorporation of water in their structure 
under contact with air. However, it has not resulted in any 
occupation of the oxygen interstitial positions in the bulk of 
the nanodomains. To confirm this statement, experiments 
on high temperature In Situ X-ray and neutron diffraction 
will be carried out and the results will be a matter of future 
report. The structure corresponds to a tetragonal space 
group indicating that there is a reasonably homogeneous 
distribution of Ce and Zr cations in the lattice. In general, 
the results obtained reasonably agree with those reported 
by Yashima et al. [30,31]. 
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