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Pure and 10 mol% Fe3+ doped CeO2 nanocrystals were synthesized by hydrothermal method using two
different basic solutions (NH4OH and NaOH). All the samples were calcinated at 140 ◦C and 200 ◦C. The
characterization of crystalline structure, vibrational and optical properties was performed using X-ray diffraction,
Raman spectroscopy and spectroscopic ellipsometry. The obtained results showed that the Fe-doped samples are
solid solutions with different size of nanocrystals, very dependent on the synthesis temperature and type of basic
solution. The Raman measurements demonstrated electron molecular vibrational coupling and increase of oxygen
vacancy concentration whereas doping provokes a small decrease of optical absorption edge in comparison with
pure ceria.

PACS numbers: 81.16.Be, 61.05.C−, 78.30.−j, 78.67.Bf

1. Introduction

Ceria (CeO2) as a material with relatively high dielec-
tric constant attracted renewed interest as a capacitor
dielectric in dynamic random access memories (DRAMs)
and as resistive oxygen sensor [1]. It is a potential elec-
trolyte for intermediate temperature solid oxide fuel cells
(ITSOFCs) and recently it became a promising material
for the second generation of spintronics due to the ob-
served room- temperature ferromagnetism [2, 3].

CeO2 nanocrystals and their solid solutions that are
substituted with Fe3+ ions have been prepared by var-
ious methods such as sol–gel [4], hydrothermal synthe-
sis [5], conventional mixed-oxide method [6] and ball-
-milling process [7]. It was found that ferromagnetic
and photocatalytic properties as well as grain growth
stabilization at higher temperatures can be significantly
improved by doping CeO2 nanocrystals with transition
metal elements such as Fe [7–9]. But still one of the ma-
jor challenges for the preparation techniques remains the
precise control of particle size.

The aim of this work was to present relatively new and
cost-effective hydrothermal method for obtaining ceria
nanopowders and to investigate the influence of the syn-
thesis parameters on the structural and optical properties
of pure and 10 mol% Fe3+ doped CeO2 nanopowders.

2. Experiment

Hydrothermal method has been employed to synthe-
size CeO2 nanoparticles from Ce(SO4)2·4H2O (Acros Or-
ganics) precursor with FeCl3·6H2O as dopant in NH4OH
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(Carbo Erba) or NaOH (MP Hemija) solution. At
the first stage of synthesis we converted FeCl3·6H2O
to Fe2(SO4)3 by H2SO4 (Zorka). The Ce(OH)4 hydro-
gel was obtained by hydrolysis at room temperature with
controlled addition of basic solution to the aqueous solu-
tion of 0.4 M Ce(SO4)2. During the process of hydrolysis,
Ce4+ ions are hydrolyzed forming complexes with water
molecules or OH− to give the [Ce(OH)x(H2O)y](4−x)+

complex, where x+y is the coordination number of Ce4+.
In an aqueous solution, polar molecules of H2O tend to
take protons away from coordinated hydroxide, leading
to the formation of CeO2 · nH2O [10]. This process can
be described by the following equations [11]:

Ce4+ + xOH + yH2O

→ [Ce(OH)x (H2O)y ](4−x)+1, (1)

[Ce(OH)x (H2O)y ](4−x)+ + H2O → CeO2 · nH2O

+nH2O + H3O+. (2)
The final volume ratio of NH4OH or NaOH solution

and Ce(SO4)2 is about 1:5 and pH value (9.4) was kept
fixed. Cerium sulfate is soluble in water but all exper-
iments were carried out using a magnetic stirrer which
gave more uniform concentration. As-prepared pure
Ce(OH)4 or 10 mol% Fe doped hydrogels were filtered
and washed out with distilled water. Absence of SO2−

4

ions was controlled by standard procedure (0.1N solution
of BaCl2, Merck). Hydrogels were dried in the oven at
80 ◦C yielding the powdered material. The obtained pow-
ders were calcinated at 140 ◦C and 200 ◦C and after that
were converted to nanocrystals.

The X-ray diffraction (XRD) patterns were collected
at room temperature using Siemens D5000 diffractometer
with Cu Kα radiation. Diffractograms of the nanocrys-
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talline CeO2 samples were recorded over the 2θ range
from 20◦ to 80◦. Raman scattering measurements were
performed at room temperature using the Jobin-Yvon
T64000 triple spectrometer system equipped with a
liquid-nitrogen cooled CCD detector. The λ = 514.5 nm
line of an Ar+ laser was used as an excitation source. El-
lipsometric measurements were performed at room tem-
perature in UV–VIS (2–5.5 eV) spectral range, using high
resolution variable angle spectroscopic ellipsometer (SO-
PRA GES5E — IRSE) of the rotating polarizer type.

3. Results and discussion

In the process of preparing Ce(OH)4 from precursor,
two different bases were used (NaOH and NH4OH) in
order to try to investigate the influence of the basic so-
lution on the [Ce(OH)x(H2O)y](4−x)+ complex. Calcina-
tion, as one of the main parameters of hydrothermal pro-
cess, has been carried out for temperatures of T = 140 ◦C
and T = 200 ◦C with an aim to investigate the process
of crystallization and grain growth from the very begin-
ning, when CeO2 nanopowders have distinct properties
comparing to the bulk materials.

In Fig. 1 there are displayed XRD patterns for pure
and 10 mol% Fe3+ doped CeO2 samples. From the anal-
ysis of diffraction data we have concluded that all synthe-
sized samples have fluorite type structure of CeO2 and
characteristic Miller indices are denoted for each diffrac-
tion peak in Fig. 1. Doping with 10 mol% Fe3+ induces
small contraction of lattice parameter due to mismatch
between ionic radii of Ce4+ and Fe3+ ions. Average
particle size (Fig. 2) is calculated according to Scherrer
equation [12] from XRD data presented in Fig. 1. With
an increase of the calcination temperature from 140 ◦C
to 200 ◦C, particle size increases primarily due to the co-
alescence process [13]. Particle size for doped samples
calcined at 200 ◦C increases significantly comparing to
pure CeO2 sample and specially in the case of Fe-doped
sample prepared using NaOH solution.

Fig. 1. X-ray diffraction patterns of pure and 10 mol%
Fe3+ doped CeO2 samples prepared at two different cal-
cination temperatures (140 ◦C and 200 ◦C) using two dif-
ferent basic solutions (NH4OH and NaOH).

Fig. 2. Change of average particle size with calcination
temperature for pure and 10 mol% Fe3+ doped CeO2

samples.

In Fig. 3 there are presented room temperature Raman
spectra of pure and 10 mol% Fe3+ doped CeO2 sam-
ples. Main feature in the first order Raman spectrum
of CeO2 is triple degenerate F2g mode. This mode in our
nanocrystalline CeO2 sample is located at ≈ 450 cm−1.
With increase in calcination temperature frequency of
this mode increases and its line width decreases as a con-
sequence of particle size growth [14]. Additional mode
in the Raman spectrum is located at 600 cm−1. This
mode is ascribed to oxygen vacancies generated in CeO2

lattice as a consequence of nonstoichiometry due to the
small crystallite size. Doping with 10 mol% Fe3+ induces
redshift and broadening of main F2g mode. Such a be-
havior can be assigned to electron molecular vibrational
coupling due to increased concentration of defects and
magnetic ions in CeO2 lattice. The intensity of the oxy-
gen vacancy mode for pure and doped samples is deter-
mined by Lorentzian line shape fitting procedure. The
change of the oxygen vacancy mode intensity with cal-
cination temperature for pure and 10 mol% Fe3+ doped
CeO2 samples is presented in Fig. 4. As can be seen from
Fig. 4, intensity of this mode is significantly higher for
doped samples leading us to conclude that doping with
Fe3+ ions induces higher disorder in oxygen sub-lattice
and consequently higher concentration of oxygen vacan-
cies. This is even more pronounced for Fe doped sample
prepared with NH4OH solution and calcinated at 200 ◦C.
Such a behavior is consistent with our expectations to
have more unsaturated surface bonds and consequently
higher concentration of defect states in comparison with
the Fe-doped sample prepared from NaOH solution be-
cause of the great difference in crystallite size between
these samples (see Fig. 2). The possibility of changing
the oxygen vacancy concentration in ceria lattice varying
the synthesis conditions can be very important fact be-
cause of the application of this material in oxygen trans-
port technologies.

The results of spectroscopic ellipsometry for pure
and 10 mol% Fe3+ doped CeO2 samples are presented
in Fig. 5a and b in the form of spectral dependence of in-
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Fig. 3. Raman spectra of pure and 10 mol% Fe3+
doped CeO2 samples.

Fig. 4. Change of the oxygen vacancy mode intensity
with calcination temperature for pure and 10 mol% Fe3+
doped CeO2 samples.

dex of refraction and extinction coefficient in UV–VIS
range. The refractive index (n) and extinction coef-
ficient (k) of pure and doped samples were obtained
by direct inversion of measured spectroscopic angles Ψ
and ∆ using very simple two-phase model (nanocrys-
talline CeO2/air) [15]. Difference in spectral dependence
of n and k indicates that optical parameters of CeO2

nanoparticles are strongly correlated to the synthesis pa-
rameters [16, 17] (which in our case are type of basic
solution and calcination temperature).

The direct optical band gap (Eg) was evaluated from
the general equation [15]:

αE = b(E − Eg)1/2, (3)
where α is the absorption coefficient related to the extinc-
tion coefficient k and photon wavelength λ (α = 4πk/λ),
E is photon energy and parameter b is related to the den-
sity of states in the conduction band. The plot of (α E)2
versus E for pure and 10 mol% Fe3+ doped CeO2 sam-
ples is shown in Fig. 6. The values of the optical band
gap lie in the range of 3.33–3.38 eV for the pure CeO2

and in the range 3.26–3.33 eV for Fe doped samples. By
analyzing the absorption behavior we can observe that

Fig. 5. Spectral dependence of the (a) refractive index
and (b) extinction coefficient for pure and 10 mol% Fe3+
doped CeO2 samples.

Fig. 6. The behavior of (αE)2 as a function of photon
energy (symbols) together with linear fit (solid lines)
according to Eq. (3) for pure and 10 mol% Fe3+ doped
CeO2 samples.

doping with 10 mol% Fe3+ provokes a small decrease of
band gap value — Eg, in comparison with pure ceria,
due to additional states introduced within the band gap.
These states are originating from oxygen vacancy defect
states [18] and electronic states of Fe3+ ions.
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4. Conclusion

The hydrothermal method has been successfully em-
ployed to synthesize CeO2 and Ce0.9Fe0.1O2 nanocrys-
tals using NH4OH and NaOH solutions. XRD analysis
showed that 10 mol% Fe doped samples are solid solu-
tions with different average nanocrystal size dependent
on the synthesis temperature and type of basic solution.
From the Raman spectroscopy we observed strong influ-
ence of particle size effects on vibrational properties of
pure CeO2 nanocrystals while for 10 mol% Fe3+ doped
samples we observed electron molecular vibrational cou-
pling and increase of oxygen vacancy concentration. El-
lipsometric measurements showed that optical properties
of CeO2 nanoparticles are strongly correlated to synthe-
sis parameters whereas doping with Fe3+ ions provokes a
small decrease of optical absorption edge in comparison
with pure ceria. Monitoring and controlling the shift of
optical band gap in ceria based nanomaterials can have
significant implications in electronic and optoelectronic
technologies.
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