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a  b  s  t  r  a  c  t

Nanoscale,  high  surface  area  spherical  cerium  oxide  was  prepared  from  aqueous  cerium  nitrate  by  homo-
geneous  precipitation  using  ammonia.  This  synthesis  route  offers  a versatile,  low  cost  and  environmental
friendly  method  to produce  nano  ceria.  The  specimen  powder  was  characterized  with  XRD,  SEM,  HRTEM,
and  UV–vis  spectrophotometry.  Cubic  cerianite  crystallites  (CeO2)  were  detected  by  powder  XRD  pattern,
while Ce3+ was  also  evident  from  XPS spectra  and  DR  UV  spectroscopy  study.  XPS  spectra  indicated  that
eywords:
anostructured material
eria
recipitation
EM
PS

cerium  in  the  nano  crystals  was  predominantly  tetravalent.  Both  Ce2O3 as  well  as  oxygen  vacancy  con-
tributed  towards  the  presence  of  Ce3+ in the  sample.  The  particle  size  of  the  system  was  calculated  from
TEM analysis,  XRD  study  and  BET  surface  area  analysis.  The  characterization  revealed  the  particles  to be
spherical  in  shape  with  typical  size  4–5  nm,  which  is  a  favourable  characteristic  feature  for  many  applica-
tions. The  direct  optical  band  gap  estimated  from  DR  UV absorption  spectrum  was  blue-shifted  evidently
with  respect  to  the bulk  material  and  indicated  quantum-size  confinement  effect  in  nano  crystallites.
. Introduction

Nanoparticles have received much attention in the field of
aterial science because of their fascinating mechanical and

hysico-chemical properties which are entirely different from their
ulk counterparts. Among nanoparticles, semiconductor nanocrys-
als with tunability of electronic and optical properties have
ttracted considerable interest. Cerium (IV) oxide (CeO2, cerian-
te), with a cubic fluorite-type structure is one among those, which
nds versatile applications in various fields, including solid-state
hysics, chemistry, and material science. The flexibility of band gap

n nano ceria makes them proper objects for various applications
uch as the Raman-allowed modes shifting and broadening [1] and
attice expansion [2].  They are also being used to probe fundamen-
al material properties such as magnetic/electronic interactions [3].
he ability of cerium oxide to reversibly exchange oxygen is a key
spect of the material that helps to act as oxygen buffer through
edox processes involving the Ce4+/Ce3+ couple. Due to this feature,

eria is widely used as promoter, and support in many catalytic pro-
esses. The role of ceria nanoparticles and their mixed analogues in
atalyzing oxidation reactions of industrial and environmental sig-
ificance has been extensively studied owing to this fine property
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[4–8]. Nano ceria supported metal catalysts were also investigated
by different groups [9,10].  The promoting effect of the oxide in these
cases was attributed to the boosting of oxygen transfer to the reac-
tion site [11]. Apart from this, studies are also initiated to pursue
the photocatalytic activity of nano ceria [12]. The material was also
proposed for biomedical applications. It has been reported that the
introduction of trace amounts of ceria into retina notably reduces
the adverse effect of UV radiation on photoreceptor cells of the eye
[13]. Another interesting application of the material is its biocom-
patibility for applications in diseases of the central nervous system
as reported by Das et al. [14]. Very recently, ecotoxicological assess-
ment of CeO2 nanoparticles has been studied by Rodea Palomers
et al. [15]. Other latest advances in this area include search for
novel synthetic strategies for achieving nanoparticles of ceria with
desirable properties, and their surface modifications [16–19].  In the
present work, we  report a simple homogeneous ammonia precip-
itation method to obtain cerium oxide nano crystals which have
optimum size for many applications, from aqueous cerium nitrate
solution. Methods that are reported earlier demands micro emul-
sion technique, presence of hydrogen peroxide, etc., and hence, this
synthetic route is an adaptable, cost effective and environmental
friendly one. The prepared oxide was characterized using X-ray
diffraction (XRD), scanning electron microscopy (SEM), nitrogen
adsorption study, UV–vis DRS, transmission electron microscopy

(TEM) and X-ray photoelectron spectroscopy (XPS). The crystalline
phase, surface morphology, microstructure, porosity characteris-
tics, particle size, band gap energy, etc. are discussed in detail. The
presence of different oxidation states of cerium, and their mode of

dx.doi.org/10.1016/j.jallcom.2011.10.027
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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xistence in the oxide are substantiated by the results derived from
PS analysis.

. Experimental

.1. Synthesis of ceria

All chemicals were purchased from Aldrich (Germany), purity 99.99%. CeO2

anoparticles were prepared by a process that involves the homogeneous precip-
tation of a solution of cerium nitrate hexahydrate (Ce(NO3)3·6H2O) with dilute
queous ammonia. The methodology adopted was  a slight modified version of the
ne reported by Zhou et al. [20]. The requisite quantity of precursor was  dissolved in
ouble distilled water and was precipitated by drop wise addition of the solution to
queous ammonia over a period. Excess precipitant was maintained during the pro-
ess. The obtained light yellow coloured slurry was washed 10 times with deionised
ater to remove any water-soluble species and subsequently washed 3 times with

thanol to remove water and disrupt hydrogen bonded networks between water
nd the precursor, which otherwise led to severe aggregation upon heating. The
ollected precipitate was  oven-dried at 383 K for 12 h, crushed using an agate mor-
ar,  and subsequently calcined at 500 ◦C for 3 h in air atmosphere to obtain the oxide

aterial.

.2. Characterization of cerium oxide particles

The nano powder was  characterized by adopting following methodologies. Pow-
er X-ray diffraction (XRD) pattern results of the samples were collected on a Rigaku
/MAX- diffractometer equipped with a rotating anode using CuK  ̨ radiation. Scher-

er  equation was  applied to the maximum intense peak in order to determine the
rystallite size of the particles. Brucker Nanostar instrument was  used to obtain low
ngle XRD diffraction pattern. The micro structure of the samples was obtained by
ransmission electron microscopic (TEM) images with a Philips CM 200 transmis-
ion electron microscope operating at 20–200 kV range. Sample grids were prepared
y  sonicating powdered samples in ethanol for 20 min  and evaporating one drop of
he suspension onto a carbon-coated, holey film supported on a 3-mm, 300-mesh
opper grid. Scanning electron microscopic (SEM) images were recorded using a
EM – JSM 848 instrument. N2 adsorption–desorption isotherms were obtained on

 Micromeritics Gemini Surface Area analyzer using a static adsorption procedure
t  77 K. Samples were degassed at 150 ◦C in a vacuum below 10−3 Torr for 16 h prior
o  the measurements. The specific surface area was  calculated using the BET equa-
ion for data in a (P/P0) range between 0.05 and 0.3. The pore-size distributions
ere calculated from the data of the desorption branch of the isotherm using the
arrett– Joyner–Halenda (BJH) method. DR UV–vis spectra were taken in the range
00–800 nm with BaSO4 as reference using Jasco V-550 spectrophotometer. X-ray
hotoelectron spectroscopic (XPS) measurements were carried out on a VG Micro
ech ESCA 300◦ instrument at a pressure of >1 × 10−9 Torr (pass energy of 50 eV,
lectron take off angle 60◦ and the overall resolution was  ∼0.1 eV).

. Results and discussion

Interesting changes appeared in colour of the solution when
erium nitrate solution was added to the precipitant. Initially, at
ow pH, the slurry was purple, possibly due to Ce3+, which finally
hanged to yellow colour due to the formation of Ce4+ in the
resence of oxygen. The synthesized particles were subjected to
ifferent characterization methods to yield the following results.

.1. XRD analysis

Fig. 1 shows the wide angle powder X-ray diffraction pattern
f cerium oxide powder. The as-prepared sample exhibited rather
morphous character as indicated by the diffraction pattern. Their
road, indistinct feature suggests that the material is either amor-
hous or of a crystal size too small for this method to resolve. The
eaks sharpened as the treatment temperature increased to 500 ◦C.
ll Bragg peaks with Miller indices (1 1 1), (2 0 0), (2 2 0), (3 1 1),

2 2 2), (4 0 0), (3 3 1) and (4 2 0) were associated with the cubic lat-
ice of pure CeO2 (CaF2 structural type), and was in good agreement
ith literature data (JCPDS No. 34-0394). No identifiable diffraction
eaks of crystalline Ce2O3 phase was noticed in the XRD pattern of
hese nano particles. The lattice constant of the cubic fluorite-type

eO2 grains can be determined through the spacing of the lat-
ice planes, which was observed to be ∼0.54 nm, with space group
m3m. The mean grain size of CeO2 was determined from the broad-
ning full width at half maximumh k l (FWHM)h k l of the XRD peaks,
2 theta ( )

Fig. 1. Wide angle powder XRD pattern of cerium oxides.

which correspond to the lattice planes with Miller indices (h k l),
through Scherrer’s formula. The XRD pattern of the as-synthesized
material yielded the crystallite size of cerium oxide nanoparticles
to be 4.6 nm,  which upon calcination increased to 4.9 nm, showing
agglomeration of primary particles perhaps may  be due to sinter-
ing. The influence of particle size on lattice parameter do exists
in particles. It was  noticed that, as the particle size decreases, the
value of lattice parameter increases. For bulk material, the lattice
parameter is 0.5410 nm,  and fabricating into nano size decreased
the value as shown in Table 1. The decrease in lattice parameter of
the particle upon heat treatment is also clear from the table.

3.2. Scanning electron microscopy (SEM) analysis

Morphology of the cerium oxide powder sample is examined
using scanning electron microscopy. The SEM micrograph of the
as prepared ceria powder illustrated in Fig. 2. On close observation,
rather agglomerated uniform spherical grains of average size below
10 nm were identified.

3.3. Transmission electron microscopy (TEM) analysis

The TEM image in Fig. 3(a) illustrates aggregated primary crys-
tallites with typical size of 4–5 nm in the as-synthesized sample,
which agrees well with SEM pattern. The mean size is consis-
tent with the XRD particle size estimation using the full width at
half-maximum and Scherrer formula (Table 1). The selected area
electron diffraction (SAED) pattern provided in inset justifies the
amorphous form of nano ceria, as indicated by powder XRD pat-

tern. The HRTEM image of calcined ceria is provided in Fig. 3(b),
which confirms the dimension of the crystallites. The size of the
prepared nano particles is suitable for many applications includ-
ing biomedical applications [14]. When the as prepared ceria was



232 N.K. Renuka / Journal of Alloys and Compounds 513 (2012) 230– 235

Table 1
Physical characterization data of nano ceria.

Ceria Average particle size (nm) Lattice parameter
(nm)

Surface area
(m2/g)

Average pore
diameter (nm)

Pore volume
(cm3/g)

XRD TEM BET
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ticles forming aggregates. It is clear that the discrepancy between
the values obtained from these two methods is more in the case of
calcined ceria, where more aggregates are expected.
As-prepared 4.6 4.8 (9.01) 0.5419
Calcined ceria 4.9 5.1 (14.01) 0.5412

alcined at 550 ◦C, the crystalline nature increased, as evident from
he electron diffraction pattern, which assigns the cubic phase for
he material (Fig. 3(b)). Obviously, this observation is also consis-
ent with the result of XRD. The (1 1 1) phase of the oxide particle
s quite clear in the TEM pattern. Cerium oxide has a cubic fluo-
ite structure, both in bulk and nanoparticle forms. The low index
xposed crystal planes have been shown to have differing reactiv-
ty [21]. The {1 1 1} surface plane is the most stable, followed by
he {1 1 0} and {1 0 0} planes. The formation of an oxygen vacancy
ccurs more easily for the {1 1 0} surfaces than in the {1 1 1} sur-
aces. The vacancies tend to form in the surface layer for {1 1 0}
hereas for the {1 1 1} surface they tend to form in the subsurface

ayer [22].

.4. N2 adsorption studies

Fig. 4 displays N2 adsorption–desorption isotherms and the cor-
esponding pore size distributions of the heat treated sample. The
sotherm can be ascribed to type IV belonging to H3 group implying
he presence of typical conterminous textural porosity. Textu-
al porosity arises from non-crystalline intra aggregate voids and
paces formed by inter particle contacts. The values of surface area
nd other porosity parameters are provided in Table 1. It is well-
nown that ceria shows high oxidation ability due to its high oxygen
acancies and a low redox potential between Ce3+ and Ce4+. Possi-
ly due to that, surface areas and the concentration of the defects
such as oxygen vacancies) were remarkably increased when the
article size was decreased to nanometer scale. The surface area
alue obtained for the system was rather very high considering
he fact that the synthetic route is template free, and the value got
educed when heat treated, as expected (Table 1). Recently, stud-
es have demonstrated that the BET method can be used to obtain
verage particle diameter assuming nonporous spherical/cubical

ano particles and a theoretical density of the individual materials.
ithout going through the entire derivation, the equation for cal-

ulating the average particle diameter in nanometers is 6000/(BET
urface area in m2/g × density in g/cm3). The equation will vary

Fig. 2. SEM photograph showing morphology of the ceria powder.
113.3 3.72 0.088
93.01 4.91 0.030

slightly for other uniformly shaped materials. The average particle
size of ceria (true density 7.13 g/cm3) derived from this equation is
presented in Table 1, which shows the deviation of the said values
from those obtained from TEM. The above mentioned method led to
surface area values higher than those obtained from TEM analysis.
The difference observed between the two  values is due to the fact
that a small amount of surface is being lost due to the primary par-
Fig. 3. (a) TEM image of as-prepared ceria particles showing particle size and SAED
pattern (inset). (b) HRTEM image of ceria calcined at 500 ◦C. SAED pattern (inset).
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Table 2
Binding energy associated with different peaks of cerium ions.

Peak Binding energy (eV) Cerium state

vo 880.59 3+
v 882.77 4+
v′ 885.60 3+
v′′ 889.06 4+
v′′′ 898.02 4+
uo  899.03 3+
u  902.03 4+
u′ 905.23 3+
u′′ 908.13 4+
o

ig. 4. N2 adsorption isotherm of calcined ceria. Pore size distribution profile (inset).

.5. Diffuse reflectance UV spectral analysis

The UV–vis absorption spectra of the nano CeO2 obtained in the
resent study is presented in Fig. 5. The diffuse reflectance spec-
ra of bulk ceria (Sigma–Aldrich, 99.9% trace metal basis) is also
rovided for comparison. The spectra show that both of the sam-
les have intense absorption in the UV that trails into the visible

egion of the spectrum. Generally, the absorption of ceria in the
V region originated from charge-transfer transition between O2p
nd Ce4f bonds, which overruns the well-known f to f spin–orbit

Wavelength (nm)

1000800600400200
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Nano ceria

Bulk ceria

Fig. 5. Diffuse reflectance pattern of ceria samples.
u′′′ 917.42 4+

splitting of the Ce 4f state [23,24]. The UV-DR spectrum on curve
splitting exhibited two prominent peaks, one at 250 nm and the
other one around 315 nm and a comparatively small one at 280 nm.
The first peak corresponds to Ce3+ variety present which is caused
by Ce3+← O2− in the system, though XRD ruled out the possibility
of the Ce3+ species. The second peak arises due to inter band transi-
tion in ceria, and the weak band at 280 nm is assigned to Ce4+← O2−

charge transfer transitions [25–28].
The wavelength corresponding to the UV absorption edge of a

semiconducting powder such as CeO2 can be safely used to probe
the presence of nano-crystallites (∼5 nm). The absorption edge of
nano CeO2 is blue-shifted compared to that of the bulk material.
The blue shifting in the UV absorption spectra of CeO2 nano crys-
tals has attracted much interest of many researchers in recent years
[29–32]. The blue shift of the absorbance and subsequent increase
of band gap of nano sized particles of ceria result from the small
crystal size [33]. It was theoretically deduced that the value of blue-
shifting resulting from the reduction of particle size is inversely
proportional to the square of the size due to quantum confinement
effect. Since the typical size of the nano crystals (4–5 nm) is far
smaller than 2aB, where aB is the exciton Bohr radius of the material
(about 7–8 nm)  [34], the optical band gap shift should be classified
to strong confinement regime [35]. Thus, a decrease in the nano
crystal size should be accompanied by an increase of the effective
width of the forbidden band Eg, the energy difference between the
lower energy of conduction band and the upper energy of valence
band. As a result, the absorption band is shifted to the range of
higher energy and blue-shift is observed [36]. In the present study,
the optical band gap Eg was  calculated based on the absorbance
spectrum of the powders, using equation, EBG = 1240/�Absorp.Edge
[37]. The onset of absorption of nano and bulk CeO2 were at ∼440
and 410 nm,  which corresponds to the band gap energy of ca. 2.81
and 3.02 eV, respectively. These values are consistent with the char-
acteristic values given in literature for CeO2 materials.

3.6. X-ray photo electron spectroscopy

XPS peaks enable to identify binding energy and associated oxi-
dation states of cerium in the oxide sample. Fig. 6(b) shows the
individual peaks of Ce3d pattern after deconvolution. Ten peaks
are identified, six corresponding to Ce4+ state and four repre-
senting Ce3+ state [38]. The binding energy values for different
peaks corresponding to each ion are presented in Table 2. Two
sets of spin–orbital multiplets, corresponding to the 3d3/2 and
3d5/2 contributions were labeled as u and v, respectively. Peaks u′′′

(917.42 eV) and v′′′ (898.02 eV) originate from Ce 3d9 O2p6 Ce 4f0

final states of Ce4+. The additional states of Ce4+, [u (902.3 eV), v
(882.7 eV), u′′ (908.13 eV), v′′ (889.06 eV)] result from a mixture of

Ce 3d9 O 2p5 Ce 4f1 and Ce 3d9 O 2p4 Ce 4f2 final states. Finally, the
contribution of Ce3+ to the Ce3d spectrum consists of two doublet
pairs: (i) u′ (∼905.23 eV), v′ (885.6 eV) and (ii) uo (899.03 eV), vo
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Fig. 6. (a) XPS spectra of ceria—survey spectra. (b) XPS spectra—Ce 3d peaks.

880.3 eV). These doublets correspond to a mixture of the Ce 3d9

2p5 Ce 4f2 and Ce 3d9 O2p6 Ce 4f1 final states.
The sum of peak area corresponding to the ions is proportional

o the concentration of ions. Hence concentration of two oxidation
tates in the oxide sample can be obtained by the expression given
elow [39].

Ce3+ = vo + v′ + uo + u′; Ce4+ = v + v′′ + v′′′ + u + u′′ + u′′′ and hence

Ce3+] = Ce3+

Ce3+ + Ce4+ and [Ce4+] = Ce4+

Ce3+ + Ce4+

The calculations led to the fact that in these ceria nano parti-
les, 67% of cerium is present in the tetravalent state, while the
emaining 33% exist as trivalent ion. Thus XPS also reveal the exis-
ence of a considerable amount of Ce3+ in the system, although
RD identified only the tetravalent cerium as CeO2. The trivalent
e3+ can be distributed either in regions of sesquioxide Ce2O3 or
round O vacancies in CeO2 [40]. This observation has been well
stablished in previous reports. Further investigation on the pres-

3+
nce of Ce , i.e., whether due to Ce2O3 or due to O vacancies,
 content is calculated assuming that the total O content is the

um of the required O to fully oxidize Ce4+and Ce3+ into respective
xides. That is assuming that Ce3+ and Ce4+ exclusively form Ce2O3

[
[

[

mpounds 513 (2012) 230– 235

and CeO2, respectively. The required O to fully oxidize the whole
cerium ions (the parameter ‘x’ in the stoichiometric formula CeOx)
is determined using the formula,

x = [O]
[Ce]

= 3
2

[Ce3+] + 2[Ce4+]

considering the fact that x = [O]/[Ce] is equal to 2 for CeO2 and 1.5
for Ce2O3. Here [Ce] = [Ce3+] + [Ce4+], that can be derived from XPS
analysis. The stoichiometry of oxygen was  obtained to be 1.84 per
Ce atom. The stoichiometry was  cross checked with the direct O to
Ce ratio derived from the intensity of corresponding peaks in XPS
spectra, which was observed to be slightly different (1.78), indicat-
ing that oxygen vacancy also contributes to the presence of Ce3+

in these particles. It has been reported that the oxygen vacancies
exist more in systems with higher [Ce3+]. Alternatively, the small
particle size leads to higher oxygen vacancy which in turn explains
the higher concentration of Ce3+ in nano systems. The reduction of
CeO2 to CeO2−� (� = 2 − x) is caused by the oxygen atoms vacating
the crystal lattice, which lead to reduction of adjacent Ce(IV) ions to
Ce(III). These oxygen vacancies that form, leaving oxygen depleted
Ce(III) ion behind, are responsible for the high reactivity in nano
ceria.

4. Conclusions

The template free precipitation of ceria from cerium nitrate
hexahydrate by ammonia resulted in nano sized particles with
spherical morphology. Cubic CeO2 crystallites were detected by
powder XRD pattern, while the presence of negligible amount of
trivalent Ce3+ was  also evident from XPS spectra and DR UV spec-
troscopy study. The percentage composition of Ce4+ was  obtained
to be 67. Both Ce2O3 as well as oxygen vacancy contributed towards
the presence of Ce3+ in the sample. The characterization revealed
the particles to be of typical size between 4 and 5 nm.  The direct
optical band gap estimated from ultraviolet absorption spectrum
of the nano ceria is blue-shifted evidently with respect to the bulk
material and indicated quantum-size confinement effect in nano
crystallites. The synthesized ceria has dimensions suitable for many
applications including biomedical applications.
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