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. Stojmenović a, S. Bošković a, S. Zeca,∗, B. Babić a, B. Matović a, D. Bučevaca,
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a b s t r a c t

The ceria solid solutions doped with rare earth cations were synthesized by two methods and the
microstructural and morphological characterization of powders was performed. The results obtained
by X-ray diffraction (XRD), transmission electron microscopy (TEM), Brunauer–Emmett–Teller (BET)
method and Raman spectroscopy were studied and discussed. The results showed that finer powders
have not only higher specific surface area, smaller particles and crystallite sizes, but also larger lattice
eywords:
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olid solutions
acancy formation

parameters in the case of both single and multidoped solid solutions.
© 2010 Elsevier B.V. All rights reserved.
-ray diffraction
EM

. Introduction

Expected properties of SOFC-s (solid oxide fuel cell) such as high
fficiency, low working temperatures, expected low cost of pro-
uction without environmental pollution, make materials based
n cerium oxide of great interest. Due to high ionic conductivity,
anometric powders of cerium oxide (CeO2) with fluorite structure
nd especially those doped with rare earth ions became very inter-
sting for research and application as ceramic electrolytes [1–4].
ince the conductivity of nanocrystalline materials increases with
ecreasing grain size [5], nanocrystalline powders are preferred in
he fuel cells production because they enable considerable lower-
ng of sintering temperature leading finally to smaller grain size
nd lower energy consumption. In addition, the published results
n the electrical conductivity measurements proved that the val-
es in the case of multidoped material compared to single doped
ere 30% higher [6].

With this intention, we made the ultrafine CeO2 powders doped
ith many rare earth ions (Nd, Sm, Gd, Dy, Y, Yb) expected them
o have high ionic conductivity on lower temperatures due to
he formation of oxygen vacancies and microstructural changes.
he vacancies are formed in CeO2 solid solutions by substitution
f tetravalent cerium ions with trivalent rare earth ions [7]. In
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our previous papers [8,9] we were predominantly dealing with
single doped ceria solid solutions obtained by two different meth-
ods. In this paper however, using the same methods, ceria solid
solutions multidoped with rare earth cations were produced and
the properties of powders with the same chemical compositions,
but obtained by different chemical methods, were studied and
discussed.

2. Experimental

Experimental work consisted of the synthesis and characterization of nanopow-
ders with the following composition:

1. CeO2, 2. Ce0.8Gd0.20O2−ı , 3. Ce0.8Sm0.08Gd0.12O2−ı , 4. Ce0.8Sm0.01Gd0.01Y0.18

O2−ı , 5. Ce0.8Sm0.005Gd0.005Dy0.095Y0.095O2−ı , 6. Ce0.8Nd0.01Sm0.04Gd0.04Dy0.04Y0.07

O2−ı , 7. Ce0.8Nd0.01Sm0.015Gd0.025Dy0.04Y0.05Yb0.06O2−ı , Nanopowders were synthe-
sized using modified glycine nitrate procedure (MGNP) [8] and self-propagating
reaction at room temperature (SPRT) [9].

2.1. Synthesis by MGNP method

Nanometric powders of cerium oxide solid solutions were obtained by
MGNP method, starting from amino acetic acid (glycine, Fluka) and solutions
of nitrate of following ions Ce, Nd, Sm, Gd, Dy, Y (Aldrich). The synthe-
ses of doped nanopowders proceeded according to the following exothermic
reaction:
4NH2CH2COOH + 2[(1 − x)Ce(NO3)3·6H2O + xMe(NO3)3·6H2O]

+ 2O2 → 2Ce1−xMexO2−ı + 22H2O ↑ + 5N2↑ + 8CO2↑ (1)

Modification consisted of partial substitution of nitrates by acetates [8]. Rare earth
ions (dopants) were used in total concentration of x = 0.2. Syntheses were carried

dx.doi.org/10.1016/j.jallcom.2010.07.177
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280 M. Stojmenović et al. / Journal of Alloys and Compounds 507 (2010) 279–285

rs obt

o
c
w
m
v
o

2

t

Fig. 1. XRD patterns of nanopowde

ut in a steel beaker. All the reactants dissolved in distilled water were added in
oncentrations previously calculated according to the relation (1). Reacting mixtures
ere heated up to 450 ◦C until the evaporation stopped. Due to the modification,
oderate reaction has occurred, and dissipation of the ash during synthesis was

ery small. In the end, obtained ash was calcined at 600 ◦C during 4 h to burn up the

rganic remains.

.2. Synthesis by SPRT method

SPRT method was used to obtain solid solutions with the same composi-
ion as nanopowders prepared by MGNP method. SPRT method is based on the
ained by MGNP and SPRT methods.

mechanically activated reaction between metal nitrates (cerium and dopants)
and sodium hydroxide, which occurred at room temperature according to the
Eq. (2):

2[(1−x)Ce(NO3)3·6H2O + xMe(NO3)3·6H2O] + 6NaOH
+ (1/2−ı)O2 → 2Ce1−xMexO2−ı + 6NaNO3 + 15H2O (2)

The advantage of this method is the possibility of producing the nanopowders with-
out heating and additional calcinations. Basic reactants for synthesis were nitrates
of following ions Ce, Nd, Sm, Gd, Dy, Y (Aldrich) and NaOH (Vetprom – Chemicals).
Quantities of reactants needed for SPRT syntheses were calculated by the Eq. (2).
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yntheses of pure and doped CeO2 nanopowders was carried out according to the
rocedure described in detail in Refs. [8,9].

.3. Powder characterization

With the aim of comparing properties of powders synthesized by described
ethods, they were characterized by X-ray diffraction (XRD), transmission electron
icroscopy (TEM), Brunauer–Emmett–Teller (BET) method and Raman spec-

roscopy.
XRD analysis was performed by Siemens D-500 diffractometer using CuK�

adiation and scanning speed of 0.02◦2�/s. Lattice parameter, crystallite size and
eformation of crystal lattice, i.e. microstrain were calculated from X-ray data
ollected in the range of 20–75◦2�. Lattice parameter was calculated by WIN-
ELL program. Crystallite size and microstrain were determined according to the
illiamson–Hall method using Cauchy relation between contributions of crystallite

ize and lattice distortion to the width of diffraction profile [10]. We have mea-
ured width of diffraction profiles in the middle of diffraction peak height. Widths
f well-crystallized �-quartz reflections were measured in the same way in order to
etermine instrumental width, i.e. the part of diffraction profile originated from
pectral width of radiation and diffractometer setting. Eliminating instrumental
idth from diffraction profiles [11], the width originating from crystallite size and

attice distortion was determined.
Specific surface areas of powders were obtained by BET method based on adsorp-

ion and desorption isotherms, that represent the amount of N2 adsorbed at −196 ◦C
s a function of relative pressure and were measured using the gravimetric McBain
ethod. Besides the specific surface area, also the pore size distribution, mesopore

urface and micropore volume were calculated from the isotherms. Pore size dis-
ribution was obtained by applying BJH method [12] to the desorption branch of
sotherms. Mesopore surface and micropore volume were estimated using the high
esolution �s-plot method [13–15]. Micropore surface was calculated by subtracting
esopore surface from specific surface area. Powder flow was performed by apply-

ng internal comparative method. The same weights of powders were poured into
he funnel and the time in which the powder run out of the funnel was measured
or each powder. The following results are obtained: 32 s for MGNP and 1 s for SPRT
owders, showing that SPRT powders flew much faster out of the funnel.

Particles size for MGNP powders was measured by TEM – ZEISS EM 912 Omega,
hile for SPRT it was measured on TEM micrographs using the computer program
igital Micrograph, after the micrographs had been taken by JEOL 400 FX instrument.
he differences in particle size were proved to be like previously obtained [16].

Raman spectroscopy was performed in the backscattering configuration using
he Jobin Yvon T64000 spectrometer system. The measurements were made at
oom temperature with the 514.5 nm Ar+-ion laser line in the spectral range
00–800 cm−1.

. Results and discussion

Characterization of synthesized nanopowders was done with
he intention to establish differences in the powder properties pro-
uced by MGNP and SPRT methods, since the powder history has a
trong influence on the microstructure and morphology of powder
articles.

The X-ray patterns (Fig. 1) show that synthesized powders are
ingle phase, indicating that the dopants are incorporated in ceria
attice instead of Ce4+ ions. Besides, the lattice parameters (Table 1)
f the identified fluorite structures in the X-ray patterns veri-
ed formation of ceria solid solutions according to the previously

ound results [7,8] by which the parameters of ceria lattice increase
ccording to the Vegard’s law with increasing dopants concentra-
ion (Gd, Sm, Nd). The values of lattice parameter (a), crystallite size
D) and microstrain (e) obtained by XRD analysis are summarized
n Table 1.

For powders with particle size smaller than 5 nm obtained by
PRT method, lattice parameters are larger as compared to MGNP
owders with much larger particles, 25–40 nm (Table 3). The results
re in accordance with literature data concerning the anomaly of
elatively strong increase of ceria lattice parameter with decreas-
ng particle size below 10 nm [17–19]. This anomaly is ascribed to

n increased concentration of Ce3+-ions with larger ionic radius
17–19]. Also, crystallite sizes (Table 1) of obtained MGNP powders
re several times larger in comparison with the values obtained for
PRT powders. The very width of diffraction profiles (Fig. 1) leads
o such conclusion.
Fig. 2. Dependence of Raman mode position and shape on the particle size of ceria
nanopowder [20].

The values of microstrain (Table 1) are significantly higher in
nanopowders synthesized by MGNP method, compared to SPRT
method. Larger MGNP particles are most likely composed of consid-
erable number of crystallites, which are non-coherently oriented
within the particle thus creating higher microstrains upon each
other. On the other hand, smaller SPRT particles are composed of
just few crystallites because their dimensions are 3–5 nm only. It
was also found that large number of dopants did not show any
regularity in the change of crystallite size within MGNP pow-
ders. However, with the powders obtained by SPRT method it was
observed that crystallite size tends to decrease with increased num-
ber of dopants (Table 1).

By applying Raman spectroscopy, we found that all the synthe-
sized powders were single phase, which was also found by XRD. The
influence of particle size on the position and shape of Raman mode
for pure ceria is illustrated in Fig. 2. The results for nanocrystalline
ceria show that F2g mode was shifted towards lower frequencies,
with decreasing nanoparticle size. The same effect of SPRT and
MGNP powders was observed in this study (Fig. 3). With SPRT
powders, particle size is considerably lower and the Raman pro-
files show that F2g mode is shifted to 458 cm−1. On the other hand,
MGNP powders with larger particle size show F2g mode position
at 465 cm−1 indicating well ordered crystalline lattice. In addition,
the peaks are narrow due to larger particle size in comparison with
SPRT powders, which is in accordance with XRD results.

However, an additional Raman mode of the second order [21]
appeared (Fig. 3) with SPRT powder at 600 cm−1. This mode is also
related to particle size. Namely, with decreasing particle size in
undoped ceria the overall free surface of powder increases enabling
easier release of oxygen from the lattice, leaving the vacancy and
two electrons localized on cerium atoms. This causes lowering of
cerium ion valence due to electroneutrality demands. Additionally,
it was found earlier [17] that doped nanopowders show another
Raman mode at 545 cm−1 which is related to oxygen vacancies
formed due to the presence of dopant ions. All these effects can
be seen in Fig. 3.

Nitrogen adsorption isotherms are shown in Fig. 4. According to
the IUPAC clasification [22] isotherms of MGNP powders (Fig. 4(a))
belong to type-IV with a hysteresis loop which is assosiated with
mesoporous materials. Pore size distribution (PSD) for pure and
dopped ceria samples obtained by MGNP method is shown in
Fig. 4(a) (inset). The distribution for all the samples shows that sam-
ples are mesoporous while the amount of micropores is negligible.

Similarly, according to the IUPAC clasification isotherms obtained
for SPRT powders (Fig. 4(b)) are also of type-IV with a hystere-
sis loop. Pore size distribution (PSD) for these powders is shown
in Fig. 4(b) (inset). The distribution for these samples shows that
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Fig. 3. Raman spectra of nanopowders obtained by MGNP and SPRT methods.

Fig. 4. Nitrogen adsorption isotherms: (a) MGNP and (b) SPRT powders. Solid symbols – adsorption, open symbols – desorption. Inset – pore size distribution (PSD).
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Table 1
Lattice parameter (a), crystallite size (D) and microstrain (e) of nanopowders obtained by MGNP and SPRT methods.

Composition MGNP SPRT

a (Å) D (nm) e (%) a (Å) D (nm) e (%)

1. CeO2 5.4129 16.9 1.18 5.4143 4.3 0.01
2. Ce0.8Gd0.20O2−ı 5.4163 22.5 0.81 5.4284 4.0 0.46
3. Ce0.8Sm0.08Gd0.12O2−ı 5.4322 10.2 2.89 5.4284 5.4 0.69
4. Ce0.8Sm0.01Gd0.01Y0.18O2−ı 5.4118 11.0 2.54 5.4109 3.3 0.75
5. Ce0.8Sm0.005Gd0.005Dy0.095Y0.095O2−ı 5.4141 15.5 1.56 5.4266 3.8 0.06
6. Ce0.8Nd0.01Sm0.04Gd0.04Dy0.04Y0.07O2−ı 5.4248 17.9 0.58 5.4246 3.6 0.33
7. Ce0.8Nd0.01Sm0.015Gd0.025Dy0.04Y0.05Yb0.06O2−ı 5.4137 10.1 3.41 5.4124 2.5 0.31

on isotherm for MGNP and SPRT powders.
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Table 3
Particle size of multidoped powders obtained by TEM.

Composition Particle size (nm)

SPRT MGNP

1. CeO2 4.91 40
2. Ce0.8Gd0.2O2−ı 4.18 25
3. Ce0.8Sm0.08Gd0.12O2−ı 3.64 –
4. Ce0.8Sm0.01Gd0.01Y0.18O2−ı 3.13 19
5. Ce0.8Dy0.005Gd0.005Dy0.095Y0.095O2−ı 3.22 30
6. Ce0.8Nd0.01Sm0.04Gd0.04Dy0.04Y0.07O2−ı 3.17 15

T
S

Fig. 5. �S-Plots for nitrogen adsorpti

he powders are dominantly microporous with a certain amount
f mesoporosity. In both of these cases, adsorption isotherms and
SD for samples which are not presented in Fig. 4(a) and (b) have
ery similar shape.

Specific surface areas (SBET) calculated by BET equation, are
isted in Table 2. All the specific surface values of MGNP powders lie
etween 13 and 38 m2/g, while these values for SPRT powders are
etween 102 and 126 m2/g. The results do not show any regularity

n the change of specific surface area and porosity depending on
he number of doping elements for the compositions under study.

Based on the standard nitrogen adsorption isotherms, which
re shown in Fig. 4, �s-plots are obtained (Fig. 5). The slope of
traight line in the medium �s region gives a mesoporous sur-
ace area (Smeso) including the contribution of external surface,
hile micropore volume (Vmic) is determined by its intercept.

ubtraction Smeso from SBET gave micropore surface (Smic). Cal-
ulated porosity parameters (Smeso, Smic, Vmic) are also listed in
able 2. Parameters from Table 2 clearly show difference between
owders obtained by MGNP and SPRT methods. MGNP powders
ave lower specific surfaces and only mesopores while SPRT pow-
ers predominantly possess higher specific surfaces and developed

icroporosity (Table 2).
From obtained TEM data (Table 3) it can be seen that sizes of

articles synthesized by MGNP are nanometric (14–40 nm, Fig. 6)
s well as the nanopowders synthesized by SPRT method, but with
maller particle sizes (3–5 nm, Fig. 6).

able 2
pecific surface area (SBET), specific surface of mesopores (Smezo), specific surface and volu

Sample MGNP

SBET (m2/g) Smeso (m2/g

1. CeO2 27 27
2. Ce0.8Gd0.20O2−ı 36 36
3. Ce0.8Sm0.08Gd0.12O2−ı 38 38
4. Ce0.8Sm0.01Gd0.01Y0.18O2−ı 38 38
5. Ce0.8Sm0.005Gd0.005Dy0.095Y0.095O2−ı 13 13
6. Ce0.8Nd0.01Sm0.04Gd0.04Dy0.04Y0.07O2−ı 19 19
7. Ce0.8Nd0.01Sm0.015Gd0.025Dy0.04Y0.05Yb0.06O2−ı 30 30
7. Ce0.8Nd0.01Sm0.015Gd0.025Dy0.04Y0.05Yb0.06O2−ı 2.83 14

Results obtained by TEM showed that size of particles decreased
in doped powders as compared to pure ceria powders. The data
are also in accordance with the results obtained by XRD method
confirming smaller crystallite size of SPRT powders. However, this
regularity was not observed with the values of specific surface area,
although these two values should be related. The reason for this
deviation might be generation of different agglomerates depend-
ing on the production method. Namely, the SPRT powders are much

less agglomerated as compared to MGNP powders, although it is
expected that finer SPRT powders will be agglomerated in a signifi-
cantly higher degree. Agglomeration of MGNP powders was already
detected during pouring the powders into pressing die and was

me of micropores (Smic,Vmic) for MGNP and SPRT powders.

SPRT

) SBET (m2/g) Smeso (m2/g) Smic (m2/g) Vmic (cm3/g)

114 43 71 0.047
112 33 79 0.058
115 44 71 0.054
110 29 81 0.060
126 50 76 0.049
102 59 43 0.032
117 70 47 0.032
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Fig. 6. TEM micrographs: (a)

onfirmed by measurements of powders flow. We believe that the
gglomerates within MGNP powders lower the value of specific

urface.

In addition, TEM micrographs show that powders prepared by
GNP method posses large pores within the agglomerates (Fig. 6).

his is clearly seen in Fig. 7, Ce0.8Gd0.2O2−ı composition taken by
EM, which is illustrative for MGNP powders. On the contrary,
powders, (b) SPRT powders.

large pores are not found in TEM micrographs of SPRT powders.
Obviously, different types of agglomerations have occurred in the

production of nanopowders, which can be related with the effect of
the temperature. Heating of reaction mixtures up to 450 ◦C and the
strong exothermic reaction used in MGNP procedure followed by
calcinations at 600 ◦C caused the sintering of ash, which produced
hard agglomerates with large pores. On the other hand, the fine
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Fig. 7. SEM micrograph of MGNP prepared Ce0.8Gd0.2O2−ı composition.

PRT powders do not undergo any thermal treatment and therefore
he powders are formed of more soft and microporous aggregates
esponsible also for the high specific surface area.

Since the question of powders history does not have an answer
ven not to-day, the differences found so far in the literature
17–19] are usually connected to the particle dimension as measur-
ble parameter. According to the given explanations in this study,
e assumed that the different chemical methods and associated

hermal effects of MGNP method, opposite to the SPRT-room syn-
hesis, are responsible for differences in the powder properties.

. Conclusion

After synthesis and characterization of CeO2 nanopowders pro-
uced by both MGNP and SPRT methods as well as comparative
nalysis of powders, the results may be summarized as follows:

XRD method and Raman spectroscopy confirmed that all the syn-
thesized nanopowders are single phased

an additional Raman mode of second order appeared with SPRT
powders at 600 cm−1

there is a difference between values of lattice parameters for sam-
ples of the same chemical composition obtained by MGNP and
SPRT

[

[
[

d Compounds 507 (2010) 279–285 285

- crystallite size differs as well, being larger for MGNP powders
- microstrain values are larger for MGNP powders
- specific surface area is larger with SPRT powders
- difference in type of porosity also exists, i.e. MGNP powders

are mesoporous while SPRT powders are predominantly microp-
orous.

Based on these findings, it is obvious that the applied prepa-
ration method affects many important properties of the powders
under study. Contrary to the expectations, the agglomeration is
more pronounced with MGNP powders and the agglomerates
are harder due to the thermal effects during the preparation
procedure.
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