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Abstract Ceria nanopowders with a crystallite size of

5–20 nm have been prepared by the sol–gel method using

cerium (III) nitrate, acetate or acetylacetonate as cerium

source. Dimethyloctylamine, monoethanolamine, or tet-

raethylammonium hydroxide were used as low molecular

weight stabilizers. In all cases ceria obtained have a mes-

oporous structure with pore diameter 3–5 nm. It is shown

how the initial salt and stabilizer significantly affect the

physical–chemical properties of the obtained ceria pow-

ders. Also the temperature of CO full conversion was

demonstrated not to be dependent on particle size, surface

area, or pore size.

Keywords Ceria � Nanocrystalline materials �
Mesopores � Sol–gel � CO oxidation

Introduction

Nanocrystalline ceria is a unique material having a wide

range of applications owing to unusual physical–chemical

properties. The special attention to ceria is due to the unique

ability of its crystal lattice to reversible redox processes: in a

reducing medium it liberates active oxygen with formation

of vacancies which can be reversibly healed in an oxidizing

medium (Liu et al. 2009). The reason is oxygen donation of

ceria caused by partial Ce4?/Ce3? reduction on the particle

surface (Kockrick et al. 2008). In this context, an item of

special urgency is to develop highly efficient scalable

technologies for the preparation of nanodispersed CeO2

powders with preset micromorphology and controllable

particle size distribution to be suitable as precursors for

preparation of functional nanocomposites. The most exten-

sively applied techniques are based on synthesis of ceria

in organic–inorganic mediums: direct precipitation of ce-

ria from cerium salts (Han et al. 2005; Woodhead

1980; Scholes et al. 2007), synthesis in microemulsions

(Sanchez-Dominguez et al. 2009; Sanchez-Dominguez et al.

2010; Patil et al. 2002), sol–gel technique (Laberty-Robert

et al. 2006; Thundathil et al. 2004; Xiao et al. 2009;

Niederberger and Garnweitner 2006; Gu and Soucek 2007;

Gnanam and Rajendran 2011), hydrothermal and hydro-

thermal-microwave synthesis (Yang et al. 2010; Lawrence

et al. 2011; Zhou et al. 2007; Devaraju et al. 2009; Shan

et al. 2009; Ivanov et al. 2009), and so on. Nanoscale ceria is

very attractive for TWC, SOFC, biological applications,

solar cells, UV radiation filters, electrochromic devices,

polishing mixtures and abrasives, etc., because of the high

mobility of lattice oxygen (Blanco et al. 1999; Milliken et al.

2002; Ivanov et al. 2010; Trovarelli 2002).

In this report, we describe the synthesis of mesoporous

ceria by sol–gel method using dimethyloctylamine, mon-

oethanolamine, or tetraethylammonium hydroxide as low-

molecular stabilizers. Only few papers have been published

on the use of cerium acetylacetonate, but there was no

comparative performance with other precursors in similar

conditions (Shaw et al. 2010; Shen and Shaw 2010; Cernea

et al. 2006). In this study, a wide range of synthesis con-

ditions have been investigated in order to identify the

proper conditions for making ceria with the desired prop-

erties. Conditions for making mesoporous ceria powders

have also been established. To show the mobility of ceria

lattice oxygen the powder samples were tested in the cat-

alytic oxidation of CO.
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Materials and methods

Synthesis

Cerium (III) nitrate or acetate was dissolved in deionized

water (0.05 M solution) and then after stirring ethanol

(H2O/C2H5OH = 10 vol.) and a stabilizer such as dime-

thyloctylamine (DMOA), monoethanolamine (MEA) or

tetraethylammonium hydroxide (TEAH) were added. The

initial molar ratio of stabilizer/Ce in the reaction mixture

was 1. All procedures were carried out at 80 �C.

Another synthesis was the following: cerium (III) ace-

tylacetonate was dissolved in methanol (0.015 M solution)

and then a stabilizer was added. After stirring, deionized

water (H2O/CH3OH = 0.5 vol.) was added to increase the

hydrolysis rate (Shaw et al. 2010). The initial molar ratio

value of surfactant/Ce in the reaction mixture was 1. All

procedures were carried out at 55 �C.

Further, the solvents from sols were evaporated at 90 �C
until the mixture has thickened and a gel was formed. After

drying at 100 �C for 12 h the xerogels obtained were cal-

cined stepwise at 500 �C for 4 h.

Characterization

Powder XRD data were collected at room temperature (DRON-

3M, Russia) with CuKa or CoKa radiation. Particle size mea-

surements were made by applying the Scherrer equation to the

full-width at half maximum (fwhm) of the (111), (200), (220),

(311) peaks after accounting for instrumental broadening using

germanium as reference (Shelekhov and Sviridova 2000).

Specific surface areas (SBET) of the powders were

measured by a conventional (BET method) nitrogen

sorption method at 77 K (Tri Star 3000 Micromeritics).

Pore-size distributions were calculated from desorption

isotherm data using BJH method. Samples were degassed

at 120 �C for 12 h prior to measurement.

Thermal analysis (TG/DSC) of xerogel was carried out

under air flow with Netzsch STA449F3. The samples were

heated to 900 �C at the rate of 5 �C/min.

SEM was obtained with TescanVEGAII, LEO 1420

scanning electron microscope with accelerating voltage of

20 kV.

TEM analyses were conducted on Leo 912AB trans-

mission electron microscope with accelerating voltage of

100 kV.

FT-IR spectra were recorded using Thermo Nicolet

AVATAR330 FT-IR spectrometer.

The catalytic testing in CO oxidation was carried out at

atmospheric pressure using the continuous-flow U-shaped

quartz tube reactor of 6 mm internal diameter with fixed-

bed of catalyst. The catalyst sample mass was 0.15 g and

the feed gas passed through the catalytic bed at the total

flow rate of 22.6 ml/min. The reaction modeling mixture

consisted of 17.7 vol. % CO, 17.7 vol. % O2 and N2, the

remaining. The reaction temperature was raised stepwise

from room temperature till full conversion was obtained.

The composition of the outgoing gas stream was deter-

mined by gas chromatograph Varian 450GC with TCD and

molsive 5A capillary column.

Results and discussion

Figure 1 shows the XRD pattern of the synthesized ceria

nanopowders. All reflexes in the XRD pattern were

Fig. 1 XRD patterns of ceria

powders with CoKa (samples

1–3) or CuKa (samples 4–9)

radiation
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perfectly indexed as the pure cubic phase (Fm3m, JCPDS-

34-0394) of CeO2. According to XRD data calculation by

Scherer formula the size of ceria crystallites (DXRD) was

B20 nm for all samples (Table 1).

The comparison of ceria dispersibility and specific

surface were carried out for powders obtained by use of

different stabilizers in sol–gel synthesis at the value of

stabilizer/Ce = 1. When using DMOA or TEAH the

crystallite sizes are approximately the same in the series of

samples prepared from nitrate or acetate, and they are

smaller than with MEA. Perhaps, this is due to the fact that

DMOA and TEAH have more large-scale structure of

molecules (longer hydrocarbon chain) than MEA, which

prevents coagulation of ceria particles in the sol. However,

using cerium acetylacetonate the reverse pattern was: the

shorter length of hydrocarbon chain, the smaller crystallite

size and the higher specific surface. Thus, formative qua-

ternary ammonium in a stabilizer adsorbing on the surface

of ceria particles plays a key part in prevention of coagu-

lation, but the quantity is different. In the case of nitrate or

acetate stabilization occurs only with low molecular weight

stabilizers, and when using acetylacetonate—additionally

acetylacetonate group.

TG-DSC (Fig. 2) confirms the difference in the forma-

tion of the final structure of ceria. Physically and chemi-

cally bonded water is removed at 150 �C for sample 1, then

at 200–350 �C there is a gradual burnout of residual

organics. However, for sample 7 removal initiates only at

250 �C, and a complete decomposition occurs only at

415 �C. Apparently, when using acetylacetonate a stable

complex was formed; this shifts the temperature of the

complete removal of the compounds that are physically and

chemically bonded with the intermediate complex of CeO2.

IR spectra (Fig. 3) of both xerogels exhibit absorption

bands at 3,400 cm-1 (position 1), attributed to the

stretching mode of water; 2,800–2,900 cm-1 (peaks 7) is

C–H stretching peaks of DMOA; the Ce–O band (peaks 8)

till 500 cm-1—the vibration of CeO2. The sample 1 has

adsorbed nitrate ions (peaks 2), hydroxyl ion (position 3),

carbonate ion (peak 4), acetate ion (peak 5), ethanol

(positions 6). Peak 9 may be correspond to N=O overtone

Table 1 Synthesis conditions,

crystallites size, and specific

surface of ceria powders

No. Source Stabilizer DXRD (nm) SBET (m2/g) Proportion of surface area

provided by micropores (%)

Ea (kJ/mol)

1 Nitrate DMOA 12 90.8 11.9 58.9

2 TEAH 14.5 60.6 4.3 50

3 MEA 21 23.4 20.3 28.7

4 Acetate DMOA 9.1 113.1 11.6 54.2

5 TEAH 8.3 129 15.3 53.8

6 MEA 9.8 49.2 0 47.9

7 Acetylacetonate DMOA 8.9 39.3 0 60

8 TEAH 7.9 99.7 0 71

9 MEA 7.6 124.5 0 36.5

Fig. 2 TG-DSC curves of xerogel for samples 1 and 7

Fig. 3 FT-IR spectra of xerogel for samples 1 and 7
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Fig. 4 SEM microphotos of ceria samples 7, 8, 9

Fig. 5 TEM microphotos of obtained ceria
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in nitrate ion or NH4
?. The xerogel has a residual content

of DMOA and ethanol as well as carbonate and acetate

groups resulting from oxidation of ethanol, they are on the

surface of ceria. But peaks 10 were not identified. The

sample 7 has residual DMOA (peaks 7) and methanol

(peaks 11); and acetylacetone group (positions 12), as well

as its possible the presence of carbonate group (peak 4). So,

in addition to ceria the xerogel 1 has residual cerium

hydroxide and adsorbed nitrate, carbonate, and acetate

ions, but xerogel 7 has adsorbed acetylacetonate and car-

bonate ions; the structure of both xerogels contains alcohol

and DMOA.

For the samples obtained from the acetylacetonate, as

an example, clearly visible difference is in morphology

using various stabilizers (Fig. 4). Sample 7 has nonpo-

rous monolithic structure. Sample 9 has a more open

porous foamed structure. The morphology of sample 8 is

similar to the structure of ‘‘cookies’’, and we can see the

individual aggregates and secondary porous space between

them.

The aggregates of CeO2 particles are shown on the TEM

images (Fig. 5). No differences in the morphology of the

samples obtained under different conditions are observed.

Particles size is 3–25 nm with main share falling on

5–10 nm. The particles have spherical shape. Among the

series of samples submitted, samples 4–6 obtained from

cerium acetate should be noted, which had rodlike particles

(not shown here), or the nucleation of such particles in the

form of chains of close spherical particles, but their pro-

portion was no more than 1–2 %. So it confirms oriented

attachment growth of ceria particles, shown previously

only in variations of the hydrothermal method (Ivanov

et al. 2010).

All samples have type IV adsorption curve with a hys-

teresis loop (Fig. 6), indicating the presence of mesopores

in the systems. Though samples 1, 4, and 7 have mixed H2

and H3-shaped hysteresis loops, implying the presence of

cylindrical and slit-shaped pores. Samples 4 and 7 have

mostly cylindrical pores, but sample 1 has largely slit

pores, that it is observed in nonrigid aggregates of plate

like particles giving rise to slit-shaped pores.

Samples have mesopores (Fig. 7) that fit into the size

of 3–5 nm, the pore-size distribution curves are very

narrow. The only exception is sample 1, which has a

broader pore-size distribution, and the sample 2, which

has a size of 2 nm. Acetylacetonate group influences the

pore size (it acts as a gelling agent and additional sta-

bilizer for CeO2 particles in sol/gel), which narrows the

pore-size distribution (Zagaynov et al. 2012; Trusova

et al. 2012).

Figure 8 shows the catalytic activity of ceria powders in

CO oxidation at CO/O2 = 1. It is shown that all curves have

s-type profile. Also it has three regions of full conversion: (1)

samples 4, 3, 9, and 5; (2) samples 1, 2, 7, 8; (3) sample 6.

The activation energy (Ea) of samples is given in Table 1.

Ea was calculated using the following equation:

Fig. 6 N2 adsorption/desorption isotherms for samples 1, 4, and 7

Fig. 7 Pore-size distributions of CeO2 powders

Fig. 8 Catalytic activity of CeO2 powders
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k ¼ V

m=q
ln

1

1 � x

� �
; k ¼ koe

�Ea
RT ;

where V, linear rate of CO (4 ml/min); m, catalyst mass

(0.15 g); q, density of ceria (7.65 g/cm3); x, conversion.

The rate constant (k) has first order in CO, so k has formal

dimension s-1. Thus, the temperature of full conversion

cannot be explained by dependence from particle size,

surface area, or pore size. It can do by dependence from

surface energy, intensity of lattice oxygen mobility, and

diffusion in pores.

Conclusion

Thus, it was shown that the hydrocarbon chain length using

the sol–gel synthesis affects the dispersion and specific

surface of ceria obtained. Dimethyloctylamine, monoeth-

anolamine, or tetraethylammonium hydroxide were used as

low molecular weight surfactants (stabilizers) and they

strongly affect the final porosity. In all cases ceria obtained

have a mesoporous structure. The effect of acetylacetonate

influencing on the pore size also has been demonstrated.

It was shown that the temperature of CO’s complete con-

version is not dependent on particle size, surface area, or

pore size.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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