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Abstract

The study investigates the preparation of high surface area, three-way catalysts (TWC)-like, ceria±zirconia mixed oxide. It

is shown that under basic conditions cationic surfactants effectively incorporate into hydrous oxides of cerium and zirconium.

The presence of cerium inhibits the action of alkyl-trimethyl-ammonium salts as true templating agents and there is no

formation of a regular pore structure. The elimination of surfactants upon calcination gives rise to the formation of high

surface area, ¯uorite-structured CeO2±ZrO2 solid solution characterized by a fairly good compositional homogeneity. Surface

areas in excess of 230 m2/g were obtained after calcination at 723 K, which drop to ca. 40 m2/g following treatment at 1173 K.

# 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Materials containing ceria are attracting much

attention because of their use either as catalysts

and/or oxygen storage/release components in the for-

mulation of catalysts for the control of emissions from

automobiles [1]. A strong effort has been directed to

increase the overall ef®ciency of CeO2 in these appli-

cations and recently a new generation of mixed oxides

based on CeO2 and ZrO2 has been developed [2,3].

Their effectiveness derives from the improvement of

several features with respect to catalysts based on pure

ceria: ceria±zirconia shows enhanced redox and oxy-

gen storage properties [4,5]; improved thermal resis-

tance [6]; and better catalytic activity at lower

temperatures [7,8].

One of the keys to this success is the selection of

appropriate preparation methods and composition (i.e.

Ce/Zr ratio), which in turn determine homogeneity at a

molecular level and textural/morphological proper-

ties. Several methods have recently been described

for the preparation of CeO2±ZrO2 solid solutions for

catalytic applications. These range from the high-

temperature ®ring [2] or high-energy milling [9] of

a mixture of the oxides, to conventional co-precipita-

tion [10,11] and sol±gel techniques [4]. Materials

across almost the entire composition range with vary-

ing degrees of homogeneity and textural properties

have been prepared. Generally, Ce-rich compositions

are preferred for the purposes of catalysis and the best

results are obtained using CexZr1ÿxO2 with x ranging
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from 0.6 to 0.8. Of course, textural properties also play

an important role in the development of these materi-

als, especially when they are used for the deposition of

noble metals [12]. The surface areas of ceria±zirconia

obtained by conventional co-precipitation or sol/gel

methods are typically in the range 60±90 m2/g after

calcination under air at 700±800 K [4,10]. Surface

areas in excess of 100 m2/g have been reported for

materials obtained from CeO2±ZrO2 aerogels [13].

The use of templating techniques for the synthesis

of mesoporous solids has recently opened up new

opportunities in the design of novel high-surface area

materials for catalytic applications. Much interest is

being focused on the preparation of transition-metal

oxides using several templating pathways [14±16].

Several meso-structured surfactant-oxide composites

have been synthesized by this approach. A few of

these composites showed a regular pore structure even

after calcination [17,18] while the majority suffered

from collapse of the regular pore structure after cal-

cination [19]. Zirconia is currently under extensive

investigation in this area and several different

approaches have been developed, using cationic

[20,21], anionic [22] or amphoteric routes [23], to

expand the range of surface areas available.

This study is part of a project aimed at developing

doped-ceria catalysts with improved textural, struc-

tural and chemical properties for environmental appli-

cations. In that context, we prepared high surface area

ceria±zirconia using a surfactant-assisted approach.

The preparation procedure was geared toward the

application of ceria±zirconia as an oxygen storage/

redox component and particular attention was given to

homogeneity and stability issues, especially after

thermal treatments.

2. Experimental

2.1. Materials

Two ceria±zirconia solid solutions of composition

Ce0.68Zr0.32O2 (CZ68) and Ce0.80Zr0.20O2 (CZ80)

were prepared by reaction of a cationic surfactant

with the hydrous mixed oxide produced by co-pre-

cipitation under basic conditions. In a standard experi-

ment the materials were prepared by adding an

aqueous solution of the appropriate cationic surfactant

(we used cetyltrimethylammonium bromide, C16,

0.1 M, Aldrich) to an aqueous solution containing

the stoichiometric quantities of CeCl3�7H2O (Aldrich)

and ZrOCl2�8H2O (Aldrich) ([Ce]�[Zr]�0.1 M). The

molar ratio ([Ce]�[Zr])/[C16] was kept at 0.8. The

mixture was stirred for 15 min and then aqueous

ammonia (25%) was slowly added with vigorous

stirring until the pH was 11.5. The addition of ammo-

nia induced the precipitation of a gelatinous yellow±

brown solid. The mixture was stirred for 60 min in a

glass reactor, then sealed and placed in a thermostatic

bath maintained at 363 K for ®ve days. After this time,

the mixture was cooled and the resulting precipitate

was ®ltered and washed repeatedly with water and

acetone to remove the free surfactant. The light-yel-

low powder was dried at 333 K for 1 day and then

calcined at temperatures of 723±1173 K (ramp rate

10 K/min) for at least 2 h under air ¯ow. No residual

halogens were present on the samples after drying and

calcination.

2.2. Characterization

Powder X-ray data were collected with a Siemens

powder diffractometer using Cu-Ka radiation

(��1.5418AÊ ) by placing samples in aluminum sample

holders. High-resolution powder XRD data for struc-

tural analysis were collected over a 14 h period from

2��20±75 with a 0.028 step size.

Conventional transmission electron microscopy

combined with dispersive X-ray microanalysis

(EDX) was carried out with a Hitachi H 800-MT

electron microscope working at 200 kV and equipped

with a Kevex analytical system. Samples were sup-

ported on carbon-coated gold grids by depositing a

drop of the specimen suspended in methanol. The

sample was then transported to the microscope stage

and the equipment was pumped down for several

hours before observation.

The Raman spectra were taken on a Bio-rad Digilab

Division dedicated FT-Raman spectrometer between

3500 and 70 cmÿ1 at 4 cmÿ1 optical resolution

employing 500 mW energy of a Nd:YVO4 excitation

laser at the sample position. Glass capillary sample

holders were used. A total of 512 accumulated scans

were taken. The spectra were processed employing the

GRAMS/386-based software supplied with the FT-

Raman spectrometer.
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Textural properties and porosity were measured

with a Carlo Erba Sorptomatic 1900 instrument inter-

faced to a computer. Surface area and pore size

distribution were calculated using, respectively,

B.E.T. and Dollimore/Heal methods.

3. Results and discussion

The approach we used for the preparation of meso-

porous, high surface area ceria±zirconia exploits the

interaction of the mixture of hydrous oxides with

cationic surfactants under basic conditions. The

method derives from the observation that hydrous

oxide can exchange either cations or anions, depend-

ing on the pH of the medium. It has been recently

reported that hydrous zirconium oxide effectively

incorporates cationic surfactants at a pH well above

its isoelectric point, allowing a partial degree of

ordering to develop over time [20]. Pure ZrO2 samples

with a surface area in the range 240±360 m2/g were

prepared with this method by varying the chain length

of the surfactant. The isoelectric point of hydrous

zirconium oxide in aqueous solution (6.7) is close

to that of cerium (6.75) [24] and slightly dependent on

the environment. In accordance with these features the

following equilibrium can be delineated for Ce, Zr and

a mixture of the two (Scheme 1).

Conducting the precipitation of hydrous mixed

oxide at a pH>8 in the presence of cationic surfactant

should permit the cation exchange process between

H� and the surfactant together with the formation of

an inorganic/organic composite which upon calcina-

tion will originate a mesoporous mixed-oxide phase.

The strong similarity of the isoelectric points of Zr and

Ce would enable exchangeable sites to be equally

distributed over the surface and the extent of substitu-

tion of the hydroxy groups to be comparable.

The hydrous oxides prepared according to the

method described in the Section 2 are easily isolated

from the system by ®ltration and water washing. These

materials generally contain a large amount of alkyl-

ammonium even after thorough washing. The pre-

sence of surfactant is clearly observed by combined

FTIR/TG-DTA experiments and elemental analysis.

Fig. 1(a) shows an FTIR spectrum of Ce0.68Zr0.32O2

after washing and drying at 333 K for 15 h. The

sample shows typical adsorption bands in the regions

of 2900±2800 cmÿ1 and 1600 cmÿ1, corresponding to

the stretching and bending modes of the surfactant

Scheme 1.

Fig. 1. FTIR spectra of (a) CZ68 dried at 333 for 24 h and (b) CZ68 calcined at 723 K under air flow for 2 h.
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hydrocarbon chain. Carbon/nitrogen atomic ratios,

measured by elemental analysis, are consistent with

the presence of surfactant, which remains intact during

synthesis. The amount of water and surfactant retained

after drying are consistent with a material of composi-

tion Ce0.68Zr0.32Ox(O±C16H42N)~0.1�0.8H2O. Elimi-

nation of water and the organics takes place in the

range of temperatures between 400 and 600 K. After

calcination for 2 h at 723 K, no residual C or N is

detected on the surface and the IR spectrum is con-

sistent with the complete removal of the surfactant

(Fig. 1(b)). Other bands in the IR spectrum of

Fig. 1(a) are due to the presence of residual OH from

water (3500 cmÿ1, 1600 cmÿ1) and to the stretching of

Zr(Ce)±O bands (550 cmÿ1). The strong band at

1000 cmÿ1 is probably associated with adsorbed

carbonates.

The powder X-ray diffractogram of the materials

were collected before and after calcination. Neither

CZ80 nor CZ68 exhibit re¯ections at low 2� angles,

indicating the absence of a long-range order with

regular pore distribution. This is not in agreement

with the report of Hudson and Knowles [20], who

observed a partial ordering in pure ZrO2 which dis-

appeared upon calcination. This difference is likely to

be related to the presence, in our case, of a Ce-rich

phase, which may change the thermal stability of the

mesostructured mixed-oxide composites, probably as

a result of the different oxo-chemistries of cerium and

zirconium. For example, a lower degree of Ce±Zr±O

condensation could lead to less developed inorganic/

organic composites. In addition, the existence of more

than one stable oxidation state in cerium could lead to

structural collapse following the redox process in

solution and during calcination. The cerium cation

in high-surface area cerium oxide is known to be

easily reducible even at room temperature under

particular conditions [12]. The addition of Zr increases

the low temperature reduction features of ceria; there-

fore it is likely that the development of a regular

mesoscopic organization is hindered by the redox of

cerium (Ce3�±Ce4�). For example, reduction of Ce4�

operated by the incorporated surfactant could lead to

structural collapse during calcination.

X-ray diffraction patterns after calcination indicate

the presence of a true mixed-oxide phase with the

cubic, ¯uorite structure typical of CeO2 (Fig. 2).

There is no indication of the presence of other phases.

Calculation of the cell parameters was carried out

using the six main re¯ections typical of a ¯uorite-

structured material with a fcc cell, corresponding to

the {111}, {200}, {220}, {311}, {222} and {400}

planes. Values of a�0.5375(6)nm and a�0.5346(9)nm

were obtained for CZ80 and CZ68, respectively. These

Fig. 2. X-ray diffraction pattern of (a) CZ80 and (b) CZ68 calcined at 1173 K for 2 h.
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results are in agreement with those obtained from

Ce±Zr±O prepared by other routes and are consistent

with calculations made from empirical relationships

[25]. The ceria±zirconia system is rather complex.

Several phases were detected, depending on composi-

tion. CexZr1ÿxO2 crystallizes into a cubic structure if x

is higher than 0.5, whereas a tetragonal cell is pre-

ferred for 0.2<x<0.5 and a monoclinic phase is

observed at the higher ZrO2 content. A tetragonal cell

(with c/a�1) deriving from a cubic cell with a slight

displacement of oxygen anion from their ideal ¯uorite

sites has been also observed at composition in the

range 0.2<x<0.5 [26]. This phase is generally referred

as a cubic phase because its XRD pattern is indexed in

the cubic Fm3m space group [4]. The presence of a

cubic-only phase in our sample is in agreement with

the above observations and also indicates that Ce and

Zr are homogeneously distributed (the presence of Ce-

or Zr-rich domains would lead to preferential forma-

tion of more than one phase). The lack of free ZrO2 is

also con®rmed by Raman spectroscopy. The Raman

spectrum of Ce0.68Zr0.32O2 is shown in Fig. 3, where it

is compared with that of pure CeO2 prepared by

conventional precipitation. There is only one strong

adsorption peak centered at 462 cmÿ1 typical of the

F2g Raman active mode of a ¯uorite-structured

material, with a broad scattering between 100

and 700 cmÿ1. The different intensity of the band in

the two samples may originate from the different

degree of porosity and crystallinity of CeO2 (surface

area 74 m2/g) and ceria±zirconia (surface area 115 m2/

g). No bands characteristic of pure ZrO2 were

detected.

3.1. TEM±EDX studies

The homogeneity and morphology of our samples

was also investigated by TEM±EDX studies. All

samples have a similar morphology and exhibit a very

narrow particle-size histogram. The mean particle size

for each sample is reported in Table 1. Samples treated

at 1173 K show a larger particle size than those treated

at lower temperatures, as expected. Fig. 4 corresponds

to the Ce0.68Zr0.32O2 sample treated at 923 K, for

example, where the degree of morphological homo-

geneity is complete. The chemical homogeneity of all

samples was checked by obtaining the Zr/Ce ratio of

individual particles (which are too small to perform

any individual compositional pro®le), using an elec-

tron probe of about 5 nm in diameter. In each case,

more than 150 individual particles were analyzed. The

results for each sample have been summarized by

Fig. 3. Raman spectra of (a) pure CeO2 and (b) CZ68 calcined at 1073 K.
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plotting the Zr/Ce atomic ratio obtained from EDX

analysis vs the number of individual particles which

show the given Zr/Ce value (Fig. 5 and 6). From these

diagrams, an average Zr/Ce atomic ratio, also included

in Table 1, can be calculated for each sample. The

average Zr/Ce atomic ratios found experimentally by

EDX are in close agreement with the theoretical

values, 0.25 and 0.471 for Ce0.8Zr0.2O2 and

Ce0.68Zr0.32O2, respectively. It is important to note

that no isolated CeO2 and ZrO2 particles were found in

this case, indicating a high degree of solid solution

formation. However, the chemical homogeneity of

particles making up the sample is not complete, as

can be deduced from Fig. 5 and Fig. 6. The degree of

chemical homogeneity is related to the treatment

temperature. As the calcination temperature increases,

the samples becomes more chemically homogeneous,

thus indicating that sintering of particles is also

accompanied by compositional homogenization.

Table 1

Mean particle size distribution and chemical composition obtained from combined TEM±EDX measurements (probe size of 5 nm)

Sample Calcination temperature (K) Mean particle size (nm) Average Zr/Ce atomic ratio

Ce0.80Zr0.20O2 923 8±10 0.254

Ce0.80Zr0.20O2 1173 15±18 0.263

Ce0.68Zr0.32O2 923 4±6 0.472

Ce0.68Zr0.32O2 1173 13±15 0.475

Fig. 4. Transmission electron micrograph of CZ68 treated at 923 K

showing a complete morphological homogeneity.

Fig. 5. Zr/Ce atomic ratio obtained from EDX analysis vs number of individual particles for CZ80 treated at 923 K (black bar) and at 1173 K

(gray bar).
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3.2. Textural and adsorption studies

Nitrogen adsorption/desorption studies were car-

ried out on samples treated at different temperatures

in order to investigate the effect of calcination on

surface area and porosity. Textural properties are

summarized in Table 2. The minimum calcination

temperature was 723 K. At this temperature, all the

organics were desorbed from the surface and no

residual C or N was detected. Surface areas in excess

of 200 m2/g were observed for both CZ80 and CZ68

and, as expected, surface area decreased at higher

temperatures. However, surface area values are still

appreciable after calcination at 1173 K. Surface area

of CZ80 prepared using surfactants compares favor-

ably with that of samples prepared by conventional co-

precipitation (see Table 2), and to the best of our

knowledge, these are the highest surface areas

reported for ceria±zirconia after calcination in the

range 773±1100 K. These values are lower than those

found with pure ZrO2 under similar conditions, but

they become closer if we bear in mind the mass

difference between Ce and Zr. Using the same meth-

odology, pure ceria with a surface area of 190 m2/g

Fig. 6. Zr/Ce atomic ratio obtained from EDX analysis vs number of individual particles for CZ68 treated at 923 K (black bar) and at 1173 K

(gray bar).

Table 2

BET surface areas and total pore volume of solid solutions as a function of calcination temperature

Sample Calcination temperature a (K) Surface area (m2/g) Pore volume (cm3/g)

Ce0.80Zr0.20O2 723 208 (103)b 0.86 (0.194)b

923 163 (85) 0.56 (0.09)

1073 124 (56) 0.49 (0.15)

1173 56 (23) 0.13 (0.03)

Ce0.68Zr0.32O2 723 235 0.66

923 170 0.42

1073 115 (113)c 0.21

1173 40 0.07

a The material was hold for 2 h under air flow at the temperature indicated.
b In parenthesis is reported the value obtained with Ce0.80Zr0.20O2 prepared by conventional co-precipitation.
c Value obtained after 40 h of treatment.
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after calcination at 773 K has been obtained [27]. The

introduction of ZrO2, therefore, slightly stabilizes the

surface area of ceria, in agreement with the results

obtained on catalysts prepared by conventional routes

[10]. This is probably due to the inhibition of the

sintering process induced by a dopant ion.

Nitrogen adsorption/desorption experiments

revealed all the materials to be porous. The N2 iso-

therms of all powders were of type IV, typical of a

mesoporous sample (Fig. 7). Pore-size distribution

curves calculated from the desorption branch of the

isotherms indicate the presence of mesoporosity

although they do not evidence the presence of reg-

ularly ordered pores, in agreement with the lack of

diffraction peaks at low 2� angles. This indicates the

formation of materials of a different class, where

mesoporosity is not lost, but there is a pore formation

mechanism that differs from that observed in MCM

and similar materials. A maximum for pore distribu-

tion was observed at around 2 nm (Fig. 8) and this

value is not shown to be appreciably affected by

changes in the chain length of the surfactant (from

C14 to C18). The absence of microporosity can be

deduced from the t-plot shown in Fig. 9. A surface of

228 (close to the B.E.T. value of 235 m2/g) is calcu-

lated using the relation t��A� � 13:99= log P0

P

ÿ ���
�0:034�g1=2

. The absence of a positive intercept

indicates that all of the surface is associated with

mesoporosity. The low value of the B.E.T. constant

c in all samples (80<c<100) is another indication of

the absence of microporosity.

Fig. 7. Nitrogen adsorption isotherm at 77.4 K for a sample of CZ68 treated at 723 K.

Fig. 8. Pore-size distribution for a sample of CZ68 treated at

723 K.
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The in¯uence of various synthesis parameters like

(i) the pH of the medium and (ii) the nature of

surfactant on the surface area was also investigated.

The effective incorporation of the organics into the

hydrous oxide is requested for the surfactant to modify

textural properties of the resulting oxide. Reaction

conducted at a pH of 11.5 for 5 days gives the highest

surface area. At lower pH values, the degree of

incorporation of the surfactant is lower, owing to

the presence of fewer surface OH groups available

for exchange. This will result in a less developed pore-

structure with a drop in surface area. Thus, a sample of

CZ68 obtained from reaction carried out at a pH of 9

had a surface area of 136 m2/g, and the degree of

incorporation of surfactant was reduced. The dried

material had a composition of Ce0.68Zr0.32Ox(O±

C16H42N)~0.06�0.9H2O indicating that only 0.06 mol

of surfactant per mol of metal (total Ce�Zr) were

incorporated. This means that for a surface area of

200 m2/g, assuming a cubic structure, approximately

0.3 mol of surfactant are incorporated per mol of

exposed metal (surface Ce�Zr) [28]; a value which

is lower than that reported in [20] for pure ZrO2. The

degree of incorporation of the surfactant and the

homogeneity of solid solutions are also dependent

on reaction times, being lower for reaction times of

less than 2±3 days. This is probably due to an incom-

plete exchange reaction between the hydroxy groups

of the hydrous oxide and the surfactant.

Overall, the results presented in this paper do not

show any evidence for the formation of a regular 3D-

structure although the incorporation of the surfactant

enhances the values of surface areas available for

ceria±zirconia. In addition, the mixed oxides show a

good compositional homogeneity and thermal stabi-

lity, which is an important requirement in these mate-

rials for applications in the formulation of catalysts for

auto-exhaust treatment.

Therefore alternative explanations, which do not

rely on the formation of regular pores, should be given

to support and explain these ®ndings. It is likely that

the incorporation of surfactants reduces the surface

tension of water even in the absence of a partial degree

of ordering. As a matter of fact, surfactants can be

added to the pore liquid to reduce the interfacial

energy and thereby decrease the surface tension of

water contained in the pores. This will reduce the

shrinkage and collapse of the network during drying

and calcination, which could help to maintain high

surface areas.
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