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Abstract Mesoporous Ce1-xZrxO2 with high surface area

was synthesized using a modified evaporation-induced self-

assembly method that combined citric acid as complexing

agent and cetyltrimethyl ammonium bromide as surfactant.

The samples with different Ce/Zr molar ratio were char-

acterized by thermogravimetry and differential thermal

analysis, X-ray diffraction, transmission electron micros-

copy, selected area electron diffraction, Brunauer–Emmett–

Teller (BET), and Barrett–Joyner–Halenda methods. It was

found that when the Zr molar fraction was larger than 0.3, a

mixture of cubic phase and tetragonal phase was formed.

Ce0.7Zr0.3O2 solid solution had the largest BET surface area

(217 m2 g-1) and mesoporous structure. The catalytic

performances of mesoporous Ce1-xZrxO2 for CO oxidation

were examined. Mesoporous Ce0.7Zr0.3O2 solid solution

demonstrated the best catalytic activity due to the high

surface area and an enhanced redox property caused by

appropriate Zr4? incorporation.

Introduction

The first mesoporous silica MCM-41 was synthesized in

1992 by Mobil Oil using surfactants as templates [1, 2].

Subsequently, a variety of mesoporous inorganic oxides,

such as TiO2, ZrO2, CuO, Nb2O5, etc. [3–7], had been

synthesized by various types of soft templates [8] (cationic,

anionic, block copolymer) or hard templates [9] (meso-

porous-SiO2, mesoporous-Carbon). CeO2 is an important

rare earth oxide because of its use either as catalyst and/or

oxygen storage/release component in the formulation of

catalysts for the control of emissions from automobiles [10].

Several efforts have been made to fabricate pure mesopor-

ous CeO2 or a new generation of mixed oxides based on

CeO2 and ZrO2 [11–19]. Comparing with pure CeO2,

CeO2–ZrO2 mixed oxides (Ce1-xZrxO2 solid solutions)

have improved features, such as thermal resistance [20],

redox and oxygen storage property [21, 22], and catalytic

activity at lower temperatures [23, 24]. To the best of our

knowledge, Terribile et al. [25] have prepared mesoporous

CeO2–ZrO2 oxide using cetyltrimethyl ammonium bro-

mide (CTAB) as templating agent. Recently, mesoporous

Ce1-xZrxO2 solid solutions have been synthesized using tri-

block copolymer surfactant Pluronic (P123) by fast solvent

evaporation in petri dish and by direct calcinations [26].

Those materials, fabricated by the evaporation-induced

self-assembly (EISA) process, have shown improved phys-

icochemical properties and thermal stability, so that they

could be employed directly for the respective purpose of the

functional oxides, e.g., for catalyzer or electrode. Here, we

report the synthesis of mesoporous Ce1-xZrxO2 with vary-

ing Zr4? molar ratios via a modified EISA method in which

citric acid is added as complexing agent. The redox catal-

ysis activity of materials is investigated by the catalytic

conversion of carbon monoxide to carbon dioxide.
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Experiment

Sample synthesis

All reagents were of analytical grade and used without

further purification. Typically, two solutions were pre-

pared: one solution was prepared by dissolving 0.005 mol

CTAB (CH3(CH2)15N(CH3)3Br, SCRC) in 15 mL ethanol

with stirring and the other solution was prepared by dis-

solving a total of 0.01 mol cerium nitrate hexahydrate

(Ce(NO3)3�6H2O, SCRC), zirconium nitrate hexahydrate

(Zr(NO3)4�5H2O, SCRC), which was added in proportion

with Zr4? molar fraction ranging from 0 to 0.5, and

0.005 mol citric acid monohydrate (C6H8O7�H2O, SCRC)

in 5 mL deionized water. The cerium and zirconium

solution was added, drop-by-drop, into the surfactant

solution with a proper agitation to disperse the droplets.

Afterward, the mixture was continuously stirred for 2 h to

ensure thorough mixing, and then transferred to petri dish

(90 mm in diameter). The dish was placed in an oven at

313 K for 5 days to form a gel. Calcination was carried out

by slowly increasing temperature from room temperature

to 573 K (2 K min-1 ramping rate) and heating at 573 K

for 5 h. Decomposed CeO2 (named as s-CeO2) was

obtained by directly calcining Ce(NO3)3�6H2O at 773 K for

4 h.

Material characterization

Thermal decomposition of the sample was studied by

thermogravimetry and differential thermal analysis

(TG-DTA) using a SDT Q600 TA instrument at a heating

rate of 10 K min-1 from room temperature to 800 K in air.

The powder X-ray diffraction (XRD) patterns were recor-

ded on Rigaku D/MAX-2500PC diffractometer with Cu

target (40 kV, 40 mA) at a scanning rate of 12� min-1. For

low angle (0.7–3�), X-ray diffraction was used with the

same detector. The textural property and porosity of sam-

ples were studied by adsorption of nitrogen at 77 K with a

Micromeritics ASAP-2010C instrument. Surface areas

were calculated by the Brunauer–Emmett–Teller (BET)

method, and pore size distribution was analyzed using the

Barrett–Joyner–Halenda (BJH) method. The sample was

determined by X-ray photoelectron spectroscopy (XPS) in

an ion-pumped chamber (evacuated to 1.3 9 10-8 Torr) of

an Axis Ultra (UK) spectrometer equipped with a focused

monochromatized X-ray source (Al-Ka, hm = 1486.6 eV)

at a power of 225 W. Transmission electron microscopy

(TEM) and selected area electron diffraction (SAED)

images were taken for morphology and particle size

determination by using JEM-2010 transmission electron

microscope, which operated at 200 kV.

Catalytic test

Catalytic tests were carried out in a conventional fixed-bed

quartz tube reactor (4.5 mm in inner diameter) between

473 and 823 K with feeding about 200 mg of the sample.

The inlet gas composition was 1% CO and 5% O2 with N2

as balance, and the flow rate was kept at 40 mL min-1. The

reactor effluent was analyzed using a Shanghai Haixin gas

chromatograph (GC-950) with a TCD detector.

Results and discussion

The inorganic/organic mixture was formed by the synthesis

procedure described in section ‘‘Sample synthesis.’’ The

thermal analysis of the sample mixture is reported in

Fig. 1. A weight loss of about 70% can be calculated from

TG measurements in the temperature range of 300–800 K.

In the same range, a series of thermal peaks are observed in

the DTA trace. The TG curve shows that two small weight

losses correspond to removal of residual solvent and

decomposition of acetate groups and citric acid at about

320 and 450 K, respectively. A large obvious peak can also

be found in the DTA profile with a large weight loss of

about 40% in accordance with the quantity of surfactant in

TG curve at about 550 K. It is suggested that the elimi-

nation of organic surfactants through combustion generates

an exothermic reaction. The reaction of CTAB oxidation is

as follows:

2ðCH3ðCH2Þ15N(CH3Þ3Br)þ 57O2

! 38CO2 þ 38H2Oþ 2NH3 þ 2HBr

No peak is found on the DTA curve and no weight loss

is observed on the TG curve after 550 K, indicating that

the sample has been completely crystallized and all the

organics have been removed.

Fig. 1 TG-DTA curves of the inorganic/organic mixture sample
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Figure 2 shows the wide-angle PXRD patterns of the

Ce1-xZrxO2 (x = 0, 0.1, 0.3, 0.5) composites after calcined

at 573 K for 5 h. Ce1-xZrxO2 solid solutions can exist in

three stable phases (monoclinic (m), tetragonal (t), and

cubic (c)) and two metastable phases (t0, t00) under different

conditions [27]. In this study, PXRD patterns indicate that

Ce1-xZrxO2 has face-centered cubic structure (cerianite,

JCPDS 34-0394) for compositions at x \ 0.3, as shown in

Fig. 2a and b, and no zirconia phases are detected by XRD.

This may be due either to the formation of Ce–Zr oxide

solid solutions or to the occurrence of amorphous zirconia.

With increasing zirconium content, a progressive shift of

the diffraction peaks to higher Bragg angles is observed.

This shift indicates that part of zirconium species enters

into the cerianite lattice and provokes the contraction of its

unit cell, which is consistent with the formation of solid

solutions [28, 29]. A systematic peak width broadening is

also observed, indicating the occurrence of more defective

cerianite lattice, lower degree of crystallinity, and smaller

particle size. Around x = 0.3, the intensity of CeO2-related

peaks decreases, broad peaks attributed to cubic structure

of zirconia appear as shown in Fig. 2c [30], but most of the

powders retained the tetragonal phase and single solid

solution structure. Furthermore, at x = 0.5, this phase

obviously dominates in the two-phase mixture as shown in

Fig. 2d, indicating the existence of separate CeO2 and ZrO2

phases.

The pore size distributions are reported in Fig. 3 for

mesoporous Ce1-xZrxO2 after calcination and concentrate

below 10 nm. It can be observed that the pore size distri-

bution for sample with x = 0.3 has narrow pore distribu-

tions covering the range of 3–5 nm with a maximum at

around 4.5 nm. A visible shift can be noted for other

samples, since the maximum for pore distribution has

become smaller. Some textural properties of the samples

are given in Table 1. The sample with x = 0.3 has the

largest BET surface area and the maximum average pore

size, which is probably attributed to a positive physico-

chemical contribution and good thermal resistance from

adding Zr dopant to an optimal amount with no appreciable

crystal structural and morphological changes. The surface

area of the product by the modified EISA method is larger

than the one prepared by the previous EISA method [26]. It

is rationalized that in this modified EISA method the citric

acid forms a complex compound in solution aligned with

the Ce3? and Zr4? species, which aids to suppress the

hydrolysis rate of inorganic ion and enhance the conden-

sation and cross-linking of Ce(Zr)–O–Ce(Zr) bonds.

Figure 4a shows typical XPS survey spectrum of the

mesoporous Ce0.7Zr0.3O2. Core levels of Ce 4d, Zr 3d, Zr

3p, Zr 3s, C 1s, O 1s, and Ce 3d can be identified, and no

peaks ascribable to N 1s are observed, suggesting that the

NO3
- and CTAB impurity are not present in the sample.

The complex spectrum of Ce 3d can be decomposed into

eight components with the assignment as defined in

Fig. 4b. The bands labeled as v represent collectively Ce

3d5/2, and the bands labeled as u represent Ce 3d3/2. The

bands labeled as u000 and v000 are attributed to Ce4?. The u, v

and u00, v00 doublets are shakedown features resulting from

transfer of one or two electrons from a filled O 2p orbital to

Fig. 2 XRD patterns of Ce1-xZrxO2: (a) CeO2, (b) Ce0.9Zr0.1O2,

(c) Ce0.7Zr0.3O2, and (d) Ce0.5Zr0.5O2
Fig. 3 Pore size distribution of Ce1-xZrxO2: (a) CeO2, (b) Ce0.9

Zr0.1O2, and (c) Ce0.7Zr0.3O2

Table 1 Surface area and pore size of Ce1-xZrxO2 samples

Samples CeO2 Ce0.9Zr0.1O2 Ce0.7Zr0.3O2 Ce0.5Zr0.5O2

Surface area

(m2 g-1)

205 211 217 135

Average pore size

(nm)

3.5 4.0 4.2 1.3
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an empty Ce 4f orbital. The bands labeled as v0 and u0 are

due to the presence of Ce3? [31]. The spectra confirm that

the cerium mainly exists as the Ce(IV) and Ce(III) oxida-

tion states (881.85 eV) [32].

The low-angle XRD pattern of the mesoporous

Ce0.7Zr0.3O2 is shown in Fig. 5a. A weak and relatively

broad reflection in the low-angle region is observed, and no

other small-angle peaks are discernible, suggesting that the

oxides synthesized from CTAB template are mesoporous.

This indicates that there is disorder in the structure, or at

least that the order is limited to a few regions [14, 33–35].

The size and morphology of the same sample is analyzed

from the TEM image (Fig. 5b). And the figure reveals that

the mesostructure of the products is not as well organized

as in the case of mesoporous silicon dioxide [8] and con-

sists of pores with diameter ranging from 3 to 5 nm. The

electron diffraction patterns recorded in selected-area mode

Fig. 4 XPS spectra of mesoporous Ce0.7Zr0.3O2: a Survey. b Ce 3d

Fig. 5 Low-angle XRD pattern (a), TEM image (b), and SAED

spectrum (c) of mesoporous Ce0.7Zr0.3O2
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(Fig. 5c) in several regions show smooth rings, which

indicate that the sample is polycrystalline and is constituted

by very small crystallites. It shows an aggregate and its

corresponding SAED pattern along with an integrated

intensity-spacing profile. The reciprocal spacings of the

electron diffraction pattern and their relative intensity

confirm cerium dioxide as the only fluorite cubic crystal-

line phase [18].

To test the catalytic activity of mesoporous Ce1-xZrxO2

materials, the samples are used as catalysts and the reaction

is as follows:

2COþ O2 ! 2CO2

Figure 6 shows the catalytic activity profiles of CO

conversion versus temperature. Prior to all catalytic

experiments, samples were pre-treated in situ in reaction

conditions identical to those of the second runs used for

actual data collection. It is noted that the catalytic

experiments are performed on samples of equal quantity

(200 mg) to investigate differences of mesoporous

materials with different Ce/Zr ratios, which may have an

impact on the conversion rate. The surface area of

decomposed s-CeO2 prepared by Ce(NO3)3�6H2O calcined

at 773 K is 67 m2 g-1. Moreover, the surface area of

mesoporous Ce1-xZrxO2 is much larger than decomposed

s-CeO2. There are reports that the addition of ZrO2 to CeO2

host can improve thermal stability and catalytic property

[36–38]. From Fig. 6, it is found that the CO oxidation

activity of mesoporous Ce1-xZrxO2 is obviously higher than

that of the ordinary s-CeO2. The mesoporous Ce0.7Zr0.3O2

shows notably lower conversion temperatures than other

materials. It could be due to the fact that the introduction of

Zr4? may give rise to more oxygen vacancies without

decreasing the active planes; also, the high surface area at

this optimal mole fraction is believed to contribute to the

enhanced catalytic performance. However, the results in this

study suggest that the doping effect is not linear. Excessive

doping of Zr4? into CeO2 results in the formation of mixed

phases and the breakage of mesoporous structure, and the

resulting catalyst has lower surface area and worse catalytic

activity. It should be pointed out that a detailed study on

the mechanism of the catalytic process of mesoporous

Ce1-xZrxO2 is under way.

Conclusion

In summary, mesostructured Ce1-xZrxO2 materials with

high surface area were synthesized via a modified EISA

method by choosing cerium nitrate and zirconium nitrate as

inorganic species, CTAB as surfactant, and citric acid as

complexing agent. The hydrolysis of inorganic ion in the

solvent evaporation process was believed to be well con-

trolled due to the existence of citric acid as complexing

agent. The mesoporous solid solution was maintained when

the Zr4? molar fraction in Ce1-xZrxO2 was not more than

0.3. However, more doping led to a mixture of cubic phases

and tetragonal phases and decreased the surface area. The

physicochemical contribution from Zr4? doping and the

structural evolution resulted in an optimal material at

x = 0.3 for CO conversion. More interestingly, the com-

plexing action of the citric acid and Ce3? (Zr4?) species

was believed to not only suppress the hydrolysis rate

of inorganic ion but also enhance the condensation and

cross-linking of Ce(Zr)–O–Ce(Zr) bonds in this modified

EISA method experiment. Moreover, this simple method,

through the self-adjusted formation of mesostructure, could

be applied to prepare a series of ceria-based mesoporous

materials with various dopants.
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