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The cerium-containing MCM-41 (Ce-MCM-41) has been synthesized by direct hydrothermal method.
The low-angle XRD patterns revealed the typical five major peaks of MCM-41 type hexagonal structures. The
interplanar spacing d100 = 38.4 Å was obtained that can be indexed on a hexagonal unit cell parameter with ao =
44.3 Å which was larger than that of pure siliceous MCM-41 (Si-MCM-41). Transmission electron micro-
graph shows the regular hexagonal array of uniform channel characteristics of MCM-41. The BET surface
area of Ce-MCM-41 was 840 m2/g, which is much reduced as compared to that of Si-MCM-41, with the pore
size of 26.9 Å and mesopore volume of 0.78 cm3/g were measured by nitrogen adsorption-desorption isotherm
at 77 K. Along with the results, the synthesized Ce-MCM-41 exhibited a well-ordered MCM-41-type meso-
porous structure with the incorporation of cerium. Using Ce-MCM-41 as a support, the Rh (0.5 wt%) catalyst
exhibited very high activity for the NO/CO reactions.
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INTRODUCTION

Zeolites and related molecular sieves have been exten-

sively investigated for various catalytic applications due to

their unique structural and textural properties.1-3 Since M41S

mesoporous molecular sieves were first reported by the Mobil

group in 1992,4,5 the synthesis, characterization and potential

applications for adsorption, separation and catalysis of meso-

porous materials have been widely investigated.3 MCM-41

exhibits a highly ordered hexagonal array of one-dimensional

mesopores, whose diameters can be varied from 15 to 100 Å

with a narrow pore-size distribution through the adequate

surfactant as the template and synthetic condition.3-10 The

modification of MCM-41 through incorporating the divalent,

trivalent, tetravalent transition and nontransition metal ions

as well as the lanthanide metals in the silica network of MCM-

41 materials has been reported.1,11-19 Lanthanide-incorporated

mesoporous silicates showed an improvement in their ther-

mal stability and structural properties such as the pore vol-

ume and surface area in comparison to pure MCM-41.

Cerium oxide is well-known in automotive three-way

catalytic converters as an oxygen storage medium and ther-

mal stabilizer.20-24 In the present study, Ce-containing MCM-

41 with thermal stability, high surface area and mesoporous

structure was synthesized by direct hydrothermal method.

The structural characterization of the resulting molecular

sieves was well investigated by various physicochemical and

spectroscopic methods. It is also evident that with Ce-MCM-

41, the impregnated Rh catalyst exhibits high activity in

NO/CO reactions.

EXPERIMENTAL

Synthesis of cerium-containing and pure Si (siliceous)

MCM-41

The Ce-containing MCM-41 (Ce-MCM-41) was syn-

thesized by direct hydrothermal method modifying the meth-

ods reported by Beck et al.4,5 and Lin et al.7-10 Briefly, an

aqueous solution of cerium nitrate was added to an aqueous

solution of CTABr (C16H33N(CH3)3Br), and then sodium sili-

cate was added. The pH value of the mixture was adjusted to

10 by adding 1 M H2SO4 in a dropwise manner. The gel was

transferred to a Teflon-lined stainless steel autoclave and

placed in an oven at 100 oC for 6 days under static hydrother-

mal conditions. After quick cooling the autoclave, the solid

sample was centrifuged, washed and dried; then it was cal-

cined at 540 oC in N2 for 1 hour and subsequently in air for 6
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hours. For comparison, pure Si or the siliceous-MCM-41

(Si-MCM-41) was synthesized in the same manner except no

cerium nitrate was added.

Characterization of the synthesized Ce-MCM-41

Thermal analysis of the as-synthesized MCM-41 was

carried out in nitrogen with a flow rate of 25 cm3/min and

taken with a Du Pont TGA 951 Thermogravimetric Analyzer.

The inductively coupled plasma-mass spectrometry (ICP-

Mass) analysis of the calcined MCM-41 was performed on a

Sciex Elan 5000 spectrometer (Perkin Elmer). The surface

area of the prepared molecular sieves was determined by the

Brunauer-Emmett-Teller (BET) method and the pore size dis-

tribution by the Barrett-Joyner-Halenda (BJH) method ap-

plied to the adsorption curve using a Micromeritics ASAP

2010 surface area analyzer. The powder X-ray diffraction

(XRD) measurements were performed on a Siemens D5000

diffractometer with nickel-filtered Cu K� radiation. Trans-

mission and scanning electron microscope (TEM and SEM)

were carried out on Hitachi H-7000 TEM and S-800 SEM

systems, respectively. Diffuse reflectance UV-visible (UV-

vis) spectra were taken on a Hitachi U-3410 spectrometer

with a 60� integrating sphere accessory. Infrared spectra

were obtained with a Bomem DA-8 FT-IR spectrometer. The

acidity of the prepared samples was investigated by in-situ

FT-IR spectroscopic studies of pyridine adsorption. The IR-

cell used in the present study is the same as described previ-

ously.25 The solid-state 29Si MAS-NMR spectra were ac-

quired on Bruker MSL-200 and MSL-500 spectrometers with

commercial magic angle spinning (MAS) probes.

Measurements of catalytic activity for NO/CO reactions

The measurements of the activities and selectivities for

the NO/CO reactions were carried out in a flow-mode micro-

reactor system operating at atmospheric pressure with a flow-

rate ratio of NO/CO = 1. Both gases are 4% content in He and

the flow rates were maintained at 10 cm3/min. The exit gases

were analyzed by an on-line Varian 3700 gas chromatograph

with two columns connected in series: a 12 ft Porapak Q and a

30 ft GasChrom MP-1 (both in 1/8” stainless steel tubings).

The columns were heated at 40 oC for 10 min and then heated

to 150 oC at a rate of 10 oC/min. A TCD detector and a quad-

rupole mass spectrometer were simultaneously used to mea-

sure the reaction products. The TCD peak area was deter-

mined by a Perkin Elmer Nelson 1022 integrator and cali-

brated with known gaseous molecules.

In-situ FT-IR spectroscopy

Adsorption and interaction of CO and NO were investi-

gated by in-situ FT-IR spectroscopy on thin self-supporting

catalyst wafers (20-30 mg/cm2) in a quartz high-vacuum IR

cell under 1-3 torr of adsorbate gases. In-situ infrared spectra

were taken on a Bomem DA-8 FT-IR spectrometer.

RESULTS AND DISCUSSION

The cerium-containing MCM-41 molecular sieve (Ce-

MCM-41) was synthesized by direct hydrothermal method.

Thermogravimetric analysis (TGA) and the corresponding

first derivative curves (DTG) of as-synthesized Ce-MCM-41

and Si-MCM-41 were carried out to understand the weight

change of samples as a function of temperature. Both TGA

curves could mainly be divided into 3 weight loss steps which

agreed with the results in the literature.12,14,16,24 The step be-

low 150 oC is ascribed to the desorption of physically ad-

sorbed water. The step between 150-310 oC with a DTG peak

at around 265 oC and a shoulder at around 173 oC is due to the

desorption and/or decomposition of the template.15,18,26 The

relative small weight loss step appearing above 310 oC is as-

cribed to the condensation of silanol groups for forming wa-

ter. For Ce-MCM-41, the weight loss caused by the condensa-

tion of silanols is greater than that of Si-MCM-41 and the cor-

responding DTG peak shifts to the high temperature side. It

has been reported that the as-synthesized Ce-MCM-41 sam-

ple containing hydrated cerium species could decompose

during calcination:15,18 Ce4+-(H2O) � Ce3+-OH + H+. The

Ce3+-OH species possibly acts as the Lewis acid sites on the

surface of catalyst. The results indicated that the stronger

Lewis acidity was formed on Ce-MCM-41 in this tempera-

ture region. Accordingly, the calcination of the as-synthe-

sized template-containing MCM-41 was performed at 540 oC

in nitrogen for 1 hour and in air for 6 hours in either case,

which led to the removal of adsorbed water and template, as

well as the condensation of silanols.

Fig. 1 shows the powder X-ray diffraction (XRD) pat-

terns of synthesized Ce-MCM-41 and Si-MCM-41 before

and after calcination. The XRD patterns show significant

shifts on peak position after calcination due to the cell con-

traction in comparison with that of the as-synthesized sam-

ples. The XRD pattern of Ce-MCM-41 indeed reveals a

well-defined MCM-41 crystalline structure with five peaks

appearing in the low-angle pattern. An interplanar spacing
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d100 = 40.58 Å was obtained for Ce-MCM-41 and d100 = 38.55

Å for Si-MCM-41 before calcinations; they can be indexed

on a hexagonal unit cell with ao = (2d100/ 3) = 46.86 Å and

44.51 Å, respectively. Apparently, ao value of Ce-MCM-41 is

larger than the pure siliceous counterparts (Si-MCM-41). Af-

ter calcination, a cell contraction of 2.6 Å was obtained for

Ce-MCM-41 and 3.1 Å for Si-MCM-41. The results indi-

cated that the incorporation of Ce led to a larger hexagonal

unit cell parameter and a milder cell contraction during calci-

nation.

N2 adsorption-desorption isotherm at 77 K and the cor-

responding pore size distribution curve (inset) of Ce-MCM-

41 and Si-MCM-41 are shown in Fig. 2. Ce-MCM-41 pres-

ents a similar isotherm with Si-MCM-41. In the relative pres-

sure range between 0.3 and 0.4 for Ce-MCM-41, the step is

not as sharp as that for Si-MCM-41. N2 adsorption-desor-

ption isotherms indicated surface areas of 840 m2/g and 1267

m2/g and pore sizes 26.9 Å and 25.0 Å for Ce-MCM-41 and

Si-MCM-41, respectively. The wall thicknesses of 17.4 Å

and 16.5 Å were calculated by (ao - pore size) for Ce-MCM-

41 and Si-MCM-41, respectively, as listed in Table 1. The re-

sults indicated that the incorporation of Ce in MCM-41 not

only led to the increase in unit cell parameter, but also en-

larged the pore diameter. The effect of Ce incorporation on

the MCM-41 structure is opposite to that of Al species,9

which could be attributed to the atomic size of Ce being

greater than that of Si.

From ICP-Mass results, the calcined sample contains

3.3 wt% Ce with an atomic ratio of Ce/Si = 1/67.6. It was no-

ticed that about 88.8% of Ce in gel (Ce/Si = 1/60) was well in-

corporated into the synthesized sample by the present hydro-

thermal synthesis method.

Fig. 3(a) shows the TEM morphology of Ce-MCM-41;
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Fig. 1. Powder X-ray diffraction patterns of the pre-
pared Si-MCM-41: (a) as-synthesized, (b) cal-
cined and Ce-MCM-41: (c) as-synthesized, (d)
calcined.

Fig. 2. N2 adsorption-desorption isotherm at 77 K for
(a) Ce-MCM-41 and (b) Si-MCM-41. The inset
shows the corresponding pore size distributions
for (c) Ce-MCM-41 and (d) Si-MCM-41.

Table 1. Nitrogen adsorption parameters of Ce-MCM-41 and Si-MCM-41

Molecular surface area pore volume pore size wall
sieve (m2/g) (cm3/g) (Å) thickness (Å)

Ce-MCM-41 840 0.78 26.9 17.4
Si-MCM-41 1267 1.11 25.0 16.5



the uniform tubular channels with regular hexagonal array

can be seen clearly as similar to the micrograph of Si-MCM-

41. The lattice cell unit, ao, and the wall thickness measured

from TEM morphology are very close to the values listed in

Table 1. The tubular grain of Ce-MCM-41 with a length of

about 3 µm is also observed by SEM, as can be seen in Fig.

3(b).

Fig. 4 exhibits the infrared spectra of the calcined Ce-

MCM-41 and Si-MCM-41. The vibration band at 1090 cm-1

for Si-MCM-41 is assigned to �as(Si-O-Si) and it shifts to

1082 cm-1 for Ce-MCM-41. The wavenumber of this band

shifting toward the lower value can be considered as an indi-

cation for the incorporation of Ce into the MCM-41 frame-

work.13 The IR peak appearing at about 965 cm-1 has been

used for identifying the framework-incorporated ion.25 There-

fore, a similar shift for Si-MCM-41 at 962 cm-1 toward 970

cm-1 for Ce-MCM-41 is also observed.13 Although the peak

intensity does not show much difference, it is still evident

that there is the isomorphous substitution of Si by Ce in the

MCM-41 framework. In the hydroxyl region at 3000-4000
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Fig. 3. Electron micrographs of the calcined Ce-
MCM-41: (a) TEM and (b) SEM.

Fig. 4. Infrared spectra of the calcined (a) Ce-MCM-
41 and (b) Si-MCM-41.

Fig. 5. The diffuse reflectance UV-visible spectra of
the calcined Ce-MCM-41.



cm-1, the intensity of the broad band centered at 3452 cm-1 for

Ce-MCM-41 is apparently greater than that for Si-MCM-41.

It may be because a part of the Ce incorporated on the MCM-

41 surface, which led to more adsorption of hydroxyl group.

Fig. 5 shows the diffuse reflectance UV-vis spectra of

the calcined Ce-MCM-41 samples. The UV-vis spectrum of

Ce-MCM-41 clearly displays a high intensity band below

430 nm with a maximum around 300 nm that is due to Ce-O

charge-transfer.27 Kadgaonkar et al.17 claimed that the ab-

sorption band centered at 300 nm is due to the presence of

well-dispersed tetra-coordinated Ce4+ species.

Fig. 6 shows the 29Si MAS-NMR spectra of the synthe-

sized Ce-MCM-41 before and after calcination. The peaks

appearing at -99.7 and -110.0 ppm shifted to -102.0 and -108.8

ppm after calcination. The NMR spectra of Ce-MCM-41 are

in agreement with that of Si-MCM-41.11 The peak at -102.0 is

assigned due to Q3 ([3 Si, 1 OH] or [3 Si, 1 Ce], and the peak

at -108.0 is assigned to Q4 due to the nonequivalent Si atoms

occupying different structural sites (Si surrounded by 4 Si).

Apparently, Q4/Q3 was increased after calcination. It is in

agreement with the results of Beck3 and Davis28 due to the

condensation of Si-OH for water formation.

The acidic properties of the synthesized MCM-41 mo-

lecular sieves were investigated by in-situ FT-IR spectro-

scopic studies of pyridine adsorption. The results are given as

shown in Fig. 7. The pyridine adsorption was carried out un-

der 1 torr vapor of pyridine at 150 oC for an hour, the IR spec-

tra were taken after evacuating at room temperature for 10

minutes. Infrared spectra of pyridine adsorption show that

both Ce-MCM-41 and Si-MCM-41 possess no Brönsted acid-

ity, as no peaks appeared at 1545 cm-1. Weak Lewis acidity

was observed for Ce-MCM-41 with a shoulder peak of 1445

cm-1 and weak peaks at 1577 and 1490 cm-1. There appear

strong hydrogen-bonded pyridines at 1596 cm-1 and a shoul-

der peak at 1438 cm-1 on both Ce-MCM-41 and Si-MCM-41.

The results indicated that the incorporation of Ce in MCM-41

framework resulted in a stronger Lewis acidity on the surface

of the catalyst in comparison with the unmodified MCM-41.

For the catalytic activity measurements of Ce-MCM-41
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Fig. 6. 29Si MAS NMR spectra of Ce-MCM-41 (a) be-
fore and (b) after calcination.

Fig. 7. In-situ FT-IR spectra of pyridine adsorption on
(a) Ce-MCM-41 and (b) Si-MCM-41.



supported Rh catalyst, the NO/CO reactions were carried out

in a flow-mode microreactor system with a flow-rate ratio of

NO/CO = 1. A TCD detector and a quadrupole mass spec-

trometer were simultaneously used to detect the reaction

products. Prior to NO/CO reaction, the catalyst underwent re-

duction in hydrogen at 500 oC for 1 hour. Fig. 8 shows the re-

sults of the NO/CO reactions over 0.5 wt% Rh/Ce-MCM-41.

Nearly 100% conversion of NO was obtained at a reaction

temperature of 275 oC. The conversion of CO2 increased with

temperature and achieved about 95%. As the temperature in-

creased, the selectivity of N2O gradually increased with a

maximum at 275 oC and then decreased with temperature.

The results implied that N2O might act as the intermediate in

a NO/CO reaction. It is noticeable that the catalytic activity

of Rh/Ce-MCM-41 is much higher than that of the Rh/Si-

MCM-41. Furthermore, the high catalytic activity of Rh/Ce-

MCM-41 could be retained for several times to repeat the re-

actions, which indicated that cerium could facilitate the cata-

lyst regeneration after the reactions.

The detail adsorption and reaction of NO and CO over

Rh/Ce-MCM-41 catalyst was carried out by the in-situ IR

spectroscopic studies. The results are shown in Fig. 9. In gen-

eral, the adsorption of NO is comparatively weak. Upon the

admission of 2 torr NO, there appeared very weak NO ad-

sorption bands at 1737 and 1830 cm-1 due to gem-dinitrosyls,

Rh+(NO)2.29,30 Gaseous NO at 1876 cm-1 and traces of gas

phase N2O at 2224 cm-1 were significantly detectable. The

peak at 1636 cm-1 was attributed to the adsorption of water on

the catalyst surface. Subsequently, 2 torr of CO was admitted

onto the preadsorbed NO species, resulting in IR bands at

2030 and 2117 cm-1 arising from gem-dicarbonyl adsorption,

Rh+(CO)2.
29,30 As the temperature increased, the peak of ad-

sorbed NO decreased and the peak of adsorbed CO increased

simultaneously. It is evident that CO competes with the same

active sites as NO. The gaseous NO and CO gradually de-

creased while the temperature increased. The gaseous N2O

increased with a maximum at 300 oC and then decreased with

temperature. It indicates that N2O acted as the intermediate in

the NO/CO reaction, which is also evident in flow-mode re-

action. The IR peak of CO2 increased with temperature up to

500 oC. The final products of N2 and CO2 were analysed with
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Fig. 8. The catalytic activity of NO/CO reaction over
0.5 wt% Rh/Ce-MCM-41: (a) NO conversion,
(b) CO conversion and (c) N2O selectivity.

Fig. 9. IR spectra of NO/CO reactions over Rh/Ce-
MCM-41: (a) after admission of 2 torr NO, (b)
after admission of 2 torr CO and then the tem-
perature was increased to (c) 100 oC, (d) 200 oC,
(e) 275 oC, (f) 300 oC, (g) 350 oC, (h) 400 oC, (i)
425 oC and (j) 500 oC at a rate of 5 oC/min.



a quadrapole mass residual gas analyser. The results indicate

that the adsorbed NO and CO species were catalytically re-

acted by Rh/Ce-MCM-41 to form N2 and CO2 through the in-

termediate N2O.

CONCLUSIONS

We have successfully synthesized mesoporous Ce-

incorporated MCM-41 by direct hydrothermal method. The

low-angle XRD patterns revealed the typical five major

peaks of MCM-41 type hexagonal structures. The interplanar

spacing d100 = 38.4 Å was obtained that can be indexed on a

hexagonal unit cell parameter with ao = 44.3 Å which was

larger than that of pure siliceous MCM-41 (Si-MCM-41).

Transmission electron micrographs show the regular hexago-

nal array of uniform channel characteristics of MCM-41. The

results indicated that cerium was successfully incorporated in

the MCM-41 molecular sieves. Ce-MCM-41 possesses a

greater unit cell parameter and pore diameter than pure sili-

ceous MCM-41. The acidity of the MCM-41 molecular sieve

is improved apparently by the presence of cerium. Rh (0.5

wt%) catalyst supported on Ce-MCM-41 exhibited very high

activity for the NO/CO reactions. The Ce component acted as

a promoter of the catalyst in NO/CO reactions; it enhanced

the catalytic activity, prevented the catalyst from deactiva-

tion and facilitated the catalyst regeneration after the reac-

tions.
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