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Nanosized rhodium oxide particles in the MCM-41 mesoporous molecular sieve
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Nanosized rhodium oxide-containing MCM-41 (Rh-MCM-
41) mesoporous molecular sieves are synthesized and
characterized by XRD, TEM, N2 adsorption, NMR, XPS and
EXAFS.

The discovery1,2 of the novel mesoporous silicate based MCM-
41 molecular sieve has generated much interest to design hybrid
atom-containing MCM-41 by isomorphous substitution of
transition metals into the framework or by functionalisation of
the silanols in the pore channels for their applications to
catalysis and advanced materials.3–5 Noble metals such as Pt,6,7

Pd,8,9 and Ru10 were supported on MCM-41, and Ag/Ru
bimetallic nanoparticles11 were supported inside the MCM-41
channels and found to be active compared with the correspond-
ing conventional supported catalysts. However there is no study
related to the synthesis of noble metal-containing MCM-41 by
addition of noble metals to mixed silicate surfactant gels prior to
the hydrothermal synthesis. We have systematically studied the
formation of hexagonal structure of MCM-41 and the formation
of rhodium oxide nanoparticles, while changing the tem-
perature, aging time and Si/Rh ratio during the hydrothermal
synthesis. We report here the first synthesis and characterization
of Rh-MCM-41.

The synthesis‡ of Rh-MCM-41 was achieved by modifying
the recently reported procedure.12 The Si/Rh ratio in the
synthesis was varied in the range 200–70, and the hydrothermal
synthesis was carried out via two different pathways [route A:
373 K for 10 days (Rh-MCM-41-A) and route B: 423 K for 48
h (Rh-MCM-41-B)] to study the formation of rhodium oxide
particles and also the MCM-41 framework. Supporting Rh on
MCM-41 (Rh-su-MCM-41) by an impregnated method was
also conducted§ for comparison with Rh-MCM-41. The powder
XRD patterns of the calcined forms of Rh-MCM-41 are shown
and indexed in Fig. 1. The d100 spacings and the unit cell
parameters (a0) are listed in Table 1. A highly ordered
hexagonal structure was identified for the Rh-MCM-41-A,
which resembled pure Si-MCM-41 reported in the literature.1,12

A shift of the d100 peak was noticed for the Rh-MCM-41-B,
indicating that the a0 (5.47–5.71 nm) became larger. The
increase in the a0 implies the promotion of polymerization of
the silica precursor by the presence of Rh ions in the gel, and
eventually thicker pore walls were produced as compared to the

pure Si-MCM-41 (a0 = 5.00 nm, pore wall thickness: 1.69 nm)
prepared under the similar conditions. The increase of a0 may be
due to a catalytic role of rhodium during the construction of the
mesoporous framework at 423 K.

The (114) XRD peak of Rh2O3 at 2q = 34.3° was not
detected for the Rh-MCM-41-B, indicating that rhodium oxides
are highly dispersed and/or amorphous. Rh K-edge EXAFS
spectra for Rh-MCM-41-A and Rh-MCM-41-B were measured
at 20 K using synchrotron radiation at Photon factory (proposal
No. 97G002). The curve fitting analysis using the empirical
parameters derived from Rh2O3 (Rh–O 0.211 nm, coordination
number six), revealed the Rh–O bond distance at 0.205 nm with
the coordination number of 4.3–4.5. Preliminary analysis for the
second shell also indicated the presence of Rh–Rh bonds at
0.299 nm for Rh-MCM-41-A and at 0.307 nm for Rh-MCM-
41-B, the distance being > 0.292 nm for Rh2O3. Hence the
rhodium oxide particles in the Rh-MCM-41 seem to have
different structures from Rh2O3.

Table 1 Properties of the Rh-MCM-41 molecular sieves

Sample Si/Rh ratioa d100
b/nm a0

c/nm
Pore
diameterd/nm SBET/m2 g21

Pore volume/
cm3 g21 PWTe/nm XPS Si/Rh ratio

Rh-MCM-41-A 200 4.01 4.63 3.02 1016 0.96 1.61 907
Rh-MCM-41-A 70 4.01 4.63 3.02 1028 1.06 1.61 554
Rh-MCM-41-B 200 4.95 5.71 3.40 623 0.80 2.31 415
Rh-MCM-41-B 104 4.74 5.47 3.26 464 0.55 2.21 355
Rh-su-MCM-41 104 4.57 5.27 3.40 1175 0.88 1.87 91

a At the synthesis stage. b Spacing after calcination. c Calculated a0 = 2d100A3. d Dollimore–Heal method. e PWT (pore wall thickness) = a0 2 pore
diameter.

Fig. 1 Powder X-ray diffraction patterns of the calcined forms of Rh-MCM-
41; (a) Rh-MCM-41-A, (Si/Rh = 200); (b) Rh-MCM-41-A(104); (c) Rh-
MCM-41-B (200)
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The TEM image of calcined Rh-MCM-41-A is shown in
Fig. 2, where the hexagonally packed MCM-41 with dispersed
rhodium oxide particles with an average particle size of 6 nm is
observed. Fig. 3 is the TEM image viewed perpendicular to the
pore axis of the calcined Rh-MCM-41-B, which depicts the
uniformly packed channels containing dispersed rhodium oxide
nanoparticles ( < 3 nm), and the d100 value calculated from the
TEM image is in agreement with the value from XRD. The
thickness of pore walls in TEM is also in agreement with that
calculated from XRD in Table 1.

The adsorption–desorption isotherms of N2 at 77 K were of
type IV for Rh-MCM-41 samples which is typical of mesopor-
ous solids and has a narrow pore size distribution. The surface
area, pore diameter and pore wall thickness are listed in Table 1.
Further characterization of the calcined Rh-MCM-41 samples
was performed by 29Si solid state MAS NMR using cross
polarization (CP) technique to examine the formation of thicker
pore walls in case of Rh-MCM-41-B. The intensity ratio of the
two NMR peaks Q3 : Q4 for Rh-MCM-41-B was 66 : 34, while
that for pure Si-MCM-41 was 76 : 24, and this Q3 : Q4 ratio
obtained by CP technique for the Si-MCM-41 is in agreement
with that reported by Zhao et al.13 The large increase in the
intensity of the Q4 silicon peak at d 2122 for Rh-MCM-41-B

indicates the enhancement of cross-linking by rhodium. The
Q3 : Q4 ratio for Rh-MCM-41-A was identical with that for Si-
MCM-41.

The location of rhodium oxide particles in Rh-MCM-41 may
be deduced by the Si/Rh ratio in XPS spectra. The Si/Rh XPS
ratio for Rh-su-MCM-41 with the Si/Rh bulk ratio of 104 was
91, whereas that for Rh-MCM-41-B with the Si/Rh bulk ratio of
104 was 355. All the Rh-MCM-41 samples in Table 1 showed
much larger Si/Rh XPS ratios than the values expected from the
bulk composition. These results demonstrate that most of
rhodium oxide particles in the Rh-MCM-41-A and Rh-MCM-
41-B samples are located in the bulk or the mesopore channel,
as imaged in Fig. 2 and 3, respectively, whereas rhodium oxides
in Rh-su-MCM-41 are thought to be supported at the external
surfaces and near the surfaces.

The comprehensive characterization data demonstrate that
the growth of nanosized rhodium oxide particles < 3 nm in the
mesopore channel of MCM-41 can be controlled with the
appropriate selection of synthesis conditions, and that rhodium
plays a catalytic role in the polymeric formation of silica walls
of the MCM-41 framework. The application of Rh-MCM-41 to
catalysis is in progress.
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Technology Corporation (JST). We thank Dr T. Kogure for
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Notes and References
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‡ Tetramethylammonium hydroxide pentahydrate (TMAOH) was added to
distilled water followed by addition of cetyltrimethylammonium bromide
(CTABr) at 303 K. RhCl3·3H2O (Wako Chemicals) was added to the
solution and stirred for 10 min until the solution became clear, then fumed
silica obtained from Sigma was slowly added to the solution. The gel
composition was 1.0 SiO2 : 0.19 TMAOH : 0.27 CTABr : 40 H2O : 0.0049–
0.14 RhCl3 ·3H2O. The gel was aged for 24 h at room temperature and aged
at 373 K for 10 days or at 423 K for 48 h. It was filtered, washed with
distilled water and dried at 373 K for 12 h, followed by calcination in air at
823 K for 8 h.
§ A methanol solution of RhCl3·3H2O was added to the calcined pure Si-
MCM-41 and the methanol was evaporated with rotary pump and the
resultant solid was dried at 373 K for 12 h, followed by calcination at 823 K
for 8 h.
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Fig. 2 TEM micrograph (200 kV; 380 000) of the calcined form of Rh-
MCM-41-A with Si/Rh ratio of 200

Fig. 3 TEM micrograph viewed perpendicular to the pore axis (200 kV;
3100 000) of the calcined form of Rh-MCM-41-B with Si/Rh ratio of
200
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