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Wide band-gap semiconductor—zinc oxide nanoclusters have been prepared in the channels
of MCM-41 materials by functionalizing the MCM-41 with ethylenediamine groups, absorbing
zinc cations, and calcinating at high temperatures. The products have been characterized
by XRD, TEM, EDS, nitrogen adsorption and desorption, and UV—vis and PL spectroscopies.
ZnO clusters were mostly confined and dispersed in the pores of mesoporous hosts. No large
ZnO particles on the external surfaces have been detected. A massive blue-shift in UV—vis
absorption spectra has been observed and large band increase can be expected. The nature
of the PL spectrum has been attributed to the defects related to oxygen vacancies. In addition,
the assembly of cobalt, nickel, and copper oxides inside MCM-41 materials has also been
tried by this scheme, but at the moment, only the cobalt oxide can be prepared with good
results. Unfortunately, noble metals have usually grown into large particles on the outside
surface of MCM-41 by this scheme, e.g., a lot of silver particles with sizes much larger than
the pore diameter of MCM-41 host have been obtained. However, the explanation is not yet

clear.

Introduction

Since the discovery of the M41S family of mesoporous
materials,»2 a new era in inclusion chemistry has
began.® MCM-41, one member of the M41S family,
possesses regularly hexagonal arrays of mesopores,
changeable pore diameter between 1.5—30 nm and
tailorable interior surfaces. These properties make
MCM-41 materials among the best candidates as hosts
for many guest materials. While the larger size of the
pores is a prerequisite for many applications, it is by
itself often not sufficient when specific surface proper-
ties are desired. Fortunately, specific surface properties
can be introduced through proper surface modifications*
and isomorphous substitution of Si by a tri- or tetrava-
lent metal cation.> This discovery has stimulated re-
search on the inclusion chemistry of mesoporous silica,
including ion exchange,>2% the assembly of metal,” metal
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oxide,® metal complex,® organometal,'? and fullerenes.!
Making use of the reactivity of the Si—OH groups on
the internal pore surfaces of mesoporous silica, two main
schemes have been developed to tailor the internal pore
walls. One is by covalent grafting of ligands, including
metal complexes,® organometallic compounds,® and
chlorides.'? These compounds all contain labile ligands
that can be attached to the interior surface via direct
reaction with Si—OH groups; another is by grafting
silane coupling agents. For examples, solid acids,?
bases,’* and absorbent for metal ions'®> have been
designed with this scheme.
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ZnO Clusters inside Mesoporous Silica

Mesoporous solids loaded with nanoscaled particles
within their pores have received considerable attention
in recent years, especially semiconductor nanoparticles,
which may have found great applications in optoelec-
tronic devices. Fe,O3 nanoparticles have been intro-
duced into the pores of MCM-41 by the incipient wetness
method.’® Ge QWRs?!7 inside the channels of MCM-41
have been fabricated by thermal treatment of Ge,Hsg
absorbed in MCM-41. TiO,!® has been grafted onto the
frameworks of MCM-41 by reacting TiCl, with the
parent mesostructured silicate. GaAs'® and InP?° have
been deposited into the channels of MCM-41 by MOCVD
methods. CdS nanoclusters?! absorbed into channels of
MCM-41 functionalized by thiol groups and silicon
clusters?? formed in the mesoporous silica film have also
been reported. All of these semiconductor nanoparticles
inside MCM-41 show the size quantization effects.
Additionally, In,O3s nanoprticles have also been pre-
pared in the irregular mesoporous silica,2® and novel
photoluminescence properties have been observed.

ZnO is a wide band-gap semiconductor and is of great
interest for short wavelength electrooptic devices. The
nanocrystalline thin films of ZnO have been prepared
by variable methods, such as microwave plasma-
enhanced molecular beam epitaxy (MBE),?* laser en-
hanced MBE,? radical beam epitaxy,2® and electrophetic
deposition methods.?” The preparation of quantum size
ZnO particles has been obtained through sol—gel meth-
ods by several groups in recent years.?® In this paper,
we report a new scheme to synthesize ZnO nanoparticles
by using mesoporous silica MCM-41 as host materials.
By functionalizing mesoporous silica MCM-41 with
ethylenediamine groups (ED-MCM-41), and using it as
absorbent for Zn?* (Zn-ED-MCM-41), ZnO nanoparticles
would be obtained after the Zn-ED-MCM-41 was calci-
nated in air. The products were extensively character-
ized by powder X-ray diffraction (XRD), transmission
electron microscopy (TEM), energy dispersive spectra
(EDS), N2 adsorption—desorption isotherms, UV—vis
diffuse reflectance spectra and photoluminescence (PL)
spectra. Experiments show that the ZnO particles are
mostly confined in the pores of MCM-41 and size
guantization effects have been observed. Because of the
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fact that the high surface area of MCM-41 materials is
attributed to the particular pore system, and the major
fraction of free surface is at the inside of the pores, the
functionalizing reaction should mainly occur in the
internal surfaces of MCM-41. Therefore, the ZnO clus-
ters prepared in this scheme should be essentially
confined in the pores and the amount of ZnO clusters
on the external surfaces should be much less than that
in the channels. In addition, other metal oxides, such
as cobalt, nickel, and copper oxides, can also be prepared
by this scheme, but only the cobalt oxides can be
prepared with good results. However, noble metal or
metal oxides have been shown to grow into large
particles on the outside surface of mesoporous materials
by this scheme.

Experimental Section

Pure silicecous MCM-41 samples were prepared by the
hydrolysis of cetyl- trimethyamonium bromide (CTAB) and
tetraethyl silicate (TEOS) in basic solution, the final composi-
tion is 1.0 CTAB:7.5 TEOS:1.8 NaOH:500 H,O (molar ratio),
then hydrothermally treated at 110 °C for 60 h. Functional
groups (ethylenediamine groups in this case) were introduced
to the pore surfaces of mesoporous silica by refluxing the
mixture of the calcined MCM-41 and N-[3-(trimethoxysilyl)-
propylethylene]diamine (designated as TPED) (1 g of MCM-
41 to 5 mL of TPED) in dry toluene under nitrogen atmosphere
for at least 10 h. The resulting hybrid materials (ED-MCM-
41) are efficient absorbers for metal ions of 1B, 11B, and VIII
groups in water and ethanol solutions because ethylenedi-
amine groups have a strong ability to complex these ions. To
avoid the hydrolysis or even collapses of the siliceous frame-
works in water, Zn?*" was absorbed into the ED-MCM-41 by
soaking and stirring the ED-MCM-41 in 0.002, 0.01, and 0.05
M Zn(CH3COO)-2H,0/ethanol solutions, and Zn-ED-MCM-41
samples resulted after being filtered and washed with ethanol.
These Zn containing samples are designated as Zn-ED-MCM-
41(0.002), -(0.01), and -(0.05), respectively. Similar designa-
tions are also used in later sections. To remove the small
amount of Zn?* in the channels and on the outside surfaces of
MCM-41 but are not complexed by ethylenediamine groups,
these Zn-ED-MCM-41 samples were soaked and stirred in
ethanol, filtered, and washed with ethanol, and this process
was repeated three times. The resulting samples can be used
for later treatments. Finally, the Zn-ED-MCM-41 samples
were calcinated at 600 °C in air for 10 h to remove the organic
components. Thus, ZnO-MCM-41 composites were obtained.

The powder XRD patterns were recorded with Rigaku
Rotaflex diffractometer equipped with a rotating anode and
using Cu Ka radiation over the range of 1.8°< 20 < 70°. Si
was used as the internal standard. TEM and EDS analyses
were performed using a JEOL 200CX electron microscope
operating at 200 kV. The N adsorption—desorption isotherms
were obtained on a Micromeritics TriStar 3000 at 77 K under
continuous adsorption condition. BET and BJH analyses were
used to determine the total specific surface area (Sget) and
the pore size distribution. UV—vis diffusing reflectance spectra
were measured on a Shimadzu UV-3101 equipped with an
integrating sphere using BaSO, as the reference. Photolumi-
nescence (PL) spectra were recorded on a Shimadzu RF-5301
PC spectrofluorophotometer at room temperature. Wet chemi-
cal analysis was used to determine the zinc content.

Results and Discussion

Powder X-ray diffraction (XRD) patterns for the series
of MCM-41 samples are shown in Figure 1. All of the
as-synthesized samples display three reflection peaks,
which are characteristic of MCM-41 materials. There-
fore, the hexagonal ordered structure was maintained
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Figure 1. XRD patterns of series of MCM-41: (a) calcined
MCM-41, (b) calcined ED-MCM-41, (c) ED-MCM-41, (d) Zn-
ED-MCM-41(0.05), (e) ZnO-MCM-41(0.002), (f) ZnO-MCM-41-
(0.01), and (g) ZnO-MCM-41(0.05).

during the formation process of ZnO clusters. The ED-
MCM-41 and Zn-ED-MCM-41 samples demonstrated a
marked loss of peak intensity for the low-angle reflec-
tions. However, the removal of the organic component
by calcinating at higher temperature recovers the peak
intensity to a certain degree. On the other hand, the
peak loss also increases with the increase of the ZnO
content for ZnO-MCM-41 samples; therefore, the de-
crease of peak intensity should be attributed to both
organic component and ZnO clusters. Organic sorbates
inside MCM-41 also have similar effects on the XRD
patterns.?® Compared to the calcinated MCM-41 sample,
all peaks shift slightly to higher angles for ZnO-
containing samples. This is probably due to the contrac-
tion of the frameworks which may arise from the high-
temperature calcination. The XRD patterns for all of
these samples within the range of 10—70° show only
the diffuse peaks of noncrystalline silica frameworks,
and no characteristic peaks belonging to the ZnO have
been observed. This shows that ZnO clusters may be
fully dispersed inside MCM-41. The formation of ZnO
inside MCM-41 seems to strengthen the frameworks of
MCM-41. For comparison purposes, the ED-MCM-41
sample was calcinated at conditions identical to Zn-ED-
MCM-41 samples (this calcinated ED-MCM-41 is desig-
nated as ED-MCM-41 (cal)) and was found to contract
more than that of ZnO containing samples. The degree
of contraction decreases with the increase of ZnO
content, as shown in Table 1. This suggests that ZnO
clusters can prevent the contraction of the frameworks
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Figure 2. HRTEM images of ZnO-MCM-41(0.05) sample: (a)
the micrograph taken with the beam direction parallel to the
pore and (b) the micrograph taken with the beam direction
perpendicular to the pore.

Table 1. Parameters of the Series of the As-Prepared
MCM-41 Samples

(29) Marler, B.; Oberhagemann, U.; Vortamann, S.; Gies, H.
Microporous Mater. 1996, 6, 375.

ZnO surface pore pore

content djo0 area diameter volume

sample (wt%) (A) (m2qg) A) (cm3/g)
MCM-41 38.9 1027 26.8 0.52
ED-MCM-41(cal) 38.3 884 26.2 0.41

ZnO-MCM-41(0.002) 1.08 38.3 820 25.5 0.38
ZnO-MCM-41(0.01) 399 384 791 255 0.35
ZnO-MCM-41(0.05) 9.34 385 734 25.3 0.30

of mesoporous silica upon calcination. A similar result
has been reported in the TiO,-MCM-41 system.1® How-
ever, contrary effects have also been reported in the
V,05-MCM-48 [30] and Fe,03 -MCM-41 [16] systems.

Further evidence that the highly ordered pore struc-
ture has been preserved during the formation process
of ZnO clusters inside MCM-41 is provided by transmis-
sion electron micrographs, as shown in Figure 2. In the
micrographs taken with the beam direction parallel to
the pore direction (Figure 2a), the hexagonally ordered
pore structure can clearly be observed, and no image of
ZnO particles have been found on the outside surfaces.
On the other hand, the micrographs taken with the
beam direction perpendicular to the pores (Figure 2b)
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Figure 3. EDS spectrum of the ZnO-MCM-41 (abs) sample
(*) is Cu element which arises from the support grid.
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Figure 4. Nitrogen adsorption—desorption isotherms of series
of MCM-41 samples: (a) calcined MCM-41, (b) calcined ED-
MCM-41, and (c) ZnO-MCM-41(0.05).

only showed the images of channels and frameworks of
MCM-41 materials. The images of ZnO clusters on the
outside surface of MCM-41 have still not been found.
However, the functional groups can be bonded to both
the external and internal surfaces of MCM-41, so some
ZnO clusters should also exist on the outside surfaces.
It is well-known that the high surface area of MCM-41
materials is mainly attributed to the pore system and
a relatively small part to the external surfaces, so the
functionalizing reaction should mainly occur at the
internal surfaces of MCM-41. Therefore, the ZnO clus-
ters prepared by this scheme should be mostly confined
in the pores and the amount of ZnO clusters on the
external surfaces should be much less than that in the
channels. We have attempted, but failed to directly
observe the particles of ZnO in the channels of MCM-
41 by TEM method. This is probably due to the fact that
the contrast between the silica frameworks of MCM-41
and ZnO clusters is too weak, as the case of Fe,O3 inside
mesoporous host.16 To confirm the presence of ZnO in
the channels of MCM-41, EDS (Figure 3) analysis on
these areas was carried out and produced strong zinc
signals. EDS measurement also shows that ZnO is
present in all areas of MCM-41, but the distribution is
not very homogeneous. The content of ZnO near to the
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Figure 5. Diffuse-reflectance UV—vis spectra of ZnO contain-
ing samples: (a) ZnO-MCM-41(0.002), (b) ZnO-MCM-41(0.01),
and (c) ZnO-MCM-41(0.05).
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Figure 6. PL spectra of ZnO containing samples: (a) ZnO-
MCM-41(0.002), (b) ZnO-MCM-41(0.01), and (c) ZnO-MCM-
41(0.05). The PL spectra were all taken at room temperature.

opening of the pores is slightly higher than that in the
inner part of the pores. The possible reason is that the
part of the pore near to the opening can fully contact
with the organosilanes, and more ethylenediamine
groups can be anchored onto these areas than that in
the inner part of the pores. Chemical analysis shows
the ZnO content is 1.02, 3.99, and 9.04 wt % for ZnO-
MCM-41(0.002), -(0.01), and -(0.05) samples, respec-
tively. These data are all smaller than the corresponding
data given by EDS methods.

Nitrogen adsorption and desorption properties provide
the information on the pore characteristics of these
systems. The parameters calculated from these data for
the as-prepared series of MCM-41 samples are listed
in the Table 1. The decrease of BET surface areas,
average pore diameters and pore volumes with the
increase of ZnO content indicates that ZnO clusters
should be confined in the pores of MCM-41. The
isotherms are all type 1V classification (Figure 4), which
is characteristic of adsorption of mesoporous materials.
A sharp increase in the adsorption amount of nitrogen
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Figure 7. HRTEM image of Ag-MCM-41 sample.

at the relative pressure of P/Py > 0.25 can be seen for
all the samples, which is due to capillary condensation.
Combination of hysteresis of type H1 and H4 can be
observed on all samples. Type H1 hysteresis, whose loop
appears on the vertical portion of type IV isotherm, is
usually produced for mesoporous materials with cylin-
drical pores. The type H4 hysteresis, in which the loop
is seen on the horizontal portion, is believed to represent
slit-shaped pores with some microporosity. Detailed
analysis of H4 hysteresis in MCM-41 materials has been
reported in reference.’® The isotherms for the Zn
containing samples were similar in shape to the parent
MCM-41 sample, which suggests that the ZnO clusters
should be dispersed throughout the pores. The meso-
porous channels are still accessible even after the
formation of ZnO clusters inside MCM-41. The type of
H2 hysteresis is commonly associated with ink bottle
shaped pores, in which the area near the opening is
narrower than the main body of the pore. Although the
ZnO content near the opening of the pores is slightly
higher than that in the interior part, a type H2
hysteresis loop has not been observed. Therefore, ZnO
nanoparticles should not be only concentrated on the
openings, but dispersed over the pore channels.

The UV-vis diffusing reflectance spectra for as-
prepared ZnO-MCM-41 samples are shown in Figure
5. The pure siliceous MCM-41 gives very little absorp-
tion in this range.'® The onsets of absorption of the as-
prepared ZnO containing samples are all near to 290
nm. However, macrocrystalline ZnO starts to absorb
close to 370 nm.?8 This massive blue-shift in the
absorption spectra reflects an increasing band gap of
the semiconductor which arises from the size quantiza-
tion effect. By comparing the present results to the Aonset
versus 2R relationship of ZnO colloids reported by
Haase et al., 280 the diameter of the as-prepared ZnO
clusters is estimated to be less than 1.8 nm, which is
smaller than the pore diameter of the ED-MCM-41 (cal)
host (~2.62 nm) and consistent with the inference that
ZnO clusters should be located in the channels of MCM-
41. Taking the above results into consideration, includ-
ing XRD patterns, TEM, EDS, nitrogen adsorption—
desorption isotherms, and UV—vis spectra analysis, ZnO
clusters should mainly be formed and retained in the

channels, and may only be small a part on the external
surfaces of the MCM-41 hosts. The ZnO clusters may
have formed monolayers loosely attached onto the
internal surfaces of MCM-41 materials.

Room-temperature PL spectra of the as-synthesized
ZnO containing samples are shown in Figure 6. The PL
peaks are all near 450 nm and their intensities increase
with the ZnO content; a similar case also occurred in
the UV—vis spectra. The emission of the as-prepared
ZnO-containing samples is Stokes-shifted from the
absorption spectra, which arises from midgap states. So
the PL emission should be attributed to defect lumi-
nescence. The nature of the visible fluorescence is
controversial.2® Crystalline ZnO is a self-activated phos-
phor with a band gap of 3.1 eV. The green luminescence
of ZnO is characteristic of phophors fired in air or under
reducing conditions (H», ZnS, CO, etc.) for bulk crys-
tallines.3! Excess Zn has been detected by a chemical
analysis. Interstitial zinc and oxygen vacancies are
considered to be the dominant defects. On the other
hand, ZnO nanoparticles prepared in colloids have been
shown to exhibit similar green emissions around 450—
600 nm, which were believed to originate from anion
vacancies.?8b Similar results have also been reported by
another group.?8d Finally, Vanheusden et al.’2 have
recently studied the mechanism of the photolumines-
cence of ZnO powders and attributed the green emission
to the singly ionized oxygen vacancies. Very recently,
Mao et al.®® have reported that ZnO nanoparticles in
the irregular mesoporous silica showed a dramatic
enhancement effect of photoluminescence, which has
also been believed to originate from the singly ionized
oxygen vacancies. So the PL emission in the present
experiments should very likely be attributed to defects
related to oxygen vacancies. The massive shift to short
wavelength in the PL peaks should arise from the size
guantization effects, because the size of the ZnO clusters
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in the present experiment is much smaller than that
reported by Mao.

Finally, we have also exploited the possibility to
prepare other metal oxides inside MCM-41 by this
scheme. Unexpectedly, only cobalt oxide can be prepared
in the channels of MCM-41 with good results. Some
nickel and copper oxides would be leached out after
calcination at 600 °C to remove the organic component.
These results are preliminary and can be improved by
calcinating the samples at lower temperatures for a
shorter period of time under oxygen atmosphere. More
unfortunately, as to those noble cations that can be
absorbed by ethylenediamine groups, such as Ag,
AuCl,*, and Pd?*, heat treatment at high temperature
to remove the organic component induces the formation
of large particles on the outside surface of MCM-41 by
this scheme. Figure 7 shows the TEM micrograph of a
Ag-containing sample prepared by the same process as
that of ZnO-MCM-41. Particle sizes of silver up to 30
nm have been obtained. The explanation is not yet clear.
High mobility at high temperatures for these metal ions
could be a reason and further work should be carried
out.
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Conclusion

The present study demonstrates that ZnO nanopar-
ticles can be prepared in the channels of MCM-41 by a
surface modification scheme with multiple steps. Com-
bined spectroscopic and bulk structural characteriza-
tions showed that ZnO clusters have been formed and
dispersed mainly in the pores of mesoporous materials.
The great blue-shifts in the absorption spectra and PL
emission for ZnO containing samples are attributed to
the size quantization effects. The PL centers are be-
lieved to be defects related with oxygen vacancies. In
addition, cobalt oxide clusters can also be prepared
inside MCM-41 by this scheme. However, those noble
metals, such as silver, gold, and palladium, grow into
large particles on the outside surface of MCM-41
materials prepared by this scheme and the explanation
is not yet clear.
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