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Abstract Chromium-substituted MCM-48-like large pore
mesoporous silica with average pore size up to 10 nm was
directly synthesized by using P123 (EO,)PO;oEO,() as a
template, n-butanol as an assistant, and chromic nitrate
nonahydrate as a chromium source. The Cr species was
doped by simply adjusting the pH of the synthesis system
with ammonia from strong acid to nearly neutral after
crystallization for 24 h. The Si/Cr ratios in the initial gel
ranged from 10 to 80, and the actual weight percentage of
Cr was analyzed by ICP. XRD pattern, high-resolution
TEM, and N, adsorption—desorption isotherm were
employed to investigate the pore structure properties of
these materials. The results showed that all the samples had
Ia3d cubic structure and the pore channels were highly
ordered. UV-vis, wide-angle XRD, and ESR spectra
revealed that at lower Cr content (Si/Cr > 30), only Cr (VI)
and Cr(V) species existed in the mesoporous framework,
and at higher Cr content, Cr (III) species appeared.

Introduction

The emergence of porous silica materials with 2-50-nm-
ordered pore structure meets the increasing demands of
applications involving large molecules in various fields.
The milestones of the development of these types of mate-
rials were the invention of M41S in 1992 and SBA-15 in
1998 [1, 2], which were synthesized in strong basic and
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acidic conditions, respectively. These materials were widely
studied on their preparations, structures, and applications.
Among them, MCM-41 and SBA-15 have similar hexagonal
P6 mm symmetry pore structure; however, MCM-41 seems
inferior to SBA-15 in catalysis applications concerned with
aqueous system due to its comparatively small pore size
(<5 nm) and thin pore walls (<2 nm). The flourishing
development of the SBA-15 mainly benefits from its wide
pore size range from 5 to 30 nm and thick walls, making it
more robust and applicable. On the other hand, to solve the
problem of pore blockage of SBA-15 caused by the one-
dimensional straight pore channel, three-dimensional inter-
woven mesoporous structure with la3d symmetry was also
synthesized in the conditions similar to SBA-15. These
materials have the same pore structure with MCM-48, one of
the M41S type, but have larger pore and thicker walls similar
to SBA-15. Besides the structure-directing agent, P123, the
preparation of the above MCM-48-like large pore materials
needs some additives such as organosiloxane, Nal salt,
n-butanol or anionic sodium dodecyl sulfate (SDS) [3-6];
otherwise, no la3d mesostructure forms. The action of these
additives is to transform the hexagonal phase to cubic phase
by improving the hydrophobicity of P123. Moreover, it was
reported that using a self-made diblock copolymer can also
lead to the formation of MCM-48-like large pore materials
without additives [7].

On the other hand, pure silica materials are usually
catalytically inert, but can be endowed with catalytic
activity by incorporating transition-metal atom into the
framework. These metal-doped mesoporous materials have
great application perspective in macromolecular catalysis,
especially for the above MCM-48-like material with highly
interwoven pore structure and large pore size. At present,
direct synthesis and post-synthesis are the two alterna-
tive methods for the introduction of heteroatom into the
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mesoporous material. It is obvious that direct synthesis is a
more convenient method. However, for the material
obtained from acid system, direct synthesis method is
difficult because the metal oxides tend to decompose into
metal ions and cannot be effectively incorporated into
mesoporous material. Inspite of this difficulty, some efforts
have been made to directly synthesize heteroatom-doped
mesoporous silica materials in acid system. For example,
Yue et al. [8] obtained aluminum-doped SBA-15 through
direct synthesis for the first time at pH 1.5. Xiao et al. [9]
used a complex method to synthesize Al-substituted SBA-
15-like materials in which the framework consisted of
nanocrystalline ZSM-5. Newalkar et al. [10] have recently
obtained Ti-containing SBA-15 materials using a micro-
wave-assisted synthetic method. Li et al. [11] used fluoride
as the additive for the direct synthesis of Ti-substituted
SBA-15, but it is still need to be carried out in strong acid
conditions. Xiao et al. [12] directly synthesized Al-substi-
tuted SBA-15 by a pH-adjusting method using ammonia as
the pH-adjusting agent. Moreover, in consideration of the
strict synthesis conditions of metal-doped mesoporous
material in acidic system, various post-synthesis grafting
procedures have also been performed for mesoporous
materials. For example, by using wet impregnation method
in water or ethanol solutions, various metals such as V
[13], Ce [14], Cr [15], and Co [16] were incorporated into
the mesoporous materials. Zhu et al. [17, 18] reported that
a large amount of metal could be incorporated into the
framework of mesoporous materials by using solid-state
inclusion method. Moreover, metal oxide nanoparticles or
nanowires were also loaded into the mesoporous channel
by using post-synthesis procedures [19, 20]. Although the
metal can be substantially loaded onto the matrix, most of
the post-treatment methods are troublesome and the
ordering of the sample may be seriously destroyed.
Compared with one-dimensional mesostructure such as
SBA-15, the interwoven channel structure of Ia3d cubic
symmetry material is more attractive in the field of catal-
ysis, especially for that has larger pore and thicker walls.
However, direct synthesis of metal-doped MCM-48-like
large pore materials is challenging. Recently, Zhu et al.
[21] directly prepared metal-oxide loading large pore
MCM-48 by adding acetate salt to the synthesis system
similar to SBA-15. Acetate salt not only triggered the
phase transformation from hexagonal p6 mm to cubic la3d,
but also played the roles of metal precursor and system pH-
tuning agent. In that system, great amount of acetate should
be added to assure the formation of cubic phase and
increase the system pH to form metal oxide in the pore
channel. However, high concentration of acetate salt is
more easily to form large-size metal oxide, which leads to
the pore blockage and is disadvantageous for the catalysis
effect. Here, we report the synthesis of single site and low

poly chromium oxide—silica heterogeneous catalysis based
on MCM-48-like large pore material in the acid system by
using P123 as a template, n-butanol as an assistant for the
formation of cubic phase, chromic nitrate as a chromium
source, and ammonia as the pH-adjusting agent for the
deposition of Cr species in the mesoporous channel. We
selected Cr by considering its good performance as a redox
catalyst, which is widely used in many catalytic reactions
such as dehydrogenation of propane to form propylene and
oxidation of cyclohexane to form cyclohexanol [22, 23].
Up to now, this is the first report for the formation of metal-
doped MCM-48-like large pore mesoporous material by
pH-adjusting method with ammonium, and our result
shows that this method is simple and effective for the
formation of single site and low poly chromium oxide—
silica heterogeneous catalysis instead of only large-size
chromium oxide in the acid system.

Experimental

Chromium-incorporated mesoporous silica was synthe-
sized using 1.5 g of triblock copolymer P123 as template,
which was dissolved into 60 mL of 1 M HCI. The mixture
was stirred at 35 °C into a clear solution, and then a certain
amount of n-butanol was added. After stirring for 1 h, 3.3-
mL tetraethyl orthosilicate (TEOS) was mixed with the
solution just after the addition of required amount of
solid Cr(NO3)3-9H,0. The mixture was stirred at 35 °C for
1 day. The molar composition of the final gel mixture was
1.0TEOS:0.017P123:0.013-0.10Cr:4.05HCI:1.0n-BuOH:21
7H,0. The mixture was then transferred into an autoclave
for further condensation at 100 °C for 1 day. After the
procedure described above, the pH of the system was
adjusted up to the required value by adding 7 wt%
ammonia dropwise at room temperature, and the obtained
mixture was hydrothermally treated again at 100 °C for
one more day. The final solid was collected by filtration,
washed with water, and dried at 100 °C for 24 h. The
surfactants were removed by calcination at 550 °C in air
for 5 h.

Powder X-ray diffraction (XRD) patterns of all the
samples were recorded on Rigaku D/MAX-2550 diffrac-
tometer using Cu Ka radiation of wavelength 0.1541 nm,
typically, running at a voltage of 40 kV and current of
100 mA. N, adsorption and desorption isotherms were
carried out using TriStar 3000 system by N, physisorption
at 77 K. For BET (Brunauer-Emmett—Teller method) test,
the calcined samples were outgassed to remove moistures
and impurities at 473 K for 5 h before measurement.
The diffuse reflectance UV-vis spectroscopy was recorded
with Varian Cary 500. The ESR spectra were obtained
from an equipment of Bruker BioSpin GmbH. Transmission
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electron micrographs (TEM) were taken on a 2000 JEOL
electron microscope operating at 200 kV. The samples for
TEM were prepared by dispersing a large number of parti-
cles in alcohol, and depositing onto a holey carbon film on a
Cu grid.

Results and discussion

Figure 1 shows XRD patterns of the calcined samples
synthesized with different Si/Cr molar ratios by adjusting
the pH value to 6. It can be observed that all the samples
show clear (211) and (220) peaks, which indicates the Cr-
substituted large pore MCM-48 materials can be easily
obtained by using ammonia as the pH-adjusting agent. The
initial Si/Cr ratio in the preparation system can be
decreased to ten, which indicates that pH-adjusting method
prefers to maintain the ordered mesostructure even at high
Cr content. Moreover, it can also be observed that with the
decrease in the Si/Cr ratio from 80 to 10, the (211) peak
shifts to higher 2-0 angle, indicating that the d spacing
decreases with the increasing Cr content. Table 1 sum-
marizes the average unit cell parameter, ag, of the as-syn-
thesized and calcined samples with different Si/Cr ratios. In
general, the incorporation of Cr with the covalent radius
(1.18 A) in tetrahedral geometry for Si (1.11 A) is expec-
ted to slightly enlarge the a, value, which is confirmed by
the increasing a, values of the as-synthesized samples with
the increasing Cr incorporation amount as seen from
Table 1. However, the a, values of the calcined samples
gradually decrease with the increasing Cr content. The
converse fact may be caused by the short double bond
Cr=0 in CrO; or Cr,0Os, which indicates that most of the Cr
species exist as Cr(VI) or Cr(V) in the calcined samples

\j\\_\ Si/Cr=80
) Si/Cr=50
[72]
=
2 1 .
£ Si/Cr=30
\jL_\ SilCr=20
\J\L - SilCr=10
1 2 3 4

2-theta/degree

Fig. 1 XRD patterns of samples synthesized with different Si/Cr
molar ratios at pH 6.0
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and as lower valent (Cr(IIl)) in the as-synthesized samples
(Scheme 1).

Moreover, from Table 1, we can find that Cr species
cannot be incorporated into the framework if the sample
synthesized at Si/Cr = 80 does not experience the pH-
adjustment treatment, and the pore size is only 6.3 nm,
which is 3 nm less than the sample synthesized at the same
Si/Cr ratio with the pH-adjustment treatment. In order to
clarify whether the pore size enlargement is caused by the
Cr incorporation or the pH-adjustment treatment, the pore
size information of the sample synthesized with the pH
adjustment in the absence of Cr is investigated. The result
indicates that the Cr incorporation and pH adjustment are
both advantageous to the enlargement of the pore size, but
the pH-adjustment treatment is more effective, which
increases the pore size from 6.3 to 8.8 nm. The enlarge-
ment of the pore by increasing the pH value to 6 in the
absence of Cr may be due to the dissolution of the wall at
higher pH value, since the thickness of the call calculated
from the equation of (ap/3.0919-Pd/2) decreases from
5.3 nm without the pH adjustment to 3.7 nm with the pH
adjustment. Zhao et al. reported for the synthesis of SBA-
15, when the pH values increase from 2 to 6, above the
isoelectronic point of silica, no precipitation or formation
of silica gel occurs [2]. In our synthesis system, the pH
value is adjusted after the formation of mesoporous struc-
ture, which not only leads to the incorporation of Cr spe-
cies into the framework, but also leads to the enlargement
of the pore size, resulting in the formation of Cr-doped
MCM-48-like mesoporous materials with pore size up to
10 nm.

Subsequently, the influence of pH to the formation of
large pore MCM-48 material was investigated. Figure 2
shows XRD patterns of samples synthesized at Si/Cr = 50
and different pH. From the figure, we can find that with the
increase of pH, the intensity of (211) peaks decrease, and
the (220) peaks become more and more indistinct, indi-
cating that higher pH is disadvantageous to the formation
of ordered Cr-doped cubic mesostructure. It is known that
the formation of mesoporous materials using P123 in acid
system comply the route of SHCI"I" [2]. Although
ammonia is added after the formation of cubic meso-
structure, higher pH may still lead to the dissociation of the
self-assembly system, thus destructing the formed meso-
structure. Figure 3 shows the TEM images of samples
prepared with Si/Cr = 50 at pH 5.0 (a—) and pH 8.0 (d).
From the figure, we can obviously find that the sample
synthesized at pH 5.0 is more ordered than the sample
synthesized at pH 8.0. However, the patterns along (110)
(a and d) and (100) (b and c) directions confirm that both
materials have cubic la3d symmetry.

Figure 4 shows the UV-Vis spectra of samples synthe-
sized at various pH values with Si/Cr = 50. All the samples
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Table 1 Structure parameters of calcined samples synthesized with different Si/Cr at pH 6.0

Si/Cr ICP (wt%) ay (nm) a3 (nm) Pd (nm) Wt (nm) Sper (M?/g) Vp (cm/g)
10 4.5 26.9 25.1 10.0 32 500 1.33

20 32 26.5 25.4 10.7 29 511 1.36

30 1.5 26.3 25.5 9.5 35 550 1.37

50 1.3 26.1 25.8 9.7 35 555 1.48

80 0.6 26.0 259 9.5 3.6 551 1.39

80° 0 - 26.0 6.3 53 620 1.01

oct 0 252 8.8 3.7 622 1.46

ay and a3 are XRD unit cell parameters of the as-synthesized and calcined samples, respectively, Sgpr is the apparent BET specific surface area
deduced from BET isotherm in the relative pressure range of 0.05-0.30; Vp is the total pore volume determined from the adsorption branch of N,
sorption isotherm at P/Py = 1; Pd is the pore diameter calculated using the BJH method. 80° is referred as the sample synthesized at Si/Cr = 80
without pH-adjustment process. o is referred as the sample synthesized in the absence of Cr with the pH-adjustment process

Cr(VD

Scheme 1 Structure formula of Cr(IIT), Cr(V), and Cr(VI) oxides
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Fig. 2 XRD patterns of samples synthesized at Si/Cr = 50 and
different pH

contain three bands around 260, 360, and 450 nm. The
appearance of the former two intense bands is usually
assigned as O—Cr (VI) charge transfer of chromate species
[24-28]. The band shoulder around 450 nm is attributed to
the absorption of Cr (VI) polychromate [29]. As shown in
the figure, the sample synthesized at pH 6.0 has the stron-
gest peak intensity, indicating the content of Cr (VI) chro-
mate is the highest. With the increase or decrease of the pH
in the second hydrothermal step, the intensity of adsorption
decreases, indicating the content of Cr (VI) chromate
decreases. The above results can be explained as follows: at
low pH, Cr (III) ions are difficult to be incorporated into the
framework because of the high solubility and loose inter-
action with silica walls. However, Cr (III) ions tend to form
oxo species at higher pH, which are consequently grafted to
the mesoporous walls through hydroxyl condensation and
form Cr(VI) after calcination. However, too high pH leads
to the rapid formation of precipitated hydrated Cr(III) oxide
or chromic hydroxide (Cr(OH);) [29], which cannot be
effectively incorporated into the mesoporous wall, either.
Since pH 6 is favorable to the formation of deposition
and incorporation of Cr species into mesoporous material,
we subsequently focused on studying the samples synthe-
sized at pH 6. Figure 5 shows the nitrogen adsorption—
desorption isotherms of the cubic large pore mesoporous
materials prepared at pH = 6 with various Si/Cr ratios in
the initial gel. As seen from Fig. 5a, all the samples show
the sorption isotherms with typical type IV and H; hys-
teresis loop. A well-defined step, which occurs at a rela-
tively high pressure of 0.7-0.9, corresponding to capillary
condensation of N, indicates the uniformity of the pores,
which is also proved by the pore size distribution curves
(Fig. 5b). The structure parameters of calcined samples
synthesized with different Si/Cr ratios are shown in
Table 1. The pore sizes of these samples are larger than
10 nm. ICP-AES data show the weight percentages of the
samples with Si/Cr molar ratios from 10 to 80 were 4.5%,
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Fig. 3 TEM images of samples prepared at pH 5.0 (a—¢) and pH 8.0 (d) with Si/Cr = 50
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Fig. 4 UV-Vis spectra of samples synthesized at various pH with the
Si/Cr ratio equal to 50

3.2%, 1.5%, 1.3%, and 0.6%, respectively, which indicate

that the pH-adjusting method is an efficient way to incor-
porate large amount of chromium into the mesostructure.

@ Springer

Besides the pore structure, we also studied the Cr spe-
cies in the above samples synthesized with different Si/Cr
ratios by UV-vis spectra. As shown in Fig. 6, samples
synthesized at Si/Cr = 80 and 50 have three adsorption
bands around 260, 360, and 450 nm ascribing to Cr(VI)
species. However, for the sample synthesized at Si/
Cr = 30, a weak peak around 610 nm appears, which is
attributed to the adsorption of Cr (III) species. The inten-
sity of the band at 610 nm increases with increase in the Cr
doping, indicating the rise of Cr (III) content [25]. There-
fore, samples synthesized at higher Cr content contain both
Cr (VD) chromate and Cr (II) species, but at lower Cr
content, only Cr (VI) chromate can be detected.

The results from UV-Vis spectra are also confirmed by
wide-angle XRD spectroscopy in Fig. 7. The broad peak
at 20 around 22° is assigned to the diffraction of silica
skeleton. For the samples with low Cr loading (synthe-
sized at Si/Cr = 50 and 80), no other peak appears, which
indicates that no trivalent Cr,Os cluster is formed. With
the increase in the Cr content (Si/Cr < 30), we can see
weak diffraction signals at 20 = 24.5°, 33.6°, 36.2°, and
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Fig. 5 Nitrogen adsorption—desorption isotherms (a) and BJH pore
diameter distribution (b) of mesoporous materials synthesized at
pH = 6. (filled square) Si/Cr = 10, (filled circle) Si/Cr = 20, (filled
triangle) Si/Cr = 30, (filled inverted triangle) Si/Cr = 50, (filled
diamond) Si/Cr = 80)
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Fig. 6 UV-Vis spectra of calcined Cr incorporated mesoporous silica
synthesized with different Si/Cr ratios at pH 6.0

54.8°, attributed to the hexagonal phase of Cr,O; (JCPDS
No.: 84-1616).

Moreover, the ESR spectra of samples (Fig. 8) synthe-
sized with different Si/Cr ratios all show sharp signals at

2-theta/degree

Fig. 7 Wide-angle XRD patterns of samples synthesized at pH 6.0
with different Si/Cr ratios

L]
3500
Gauss

2500 3000 4000

Fig. 8 ESR spectra of samples synthesized at pH = 6 with different
Si/Cr molar ratios: (a) Si/Cr = 80; (b) Si/Cr = 50; (¢) Si/Cr = 30;
(d) Si/Cr = 20; (e) Si/Cr = 10

g, =196 and g = 1.97, which are characteristic of
Cr(V) in tetrahedral coordination [28] (see also Scheme 1).
The results are in good agreement with literature, where
chromium is present as both Cr(V) and Cr(VI) species [23,
28]. It was reported that three different Cr species can be
detected with ESR: isolated Cr(V), clustered Cr(III) and
dispersed Cr(IIT) [29]. From Fig. 6, we find that Cr,05 is
formed for the samples synthesized with Si/Cr < 30. The
lack of Cr(IIT) ESR signal in the samples with Si/Cr < 30
indicates that there is only little amount of clustered Cr(III)
or isolated Cr(IIl) in the higher Cr loading samples, leading
to the negligible signal compared with Cr(V). The intensity
of Cr(V) signal increases when the Si/Cr ratio decreases
from 80 to 30, but cannot further increase when Si/Cr ratio
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is less than 30, which indicates that most of the Cr(III)
species transform to Cr(VI) after calcination.

Conclusions

A series of characterizing methods confirms that large-pore
cubic la3d chromium-incorporated mesoporous silica was
synthesized using pH-adjusting approach. This approach
prefers the maintaining of highly ordered mesostructure
even at high Cr content. However, too high pH is harmful
to the formation of ordered mesostructure. For the sample
synthesized at Si/Cr > 30, single site or low poly Cr(VI)
and Cr(V) species dispersed in the framework. However,
when the Si/Cr < 30, Cr(III) oxide species appear.
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