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ABSTRACT: While tremendous success has been seen in the development
of ordered mesoporous silica by soft-templated methods, synthesis of
hierarchical structures with controllable multiscale pore networks has
remained a challenging topic. On the other hand, introduction of
heteroatoms as an effective method of chemically functionalizing silica
leads to difficulties in morphological control of the product, and multistep
synthesis has been necessary for functionalized silica particles with
hierarchical pore structure and uniform size. The present work
demonstrates that the conflict between morphological control and
heteroatom incorporation can be resolved in a CTAB-stabilized toluene—
water—ethanol microemulsion system. For the first time, monodisperse
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macro-meso-microporous aluminosilicate spheres (MASS) are synthesized in one step at room temperature. Simultaneous tuning
of Al/Si ratio (0—0.35) and the hierarchical pore structure is realized by Hofmeister anion effects of the Al source itself,
[AlI(OH),]™, which change the geometry of CTAB micelles and giant vesicles. The Al is incorporated purely in a tetrahedrally
coordinated status, and preliminary results from catalytic experiments show improved acidity of MASS as a catalyst support.
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1. INTRODUCTION

Mesoporous silicate molecular sieves have gained increasing
interest ever since the first synthesis of MCM-41."* The large
surface area and chemical inertness make this class of materials
useful in separation,” drug delivery,* and heterogeneous
catalysis.® In a comparison with the crystalline structure of
zeolites and metal—organic frameworks, the amorphous nature
of mesoporous silica offers more flexibility in terms of structural
tuning which is essential in the synthesis of complex,
multifunctional materials.® In addition, the lower diffusion
barrier of mesoporous structures allows for more efficient
utilization of internal surface areas and higher resistance toward
pore plugging.” With early works emerging in the 1990s,® the
synthesis of hierarchically macro-mesoporous silica has been
frequently reported recently,¥*~'* illustrating well the
versatility of amorphous siliceous materials. The interconnected
mesopores and macropores of such materials lead to high
accessibility of internal surfaces and provide enough space for
integration with bulk phases that is impossible in solely
mesoporous materials."> However, a majority of industrially
important catalytic reactions involve molecular species sized
below the mesoporous range, and to really explore the
molecular sieving progerties of porous silica, microporous
structures are required. * Although it seems probable to tackle
the conflict between pore accessibility and size selectivity by
integrating microporous and mesoporous materials,ls’lé a more
facile single-step approach is still preferred where hierarchical
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macro-meso-microporous structures can form simultaneously.
Unfortunately, no such works on aluminosilicate materials have
been reported so far.

On the other hand, purely siliceous materials lack reactive
sites, and their functionalization relies entirely on incorporation
of heteroatoms. In particular, Al is frequently introduced to
create acidic sites in porous silica.'” > It has been shown that
the acidity of the resultant aluminosilicate is closely related to
the coordination environment of incorporated Al which in turn
depends on the chemistry of precursor solution,'?*'~>¥>%3°
Tetrahedrally coordinated Al is capable of producing stronger
acid sites than its octahedral counterpart, and to introduce Al as
tetrahedral complexes an alkaline environment is beneficial due
to the following equilibria,31’32 where Roman numeral super-
scripts denote the coordination number of Al:

[Al"(H,0),P* + 30H~
« Al"(OH),-nH,0 + (6 — n)H,0 (1)

A" (OH),-nH,0 + OH™ « [AI"Y(OH),]” + nH,0
)
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However, direct introduction of Al compounds into the
precursor solution poses negative effects on the morphological
control of the aluminosilicate material. Unlike mesoporous
silica particles which have been prepared with well-defined
shape and sizes,®® aluminosilicate was usually obtained in the
form of nonuniform particles”'”** or macroscopic aggre-
gates.”*>* Attempts have been made to resolve the issue by a
two-step approach whereby morphologically well-defined SiO,
particles were first synthesized and then grafted with Al through
hydrothermal processing,®® but the relatively complicated
synthetic procedure is a significant drawback. For practical
purposes, the single-step approach is much more desired.

During the development of synthetic strategies of meso-
porous silica, the nature of ionic species present in the
precursor mixture have been found to strongly influence the
pore structure of the product, especially for the combination of
anions and cationic surfactant templates.””***> Such effects are
often referred to as Hofmeister anion effects, a term derived
from Hofmeister's work on solubilization of proteins by
different salts.>® Briefly, anions are ordered in the “Hofmeister
series” according to increasing potency of solubilizing proteins
as follows:*’

SO, <OH <F < CI' <Br <NO,” <I"

According to general understanding,37’38 the solubilizing

power is related to the polarizability and hydration structure-
forming (cosmotropic) or -breaking (chaotropic) tendencies of
the anions; those to the left of CI” or “cosmotropic ions” form
strongly bound hydrated structures and exhibit weaker charge
screening effects on surfactant micelles than ions to the right of
CI™ or “chaotropic ions”. With the adsorption of cosmotropic
ions, the effective charge of cationic surfactant micelles
increases. The increased charge generates stronger repulsive
Coulomb force and hence longer equilibrium distance between
surfactant head groups in an individual micelle,*” which in turn
reduces the surfactant packing parameter,>>* g = V/(ayl)
where V is the effective volume of hydrophobic part of the
surfactant, a is the effective area of surfactant headgroup at the
micelle surface, and [ is the kinetic length of the hydrophobic
tail. Consequently, the spontaneous assembling of surfactant
molecules into surfaces with high curvature is favored. In
addition, intermicellar repulsion is also increased, preventing
the coalescence of micelles. In fact, not only micelles but also
liquid droplets in surfactant-stabilized emulsions experience
similar effects.*"** So far remarkable success has been seen in
applying Hofmeister anion effects to materials synthe-
sis,””?*>>* but research on this topic has been largely limited
to nonmetal anions (e.g, Cl°, NO;7, SO,*7, etc.) in
mesoscopic systems. Recently, a study on the assembly of
noble metal clusters and cetyltrimethylammonium bromide
(CTAB) micelles showed profound morphological effects of
the metal precursors, ie., [AuCl,]”, [PtCL]", and [PdCl,]~,*
which is actually an example of Hofmeister anion effects (class
I ions which have large polarizabilities).” In the present work,
the generality of Hofmeister anion effects is further
demonstrated by controlled synthesis of macro-meso-micro-
porous aluminosilicate spheres (MASS) in a microemulsion
system. The microemulsion containing both nanosized
surfactant micelles and submicron giant vesicles serves as an
ideal platform for the exploitation of the multiscale Hofmeister
anion effects of [Al(OH),]”, and provides crucial morpho-
logical control during the incorporation of Al, which leads to
monodispersity of MASS.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Cetyltrimethylammonium bromide (CTAB, 96%),
tetraethyl orthosilicate (TEOS, 99%), zinc nitrate (Zn(NO;),-6H,0,
99%), and ethylenediamine (EDA, 99.5%) were purchased from
Sigma-Aldrich. Copper(II) nitrate (Cu(NO;),-3H,0, 99.5%), ammo-
nia solution (NH;, 32%), and sodium hydroxide (NaOH, 99%) were
supplied by Merck. Sodium aluminate (NaAlO,) was obtained from
Nacalai, ethanol (absolute, analytical grade) from Fisher Scientific,
Aerosil 300 fumed silica from Degussa, and toluene from J.T. Baker.
The gases used for catalyst evaluation were of the purified grade (H,,
99.9995%; N, 99.9995%; CO,, 99.8%). All the chemicals were used
without further purification.

2.2. Syntheses of MSS and MASS. In a typical synthesis, 150 mg
of CTAB, 180 uL of TEOS, and 600 uL of toluene were dissolved in
24 mL of ethanol and stirred for 10 min. Meanwhile, 0—30 mg of
NaAlO, and 0.75 mL of ammonia solution were dissolved in 26 mL of
deionized water. The aqueous solution was then poured into the
organic phase under stirring to form a clear mixture, which was aged at
ambient temperature for 4 h. The precipitation was separated by
centrifugation and washed with ethanol for 3 times before character-
ization. The products, macro-meso-microporous silica spheres and
macro-meso-microporous aluminosilicate spheres, are named as MSS
(without adding NaAlO,) and MASS-X, respectively, where X stands
for the amount (mg) of NaAlO, added. In some experiments the
amount of water (w) or toluene (t) was varied, and the product is
denoted as MASS-XwY or MASS-XtY, where Y stands for the amount
of water (in mL) or the amount of toluene (in yL). The exact amounts
of reagents used in each case are tabulated in SI-1 of the Supporting
Information.

2.3. Drying and Calcination of Samples. The as-synthesized
MSS and MASS were dried in an electrical oven at 60 °C overnight.
Calcination was carried out at 500 °C for 4 h in static air. The products
are referred to as MSS-cal and MASS-Xcal, respectively.

2.4. Syntheses and Evaluation of Supported Cu/ZnO
Catalysts. The MSS-cal and MASS-cal were wet-impregnated with
dropwise addition of an aqueous solution of calculated amounts of
Cu(NO;),:3H,0, Zn(NO;),-6H,0, and ethylenediamine where
metal/EDA = 1/2 (mol/mol). After being kept at ambient
temperature for 1 h, the paste was dried at 100 °C for 30 min and
calcined at 350 °C for 2 h. The product is denoted as CZMSS or
CZMASS-X. A 200 mg portion of such catalyst was diluted with 50 mg
of Aerosil 300 SiO, and loaded into a tubular stainless steel reactor
with a diameter of 3/ g in. The catalyst was activated in situ with flowing
10% H,/N, (50 std mL-min~") at 275 °C for 4 h and cooled to
ambient temperature in the same gas mixture. The temperature was
then increased to 250 °C with a gas mixture containing 72% of H,,
24% of CO,, and 4% of N, fed to the reactor at 60 std mL min~", and
the pressure was increased to 20 bar by a backpressure regulator. After
the reactor was stabilized for 1 h, composition of the effluent was
monitored by gas chromatography for 20 h.

2.5. Characterization Methods. Morphological studies were
carried out by transmission electron microscopy (TEM, JEM-2010,
200 kV), field-emission scanning electron microscopy (FESEM, JSM-
6700F, 5 kV), and field-emission TEM (FETEM, JEM-2100F, 200 kV)
capable of high-angle annular dark-field imaging (HAADF). Elemental
composition was analyzed by energy dispersive X-ray spectroscopy
(EDX, Oxford Instruments) coupled to scanning electron microscopy
(SEM, JSM-S600LV, 15 kV). The presented composition of each
sample is the average of at least 3 measurements at different sites.
Elemental distribution of the catalysts was analyzed by EDX coupled
to the FETEM operating in the HAADF mode. Crystallographic data
was obtained by powder X-ray diffraction (XRD, Bruker D8 Advance,
Cu Ka radiation at 1.5406 A). More structural information was
gathered by Fourier transformed infrared spectroscopy (FTIR, Bio-
Rad FTS-3500ARX) and magic-angle spinning nuclear magnetic
resonance (MAS NMR, Bruker DAX-400). The *’Al NMR spectra
were acquired at 104.3 MHz with a § us pulse and 256 scans for dry
powders contained in 4 mm rotors spinning at 8 kHz. Aqueous
AI(NO;); was used as the reference for chemical shifts. N,
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physisorption experiments were performed by a Quantachrome
Instruments NOVA 4200e surface area and pore size analyzer at
77.3 K after samples were outgassed in flowing He at 200 °C for 3 h.
Analysis of the effluent during catalyst evaluation was performed by
gas chromatography (GC, Agilent 7890A with a thermal conductivity
detector and a flame ionization detector).

3. RESULTS AND DISCUSSION

3.1. Effects of NaAlO,. Typical morphologies of macro-
meso-microporous silica spheres (MSS) and macro-meso-
microporous aluminosilicate spheres (MASS) with different
Al contents synthesized in the CTAB-stabilized oil-in-water
microemulsion system are shown in Figure la—h. Overall, the
products are uniform submicron spheres. As indicated in Figure
1li—l, the particle sizes exhibit unimodal distributions, and the
small geometric standard deviations of <I.1 indicate low
polydispersity of the MSS and MASS. Open channels in the
macroporous range are observed in all of the spheres, which
formed presumably around toluene droplets. The FESEM
images (Figure 1b,d,f) show clearly that an increased amount of
NaAlO, in the precursor solution resulted in a shrink in
channel width and a denser distribution of channels. For
MASS-30, however, only shallow indentations can be observed
by FESEM (Figure 1h). With better clarity of internal
structures through TEM, the indentations are confirmed to
be discontinuous ellipsoidal voids that have openings to the
surface (Figure 1g). Such aluminate-induced morphological
changes have not been reported before, and we believe that
they are a consequence of Hofmeister anion effects of
[AI(OH),]™ which will be discussed later in detail.

However, in the present system not only the concentration
of [Al(OH),]”, but also that of OH~, increases with the
addition of NaAlO,. In Table 1, noticeable increase of the
precursor solution pH is observed as NaAlO, is added, due to
the partial hydrolysis of [AI(OH),]” (eq 2). Since OH" is a
cosmotropic ion, its effect has to be separated from that of
[AI(OH),]” before attention is focused on the latter. A
comparative study was therefore carried out where NaOH was
used in place of NaAlO, to adjust the pH and all the other
synthesis conditions were kept unchanged. As Figure 2ab
shows, the increase of pH did not cause morphological changes
of the channels, which suggests negligible effect of OH™ in the
present experimental conditions. Moreover, this experiment
proves the role of Na* in the morphological control to be
insignificant (comparable amounts of Na* were introduced by
NaAlO, and NaOH). On the other hand, the change in pH
does explain the size differences in MSS and MASS (Figure li—
1). The increase followed by decrease of mean particle size with
increasing pH matches reported observations in sol—gel
synthesis of mesoporous silica, where the solubilization of
silicate species and hence limited nucleation were cited as the
reasons for larger particle size, and etchinég of silica as the cause
of size reduction at a high pH range.**

It is demonstrated in Figure 1li—] that the considerable
variation in Al content of the precursor solution did not affect
the uniformity of particle size pronouncedly, while introducing
Al during the sol—gel synthesis of silica particles has often been
associated with ill-defined morphologies as mentioned in the
Introduction. Comparing our synthetic method to those in
most published works, we propose that the formation of
microemulsion is the key factor in the successful morphological
control. A microemulsion exhibits variable viscosity that usually
increases with the volume fraction of the dispersed phase and
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Figure 1. TEM, FESEM images, and particle size histograms of (a, b,
i) MSS, (¢, d, j) MASS-7.5, (e, f, k) MASS-1S, and (g, h, 1) MASS-30.
The particle size distribution for each sample was determined by
measuring at least 300 particles in TEM images: Dy, geometric mean
diameter; o,, geometric standard deviation. TEM images of MASS-5,
-10, -20, -25, -35, -40 samples are reported in the Supporting
Information (SI-2).
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Table 1. Solution pH and Elemental Composition of MSS
and MASS with Different Amount of NaAlO, in Precursor

sample precursor solution pH  product Al/Si  product Na/Al
MSS 11.34 0 na.
MASS-7.5 11.44 0.09 0.14
MASS-15 11.56 0.18 0.28
MASS-30 11.75 0.35 0.57

—

Figure 2. TEM images of (a, b) MSS synthesized with pH values
adjusted to 11.57 and 11.81, respectively, using a NaOH solution, and
(¢, d) MASS-1S synthesized with continuous stirring for 6 and 10 min,
respectively, after mixing of the organic phase and aqueous phase.

decrease with the droplet size of the dispersed phase.*’
Importantly, the apparent viscosity of the microemulsion can
significantly exceed that of the pure phases forming it.*® It is
believed that the relatively higher viscosity impeded the
Brownian motion of growing particles, preventing them from
collision and aggregation. On the other hand, if mechanical
energy is supplied to promote particle collision, the micro-
emulsion establishment could also be disturbed, leading to less
uniform products. To prove the role of collision in the particle
growth, mechanical stirring was applied in the synthesis of
MASS-15 to encourage turbulence and hence random motion
of particles. Figure 2¢,d show detrimental morphological effects
of the stirring: the longer the stirring was applied, the lower the
uniformity of formed products. As further evidence of the
importance of forming microemulsion, MASS-30 has slightly
higher numbers of large particles (Figure 11) caused by particle
aggregation. Considering the smaller volume of macrochannels
in MASS-30 (Figure 1gh) which indicates smaller volume of
insoluble toluene droplets in the microemulsion, the
aggregation of MASS-30 particles was very possibly due to
relatively low viscosity of the precursor mixture.

Other than the morphological effects, direct consequences of
the introduction of NaAlO, also include compositional changes
of the product. In the synthesis of aluminosilicate functional
materials, the ability to tightly control the Al content is crucial
for obtaining desired acidity, which has a direct impact on the
catalytic performance.”””” Table 1 shows that in the present
system the Al content can be tuned facilely in a wide range of

13581

Al/Si = 0-0.35 (the macrochannels disappear if a larger
amount of Al is introduced; see SI-2 of the Supporting
Information); the Al/Si ratio in MASS is a simple linear
function of the amount of NaAlO, in the precursor solution.
Surprisingly, the Na/Al ratio also increases linearly as NaAlO,
is added while in fact the amount of Na and Al introduced is
always equal. To understand this phenomenon, another
cationic species has to be considered, which in the present
case is NH," originated from the hydrolysis of ammonia (eq 3).
The ion exchange property of amorphous aluminosilicates has
been well-documented.* This allows Na* and NH," to
competitively adsorb onto the negatively charged MASS
framework, and as a result, the relative amount of both
adsorbed ions depends on their concentrations in the precursor
solution (eq 4, where A stands for the MASS framework). On
one hand, increasing the amount of NaAlO, raises the
concentration of Na*, and on the other hand, increasing the
pH shifts the equilibrium in eq 3 toward the left. The combined
effect is a larger Na"/NH," ratio in solution which drives the
equilibrium in eq 4 toward the adsorption of Na*. In addition,
CTA" may also partially balance the negative charge of MASS
framework, but since the concentration of CTAB was
maintained consistently, its role in the changing composition
can be ignored.

NH,-H,0 < NH," + OH"~

©)

(4)

The mesostructures of the as-synthesized MSS and MASS
samples were characterized by powder XRD and high-
resolution TEM. Figure 3 shows that the purely siliceous

Na®™ + NH,A < NH," + NaA
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Figure 3. XRD patterns of as-synthesized MSS and MASS samples
with different Al contents. Diffraction data above 26 = 5° is shown in
$X magnification. The curves have been shifted in the y-direction for
better clarity.

MSS sample possesses 2D hexagonal symmetry which is
assigned to the p6mm plane group with g, = 2.77 nm. The peak
assigned to the (20) plane is very broad and asymmetric, most
probably due to presence of a partially overlapping (11)
diffraction peak. With the addition of NaAlO,, a coexisting
mesophase appeared in MASS-7.5 and dominated in MASS-15.
The new structure possesses cubic symmetry and is best
assigned to the Pm3n space group with 4, = 8.42 nm. The
mesostructural transition is also reflected by increased pore size
and altered pore arrangement directly observed by high-
resolution TEM, as shown in SI-3 of the Supporting
Information. However, a further increase in the amount of
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NaAlO, did not change the symmetry, as indicated by the XRD
pattern of MASS-30 (Figure 3). Mesostructural transition of
siliceous materials due to Hofmeister anion effects has been
reported in several works,”>**** and a particularly relevant
example® is the change from p6mm to Pm3n facilitated by the
replacement of NO;™, a chaotropic anion, with cosmotropic
SO,*". In Scheme 1, comparison of the pore structures of the

Scheme 1. Mesostructural Tuning of MASS® Facilitated by
the Hofmeister Anion Effect of [Al(OH),]”

TEOS, NH,

p6mm

TEOS, NH,

Pm3n

¥ = GTA* e =Br

“The adsorption of [AI(OH),]” in replacement of Br~ on CTA"
micelles increases the surface curvature, promoting the rod-to-sphere
transformation. The difference in micelle shape is reflected in the
mesostructures of the final MASS products.

two mesophases shows higher curvature of pore walls and a
more discrete pore network in Pm3n, which reflects the dual
effect of cosmotropic anions: smaller surfactant packing
parameter and stronger intermicellar repulsion. The p6mm-to-
Pm3n transition in the present system makes it reasonable to
postulate a cosmotropic nature of [Al(OH),] .

The Hofmeister effects of [AI(OH),]” also explain the
morphological change of the macrochannels. Scheme 2
illustrates that the toluene droplets in the present oil-in-water
microemulsion are stabilized by CTA" ions and are thus

Scheme 2. Shrinking of CTA*-Stabilized Toluene
Nanodroplets under the Hofmeister Anion Effect”

[AIOH)I- &%,

¥ = CTA* & =DBr

“The chaotropic bromide ion (Br~) is replaced by cosmotropic
[AI(OH),]”. These nanodroplets (ie., giant vesicles) are flexible
enough to serve as soft templates for the formation of cone-shaped
radial macrochannels in the MSS or MASS (TEM/FESEM images,

Figure 1).

positively charged. Similar to the smaller CTA" micelles more
frequently encountered in the synthesis of mesoporous silica,
they are expected to be subjected to Hofmeister effects. As the
adsorption of more cosmotropic anions at the oil—water
interface leads to higher stability and hence smaller sizes of the
droplets,*" the channels formed around the toluene droplets
should also exhibit narrower widths, which has apparently
occurred with the introduction of NaAlO, (Figure la—h). It is
thus confirmed that [AI(OH),]”, the dominant form of
aluminate in solution, is cosmotropic in comparison to Br~
that originated from CTAB. Note that indeed [AI(OH),]™ can
bind easily to water molecules through hydrogen bonding.

To reveal the textural properties of MSS and MASS, N,
physisorption experiments were performed on calcined
samples. As Figure 4a displays, they exhibit type I isotherms

—— MSS-cal [,
——MASS7.5-cal a - : b
—— MASS15-cal i s Lol
—— MASS30-cal Py 5
i AN ——MASS15-cal
\ N ——MaSS30-cal

.t [%..A‘\{i ,\ \_,.\7_
U

i ,/\ \\‘ =

—

LT ——

e

Adsorbed Volume (a. u.)
Volumetric Distribution (a. u.)

0.0 0.2 0.4 0.6 0.8 1.0 2

4
Relative Pressure Pore Size (nm)

Figure 4. (a) N, physisorption isotherms and (b) differential
volumetric pore size distribution of calcined MSS and MASS samples
calculated by NLDFT. The curves have been shifted in the y-direction
for better clarity. The dashed lines are a guide to the eye.

with narrow H4 hysteresis in general, suggesting the
coexistence of micropores and mesopores.”® In particular, the
extension of hysteresis loops below the relative pressure of 0.2
is strong evidence of the presence of micropores, but the
possibility of MSS and MASS being crystalline zeolites is ruled
out by the absence of corresponding peaks in the XRD patterns
(Figure 3). Moreover, the near-saturation adsorption at the
relative pressure of P/P, > 0.9 provides useful information
about the size and amount of macropores that correspond to
the macrochannels observed by electron microscopy (Figure
la—h). From MSS to MASS-1S, the increasing slope of
adsorption isotherms in the near-saturation range indicates an
increasing amount of relatively small macropores (dpOre = 50—
100 nm) which reflects the decrease in average channel width
and/or increase in number of channels. However, as the
channels continue to shrink and become discontinuous
eventually in MASS-30, very few macropores are accessible to
gas molecules, and a significant decrease in near-saturation
adsorption is seen.

More precise details about the pore structure of calcined
MSS and MASS samples can be obtained from the pore size
distribution reported in Figure 4b. It should be pointed out
that, in a Pm3n mesostructure, spherical pores are expected, the
size of which cannot be determined with decent accuracy by the
commonly used BJH method; instead, nonlocal density
functional theory (NLDFT) calculations covering a wider
range of adsorption modes are preferred.*® Nonetheless, as a
comparison, BJH pore analysis results are also reported in the
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Supporting Information (SI-4). Here the NLDFT kernel of
Quantachrome NovaWin was used assuming the adsorption of
N, on silica with a cylindrical/spherical pore structure. The
results in Figure 4b show clearly a bimodal size distribution of
mesopores. As further evidence of the Pm3n structure, the
bimodal distribution is consistent with published studies on the
pore structure of Pm3n mesoporous silica’’ Moreover, a
comparison of micropore volume in Table 2 shows a decreasing

Table 2. Textural Properties of Calcined MSS/MASS with
Different Amounts of NaAlO, in Precursor

sample SeT (mz g'l) Viniero (cm3 g_l) Vineso(2-30 nm)u (cm3 g'l)
MSS-cal 718 0.17 0.15
MASS-7.5¢cal 712 0.14 0.17
MASS-15cal 656 0.12 0.19
MASS-30cal 492 0.11 0.10

“Calculated with the NLDFT method.

trend as Al content increases, which matches the change in the
XRD peak intensity of the p6émm mesophase (Figure 3).
Considering in addition the relatively small size of pores that
can be accommodated in the p6mm mesophase, the micropores
are assigned to it while the mesopores in the size range 2—3 nm
are attributed to the Pm3n mesophase. Note that although the
micropore volumes of MASS-15cal and MASS-30cal are small
compared with the samples containing less Al, they still
contribute significantly to the total pore volume, which suggests
the possibility of p6mm mesophase in both samples. In fact, the
shoulder peaks observed in Figure 3 for MASS-15 and MASS-
30 at 20 = 3.4° may be caused by its presence. Similarly, the
notable amount of mesopores in MSS-cal could also mean that
MSS contains Pm3n mesophase, but its diffraction signal might
not be strong enough to generate well-resolved peaks. Overall
the volume of mesopores increases with the Al content up to
MASS-15 (Table 2), as also reflected by the height of hysteresis
loops in Figure 4a. Such evolution is a result of the Hofmeister
effect of [AIl(OH),]"; it causes the transformation of cylindrical
micelles that form micropores in the p6mm mesophase into
spherical micelles that are templates for mesopores in Pm3n.*
On the other hand, as depicted by Scheme 1 the narrow
openings that connect the spherical pores in Pm3n could limit
access of gas molecules and lead to “concealed” surfaces in the
physisorption experiments. As a result, decreased surface area is
observed with the progressive dominance of the Pm3n
mesophase from MASS-7.5 to MASS-30 (Table 2). The
dramatic drop in mesopore volume of MASS-30 can be
attributed to the same effect. Interestingly, Figure 4b shows that
the Al content does not affect the position of modes of the pore
size distribution but only their relative height. The change in
the relative population of larger and smaller mesopores is also
reflected by the slight shift of XRD peaks of MASS-30 toward
higher angles in Figure 3; it can be associated with the
abundance of smaller mesopores which results in a smaller unit
cell.

Indeed, the hierarchical pore structures are confirmed by
direct observation of the calcined samples through TEM. The
images with lower magnification, i.e., Figure 5a,c,e,g, show that
the spherical shape and macrochannels in all of the samples are
stable to calcination at 500 °C; no scaling or channel collapsing
are found. Under higher magnification (Figure Sb,d,fh), micro-
and mesopores are revealed. In MSS-cal and MASS-7.5cal
particularly, pores aligned to the radial direction with openings

Figure 5. TEM images of calcined samples: (a, b) MSS-cal, (¢, d)
MASS-7.5cal, (e, f) MASS-15cal, and (g, h) MASS-30cal.

1.0—1.4 nm wide can be clearly seen. It becomes difficult to
resolve the pore image as the Al content is further increased,
most probably due to the spherical shape of pores in Pm3n. For
example, although extended pores can still be found by carefully
observing the TEM image of MASS-15cal in Figure 5f, pores in
MASS-30cal all appear as discrete low-contrast dots in Figure
Sh.

Atomic-scale structures of MSS and MASS were studied by
NMR and FTIR techniques. The *’Al magical-angle spinning
NMR spectra in Figure 6 show only one type of Al in the as-
synthesized MASS, whose signal strength increases with the Al
content. The peak is located at around 54.5 ppm regardless of
the Al content, indicating that 100% of the Al is tetrahedrally
coordinated.*® The incorporation of Al into the tetrahedral
centers of the aluminosilicate framework is desirable in the
synthesis of acidic catalyst supports, as the AlI-OH—Si bridge
thus formed provides stronger acid sites that are more active
than those created by octahedral AL®> Compared with
aluminosilicates synthesized in acidic and/or hydrothermal
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Figure 6. *’Al magical-angle spinning NMR spectra of MASS samples
before/after calcination. Numbers in parentheses are percentages of
deconvoluted individual peak areas among total peak areas. Spinning
sidebands are marked by asterisks.

conditions,'®'%?*?% the higher percentage of tetrahedrally

coordinated Al is probably a result of the chemical state of Al
in the precursor solution. In neutral-to-acidic solutions, the
principal forms of AI** are octahedral [Al(H,0)]** and its
hydrolyzed hydroxy analogues. During the synthesis of
aluminosilicates, the hydrolysis and condensation of octahedral
APP* complexes compete with the incorporation of Al, usually
resulting in noticeable formation of extra-framework Al species
that appear as a peak at ca. 0 ppm in *’Al magical-angle
spinning NMR spectra.30 In contrast, the present system was
kept at a relatively high alkalinity, and Al was introduced as a
stable tetrahedral complex [AI(OH),]”, which prevented the
competing reactions during the mild sol—gel process. However,
after calcination, S-coordinated Al (peaks at ca. 30 ppm in
NMR spectra) and octahedral Al species appear (Figure 6),>°
though the majority of Al still remains in tetrahedral centers,
particularly in MASS-30cal sample.

The effect of Al incorporation is also reflected by FTIR
spectroscopy. In Figure 7, typical mid-IR absorption bands of
amorphous silica are observed for all of the as-synthesized and
calcined samples. For as-synthesized MSS, the strong band at
1063 cm™" with a shoulder at 1215 cm™ and the band at 795
cm™' can be assigned to the asymmetric and symmetric
stretching of Si—O in SiO, tetrahedra, respectively.”> Another
strong band at 455 cm™" is due to vibration of interconnected
SiO, tetrahedra.”* A weak band near 580 cm™! is attributed to
the bending mode of surface silanol group Si—OH,> though its
overlap with vibration modes of Si—O—Si ring structures is
possible.”® The surface silanol group should also exhibit a
stretching mode at around 960 cm™,%° but in this case the
latter cannot be resolved due to heavy overlap with absorption
bands of CTAB. As the Al content increases in the as-
synthesized samples, a red-shift is observed in all of the Si—O
vibration modes, which has been attributed to the incorpo-
ration of Al in silica frameworks.***” It is believed that the
lower electronegativity of Al compared with Si causes the
immediately neighboring O to gain extra electron density, thus
weakening the Si—O bond. Notably, a new band at 870 cm™
emerges in the spectrum of MASS-30 that is assigned to the
interactive vibration of AlO, tetrahedra.®® It is apparently a
result of extensive incorporation of Al that increases the

MSS

MASS-7.5

MASS-15

MSS-cal

1037

MASS-7.5cal

Transmission (a. u.)

MASS-15cal

MASS-30cal

1400 1200 1000 800 800 400
Wavenumber (cm™)

Figure 7. FTIR spectra of as-synthesized and calcined MSS and MASS
samples.

probability of neighboring Al coordination centers. In addition,
two bands at 1408 and 1397 cm™" assigned to adsorbed NH,"
are also observed for MASS-30,°""°" further confirming the
competitive adsorption of NH," and Na* during the sol—gel
synthesis (eq 4). It is worth pointing out that NH," usually
appears as a single peak at 1400 cm™, but in the present case
the overlap with OH bending modes of hydrogen-bonded H,O
manifested the peak as a doublet.

After calcination, a noticeable blue-shift occurred in all of the
absorption bands related to the vibration modes of Si—O which
indicates a denser framework in general. Moreover, the red-
shifts caused by Al incorporation persisted; the Al still remained
in the framework. As a result of thermally induced
condensation of surface silanol groups, the intensity of the
broad bands near 580 cm™! decreased. On the other hand, the
complete removal of CTAB during calcination allowed for the
stretching mode of Si—OH to be resolved. For MSS-cal it is
located at 963 cm™'. Similar to the stretching modes of
framework Si—O, it also experiences a red-shift due to
incorporation of Al, and meanwhile, a decreasing trend in its
intensity is observed. The red-shift can be explained by the
presence of less electronegative Al neighboring the silanol, and
the decreasing band intensity suggests that Al promotes the
condensation of silanol groups, probably by forming Si—O—Al
linkages.62 Accompanying the attenuation of Si—OH vibration
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modes, two bands at 891 and 730 cm™' emerged gradually
which are assigned to the vibration modes of interconnected
and isolated AlO, tetrahedra, respectively.*** It should be
pointed out that the absorption band of isolated AlO, is also
present in the spectrum of as-synthesized MASS-30, but it is
covered by the absorption bands of CTAB at 719 and 730
em™,

3.2. Effects of Water. Figure 8a—c presents the
morphology of MASS-15 synthesized with varied amounts of
water. The most obvious morphological effect of water is
inhibition of particle aggregation, which can be partially
understood as a result of a change in the relative rate of
TEOS hydrolysis and silicate condensation. As shown in eqs 5
and 6, the sol—gel synthesis of siliceous materials can be
considered a reaction series: TEOS is first hydrolyzed into less
ethylated species which (represented by H,SiO, here for clear
presentation) then undergo condensation to form oligomers
and eventually SiO, precipitate. The increase in water
concentration speeds up the hydrolysis and hence the
formation of poorly soluble condensed silicates. From the
classic view of crystal growth,®* the large degree of super-
saturation favors burst nucleation. If followed by a controlled
growth step, narrow particle size distribution can be obtained.
In the present system it could be achieved by depletion of Si
source before secondary nucleation occurred and/or particles
coalesced due to Brownian motion-induced collision. The use
of more than 25 mL of water has apparently created such
optimal conditions (Figures 8b,c and 1e). In addition, reaction
between surface silanol groups and silica sources has been
proposed to be important in the growth stage of mesoporous
silica spheres,”® which can be viewed as a heterogeneous
condensation step (eq 7). As shown in eq 8, condensation
between silanol groups is also possible, causing particle
coalescence upon collision. The addition of water may stabilize
the silanol group and prevent the formation of interparticle
linkages (eq 8), hence contributing to a better size uniformity.
On the other hand, the addition of water could also drive a
larger amount of toluene into the dispersed phase in the
microemulsion and hence result in higher viscosity, which in
turn slows down particle coalescence.

Si(OC,H,), + xH,0

— Si(OC,Hy),_,(OH), + xC,H,OH (3)
nH,SiO, — nSiO, + 2nH,0 6)
Si—OH + H,SiO, — Si—0-Si(OH), + H,0 (7)
Si—OH + HO-Si —» Si—0-Si + H,0 (8)

In a comparison of the N, sorption isotherms of MASS-15
synthesized with increasing amounts of water (Figure 9a),
slightly enhanced near-saturation adsorption can be observed
which indicates an increase in macropore volume. Correspond-
ing morphological evidence can also be obtained by careful
comparison among parts a—c of Figure 8. Such an increase
reflects the volume change of toluene nanodroplets due to
lower solubility of toluene in a water-rich mixture. Moreover, a
closer look at the textural properties of these samples in Table 3
shows that the surface area and mesopore volume are sensitive
to the water content; they decrease to similar extends as the
amount of water increases. The decrease can be attributed to
the lower structural orderliness as a result of fast particle
growth.® In contrast, the mesopore size distribution (Figure

20001

Figure 8. TEM and FESEM images of as-synthesized (a) MASS-
15w24, (b) MASS-15w25, (c) MASS-15w27, (d) MASS-15t0, (e, f)
MASS-15t100, (g, h) MASS-15t300, and (i, j) MASS-15t750. Images
of MASS synthesized with other amounts of water are reported in the
Supporting Information (SI-S).

9b) and micropore volume (Table 3) are not affected by the
amount of water.

3.3. Effects of Toluene. As the structure-directing agent of
macropores, toluene significantly affects their formation in the
present system. The electron microscope images in Figure 8d—f
show that no macropores are formed without or with 100 uL of
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Figure 9. (a) N, adsorption—desorption isotherms and (b) volumetric
pore size distribution of calcined MASS-15 synthesized with different
amounts of toluene and water. The curves have been shifted in the y-
direction for better clarity.

Table 3. Textural Properties of Calcined MASS-15 with
Different Amount of Water and Toluene in Precursor

sample G ey e
MASS-15w24cal 797 0.10 0.27
MASS-15w25cal 694 0.11 0.22
MASS-15w27cal 545 0.11 0.14
MASS-15t0cal 856 0.05 0.35
MASS-15t100cal 858 0.08 0.31
MASS-15t300cal 830 0.09 0.31
MASS-15t750cal 523 0.09 0.17

“Calculated with the NLDFT method.

toluene added. In these cases the concentration of toluene is
below the solubility limit, and instead of microemulsion a
homogeneous precursor solution is formed. Particle aggrega-
tion can be observed, probably due to the lower viscosity of the
homogeneous solution which could not dampen the collision
between forming particles effectively. When the amount of
toluene is further increased to 300 and 750 uL, macropores
emerge and grow in volume, and the uniformity of particle size
is improved (Figure 8g—j). The changes in macropore volume
are also reflected by N, sorption isotherms plotted in Figure 9a;
the near-saturation adsorption is negligible for MASS-15tOcal
and MASS-15t100cal, while it becomes significant for products
synthesized with larger amounts of toluene. Additional effects
of introducing toluene are reflected by a summary of textural
properties in Table 3. It is clear that the surface area decreases
significantly only when more than 300 yL of toluene is added,
and the mesopore volume also follows a similar trend.

Considering the trend in the evolution of macropores, this
phenomenon should be associated with the presence of
microemulsion. We believe that the formation of micro-
emulsion consumes CTA" as stabilizing agent at the oil—
water interface and decreases the amount of CTA" available to
form mesopore-directing micelles. Consequently, the mesopore
volume (Table 3) as well as the closely related surface area
decreases. Since an increase in the amount of water can lead to
larger volume of toluene nanodroplets, the same mechanism
should also play a role in the dependence of surface area and
pore volume on water content discussed earlier. In addition, the
presence of toluene seems to promote the formation of
micropores, but its amount is less important. The pore size
distribution in Figure 9b does not indicate any shift of modal
sizes, and the swelling of micelles can be excluded. It is thus
speculated that the dissolved toluene enhances interaction
between CTA molecules and leads to an increased number of
cylindrical micelles that form micropores.

3.4. Effects of Other Synthesis Parameters. In addition
to the amount of water and toluene, other synthesis parameters
including the amounts of NH;, CTAB, and TEOS were also
studied. The results are reported in the Supporting Information
(SI-6). Basically, they exhibit less significant morphological
effects.

3.5. Catalytic Experiments. Porous silica has a long
history of being used as catalyst supports. In recent years as
global warming has gained public awareness, interest in the
catalytic conversion of CO,, the major greenhouse gas, has
dramatically increased.®” The majority of works under this topic
have been focused on Cu-based catalysts which were
traditionally used for methanol synthesis. In this context we
illustrate the application of the present MSS and MASS-15 by
loading them with a Cu/ZnO composite (the resultant catalysts
are denoted as CZMSS and CZMASS-15, respectively) and
testing the catalysts in the model reaction of CO, hydro-
genation. A nominal metal loading of 5% Cu and 3% ZnO by
weight was used. CO, methanol, and dimethyl ether (DME)
were detected to be the only carbon-containing products.
Additionally, catalytic properties of more complex catalysts
based on MSS/MASS (e.g., Cu/ZnO-loaded MASS with its Na
content exchanged with Mg and Cu/ZnO/Ga,0;-loaded
MASS) were also investigated, and the results are presented
in the Supporting Information (SI-7).

Figure 10a shows that, without incorporation of Al, the
CZMSS exhibits high specific activity comparable to published
results of fumed SiO,-loaded Cu/ZnO catalysts (ca. 56 mol
CO, kg™ metal h™' at steady state).%® Slow increase in the
activity and organic selectivity can be observed in Figure 10a,b,
respectively, which indicates continuous surface reconstruction
of the active component promoting the formation of methanol.
It has been suggested that Zn-doped atom “steps” on Cu
surface, having much higher methanol synthesis activity than
their counterparts on pure Cu surface, are the active sites in
industrial Cu/ZnO/AL,O; catalysts,” and the aforementioned
surface reconstruction can be regarded as diffusion of Zn
toward Cu surfaces. However, Figure 10c shows that without
functionalization of the silica support, no DME formed using
the Al-free CZMSS catalyst.

As a result of Al incorporation, remarkable change in activity
and product composition can be observed in Figure 10a,c. For
example, CZMASS-15 catalyst shows a lower specific activity
but a significant increase in DME product, which reflects the
acidity of MASS-1S. It has been generally accepted that, in
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Figure 10. Results from catalyst evaluation of CZMSS and CZMASS-
15: (a) specific activity (CO, consumption rate normalized by total
amount of Cu and Zn in catalyst), (b) organic selectivity (rate of CO,
converting to dimethyl ether and methanol divided by the total CO,
consumption rate), (c) mole ratio between dimethyl ether and
methanol in product stream, and (d) XRD patterns of spent catalysts.

methanol synthesis, DME is formed at Breonsted acid sites by
the dehydration of methanol.’” The CZMASS-15 can thus be
viewed as a bifunctional catalyst where the Cu/ZnO composite
catalyzes methanol synthesis and the aluminosilicate support
acts as solid acid catalyzing methanol dehydration. Assuming
that DME was only derived from methanol as the intermediate,
the conversion of methanol to DME reached 61%. Although
the calculated organic selectivity for CZMASS-15 fluctuates
greatly in Figure 10b due to random error being magnified by
the low conversion, the overall trend follows that of CZMSS.
Surface reconstruction similar to that in CZMSS can be
expected.

After the catalytic reaction, the spent catalysts were analyzed
by XRD. Figure 10d shows that Cu and/or Cu,O was present
in the samples. Considering the strongly reducing environment
of the reaction, Cu,O should not exist in significant amounts
during the reaction; it was formed presumably by the oxidation
of Cu in air. Despite large efforts in controlling the exposure of
the samples to air, their oxidation which continued in the
sample chamber of the diffractometer was inevitable. Never-
theless, the degree of oxidation and status of the remaining
unoxidized Cu particles provide valuable insights about the
catalyst. CZMSS exhibits particularly weak diffraction peaks of
Cuy, and the oxidation of Cu particles was practically complete.
It suggests a highly dispersed status and very reactive surfaces of
Cu, which explain the higher activity of CZMSS (Figure 10a).
In contrast, CZMASS-15 shows a strong diffraction signal from
Cu, which is an indication of more severe sintering than
CZMSS. In addition, Cu,O formation is insignificant for
CZMASS-15 probably due to limited Cu surface area. The main
factor in the Cu sintering of CZMASS-1S is believed to be
limited pore accessibility during impregnation. As discussed
earlier, the Pm3n mesophase in MASS-1S consists of spherical
pores connected by narrow holes where considerable surface

tension may prevent solutions from wetting the entire pore
network. Compared with the case of MSS where the cylindrical
pores of the p6mm mesophase are more accessible, a larger
portion of metal precursors might be kept near the surface of
MASS-15. During calcination and catalyst activation, the metal
precursors on the surface sinter more easily to reduce dispersity
of the metal particles and hence activity. For CZMSS, it is
possible that the metal particles formed deep inside MSS were
confined by the pore walls, which prevented sintering.”

4. CONCLUSIONS

We have demonstrated for the first time the single-step
synthesis of monodisperse aluminosilicate spheres with
hierarchical macro-meso-microporous structure at room
temperature. The CTAB-stabilized microemulsion system
provided multiscale soft templates for the hierarchical pore
structure where micropores contributed up to over 50% of total
pore volume. Meanwhile, the formation of microemulsion was
shown to be the key to obtaining monodisperse particles, most
probably due to its rheological properties. In addition, the
alkaline environment of the precursor mixture allowed for
stable existence of [AI(OH),]” and hence incorporation of Al
in an exclusively four-coordinated state with an Al/Si ratio
conveniently tunable between 0 and 0.35. The present work has
illustrated the generality and practicality of Hofmeister anion
effects in materials synthesis, linking two important topics
about siliceous materials, namely, chemical functionalization
and pore engineering. To the best of our knowledge,
simultaneous tuning of macro-, meso-, and micropores with
the incorporation of heteroatom in silica and, in particular,
synthesis of monodisperse aluminosilicate particles with such
hierarchical structures have not been reported before. The
possibility of achieving monodispersity of product particles will
also facilitate our future development and utilization of this
class of novel porous materials.
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