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Mesoporous alumina with two kinds of morphologies has
been synthesized via the metal-organic frameworks (MOFs)
derived route. In this approach, alumina nanosheets and
nanorolls were synthesized from two topologically identical
Al-based MOFs, MIL-53 and DUT-5, using a two-step
calcinations  procedure, respectively. The obtained
mesoporous alumina exhibits high specific surface area.

Mesoporous metal oxides, as a kind of new functional
materials, has very important application in catalysis, separation,
adsorption, optoelectronics and environmental fields."” Among
these inorganic materials, alumina is extremely attractive due to
their unique properties, such as thermal stability, adsorption
behavior and catalytic activity. ®** Diverse methods have been
applied to the synthesis of mesoporous alumina, e.g. soft
templating, hard templating, nanoparticle self-assemblely, etc.
However among these methods, the high temperatures needed to
crystallize the amorphous oxide and remove the template result in
collapse of the micropores. It is still a significant challenge to
make crystalline alumina that contains large pores.

Porous metal-organic frameworks (MOFs) are coordination
polymers consisting of metal ions (or clusters) and organic
linkers. These MOFs have attracted much attention due to their
wide variety of porous structures.*” The porosity and long-
range ordering of MOFs offer an opportunity to synthesize
ordering porous oxide.'®?® A simple pyrolysis method is used for
preparing mesoporous metal oxides due to the metal ion
coordination can inherit the original spatial structure of
MOFs.2%" This is a novel route for controllable synthesis and
directed assembly of mesoporous metal oxide. Here we report a
simple and tunable MOFs-templated strategy by pre-synthetic
ligand design for the synthesis of mesoporous alumina. We
choose 1,4-benzenedicarboxylic acid (BDC) and biphenyl4,4 -
dicarboxylic acid (BPDC) as ligand to construct two kinds of Al-
MOF crystal (MIL-53 and DUT-5) under mild solvothermal
conditions. Meanwhile, porous alumina was prepared via two-
step calcination procedures. Briefly, Al-MOFs was first heated in
N, gas to obtain black carbon/alumina composite (denoted as C-
Al/MIL and C-Al/DUT), then calcinated in O, to get the final
product of whiter alumina (denoted as AI/MIL and AI/DUT). The
carbon matrix formed during carbonization in N, in which the
metal and metal oxides were embedded. Finally, upon oxidation
in O, at higher temperature, the carbon matrix evaporated,
generating highly porous nanostructures metal oxides.
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so  Scheme.l lllustration of the synthesis procedure for obtaining porous
alumina derived from Al-based MOFs

In this approach, the morphologies, textures and porosities of
alumina can be controlled by the topological space structure of
ss MIL-53 and DUT-5, which posses same secondary building unit
(SBU) and different organic ligand. The change of the organic
linker can strongly affect the morphologies of MOFs derived
compounds. Two-dimensional alumina nanosheets and one-
dimensional nanorolls were formed via the conversion of MIL-53
s and DUT-5, respectively. The detailed synthesis strategy for
which is visibly depicted in Scheme 1.

The crystal structure of MOFs templates were examined by
wide-angle X-ray diffraction (XRD) measurement (Fig.1). The
relative intensity and peak positions in the XRD pattern is

es consistent with previous reports,?**° confirming the formation of
the crystalline frameworks Al(OH)(bdc) H,0 and Al(OH)(bpdc).
MIL-53 is composed of AlO4(OH), octahedra chains by corner
sharing, linked to terephthalate ligands to form three-dimensional
structures.”® DUT-5 which is based on biphenyl-4,4'"
70 dicarboxylic acid, is isoreticular to MIL-53, however the rigid
framework does not allow breathing of the structure as observed
for flexible MIL-53.3° The XRD pattern of the calcined product
C-Al/MIL and AI/MIL is given in Fig.1(a) and Fig.1(b). In
contrast to the sharp peaks of the original MOFs crystals, C-
s AI/MIL particles after carbonization showed broadened and less-
resolved peak. This means the frameworks of MIL-53 is
collapsed during the carbonization at 550<C in N, and the
carbon/alumina composite is formed. After thermal treatments of
C-Al/MIL at 650<C in O,, the pure porous alumina was obtained
s due to the evaporation of carbon. The peaks of AI/MIL
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correspond to the y-alumina phase with a cubic unit cell (JCPDS
file N0.10-0425). In the case of compounds derived from DUT-5,
as shown in Fig.1(c) and (d), the XRD patterns of C-Al/DUT and
AI/DUT exhibit more broad diffraction peaks, indicating that the
degree of crystallization is lower than that of compounds derived
from MIL-53,which should be amorphous alumina phase. No
peaks from MOFs or other phase are observed, indicating the
high purity of the calcined product.
Thermo gravimetric analysis (TGA) (Fig.S1) shows both
10 MOFs templates decompose at the same temperature range of
500 to 650C. MIL-53 and DUT-5 were heated evenly and
transformed into Al203 by the departure of BDC and BPDC
ligand. During the transformation process, the inorganic building
units start to dehydrate gradually and assemble automatically. In
15 this approach, two-step calcinations procedure was using for
obtaining the mesoporous alumina. Firstly, the carbon matrix
formed during carbonization in Ny, in which the metal and metal
oxides were embedded. Secondly, upon oxidation in O, at higher
temperature, the generated carbon dioxide can release through the
20 channels and pores in precursor. The carbon formed during the
thermal decomposition of the MOFs is possibly responsible for
stability of frameworks and this carbon can act as the barrier
which prevents the particles from agglomerating, induce the
uniform pore distribution and relatively high surface area of
25 products.
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Fig.1 XRD patterns of samples derived from MIL-53 and DUT-5: (a) C-
AI/MIL (b) AI/MIL; (c) C-Al/DUT, (d) AI/DUT. The inset shows XRD
patterns of MIL-53 and DUT-5

»  The morphologies and microstructures of the products were
also investigated by TEM. The alumina derived from MIL-53
shows typical sheet-like morphology, and channels arranged in
parallel can be observed among the sheets (Fig.2), which reflect
the regular arrangement of 1D aluminum chains in the precursor.

s We believe that the formation of nanosheets is actually the
outward embodiment of the nature of MIL-53 crystal structure.
The structure of MIL-53(Al) consists of a three dimensional
framework built up from the interconnection of infinite chains of
corner-sharing octahedral AlO4(OH), with 1,4-

10 benzenedicarboxylate ligands.?® The AI** is coordinated to four
oxygen atoms from four carboxylic groups and two hydroxyl
groups located in trans position. The AlO,(OH), units are linked
to each other through the two opposite hydroxyl groups and this
generates an infinite chain running along the ¢ axis.?® The two

45 carboxylate functions of each benzenedicarboxylate anion are
linked to two distinct adjacent aluminum cations. This connection
in the framework generates one dimension channels with large

pore sizes. After heating in inert atmosphere, the
benzenedicarboxylate (BDC) linker can be gradually broken and
so the final remainder is transformed into carbon/alumina
composites. During the process of elimination of BDC linker, it is
proposed that the inorganic building units start to dehydrate
gradually and assemble automatically and maintain the layer
alignment of their parent MIL-53(Al) with highly arrangements.
ss Hence, when MIL-53 undergoes the hydrothermal process, the
final product is always inclined to form nanosheets. However,
TEM of products derived from DUT-5 exhibits a one dimensional
fiber-like morphology as shown in Fig.3. By careful observation,
we found most fibers are the scroll sheets structures. The
e framework-topology of DUT-5 is isoreticular to MIL-53,
however its organic linker is longer than that of MIL-53.% It is
proposed that the final product derived from DUT-5 under
thermal treatment is also always inclined to form nanosheets.
However, because the organic ligand length increases, DUT-5 has
es a larger pore and interlayer spacing between adjacent AI-O
octahedral chains than that of MIL-53. Due to increasing the
distance between AI-O chains, the sheet morphologies is not
stable, tend to curl up. We think that the thermal stress can
provide the power for the sheets wrap into rolls. In addition, it is
70 note that the final product (alumina) and intermediate product
(carbon/alumina) maintain the similar structures, which indicates
that carbon removal have no obvious effect on the frameworks.

ﬁ‘ 200nm
Fig.2 TEM images of samples derived from MIL-53: (a)(b) C-Al/MIL;
75 (c)(d) A/MIL

Fig.3 TEM images of samples derived from DUT-5: (a) C-Al/DUT; (b,c)
Al/DUT

N, adsorption-desorption analysis was carried out to
g0 characterize the specific surface area and porosity of the as-
prepared samples. As shown in Fig.4, the adsorption-desorption
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isotherms of samples exhibit type IV mode, which is related to
mesoporous materials. The porosity properties of the samples
made by MIL-53 and DUT-5 are summarized in Table S1.
Clearly, all the compounds show high BET surface area and total
s pore volume. Such a high surface area results from high porosity
that inherits from the original spatial structure of parent MOFs.
The mesopore size distribution curve shows a size distribution
about 10-20nm (average pore diameter). Particularly, alumina
derived from DUT-5(AI/DUT) has a BET surface area of 269.9
wm?g? and a total pore volume of 1.397 cm®g?, which are
significantly higher than those prepared from MIL-53 (88.6 cm®g’
Land 0.259 cm®g™). For the alumina derived from MIL-53 it was
observed that the porosity is basically made up of channel-like
mesopores, as suggested by the hysteresis loop in nitrogen
15 adsorption isotherms and evidenced by the TEM images. On the
other hand, the textural properties of DUT-5 derived samples
have a curl-shape and the individual fiber exhibits a middle-
hollow structure. This makes the adsorption capability of material
greatly enhanced. We also note that the BET surface area of
20 alumina slightly higher than that of carbon/alumina composite.
This is due to the generated carbon dioxide can release through
the channels and pores in precursor upon thermolysis in O,
generating highly porous nanostructures.
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2 Fig.4 N, adsorption-desorption isotherms and BJH pore size distribution
of samples: (a) C-Al/MIL; (b) AI/MIL; (c) C-Al/DUT; (d) Al/DUT
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We conducted a low pressure static CO, adsorption-
desorption experiment at 273 K. Fig.5 shows the adsorption-
desorption isotherms of samples derived from MIL-53 and DUT-

30 5, respectively. The alumina AI/DUT achieved CO, capture
capacity up to 18.6 cm®/g at pressure of 1 bar. The adsorption
capacity of sample derived from DUT-5 is noticeably higher than
that of sample derived from MIL-53 (14.6 cm®(g). This can be
attributed to the high surface area of sample made by DUT-5,

35 which leads to more adsorption sites exposed to CO,. However
both products show not very high adsorption capacity for CO,
due to the low pressure (~ 1 bar) condition. It is expected that at
high pressure (~ dozens of bar) the obtained alumina will exhibit

higher CO, adsorption capacity. We will continue to carry out the

40 next step of research. Compared to pure alumina products, the
carbon/alumina composites provided a much larger adsorption
capacity. This remarkable enhancement of CO, adsorption was
caused by several factors. The high porosity of the carbon matrix
can facilitate fast CO, diffusion and promote accessibility to the

45 pore surface. In addition, dispersed Al,O3; confined in carbon
matrix can provide discrete active sites for CO, adsorption.
Therefore, increased adsorption sites for CO, are expected in
carbon/oxides composites made by MOFs, which can lead to an
improved CO, adsorption performance.
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Fig.5 CO; adsorption-desorption isotherms of samples at 273K

In summary, we have presented a novel and general synthesis
strategy for producing porous alumina with tunable morphologies,
size and porosities. Topologically identical MOFs templates

ss MIL-53 and DUT-5 was synthesized by pre-synthetic ligand
design. Two-dimensional porous alumina sheet and one-
dimensional porous alumina rolled sheet were formed via the
calcinations of the MIL-53 and DUT-5. Because of the porous
structure inherited from the original MOFs crystals, the as-

e Synthesized mesoporous alumina exhibits high specific surface
area. The present synthetic strategy is easily controlled and can
be used to prepare other mesoporous metallic oxides.
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