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Well-defined boehmite (y-AIOOH) nanomaterials with regu-
lar shapes, which include nanorods, nanobelts, and nano-
plates, were prepared by hydrothermal reactions of y-AIOOH
nanoparticles, to which H,SO,, CH3COOH, and HCl were
added to regulate the shape of the products. The formation
of the nanomaterials with different shapes could be attrib-
uted to adsorption of SO42-, CH;COO™, and CI~ on the crystal
planes, which affected the oriented aggregation of the raw
v-AlOOH nanoparticles and the growth of the aggregates.

The difference in the adsorption abilities of the acidic anions
resulted in the different shapes of the products. The corre-
sponding shape-retained y-Al,O3; nanomaterials were ob-
tained after calcination. Furthermore, the differently shaped
nanomaterials exhibited different adsorption capabilities for
Cr,0,% in aqueous solution, and the nanobelts showed an
adsorption of up to 95.5 %. The exposed crystal facet of the y-
AlOOH nanomaterials is an important factor that affects the
adsorption ability.

Introduction

Boehmite (y-AlIOOH) attracts widespread attention, be-
cause it is widely used as catalyst,['! adsorbent,”) and com-
posite.’! y-AIOOH can also be used as a crucial precursor
for the synthesis of nanoscale y-Al,Os3, as the shape can be
retained during the phase transformation from y-AIOOH
to y-AlL,O3." In previous reports, the design and synthesis
of y-AIOOH nanomaterials have attracted great interest be-
cause of their size- and shape-dependent properties. For ex-
ample, the photoluminescence spectra of y-AIOOH nano-
platelets and nanowires display different emission bands ac-
cording to their distinct sizes and morphologies.’! The core/
shell microspheres exhibited superior adsorption abilities
compared with commercial y-AIOOH nanoparticles.) To
date, many y-AIOOH nanomaterials with different shapes
such as fibers,[! rods,*8] tubes,”>? and plates®*1% have
been  prepared.  Hydrothermal or  solvothermal
routes,[7-811:121 sol—gel techniques,!'¥ and the thermal de-
composition of organic complexes!'*! are usually applied to
synthesize y-AIOOH nanomaterials. The hydro/solvother-
mal route uses moderate conditions and allows easy control
of the shape and crystallinity of the products. Surfactants,
organic additives or the hydrothermal conditions can be ad-
justed to control the particle morphology;l-3:11:12.15] how-
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ever, the detailed shape-control mechanism and the size-
and shape-dependent properties need to be further investi-
gated.

Initial nanoparticle materials with specific morphologies
and new properties are of great interest in the area of mate-
rials synthesis and device fabrication.'® The assembly of
the initial nanoparticles generally results in significant
changes to the morphology, dimensions, crystallographic
structure, and properties.'’l Many nanomaterials with vari-
ous shapes have been fabricated by oriented attachment of
nanoparticles;['® 23 however, the assembly of y-AIOOH
nanoparticles has rarely been reported. Herein, we report
the synthesis of y-AIOOH nanomaterials with regular
shapes, which include nanorods, nanobelts, and nanoplates,
through the assembly of y-AIOOH nanoparticles that uses
H,S0O,4, CH3;COOH, and HCI as shape-directing agents,
and the detailed fabrication mechanism is investigated.
Furthermore, the product can easily be scaled up to a few
kilograms, which provides a simple and cheap method for
the controllable large-scale preparation of y-AIOOH nano-
materials with regular shapes. In addition, the adsorption
properties of the products were investigated. The materials
exhibit shape-dependent adsorption capabilities for Cr,0,?
in aqueous solution.

Cr,0,> is the most toxic primary pollutant in water that
threatens the survival of mankind.['>*! In previous reports,
boehmite materials have proven to be useful in the treat-
ment of Cr,O,>-containing waste water.”J It has been re-
ported that the efficient removal of Cr,O,> from aqueous
solutions by y-AIOOH was due to the relatively large sur-
face and mesoporous structure of the material; however, the
effect of the exposed crystal facet was not considered.[>12¢]
In this study, y-AIOOH nanomaterials with different shapes
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from similar hydrothermal systems and the same y-AIOOH
nanoparticle precursor provide the opportunity to investi-
gate the effect of the exposed facet on the adsorption prop-
erties, and it is revealed that the (1 0 0) facet exhibits supe-
rior adsorption properties for Cr,O4%" in aqueous solution,
in which the nanobelts showed an adsorption of 95.5%.

Results and Discussion

Morphology and Structure

Figure 1 shows the XRD patterns and scanning electron
microscopy (SEM) images of the products formed in the
presence of H,SO,, CH;COOH, and HCI. The reflections
of all the products were readily indexed to the orthorhom-
bic boehmite phase y-AIOOH (JCPDS No. 83-2384), and
no characteristic peaks of impurities are observed. In the
presence of H,SO,, the XRD peaks of the product are
much weaker than those of others, which indicates that the
acid affects the crystallinity of the product, and the lower
intensity and broadening of the peaks is attributed to
smaller crystal size. SEM images indicate that nanorods
with a diameter of 8-35 nm and length of 100-400 nm were
produced in the H,SO, system. Nanobelts with a thickness
of 15-25 nm, width of 30-70 nm, and length of 100-800 nm
with the arrow-headed ends were formed in the CH;COOH
system. Square nanoplates with a thickness of 20-40 nm
and side length of 55-155 nm were obtained from the HCI
system.

Figure 2 gives the TEM images of the products, which
are in accord with the SEM images. The high-resolution
(HR)TEM images of a nanorod, nanobelt, and nanoplate
show the continuous lattice fringes, which demonstrates
their single-crystalline nature. For the nanorods, the in-
terplanar distance is ca. 0.199 nm, which could be ascribed
to the (0 6 0) plane of y-AlIOOH, and the corresponding
fast Fourier transform (FFT) pattern (Figure 2d, inset)
shows the growth direction along [0 0 1]. For the nanobelts,
interplanar distances of 0.286 and 0.234 nm could be as-
signed to the (0 0 1) and (0 3 1) planes of y-AIOOH, respec-
tively, which was confirmed by the FFT pattern (Figure 2e,
inset). The long axis of the nanobelt is parallel to the [0 0 1]
direction, and the wide plane of the nanobelt is perpendicu-
lar to the [1 0 0] direction. For the nanoplates, interplanar
distances of 0.244 and 0.234 nm were assigned to the (0 5 0)
and (0 3 1) planes of y-AIOOH, and the FFT pattern (Fig-
ure 2f, inset) reveals that the preferred surface of the nano-
plate is the (100) plane. Although the HRTEM images
reveal that the products are single crystals, the obvious dif-
ference in contrast and the defects observed imply the ori-
ented-attachment growth of the y-AIOOH nanoparticles.

FTIR spectra of the raw material and the products show
absorptions at almost the same wavenumbers but with dif-
ferent intensities. The broad absorptions at 3095 and
3305 cm ! are attributed to the symmetric and asymmetric
stretching vibrations of —OH groups (Figure 3),’ and
those at 2100 and 1970 cm! are attributed to the vi-
brational overtones of the surface —OH groups of y-
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Figure 1. XRD patterns and SEM images of the products formed
in the presence of H,SO, (a, d), CH;COOH (b, ¢), and HCI (c, f).

AIOOH.>! The five absorption bands at around 1165,
1075, 745, 625, and 487 cm™! are assigned to the O-H bend-
ing, (HO)-Al=0 asymmetric stretching, (AlO)-O-H angle
bending, (OH)-Al=0 angle bending, and O=Al-(OH) an-
gle deformation (wagging) vibrations, respectively, which
are the fundamental modes of the vibrations of nonlinear
boehmite.[>2%] These results indicate that only some ab-
sorbed water molecules and hydroxy groups are on the sur-
face of the products.

There are three mass-loss steps in the thermogravimetric
analysis (TGA) curves of the nanorods, nanobelts, and nan-
oplates: below 200 °C, from 200-800 °C, and above 800 °C
(Figure 4). The mass losses below 200 °C are 3.60, 0.47, and
1.15% for the nanorods, nanobelts, and nanoplates, respec-
tively, which are attributed to the removal of adsorbed
water. The mass loss of the nanorods at 200-800 °C of ca.
13.22% is due to the removal of structural water and the
surface -OH groups from y-AIOOH, which corresponds to
the phase transformation from y-AIOOH to y-Al,03,1
whereas the mass losses of the nanobelts and nanoplates
are 15.16 and 15.14%, respectively, which are higher than
that of the nanorods and match well with the theoretical
value of 15% on going from y-AIOOH to y-Al,Os. The
5259

WWW.eurjic.org



L. Zhang, X. Jiao, D. Chen, M. Jiao

Figure 2. TEM and HRTEM images of the products formed in the
presence of H,SO, (a, d), CH;COOH (b, e), and HCI (c, f). Inset
in a, b, and c are the corresponding structure sketch maps, and
those in d, e, and f are the corresponding FFT patterns.
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Figure 3. FTIR spectra of the raw material (a), nanorods (b), nano-
belts (c), and nanoplates (d).

TGA curves of the nanobelts and nanoplates show small
mass losses (0.95 and 1.18%, respectively) after 800 °C,
which might be due to the removal of the surface -OH
groups from y-Al,O;. The TGA curve of the nanorods
5260

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

shows a 3.01% mass loss after 800 °C, which might be due
to their larger surface area, which is in accordance with the
larger mass loss of absorbed water before 200 °C.
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Figure 4. TGA curves of the nanorods (a), nanobelts (b), and nano-
plates (c).

Large-scale experiments produce similar results, and the
corresponding XRD patterns and TEM images are shown
in Figure S2. The reflections of all the products from the
large-scale syntheses were also indexed to the orthorhombic
boehmite phase of y-AIOOH, and those of the product
from the large-scale H,SO, system are also much weaker
than the others. The TEM images of the products from the
large-scale experiments are almost the same as the typical
products discussed above.

Formation Mechanism of the Products

Time-dependent experiments were conducted to investi-
gate the formation process of the y-AIOOH nanomaterials.
As shown in Figure 5, after the hydrothermal reaction at
240 °C in the presence of H,SO, for 1h, the majority of
product was rice-grain-shaped particles with a length of ca.
10 nm, and a few of nanorods with a length of ca. 30 nm
were observed. When the reaction was carried out for 2 h,
nanorods with a diameter of 10 nm and a length of 50—
100 nm were formed. With increased reaction time, the
length of the nanorods obviously increased, and the dia-
meter increased very slowly. For the CH;COOH system,
15-60 nm irregular nanoplates and nanobelts with a length
of 100 nm were obtained after a hydrothermal reaction of
1 h. On increasing the reaction time to 2 h, almost all of
the nanoplates turned into nanobelts. Nanobelts with a
width of 20-40 nm and a length of 60-250 nm were pro-
duced when the reaction time was prolonged to 3 h. When
the reaction was conducted for 17 h, nanobelts with a width
of 30-70 nm and a length of 100-800 nm were obtained
(Figure 2). For the HCI system, after hydrothermal reaction
of 1 h, 20-50 nm elliptical nanoplates were formed. On pro-
longing the reaction time to 2 h, the nanoplates grew larger,
and the length/width ratio slightly decreased. Finally, quasi-
square nanoplates with a side length of 55-155 nm were
obtained (Figure 2).
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Figure 5. TEM images of the products from hydrothermal reaction
systems at 240 °C for different times. H,SO,4 system: 1 h (a), 2h
(b), 3 h (c); CH3COOH system: 1 h (d), 2 h (e), 3 h (f); HCI system:
1h(g), 2h (h), 3h (i).

Combining the time-dependent experiments with the
HRTEM results, the y-AIOOH nanoparticles aggregated
and grew into different shapes under hydrothermal condi-
tions in different acid systems. The —OH groups in the
(010) and (100) facets could act as the adsorption site
for acid anions through H-bonds;®?! thus, the anions might
selectively adsorb on the (010) and (1 00) facets.®8] The
adsorptions would decrease the surface energy and limit the
aggregation of the y-AlIOOH nanoparticles on these facets,
which would result in the aggregation of y-AIOOH nano-
particles preferentially along the [00 1] direction. Obvi-
ously, the adsorption ability of the acid anions is related to
the charge/size ratio, which affects the oriented aggregation,
and the anions with the larger charge/size ratio would be
adsorbed more easily on the particle surface of y-
AIOOH.13 The charge/size ratios for ClI-, CH;COO™, and
SO, are 4.348, 6.289, and 8.696, respectively, i.e. the order
of the charge/size is CI- < CH;COO~ < SO,> 12027 and
therefore, the order of the adsorption ability is CI- <
CH;COO™ < SO,*. In analogy, the aspect ratio of the -
AlOOH aggregates increased in the order of CIm <
CH;COO~ < SO,> with the aggregation rate of ClI- >
CH;COO™ > SO,>. Thus, the length of the aggregates
along the [0 0 1] direction gradually decreased with the ad-
sorption ability decreasing from SO,>~ to CH;COO~ and
Crl.

In addition to aggregation, crystal growth based on
Ostwald ripening occurred, which was mainly along the
[001] and [0 1 0] directions. The driving force for the
Ostwald ripening process is the reduction of total energy.*”!
The Ostwald ripening process has become widely used in
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the preparation of nanoparticles, which is briefly described
as the growth of larger crystals at the expense of smaller
ones; i.e. smaller, less crystalline, or less dense particles in a
colloidal aggregate will be dissolved gradually while larger,
better crystallized, or denser particles grow in the same ag-
gregate.’%3! In our experiment, the same phenomenon ap-
peared. In the time-dependent experiments with prolonged
hydrothermal reaction times, especially from 1 to 2 h, the
smaller particles gradually disappeared, and the larger par-
ticles became even larger (Figure 5).

With prolonged hydrothermal reaction times, desorption
of the acid anions occurred, and the surface acid anions
were gradually replaced by water molecules.®?! The desorp-
tion order is the opposite to the adsorption order, i.e. CI-
> CH;COO~ > SO,%". The influence of the acid anion is
decreased in the Ostwald ripening process. In this case, the
difference in the crystal plane energies is the key factor that
influences the shape of the product. Mercuri et al. applied
molecular dynamics simulations to investigate the boehm-
ite/water surface energy and concluded that the surface en-
ergies of y-AIOOH nanorods with growth directions of
[001],[0 1 0], and [1 0 0] were 0.54, 0.59, and 0.90 J/mol 28]
respectively; i.e. the surface energy of y-AIOOH was in the
order of (00 1) > (0 10) > (100). This conclusion implied
that y-AIOOH would grow preferentially in the direction
order [0 0 1] > [0 1 0] > [1 0 0] in aqueous solution. In our
experiment, the acid anions desorbed in the order of ClI" >
CH;COO~ > SO,>. CI" desorbed rapidly, so the corre-
sponding aggregates grew preferentially in the direction or-
der of [00 1] > [010] > [100], and nanoplates with the
(100) plane as the exposed surface formed from the HCI
system. Desorption of CH;COO™ was relatively slow, which
partly limited the growth along the [0 1 0] and [1 0 0] direc-
tions, and nanobelts with dimensions in the order of [0 0 1]
> [010] > [100] were formed. Due to the strong adsorp-
tion of SO4> on the particle surfaces of y-AIOOH, their
desorptions could be omitted during the hydrothermal pro-
cess, so growth along both the [1 0 0] and [0 1 0] directions
was limited, and nanorods that grew along the [0 0 1] direc-
tion were obtained.

Figure 6 shows that the length of nanorods increased
with increasing H,SO,4 content, and the nanobelts became
longer as the CH;COOH content increased. When the HCI
content was 20.0 mmol, the products exhibited irregular
shapes, and as the HCI content reached 50.0 mmol, the di-
agonal length of the nanoplates lengthened. This demon-
strates that increasing the acid content favored growth
along the [0 0 1] direction.

As a comparison, the experiment was carried out in the
absence of acid. SEM images (Figure S3) reveal that the
product comprised irregular blocks with a wide size distri-
bution. After hydrothermal reaction for 1h, a mixture of
nanoplates and nanoparticles was obtained, of which the
majority was nanoplates. As the reaction time was pro-
longed to 2 h, irregular blocks were formed. Further experi-
ments showed that it was difficult to obtain nanomaterials
with regular shapes without acid; thus, the acid was the key
factor that affected the shape of the product (Figure S4).
5261
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Figure 6. TEM images of the products formed by different contents
of acids. H,SO4 system: 10.0 mmol (a), 21.5 mmol (b), 25.0 mmol
(c); CH3COOH system: 20.0 mmol (d), 43.0 mmol (e), 50.0 mmol
(f); HCI system: 20.0 mmol (g), 43.0 mmol (h), 50.0 mmol (i).

Based on this analysis, the formation of nanorods, nano-
belts, and nanoplates is based on oriented aggregation and
Ostwald ripening. The acid anions adsorbed on the particu-
lar crystal planes direct the aggregation of the raw vy-
AIOOH nanoparticles and the growth of their aggregates.
The difference in the shapes of the products is attributed to
the difference in the adsorption abilities of the acid anions.
The proposed formation mechanism is shown in Figure 7.

Oriented aggregation Ostwald ripening process
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Figure 7. Schematic depiction of the proposed formation mecha-
nism for the products.

The nanorods, nanobelts, and nanoplates were heated to
500 °C at a rate of 3 °C/min in air and kept at 500 °C for
3 h. The XRD patterns show that all the y-AIOOH nano-
materials completely transform to y-Al,Oj; after calcination
(JCPDS No0.10-0425, Figure S5). The TEM images of the
5262
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as-obtained v-Al,O; (Figure S6) demonstrate that the
shapes of the y-AIOOH nanomaterials are retained after
calcination.

Adsorption Properties

The products derived from the same precursor and sim-
ilar systems exhibit different morphologies and exposed fac-
ets, which provides the opportunity to investigate the effect
of the exposed facet on the properties of the materials. Ad-
sorption always occurs on the surface of the particles or the
pores of the material; therefore, the adsorption of Cr,0,>
in aqueous solution of the obtained products was studied.
Both the raw y-AlIOOH nanoparticles and the products
could adsorb Cr,O,>" in aqueous solution. The absorbance
spectra of the Cr,0,> solutions after treatment with dif-
ferent y-AIOOH nanomaterials are shown in Figure S7, and
the corresponding percentage adsorptions are listed in
Table 1. The nanomaterials show obvious shape-dependent
adsorption capabilities for Cr,0,>, in which the nanobelts
exhibit a percentage adsorption of 95.5%. In comparison
with previous reports, the nanobelts show a superior ad-
sorption capability for Cr,O,>".12 It is well known that a
large surface area is favorable for adsorption, but here the
adsorption capabilities of the nanomaterials are not consis-
tent with the surface area. As shown in Figure S8, the N,
adsorption/desorption isotherms of the raw material and
the products show hysteresis loops that indicate the pres-
ence of mesopores. The corresponding Barret-Joyner—
Halenda (BJH) pore size distribution (PSD) curves (inset in
Figure S8) indicate that only the raw material has a rela-
tively narrow PSD, and the pore size of the products be-
came larger with the growth of the particles, which were
formed by the accumulation of particles. Brunauer—Em-
mett-Teller (BET) analyses indicate that the surface areas
for the raw material, nanorods, nanobelts, and nanoplates
are 322.3, 124.1, 16.9, and 12.1 m?/g, respectively (Table 1).
The surface area of the raw material is much larger than
that of the products, whereas its percentage adsorption is
only 76.6%, which is much lower than that of the nanobelts
(95.5%) (Table 1). Of the products, the nanorods have the
largest surface area but exhibit the lowest adsorption capa-
bility. The main difference in these nanomaterials is the dif-
ferent exposed crystal facets. Here, the raw material shows
a variety of exposed facets in nearly the same ratio, only a
small amount of (0 0 1) facets are exposed for the nanorods,
and for the nanobelts and nanoplates the main exposed fac-
ets are (1 0 0). Further calculations gave the percentage ad-
sorptions of the unit surface area. It can be seen that the
nanobelts and nanoplates show nearly the same values,
which are much larger than those of the nanoparticles and
nanorods. This result indicates that the exposed facets
greatly affect the adsorption capabilities of the materials,
and the (1 0 0) facet of y-AIOOH exhibits a high adsorption
ability to Cr,O->. This is consistent with the adsorption
order of the different crystal facets for the acid anions.!®!
When the exposed crystal facet is the same, the product
with larger surface area would have the highest adsorption.
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Table 1. Percentage adsorption and surface areas of the raw materials and products.

Raw material Nanorods Nanobelts Nanoplates
Percentage adsorption [%0] 76.6 32.0 95.5 68.2
BET surface area [m?/g] 322.3 124.1 16.9 12.1
Percentage adsorption of
unit surface area [%/m?] 1.19 1.29 28.25 28.20

Conclusions

The y-AIOOH nanorods, nanobelts, and nanoplates were
prepared by a hydrothermal process in the presence of
H,SO,4, CH;COOH, and HCI without organic additives or
surfactants on a large scale. The formation of the products
went through the oriented-aggregation and Ostwald ripen-
ing growth processes. The acid anions adsorbed on the par-
ticular crystal planes affected the aggregation of the raw y-
AIOOH nanoparticles and the growth of their aggregates.
The shape differences of the products were attributed to the
different adsorption abilities of the acid anions. After the
v-AlIOOH nanorods, nanobelts, and nanoplates were cal-
cined in air, the corresponding y-Al,O3 nanomaterials with
the same shapes were obtained. The nanomaterials have dif-
ferent adsorption capabilities for Cr,O,>" in aqueous solu-
tion, and the nanobelts exhibit the highest percentage ad-
sorption of 95.5%. The exposed crystal facet of the y-
AIOOH nanomaterials is an important factor on the ad-
sorption ability. The high yields obtained and the good ad-
sorption properties of the nanobelts make it potentially ap-
plicable to waste water treatment.

Experimental Section

Materials: y-AIOOH nanoparticles with a size of 2-5 nm (Shan-
dong Aluminum Corporation) were used as the raw material, and
their corresponding XRD pattern and TEM image are shown in
Figure S1. All other chemical reagents were of analytical grade and
used without further purification.

Preparation: In a typical synthesis, y-AIOOH nanoparticles (33.5 g,
0.6 mol) were added to water (366.5 mL), the mixture was stirred
vigorously for 60 min to form a well-dispersed suspension, and an
aqueous solution (5.0 mL) containing H,SO,; (21.5 mmol),
CH;COOH (43.0 mmol) or HCI (43.0 mmol) was added. The sus-
pension was poured into a Teflon-lined stainless-steel autoclave and
heated at 240 °C for 17 h. After the autoclave had cooled naturally
to room temperature, the white product was separated by centrifu-
gation and washed with deionized water and ethanol. Finally, the
product was dried at 100 °C for 24 h. The experiment could be
scaled up to prepare y-AIOOH (3.0 kg, 50.0 mol) products in one
reaction.

Adsorption Experiments: Adsorption experiments were carried out
in batch mode by mixing a y-AIOOH sample (0.2 g) with an
aqueous solution (20.0 mL) of K,Cr,0O; (1 X 10*molL") in a
stoppered Erlenmeyer flask (50.0 mL). The Erlenmeyer flask was
shaken with a rotary shaker at 130 rpm for 4 h. After shaking, the
suspension was immediately centrifuged to remove the y-AIOOH,
the Cr,0O,%> concentration in the filtrate was determined with a
UV/Vis spectrometer (Lambda-35, Perkin—Elmer) at 4 = 550 nm
by using the diphenylcarbazide method. The percentage of Cr,O7>
adsorbed by y-AIOOH was determined as the difference between
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the initial [C]; and final [C]; Cr,O,>  concentration in the solution.
Equation (1) was used to calculate the adsorption percentage of
Cr20727.[2]

[C1-IC): , 10

[Cl; (1)

% adsorption =

All the experiments were carried out at room temperature (25 °C),
and the pH value of the solution was 5.5.

Instrumentation: The crystal structure of the products was deter-
mined by X-ray diffraction (XRD) patterns collected with a Rigaku
D/Max 2200PC diffractometer using a graphite monochromator
(Cu-K,, radiation, 2 = 0.15418 nm, tube voltage and electric cur-
rent: 40 kV and 20 mA). The shape and microstructure were char-
acterized with a field emission SEM (FE-SEM, JEOL JSM-6700F
and TOSHIBA S4800), TEM (TEM, JEM-100CXII) with an acce-
lerating voltage of 80 kV, and HRTEM (HR-TEM, JEOL JEM-
2100, and JEM-2010) with an accelerating voltage of 200 kV. FTIR
spectra were measured with a Nicolet SDX-FTIR spectrometer in
the range of 4004000 cm ! by using a KBr pellet. TGA was em-
ployed to evaluate the mass loss of the sample under an air flow of
20.0 mL/min and a heating rate of 10.0 °C/min by using a thermal
analyzer (Mettler Toledo SDTA851¢). The BET surface area (Sggt)
was measured with the N, adsorption technique at 77 K with a
QuadraSorb SI surface area analyzer after degassing the samples
at 180 °C for 8.0 h.

Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns and TEM images of the raw material, large-
scale experiment products, products in the absence of acid and
products after calcination, absorbance spectra of Cr,O-> solutions
after treatment with the raw material and products, N, adsorption/
desorption isotherms, and BJH pore size distribution curves of the
raw material and products.
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