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Abstract A new type of hierarchically porous architecture
of Mg*", AI>"-containing layered double hydroxide, with
well defined mesoporous/macroporous structure, has been
fabricated by dry gel conversion method without the need of
a surfactant and organic solvent. Predefined amorphous
aluminum hydroxide gel and anhydrous magnesium sulfate
were used as Al and Mg precursor material, respectively,
and aqueous ammonia as precipitating agent. The resulting
self-sustaining hierarchical layered double hydroxide
material exhibits a bi-modal porous structure having a
macroporous network with macropore sizes of 100-200 nm
and a well defined mesoporous structure of pore size around
3.9nm in the macroporous framework. Layered double
hydroxide crystallites are aligned with a multilayer manner
to form the architecture structure. The formation process of
layered double hydroxide architecture, such as the evolution
of phase composition, pore structure, and particle mor-
phology with reaction time was further verified and the
formation mechanism is postulated.
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1 Introduction

Layered double hydroxides (LDHs), also known as anionic
clays, have attracted increasing interest due to their potential
industrial applications in areas, such as catalysis, separation,
adsorption, additives in polymers, drug delivery, environ-
mental remediation, and energy storage [1—4]. For the
typical structure of LDHs, whose general chemical com-
position is [M*",_M>"(OH),]A",-mH,0, the metal
octahedra share edges to form 2D infinite sheets with
similar structure to that of brucite [Mg(OH),]. The identities
of the M** and M>" cations in brucite-like layer and the
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interlayer anions A"", together with the value of the stoi-
chiometric coefficient x, can be varied over a wide range,
allowing LDH materials to be fabricated with a wide variety
of properties.

LDHs are generally prepared by coprecipitation method,
consisting of mixing divalent and trivalent metal salts in
aqueous solution at constant or variable pH followed by
aging at a certain temperature. The resulting LDH powders
typically show the anisotropic platelet morphology in which
the dimensions of the (typically hexagonal) ab-faces of the
platelets are much larger than the thickness (the dimension
along the c-axis) of the platelets. The sheet-like LDH
crystallites are often observed to aggregate during crystal-
lization, storage and application, due to the high surface
energy. For the purpose of migrating such crucial aggre-
gation problem, a special attention has been drawn to the
preparation of hierarchical architectures of LDHs from the
last decade [5, 6]. Commonly, soft-templating and hard-
templating syntheses are presently the two most widely
used methods. In the former case, various surfactants or
polymers have been adopted as soft templates for control-
ling the LDH nanostructures by forming spherical micelles
or microemulsions [7-9]. In the case of hard-templating
process, hollow LDH spherical architectures were fabri-
cated by using polystyrene latex, carbon or silica as hard
cores [10-12], and positively charged colloidal LDH
nanoplatelets were deposited as building block on the core
surface followed by removal of the template via calcination
or dissolution. Besides, a three-dimensional open macro-
porous LDH framework was prepared during a process of
coprecipitation with the polystyrene sphere colloidal crystal
template, which presented an unusual bimodal structure
displaying both mesopores and macropores [13, 14].
However, the hard-template method suffers from problems
of materials compatibility and process complexity, and the
soft-template technique often require a lot of organic sol-
vent to deal with, which is neither convenient nor
environmental friendly. Developing of template-free
approach under mild conditions is highly desired and still
remains a challenge for the controlled fabrication of LDH
architectures.

Herein, we report on the facile preparation of LDH
hierarchically mesoporous/macroporous architectures by
means of a dry gel conversion (DGC) procedure. Indeed,
hierarchically porous materials with bi-modal or multimodal
of porosities have currently attracted considerable attention
for their potential applications, in view of their allowing
easy diffusion of guest molecules of different sizes through
pore channels of different length scales among the inorganic
frameworks [15, 16]. So far several classes of microporous
or mesoporous crystal materials have been fabricated by
DGC technique, such as zeolites [17-21], dense zeolite
coatings [22, 23] and metal-organic frameworks [24].
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The solvent water necessary for DGC (and sometimes with
structure-directing agent or organic template) is kept sepa-
rate from the gel solids in the autoclave during reaction.
Because a small amount of solvent is used for the synthesis,
DGC allows significant reductions of reactor volume and
reaction pressure for crystal material synthesis [25]. Fur-
thermore, several kinds of hierarchical self-sustaining
macroscopic zeolite aggregates, such as hierarchical beta,
ZSM-5, and EU-1 zeolite, had been fabricated currently by
this dense gel steam conversion process [26—29]. In the
present study, the predefined amorphous aluminum
hydroxide (AAH) as precursor gels were transformed into
self-sustaining Mg>", AI*"-containing layered double
hydroxide (MgAIl-LDH) aggregates, forming a hier-
archically meso/macroporous architecture via DGC without
any surfactants and organic solvents. The formation process
of LDH hierarchical pore structure, such as the evolution
of phase composition, structure, and particle morphology
during the whole process was investigated by using powder
X-ray diffraction (XRD), scanning electron microscope
(SEM), high-resolution transmission electron microscope
(HRTEM), Fourier transform infrared (FT-IR), low-
temperature N, adsorption—desorption, mercury intrusion,
and inductively coupled plasma (ICP) emission spectro-
metry measurements. And, the formation mechanism was
postulated based on the characterization results.

2 Experimental section
2.1 Preparation of AAH precursor

All the reagents were analytical grade and used without
further purification. Ten grams of AI(NO3);*9H,0 was first
dissolved in 30 mL of deionized water under stirring at
room temperature. Precipitation was performed by adjusting
the pH of medium to 5.0 with 28 wt% ammonia aqueous
solution. The gel solutions were poured into watch-glass
and cured for 1 h and then dried at 20 Pa for 1 day by freeze
drying. The white solid precipitates were collected and
conserved in dryer.

2.2 Preparation of LDH hierarchical architecture by
DGC method

In a typical DGC procedure, 0.10 g AAH precursor gel and
0.59 g anhydrous magnesium sulfate were ground into a
well-distributed powder and transferred into a glass beaker
in a Teflon vessel (200 mL), where 0.6 mL deionized water
and 1.2 mL 28 wt% ammonia aqueous solution were poured
at the bottom of the vessel and physically separated from
the solid mixture. After the Teflon vessel was sealed
and heated at 120 °C for different reaction time from 0.5 h
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to 48 h, the obtained material was washed with deionized
water and collected by centrifuging, then dried at 60 °C
overnight.

Other experiment was undertaken in which Al
(NO3)3*9H,0 were used as Al precursor instead of AAH
gel. Moreover, crystallization of AAH gel under the same
conditions but in the absence of anhydrous magnesium
sulfate were undertaken.

2.3 Preparation of LDH powder by coprecipitation
method

For comparison, MgAI-LDH powder was synthesized by
conventional coprecipitation method. A solution of 0.77 g
MgSO,4 and 0.60 g AI(NOs3);*9H,0 in 80 mL deionized
water was poured into flask (250 mL), then added 15 mL 28
wt% ammonia aqueous solution, stirring quickly. The
mixture was held at 70 °C for 24 h. The precipitate was
separated by centrifugation, washed with water, and dried at
60 °C overnight.

2.4 Characterization of samples

The powder XRD measurements were performed on a
Rigaku XRD-6000 diffractometer, using Cu Ka radiation
(A=0.15418 nm) at 40kV, 30 mA, with a scan step of
0.02° and a 26 angle ranging from 3° to 70°. The mor-
phology of the samples was investigated using a Hitachi
S-3500N SEM with an accelerating voltage of 20kV.
HRTEM images were recorded with JEOL JEM-2010
transmission electron microscope. The accelerating voltage
was 200kV in each case. FT-IR spectrum was recorded in
the region 4000400 cm ™' on a Bruker Vector 22 spectro-
meter using KBr pellet technique. The N, sorption iso-
therms were measured using Micromeritics ASAP 2020
porosimeters at 77 K. The mesoporous specific surface area,
pore-size distribution, and pore volume were calculated
using the Brunauner—-Emmett-Teller (BET) and
Barrett-Joyner—Halenda (BJH) method, respectively. Hg-
porosimetry analysis was performed on an Autopore IV
9510 porosimeter to measure macroporosity, with a max-
imum working pressure of up to 414 MPa, corresponding to
pore diameters ranging from about 5 pm to 7 nm. Elemental
analyzes were performed using a Shimadzu ICPs-7500 ICP
emission spectrometer.

3 Results and discussion

MgAI-LDH architecture was fabricated by DGC method
using home-made AAH gel and anhydrous magnesium
sulfate as Al and Mg precursor materials, respectively.
Aqueous ammonia was used as precipitating agent.

Compared to XRD pattern of AAH precursor gel which
shows an amorphous phase (Supporting Information Fig.
Sla), the production sample prepared by DGC at 120 °C for
24 h presents a series of (00/) diffraction lines at low 260
values, characteristic of a layered structure (Fig. 1a). The
(003) peak appears at 10.2° (the interlayer spacing dyyz =
0.86 nm), demonstrating the intercalation of sulfate anions
into LDH gallery [30]. Besides, two broad asymmetric
peaks around 35.6° and 61.4° corresponding to (012) and
(110)/(113) reflection line were found in Fig. la, respec-
tively, confirming a hexagonal lattice with a 3 R stacking of
LDH layers [31]. The intercalation of sulfate anions into
LDH interlayer can be further identified by FT-IR spectro-
scopy (Fig. 1b), showing the presence of a strong 3 mode
of sulfate anions at 1118 cm ™' and a v4 mode at 614 cm ™!
[30]. Besides, Fig. 1b shows that a strong absorption band
centered around 3600 cm ™' can be identified as the hydro-
xyl stretching band v(OHy,), arising from metal hydroxyl
groups and hydrogen-bonded interlayer water molecules.
Another absorption band resulting from the hydroxyl
deformation mode of water, 6(H,0), is recorded at around
1645 cm™!. Moreover, a small absorption band at ca. 1372
cm ! and a should at ca. 837 cm ™! is attributed to the 4
and v4 mode of CO5”" ions, respectively, indicating the
coexistence of a small amounts of CO327 ions in the
interlayer. The CO5>~ ions maybe derived from the carbon
dioxide gas in the reaction system. The effect of existence
of carbonate on the formation mechanism of the hier-
archically architecture of LDH is not clear at the present
stage of study. In addition, the O-M-O bending mode of
the hydroxide sheet is located at ca. 450 cm™~'. The Mg/Al
molar ratio for the LDH product is about 3.1 identified
by ICP.

Figure 1c shows a typical SEM image of an individual
hierarchical LDH with irregular dimensions about of 11 x
8 pm. The self-sustaining LDH aggregates can be observed
in the entire field of vision with the size in the range from a
few to hundreds of microns. SEM image at a high-
magnification (Fig. 1d) reveals the surface morphology of
the particle which consists of a large number of nanoflakes
intercrossed with each other. Meanwhile, SEM image of
AAH precursor shows the agglomerates of amorphous gel
particles with relatively smooth surface as well (Fig. Slc).
The LDH crystallites present an orientation in which the ab-
face of the platelets is normal to the surface of architecture.
As revealed by the SEM image, LDH architecture exhibits a
macroscopic pore network structure on the surface with
relatively homogeneous macropore distribution about
100200 nm in diameter. The interior feature of the hier-
archical LDH material is demonstrated from a crushed
particle sample (inset of Fig. 1c). LDH crystallites are
aligned with a multilayer manner to form the network
structure. The thickness of one LDH layer is about 1.2 pm.

@ Springer



612 J Sol-Gel Sci Technol (2017) 83:609-617
Fig. 1 XRD pattern (a), FT-IR 003
spectrum (b), SEM images of —_ a - b
low-magnification (¢) and high- = g
magnification (d), TEM (e), and < 006 <
HRTEM (f) images of ; E
hierarchical LDH obtained by = E
DGC at 120 °C for 24 h. Inset of g g 7
¢ shows the SEM image of a ) » 2 [
crushed particle indicating the E 1no/ms3 § «©
interior feature - S

=1l s EA I

< = ©

10 20

As a layered material, the sheet-like LDH crystallites are
often observed to aggregate during crystallization, storage
and application due to the high surface energy. A house-of-
cards structure of LDH crystallites is commonly formed on
a certain substrate by in situ growth in hydrothermal system
[32], through hot water treatment of sol-gel-derived amor-
phous Al,O3;-MgO film [33], or by electrodeposition [34].
The growth process and characteristics of the resulting film
had been proved to be highly dependent on the nature and
texture of the substrate material [35]. The LDH crystallites
thus obtained in the LDH film were usually mono-layer
arranged and  well-oriented  with  their  ab-faces
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perpendicular to the substrate. In our case, self-sustaining
LDH architecture can be fabricated by DGC without the
need of a substrate material, exhibiting a bi-modal porous
structure having a macroporous network and a well defined
mesoporous structure in the macroporous framework. In
addition, LDH crystallites are arranged in a multilayer
manner forming the architecture structure.

The morphology and structure features of LDH archi-
tecture were further confirmed by transmission elctron
microscopy (TEM) observation (Fig. le). LDH sheets on
the rim of architecture particle appear as needles, which
may be due to the vertical orientation of the LDH primary
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sheets to the Cu grid when stacking to form the architecture.
Figure 1f of HRTEM image exhibits the lattice fringes of
(211) plane with a lattice gap of 0.208 nm, providing further
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Fig. 2 Nitrogen sorption isotherm a and mercury intrusion por-
osimetry b of hierarchical LDH obtained by DGC at 120 °C for 24 h.
Inset of a shows the corresponding pore size distribution of the hier-
archical LDH sample

evidence of the appearance of LDH crystallite phase. On the
contrary, Fig. S1d indicates the AAH precursor is amor-
phous. As demonstrated by lattice fringes all over the spe-
cimen in Fig. 1f, it is proposed that the LDH particles are
completely crystallite throughout the sample.

Figure 2a exhibits the N, adsorption isotherm of LDH
architecture which displays a type-IV characteristic with a
H;-type hysteretic loop at the relative pressure (p/py > 0.4),
indicating the presence of a mesoporous structure. We can
observe an inclination of the curve with the increase of
pressure. According to the BJH calculation from desorption
branch, the pore size distribution of LDH architecture
shows a narrow size distribution in the mesopore range
3.2-4.8 nm with a sharp maximum at about 3.9 nm. How-
ever, we cannot clearly observe these mesopores from SEM
and TEM images (Fig. 1). It is proposed that the mesopores
maybe resulted from the platelet interstices of the LDH
architecture structure. The BET specific surface area is
calculated to be 107 m*g and a mesoporous volume of
0.403 cm®/g (Table 1). Compared to AAH precursor sample
(Fig. S2a), it is noticed a significant increase of specific
surface area and mesoporous volume after DGC treatment.
On the other hand, for the MgAIl-LDH powder sample with
Mg/Al molar ratio 3.0, which was synthesized by the con-
ventional coprecipitation method using MgSO, and Al
(NO3);*9H,0 as raw materials (Fig. S3), the BET specific
surface area is calculated to be 49 m*/g and a mesoporous
volume of 0.142cm’/g (Table 1). The relatively larger
specific surface area for the self-sustaining LDH archi-
tectures may be attributed to the architecture structure with
a large amount of hierarchical pores, which will give great
contribution to the surface area when the amorphous par-
ticles are crystallized to LDH platelets.

In addition, we can see the continual increase in the
adsorption volume of N, from relative pressures of 0.8 to
1.0 in Fig. 2a, suggesting that LDH architecture sample
contains a large number of pores wider than ca. 50 nm.

Table 1 Evolution of textural properties characterized by nitrogen sorption and mercury porosimetry

sample DGC time (h) SgeT" (mZ/g) Vineso? (cm3/g) Vinacro. (cmS/g) pore diameter pore diameter
(N,, BJH) (nm) (Hg-intrusion) (nm)
AAH gel - 12 0.018 0.08 1.5 320
LDH architecture 4 36 0.188 0.5 1.8 220
LDH architecture 8 54 0.194 0.46 20+34 180
LDH architecture 24 107 0.403 0.62 39 150
LDH powder? - 49 0.142 - 1.5 -

 The specific surface area is calculated according to the BET model from N, adsorption isotherms

° The mesoporous volume is calculated from N, adsorption isotherms at P/Py, = 0.989

¢ The macroporous volume is taken from Hg porosimetry results in the range of porous diameters from 50 nm to 5 pm

4 LDH powder sample prepared by coprecipitation method, using MgSO, and Al(NO3);-9H,O as raw materials and aqueous ammonia as
precipitating agent (see Experimental section), is presented for comparison
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Complementary mercury intrusion experiments enable the
detection of macroscopic pores and the corresponding
results of LDH architecture are displayed on Fig. 2b and
Table 1. The macropore diameter was estimated over the
whole mercury intrusion pressure range. The existence of
main peak in the macropore range around 150 nm in dia-
meter corresponds well to those revealed in the SEM image
(Fig. 1c, d), from which we can clearly observe the pores of
around diameter distribution of 100-200 nm on the surface.
It is worthy noting that the main peak around 150 nm in
diameter is absent for the AAH precursor sample (Fig. S2b).
The high intrusion volume 0.62 cm®/g indicates that these
macropores are deeply penetrating three dimensionally in
the LDH architectures. Meanwhile, the appearance of
maropores larger than 1 pm in Fig. 2b may be attributed to
the interparticle voids between LDH layers, which can be
also seen in Fig. S2b, originating from spaces between the
AAH aggregates.

To elucidate the evolution of the hierarchical LDH par-
ticles, we investigated the DGC procedure at 120 °C with
different reaction time intervals. XRD patterns and SEM
images of the specimens after synthesis treatment from 0.5 h
to 48 h are shown in Fig. 3 and 4, respectively. Although
XRD pattern of specimen synthesized with 0.5 h displays
broad peaks characteristic of amorphous phase, SEM image
shows the appearance of alveolate-like particles on the
surface. We can see the weak (003) diffraction peaks of
LDH material for specimen after 1 h. Concomitantly, SEM
image shows that numerous nanoflakes curve from the
particle surface. With the prolonging reaction time, the
characteristic XRD diffraction peaks, such as (003), (012)
and (110)/(113) peaks, gradually sharpen. Accordingly, a
large number of plate-like LDH crystallites appear in the
SEM images and the particle size increases gradually with
the DGC treatment time.

The effects of reaction time on the evolution of textural
properties of LDH architecture during DGC treatment were
further investigated by N, sorption and mercury intrusion
mercury intrusion experiments. N, physisorption measure-
ment performed on AAH precursor gel results in a type |
isotherm with a smaller porous volume of 0.018 cm?/g (Fig.
S2a and Table 1). After DGC treatment of AAH at 120 °C
for 4 h, the type I isotherm is replaced by type IV isotherm
characteristic of mesoporous solids (Fig. 5a). Accordingly,
we can observe a significant increase of BET specific sur-
face area and porous volume. The pore size distribution plot
of the 4 h-specimen shows a pore peak at 1.8 nm. According
to above observations on SEM images (Fig. 4), formation of
a large number of plate-like LDH crystallites on the particle
surface alter the initial porous structure of the AAH pre-
cursor gel. Further increase of crystallization time to 8h
leads to an enhanced specific surface area and porous
volume. A bimodal pore size distribution centered at 2.0
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Fig. 3 XRD patterns of LDH hierarchical architectures obtained by
DGC with different reaction times

and 3.4nm for the 8 h-specimen has been noticed. It is
worthy noting that the pore size distribution plot of the
24 h-specimen shows only one pore peak at 3.9 nm (Fig. 2),
indicating the well crystallization and growth of LDH pla-
telets under the employed reaction conditions. In addition,
mercury porosimetry analyzes show the existence of main
peak in the macropore range around 200 nm in diameter for
the LDH architecture samples prepared with 4 and 8 h (Fig.
5b). Compared with that of the AAH gel, both LDH
architectures exhibit a higher intrusion volume, resulting
from the interparticle space between the aligned LDH
crystallites.

To further identify the important role of the AAH pre-
cursor gel for the formation of LDH architecture, an addi-
tional experiment was carried out using Al(NO;3);*9H,0
and anhydrous magnesium sulfate as Al and Mg precursor
material, respectively. A mixture of LDH and aluminum
oxonium sulfate hydroxide ((H30)Al3(SO4),(OH)g, JCPDS
No. 16-0409) phase was obtained according to XRD of Fig.
S4a. SEM of Fig. S4b further reveals the plate-like LDH
crystallites with multifarious shapes are mixed with some
aggregate particles of aluminum oxonium sulfate hydro-
xide. On the other hand, DGC procedure was conducted
using only AAH gel and ammonia solution as raw materi-
als, aluminum oxide hydroxide (AIOOH, JCPDS No. 49-
0133) nanocrystals with rod-like morphology were formed
(Fig. S5). In fact, when the obtaining AIOOH was used as
raw material for DGC with anhydrous magnesium sulfate
and ammonia solution in an additional experiment, no LDH
crystals can be prepared under the identical reaction con-
ditions for formation of LDH architecture. The above results
suggest that the preformed AAH gel as raw material is
necessary for induce the construction of LDH architecture
with the employed synthesis conditions.



J Sol-Gel Sci Technol (2017) 83:609-617

615

Fig. 4 SEM images of LDH
hierarchical architectures
obtained by DGC with different
reaction times

According to the investigation on the formation proce-
dure of MgAIl-LDH crystal by precipitation method from
magnesium and aluminum precursor salt solution using urea
precipitating agent [36—38], amorphous colloidal hydroxide
aluminum is observed to be formed initially from the alu-
minum precursor salt solution. Subsequently, the amor-
phous hydroxide is transformed into crystallites of
oxide—hydroxide aluminum boehmite, accompanying the
continuous incorporation of surrounding Mg>" into the
sheet for forming LDH crystallites. During the above
solution-mediated LDH crystallization procedure, there is
an equilibrium between the undissolved and dissolved Al
species. The mobility of the dissolved species results in the
nucleation and growth of LDH crystals at remote sites.
Consequently, the resulting crystals have a different mor-
phology from that of the initial AAH gel. In this case,
during the initial steaming treatment, the dissociated Mg*"
from magnesium sulfate compound can incorporate with

aluminum compound on the AAH surface or inside the
interparticle voids where the mixed steam of volatile
ammonia with water may permeate into because of the
capillary effect. Then, positively charged brucite-like sheets
forms using the distinctly MgOg and AlOg octahedral with
plenty of surface-located OH™ groups, which should easily
attract the negatively charged sulfate ions by electrostatic
interaction. The nucleation of MgAI-LDH may be confined
by suppressing the mobility of AI*" species during crys-
tallization. The continuously dissociation of the magnesium
sulfate and the preorganized AAH material supply the
necessary nutrients for the crystallization and growth of
LDH nanoplatelets. Different from the growth of LDH
crystal during the solution-mediate crystallization, LDH
crystallization proceeds towards the AAH phase interior
accompanying the continuous infiltration of the ammonia
water steam, showing an inward growth of crystals during
DGC process. Because the crystals with their fastest growth

@ Springer
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Fig. 6 Schematic illustration of a proposed evolution process of LDH
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magnesium sulfate compound aided by the ammonia solution steam
atmosphere; Step 2: LDH nucleation occurring on the AAH surface or
inside the interparticle voids where the ammonia solution steam could
permeate into; Step 3: successive transformation of these LDH nuclei
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direction (ab-direction) is normal to the AAH surface, the
interlaced accumulation of LDH platelets restricts the
growth by each other, exhibiting a final macroscopic pore
network on the surface (Fig. lc). The gradual increase in
XRD reflection demonstrates that AAH phase is progres-
sively transformed by a DGC treatment into a crystallite
phase, resulting in a stable hierarchical bodies. Based on
above experimental results, the formation mechanism of
LDH architecture by DGC is proposed and represented
schematically in Fig. 6.

4 Conclusions

In summary, a new type of hierarchical porous MgAl-LDH
was fabricated by DGC method without the need of a sur-
factant and organic solvent. The resulting hierarchical LDH
material exhibits a bi-modal porous structure having a
macroporous network with macropore sizes of 100-200 nm
and a well defined mesoporous structure of pore size around
3.9 nm in the macroporous framework. LDH crystallites are
aligned with a multilayer manner to form the architecture
structure. Compared to LDH powder sample, the self-
sustaining LDH aggregates have a relatively larger specific
surface area, which may be attributed to the architecture
structure with a large amount of hierarchical pores. The
DGC approach is facile and environmentally benign for
fabrication of LDH hierarchical architectures, which are
expected to be useful in many applications, such as cata-
lysts, adsorbents, high-performance structural and func-
tional devices, energy conversion, and bio-medical
materials.

’-.w’crystallization

ceeeesy

—~———

NCO VD

into nanocrystallites; at this stage, contraction and partial conversion of
the AAH gel into nanocrystallites leading to an aggregated network
with macrostructure from interparticle voids; and Step 4: transforma-
tion of numerous small crystallites into an final LDH hierarchically
architecture with prolonged DGC treatment; the macropore size
increases along with this particle growth
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