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ABSTRACT: Pure Mg2Al(OH)6Cl·1.5H2O layered double hydroxide
(LDH) has been synthesized at room temperature by a one-pot method,
homogeneously driven by chloride-assisted glycidol rupture (epoxide
route). Well-defined nanoplatelet texture was achieved and the LDH
crystallization mechanism discussed. Nanoplatelets self-assemble in the
form of highly oriented films with excellent optical properties. LDH films
exhibited stability toward detaching in aqueous solutions and allowed a fast
anionic exchange preserving a high transparency.

■ INTRODUCTION

Layered double hydroxides (LDHs) intercalated with exchange-
able anions are well-established materials for sorption,
intercalation, and the preparation of hybrid phases. In
particular, single crystalline LDHs intercalated with certain
anions were demonstrated to be outstanding phases to develop
massive exfoliation or delamination, employing polar solvents
under mild conditions.1,2 The resulting stable suspensions of
true two-dimensional LDH crystals hold a great potential in the
field of nanotechnology,3 since they deliver these nanobuilding
blocks for the preparation of highly oriented self-assembled
films,4 layer by layer assemblies, and nanoshells,5 still preserving
their inherent intercalation chemistry, giving birth to a new
family of advanced materials.6−8 However, these compounds, in
contrast with other layered solids as titanates,9 have an inherent
thermal instability that hinders crystallization through annealing
procedures, limiting their obtainment to solution-based
procedures.10−13 The homogeneous precipitation method,
based on the in situ controlled alkalinization, favors the
occurrence of well-defined single crystalline particles with low
size dispersion. In particular, urea hydrolysis successfully
produced single crystalline LDH platelets bearing high aspect
ratio, composed of Al(III) and Mg(II) or several divalent
transition metals, in the carbonate form exclusively.14−19

However, this method requires a temperature higher than
343 K and involves undesired intermediaries, as OCN− and/or
by products as carbonate.3 The latter irreversibly intercalates
within the LDH particles imposing an acid driven exchange
treatment in order to achieve any desired exchangeable form,
including the chloride one.20−23 Very recently, a moderate
thermal hydrolysis of hexamethylenetetramine (HMT)24

allowed the straight crystallization of nitrate forms of several
Al(III)-based LDHs preventing the incorporation of carbo-
nate.25 However, one of the most relevant LDH phases, the
Mg(II)−Al(III) one, was not possible to obtain, except in the
carbonate form.25 In recent years, several reports have
illustrated how epoxides are able to drive homogeneous
alkalinization of aqueous solutions under mild temperatures.
The process is based on the protonation of the oxo bridge with
a subsequent nucleophilic attack, typically driven by chloride,
resulting in the ring-opening and a net hydroxyl release.26,27

This method was extensively employed for the preparation of
several hydrogels at room temperature, leading to the so-called
non-alkoxide sol gel process. The reaction proceeds with
several cations,28,29 ranging from transition metals30−33 to rare
earths.34

The present study demonstrated how this reaction allows for
the very first time the straight synthesis of single-crystalline
particles of chloride from of Mg(II)−Al(III) LDH at room
temperature. The main synthesis parameters as well as the
crystallization mechanism are discussed. Taking advantage of
the textural properties of these particles, their aqueous
suspensions were deposited onto glass substrates and self-
assembled in the form of highly oriented films with excellent
optical properties.
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■ EXPERIMENTAL SECTION
Synthesis and Chemical Characterization of Solids. Typically,

precipitations were driven by aging at 298 K 100 cm3 of filtered
solutions containing NaCl (50−750 mM), glycidol (50−500 mM), a
salt of Mg(II) (6.6−8.0 mM), and Al(III) (2.0−3.3 mM) adjusted at
pH = 3.0 with HCl. For certain experiences, total cationic content as
well as the Al(III) to Mg(II) ratio was modified. After increasing aging
times, ranging from hours to weeks, the precipitated solids were
collected by ultracentrifugation, washed three times with filtered cold
Milli-Q water, and dried at room temperature. Despite the numerous
reports dealing with ethylene oxide-driven alkalinization,30−34 glycidol
was chosen due to its higher boiling point, which makes it easy to
handle at room temperature, preventing losses due to evaporation and
eventual harmful inhalations.35

Precipitation pH Profiles. Representative precipitation curves
were obtained by in situ potentiometric pH measurement in a reactor
regulated at 298 K under permanent stirring. All samples were
constantly purged with N2, in order to prevent atmospheric CO2
uptake.
Characterization of Solids. All synthesized solids were

characterized by powder X-ray diffraction (PXRD) using a graphite-
filtered Cu Kα radiation (λ = 1.5406 Å); crystalline size along the 00l
direction was estimated with Scherrer’s equation employing 003 and
006 reflections. The samples were inspected by means of field
emission scanning electron microscopy (FESEM), equipped with
energy dispersive X-ray spectroscopy (EDS) probe. Both Mg(II) and
Al(III), chloride, and water content were assessed by ICP, ionic
chromatography, and elemental analysis, respectively.

■ RESULTS AND DISCUSSION
As a first step to tune the rate of precipitation reactions,
glycidol rupture rates were evaluated at 298 K. In situ pH
determination revealed that the initially low pH only rises after
minutes, allowing the proper homogenization of all reagents,
and in less than 1 h, pH rises over 10.0. Alkalinization
performed under decreasing NaCl concentrations reproduced a
similar profile, taking longer periods of time to reach alkaline
conditions.

In order to compare the pH profiles observed under different
initial NaCl concentrations, a precipitation time, tpH=7.00, was
defined as the necessary time for each NaCl-glycidol solution
initially adjusted at pH 3.00 to reach the value of 7.00. The
alkalinization profiles were revealed to be strongly dependent
on both the initial NaCl and glycidol concentration (see Figure
S1). However, once a reduced time, t*, defined as t/tpH=7.00 was
employed as common time scale for all alkalinization runs, pH
profiles were superimposable under the evaluated conditions. A
similar behavior was found keeping NaCl concentration fixed at

50 mM, and increasing the glycidol concentration. Then,
reduced times referred to the faster reaction were plotted as a
function of concentration increment, for both variable NaCl or
glycidol set of runs, revealing a first order law on each reagent
under the concentration range explored herein (see Figure 2).

Once the alkalinization rate law was established, the
precipitation process was also monitored in terms of pH
evolution. As a first step to understand the formation of LDH
phases, the precipitation behavior of each cation was inspected
separately, employing low cationic concentrations according to
well-established homogeneous procedures.18 In the case of bare
Al(III) solution, the pH profile shows a well-defined plateau
around pH = 4.4, resulting in a translucent stable sol, typically
obtained under mild conditions.36 The sol coagulated at around
pH 6.0, denoting a deceleration on the alkalinization profile,
due to the final deprotonation of the remnant OH groups in
good agreement with previous reports based on titration
experiments,37−40 PXRD analysis revealed an ill-crystallized
Al(OH)3 phase, with broad reflections positioned close to
Bayerite ones (see Figure S2), typically observed from the
assembly of keggin Al13O4(OH)28

3+ cationic moieties.36 After
massive flocculation of this sol the pH increased to the final
maximum value, close to 9.5, constrained by the remnant
amount of epoxide. In contrast with Al(III) solutions, pure
Mg(II) ones of similar concentrations remained undisturbed
with no base consumption nor precipitation, reaching a
maximum pH value close to 10.6, exhibiting a pH rise profile
superimposable to chloride−epoxide control solution. How-
ever, once Mg(II) ion concentration was increased to 50 mM, a
precipitation overshoot pH value close to 10.4 was observed,
stabilizing the precipitation plateau at pH 10.2. The obtained
phase consists of a mixture of single and polycrystalline
hexagonal platelets of brucitic Mg(OH)2 (see Figure S3). In the
case of Mg(II)−Al(III) binary solutions, Al(III) cations
precipitate in a first step, following the characteristic pH
curve of bare Al(III) reference, indicating that this cation
precipitates independently from the binary phase. A pH
overshoot is registered after 17 h, reaching a value of 9.5
triggering a second precipitation plateau centered at pH = 9.33,
well below the observed value for pure Mg(OH)2 (see Figure
S4),39 and in excellent agreement with the solubility data
recorded for Mg(II)−Al(III)−chloride LDHs.41 Then, this
second event, in which Mg(II) ions are consumed from
solution at an almost constant pH value of 9.33, will be
described as the LDH plateau in the following (Figure 3).

Figure 1. Evolution of pH at 298 K of aqueous solution containing
150 mM of glycidol and 750 mM NaCl. Inset: comparative evolution
of pH at 298 K of aqueous solution containing 150 mM of glycidol
and 750 (A), 450 (B), 250 (C), 150 (D), or 50 mM (E) of NaCl.

Figure 2. Dependence of the alkalinization rate, expressed as the ratio
of t* to t*max, with the increasing starting concentrations of NaCl (●)
or glycidol (○), expressed as the ratio of concentration respect to the
maximum one, Cmax.
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Longer aging times (several days) exhibited a slight increase of
pH up to a value of 9.5.

A detailed inspection of the phases obtained as a function of
time was assessed in order to gain insight into the precipitation
mechanism; Figure 4 depicts the PXRD patterns of solids
collected after increasing aging times.

As soon as the overshoot takes place, ill-defined reflections of
Mg(II)−Al(III) LDH are noticeable; just 7 h later, intense
LDH reflections prevail. Further aging in mother liquors
enhanced crystallinity; 00l reflection indicated that LDH
particles, on average, grow up to 25 ± 5 nm in the c direction
(see Figure 5). Further aging at 298 K does not imply
crystalline growth, even after a 4-week-long period. The lack of
other noticeable reflections than the interbasal 00l indicates a
massive tendency among the LDH particles to develop oriented
self-assembly guided by the flat surface of the glass substrate,
expected for high-aspect-ratio single crystals (platelets).
Samples deposited onto silicon wafers for FESEM inspection
also developed a high degree of orientation (see Figure S5).The
evolution of crystalline domain size along the c direction
indicates that the LDH phase achieves both the definitive

thickness and the stoichiometric Mg(II) incorporation after ca.
100 h of aging once the precipitation is completed (see Figure
5).
FESEM inspection (Figures 6 and S6) of the samples

revealed that soon after the pH onset, in the beginning of the

LDH plateau, platelets of ca. 100 ± 30 nm in diameter coexist
with large amounts of an amorphous phase, preserving the
aspect of the parent Al(OH)3 nanoparticles. The precipitation
of Mg(II) cations ends after 96 h in parallel with Al(OH)3
massive redissolution and LDH crystallization, in the form of
larger single crystalline platelets defined around 250 ± 50 nm in

Figure 3. Time evolution of pH at 298 K for solution containing NaCl
100 mM, glycidol 400 mM, and MgCl2 6.6 mM (black thin line); AlCl3
3.3 mM (black dotted line), and MgCl2 6.6 mM + AlCl3 3.3 mM (blue
line). Control alkalinization curve (NaCl 100 mM, glycidol 400 mM)
was omitted since it is superimposed on the black thin line.

Figure 4. XRD patterns for solids obtained after increasing aging times
solutions containing NaCl 100 mM, glycidol 400 mM, MgCl2 6.6 mM;
and AlCl3 3.3 mM. All samples were deposited from their aqueous
suspensions onto glass (substrate).

Figure 5. Evolution of Al(III) molar fraction of the solid phase (○)
and LDH crystallite size along the 00l direction (●) as a function of
time. Dotted line depicts the time of pH onset related to LDH
heterogeneous nucleation.

Figure 6. FESEM images of Mg(II)−Al(III) samples aged for 20 h
(upper image) and 96 h (lower image). Scale bar represents 500 nm
for both images.
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diameter and 30 ± 5 nm in thickness, in good agreement with
PXRD data. Further aging exert only a slight effect on the shape
and size, suggesting that room temperature ripening is
extremely slow for this system (see Figure S5).
An additional set of samples was repeated, increasing the

Mg(II) to Al(III) ratios in the starting solutions keeping the
total cation content constant. Chemical analyses of solid
samples revealed the stable stoichiometry depicted in the
formula Mg2Al(OH)6Cl·1.5H2O, irrespective of initial compo-
sition of the solution. PXRD patterns confirmed the presence of
LDH phases, exclusively with a c cell parameter 23.1 ± 0.1 Å
typical of the chloride LDH form,42 confirming the inherent
stability of that phase with respect to other stoichiometry, in
agreement with other authors.43 No traces of Mg(OH)2
segregation were observed by PXRD while the remnant Mg(II)
ions remained in solution. For Mg(II) to Al(III) ratios higher
than 2, alkalinization curves denoted shorter Al(III) precip-
itation plateau, accelerating the LDH precipitation pH
overshoot in several hours while the pH value of it as well as
the LDH plateau remained unaltered (see Figure 7). Assuming

that the formula that describes solubility equilibrium of growing
LDH is Mg2Al(OH)6Cl·1.5H2O, and the concentration of free
Al(III) is governed by already precipitated Al(OH)3, all LDH
precipitation curves obey a solubility product constant of ca. 2
× 10−51, while the oversaturation value recorded during the
overshoot is equal to 35 ± 5, irrespective of the initial Mg(II)
concentration.
The transformation of pure Al(III) oxides into LDHs was

documented in the past; even Al(III) oxides partially dissolve
and coprecipitates with concomitant Me(II) cations in alkaline
conditions at room temperature, in a process called surface
precipitation.44−46 However, in the present case, the inherent
high solubility of nanometric parent Al(OH)3 phase allows a
massive transformation into the LDH phase. Since LDH
overshoot is observed at a pH higher than the correspondent
for Al(OH)3 isoelectric point (pH 8−9),47−49 the negative
surface drives the adsorption of Mg(II) cations before LDH
nucleation. The formation of single crystalline LDH particles of
a much larger dimension than the parent Al(OH)3 nano-
particles can be interpreted in terms of heterogeneous
nucleation of single LDH crystals onto Al(OH)3 nanoparticles.
Once nucleation takes place, free chloride and Mg(II) ions in
solution, the continuously generated hydroxyls, and the
dissolution of remnant Al(OH)3 nanoparticles feed the growth

of LDH (see Scheme S1). An analogous mechanism was
recently documented for the precipitation of hydrotalcite
during the homogeneous precipitation with urea; however,
under such energetic conditions, LDH phase develops from the
dissolution of first precipitated nanoboehmite, AlO(OH).50 In
contrast with previous reports dealing with homogeneous
procedures,51 the present mild route develop platelets with the
lack of central holes nor polycrystalline rosettes, suggesting that
a single LDH nuclei grows onto nanometric Al(OH)3 substrate
that redissolves in a fast manner, preventing the aforemen-
tioned textural effects. As stated before, alkalinization rates can
be increased proportionally either increasing chloride or
glycidol initial concentrations; higher alkalinization rates
favored smaller and better-defined particles of 180 ± 50 nm
in diameter preserving a similar thickness and less degree of
fracture damage (see Figure S6). A key property of highly
oriented and dense LDH films lies in their good optical
properties, that minimize light scattering, offering a suitable
platform for hybrid photodevices.52,53 To this aim, a thin film of
LDH particles spontaneously assembled onto a glass substrate,
in order to determine their absorbance due to scattering. The
value recorded for the bare LDH film was very small; this film
was submitted to an aqueous solution of an anionic dye, methyl
orange (sodium 4-[(4-dimethylamino)phenyldiazenyl]-benze-
nesulfonate), in order to displace the chloride anions from the
LDH interlayer. Minutes later, once exchange reaction was
completed, the film acquired an homogeneous orange
coloration, inherent to the intercalated dye, while the
transparency of it remained unperturbed (see Figure 8),
revealing a suitable stability toward resuspension, after being
exposed to aqueous solution.

The present study demonstrates that it is possible to obtain
single crystalline particles of Mg(II)−Al(III) LDH in the
exchangeable chloride form by means of a mild homogeneous
alkalinization procedure based on glycidol’s rupture. Alkaliniza-
tion kinetics can be controlled either with chloride or glycidol
concentration, up to a value of 10.5, offering a wider
precipitation pH window with respect to ammonia releasing
agents, that are intrinsically limited to a maximum pH value of
9.2, imposed by the NH3/NH4

+ buffer. In contrast, epoxide’s
rupture driven alkalinization allows the precipitation of very
soluble phases, as Mg(OH)2, offering a potential route for the
preparation of several carbonate-free hydroxides or basic salts.

Figure 7. Precipitation curves for solutions containing NaCl 100 mM,
glycidol 400 mM, and increasing Mg(II) to Al(III) ratio, keeping an
initial total cation content of 10 mM, aged at 298 K.

Figure 8. UV−vis absorbance spectrum of a LDH(Cl) film deposited
onto a glass substrate from an aqueous suspension and the same film
after being exchanged with methyl orange, LDH(MO). Inset: digital
image of the former (bottom) and the latter (top).
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The mild conditions employed in this route prevent primary
particle ripening in a way that maximizes the preservation of the
original nanoscopic dimension achieved in the earliest stages of
precipitation and crystalline growth. Aqueous suspensions of
these LDH particles spontaneously self-assemble in the form of
robust films with good optical and exchange properties.
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