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ABSTRACT: A family of single-crystalline particles of M2Al(OH)6Cl·
1.5H2O layered double hydroxides (LDH) with M(II) a transition-metal
cation were obtained by a one-pot room-temperature homogeneous
alkalinization driven by glycidol ring opening. In contrast with
traditional homogeneous methods, LDH phases are obtained in the
exchangeable chloride-containing form. The main precipitation steps
were assessed by continuous measurement of pH profiles, field emission
scanning electron microscopy, and powder X-ray diffraction, revealing
the heterogeneous nucleation of LDH phase over previously formed
nano-Al(OH)3 seeds. The precipitation pH plateau of each LDH follows
the trend of the inherent solubility of the single M(II) phases obtained
under alkalinization. A linear free-energy relation links the solubility of
the bare M(II) hydroxides with the correspondent M(II)−Al(III) LDH,
in good agreement with previously reported thermochemical models.

■ INTRODUCTION

Obtaining carbonate-free single-crystalline layered double
hydroxides (LDHs) is a highly desired target in current
materials chemistry research. When chloride-containing forms
are used as a starting material, nitrate-,1 perchlorate-, or acetate-
containing2 ones can easily be obtained through anionic
exchange.3−6 These exchanged forms are able to develop
massive exfoliation or delamination allowing the preparation of
highly oriented self-assembled films,7 layer-by-layer assemblies,
and nanoshells,8 still preserving their inherent reversible
intercalation ability, giving birth to a promising family of
advanced materials.9 Previous attempts to develop these phases
by means of a homogeneous alkalinization process partially
succeeded by employing the controlled thermal hydrolysis of
hexamethylenetetramine (HMT)10 or formamide11 while the
traditional urea-based methods univocally result in undesired
carbonate-bearing LDH phases,12−17 except for certain Zn(II)−
Al(III) phases.18 To reach exchangeable forms, a time-
consuming decarbonation process is mandatory, being
particularly tedious for certain LDH phases.7

Recently it was demonstrated that Mg(II)−Al(III) LDHs can
be obtained through chloride-assisted epoxide ring opening in
aqueous solutions at 298 K, a mild method inherently free of
carbonated side products.19 The main process is initiated with
the protonation of the oxo bridge with a subsequent
nucleophilic attack, commonly driven by chloride, and results
in the ring-opening and a net hydroxyl release (eqs S1 and S2
in the Supporting Information).20

Additionally, because of the absence of hydrothermal
ripening, pristine born single crystals preserving their nano-
metric thickness can be isolated.
The present study reveals to what extent the aforementioned

method allows the one-pot preparation of highly crystalline
LDH particles obeying the formula M2Al(OH)6Cl·nH2O, being
M(II) divalent transition-metal cations. Beyond precipitation
kinetics, the inherent solubility trend of the obtained phases
was analyzed in terms of a general model for LDH stability.

■ EXPERIMENTAL SECTION
Synthesis. Typically, precipitations were driven by aging for

48 h at 298 K 100 cm3 of filtered solutions containing NaCl
(100−500 mM), glycidol 400 mM, a chloride salt of Co(II),
Ni(II), Cu(II) or Zn(II) (6.6−12.0 mM) or a combination of
one of the aforementioned divalent cations with Al(III)
chloride (2.0−3.3 mM). All reagents were purchased from
Sigma-Aldrich and used without further purification. The
precipitated solids were collected by centrifugation, washed
three times with cold water, and dried at room temperature.

Precipitation pH Profiles. Representative precipitation
curves were obtained by in situ potentiometric pH measure-
ment in a reactor at 298 K under permanent stir constantly
purged with N2 to prevent atmospheric CO2 uptake.
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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) and a field
emission scanning electron microscopy (FESEM) instrument,
equipped with an energy dispersive X-ray spectroscopy (EDS)
probe. Cation, chloride, and water contents were assessed by
ICP, ionic chromatography, and elemental analysis, respec-
tively. ImageJ software was employed to analyze the size
distribution of obtained particles over 100 particles from each
sample. X-ray absorption spectroscopy (XAS) spectra of the
samples were acquired in the D04B-XAFS1 beamline21 of the
LNLS, in transmission mode. A Si(111) monochromator for
Co−K edge was used. The energy was calibrated with a Co
metallic foil. The spectra were taken at room temperature.
Three spectra were taken for each sample, and its average used
to perform the analysis. To optimize the signal/noise ratio, the
thickness of the pellets used for data acquisition was adjusted to
obtain a total absorbance above the edge of 1.5.

■ RESULTS

The inherent precipitation behavior of each M(II) chloride as
well as the M(II)−Al(III) binary system was explored. To this
aim, precipitation curves for the single M(II) phases and the
LDH phases were carried out fixing both glycerol and chloride
initial contents according to the previous screening performed
over the Mg(II)−Al(III) system.19 In contrast with Mg(II),19

all the explored divalent transition cations develop quantitative
precipitation in the absence of Al(III) under the employed
conditions because of the lower solubility of the correspondent
hydroxylated phases. For the sake of clarity, in the following
paragraphs the precipitation behavior of each M(II) studied and
the correspondent M(II)−Al(III) LDH will be discussed
separately before a comprehensive analysis of all the LDH
phases obtained. Concerning the epoxide in this study, glycidol
was chosen instead of ethylene oxide22−26 because of its higher
boiling point, which makes it easy to handle at room
temperature, preventing losses due to evaporation and eventual
harmful inhalations.27

Precipitation of Co(II) and Co(II)−Al(III) Solutions.
Precipitation of Co(II) resulted in a bright green suspension
that easily decants. PXRD analysis (Figure 1) denotes the main
reflections belonging to a layered hydroxide typically obtained
under related conditions, known as α phase.28 This layered

phase bearing the formula CoOh0.828Co
Td

0.348(OH)2(Cl)0.348·
0.46H2O holds a main fraction of octahedral Co(II) centers,
CoOh, belonging to a hexagonal cationic arrangement. Certain
CoOh positions within each layer are vacant, and these sites are
occupied by a couple of tetrahedral Co(II) centers, CoTd,
positioned externally from the hydroxilated layer. This
structural feature results in an expanded interbasal distance
with respect from the brucitic β-Co(OH)2.

29 The green color
follows the contribution of the inherent transitions of Co(II)
centers present in 4-fold and 6-fold coordination environments.
The interbasal distance 003 of 8.04(2) Å and the 110 reflection
positioned at 1.572(6) Å recorded for this phase are in good
agreement with reported a = 3.1439(5) Å and c = 24.058(6) Å
cell parameters.29 Chemical analysis confirmed a Co(II)-to-
chloride ratio of 0.29; FESEM inspection revealed single-
crystalline hexagonal platelets ranging from 2 to 12 μm in
diameter (Figure 2) and 25(5) nm thick. Once the
aforementioned precipitation is performed with a Co(II):Al-
(III) 2:1 ratio, a pink colloid consisting of hexagonal platelets
was isolated. PXRD of the dry and ground sample (Figure 1)
revealed the presence of the main interlamellar 00l reflections
of a LDH phase with interbasal distance of 7.8 Å, typically
observed for the chloride form of Co(II)−Al(III) LDH.7,30 As a
natural consequence of the thin dimension of the particle along
the c direction, broad 00l reflections were observed. The
isomorphic substitution of Al(III) within the brucitic planes of
Co(OH)2 resulted in a shift of the 110 reflection to 1.534(5) Å,
in excellent agreement with reported values for Co(II)−Al(III)
LDH phases.7,31,32 PXRD data as well as the absence of visible
light absorption belonging to Co(II) centers in tetrahedral
coordination environment, excluded the presence of α-Co(II)
hydroxide. XAS-based analysis of cobalt revealed that the
absorption edge was essentially at the same energy (7711 eV)
as that of Co(II) absorption recorded for reference Co(II)−
Al(III) (7712 eV), an LDH phase prepared under well-
established protocols (Figure S1 in the Supporting Informa-
tion).7 Then, the eventual occurrence of oxidized Co(II)−
Co(III) LDH phase was disregarded for Co(II) sample.33 In
the case of the Co(II)−Al(III) sample, the whole spectrum is
almost superimposable to the aforementioned LDH reference,
confirming the phase purity suggested by PXRD analysis. Both
Co(II)−Al(III) and Co(II) sample suspensions revealed liquid
crystalline characteristics expected for high aspect ratio
platelets.7 These samples were deposited onto a glass substrate
and submitted to controlled evaporation to favor oriented self-
assembly of particles. The PXRD recorded for both phases
revealed a massive preferential orientation of crystals with their
c axis perpendicular to the substrate (Figure 1). The broad
reflections recorded suggest a crystalline thickness along the c
direction of 25(5) nm, according to Scherrer’s equation. For
the case of the Co(II)−Al(III) sample, the main reflections can
be indexed with the 3R1 cell.

34

In contrast with α-Co(II) hydroxide, FESEM inspection
(Figure 2) revealed the presence of almost monodispersed
particles consisting of 0.5 ± 0.2 μm long hexagonal platelets of
a 20 ± 10 nm thickness, in good agreement with PXRD
inspection; EDS probe confirmed the coexistence of cobalt,
aluminum, and chloride among them.
To gain insights into the precipitation mechanism, pH

evolution along the precipitation process was continuously
assessed. Figure 3 reflects the pH alkalinization profiles on bare
Co(II), Al(III), and Co(II)−Al(III) solutions.19 Bare Al(III)
solution exhibited the first hydroxylation step (step A) with a

Figure 1. PXRD diffraction of samples obtained from solution
containing NaCl 100 mM, glycidol 400 mM, and CoCl2 6.6 mM
(green line) or CoCl2 6.6 mM and AlCl3 3.3 mM (pink line), after
aging for 48 h at 298 K. The oriented samples of each phase are
indicated as f ilm.
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well-defined plateau fixed around pH 4.4, known as the
polymerization zone, that obeys OH− consumption driven by
the assembly of Al(III) units into keggin Al13O4(OH)28

3+

polycations.35−38 Then, the translucent stable Al(III) sol
coagulates close to pH 6.0, denoting a characteristic second
plateau on the alkalinization profile (step B) due to OH−

consumption related to final deprotonation of Al13O4(OH)28
3+

polycations. Once this sol flocculates, an ill-crystallized
Al(OH)3 phase, characterized by broad PXRD reflections
positioned close to Gibbsite or Bayerite ones, is observed.19,37

When precipitation takes place in the presence of Co(II), the
binary solution followed the same behavior, ruled by Al(III)
hydrolysis, until step B ends (830 min). Chemical analysis of
mother liquors confirmed that this step involved the massive
removal of Al(III) ions, exclusively, confirming that its
precipitation is totally decoupled from the Co(II) ion
precipitation. However, when pH reaches 7.25, it suddenly
descends 0.15 units and restores its original value only after 180
min. In principle, this step (step C, Figure 3) of sudden OH−

consumption can obey LDH nucleation and/or specific surface
phenomena; because no LDH phase was identified at this stage,
the latter phenomena can be ruling the pH profile. Previous
reports pointed out that Co(II) develops inner-sphere
adsorption onto active Al(OH)3 surface, resulting in a net
proton release.39−45 Additionally, Co(II) adsorption experi-
ments were carried out over bare Al(OH)3 suspensions
prepared herein. Independent of the initial amount of Co(II)
in the solution, a strong blue color was observed after sorption,

indicating the lack of CoOh in the solids, ruling out the
heterogeneous nucleation of LDH onto Al(OH)3 sol particles.
In addition, PXRD revealed a pattern almost indistinguishable
from that of bare Al(OH)3 phase, confirming the lack of LDH
crystallization (Figure S2 in the Supporting Information). Even
after a six month aging period of Al(III) sol in contact with
Co(II), no sign of the so-called surface precipitation was
observed.46−48

After spontaneous adsorption, the permanent feed of alkali
reverts the pH descent and reaches a critical value around pH
7.6 that triggers a second precipitation event (step D, Figure 3).
Massive removal of Co(II) from solution, and the subsequent
formation of Co(II)−Al(III) LDH, fixes the pH profile around
the value of precipitation, according to eq 1. This process takes
place because of the supply of OH− required to drive the LDH
crystallization process, in concordance with related procedures
developed regarding γ-Al2O3 or nano-AlO(OH).

49,50

+ + +

+ → ·

+ − −2Co (aq) Al(OH) (s) Cl (aq) 3OH (aq)

H O Co Al(OH) Cl H O(s)

2
3

2 2 6 2 (1)

As was observed during Mg(II)−Al(III) LDH formation,19

the freshly precipitated Al(OH)3 nanoparticles are active
enough to develop massive dissolution at mild alkaline
conditions; the aforementioned precipitation sequence was
confirmed for analogous experiments performed under lower
alkalinization rates (Figure S3 in the Supporting Information)
tuned by different initial chloride and glycidol concentrations.
In contrast with the binary solution, bare Co(II) solution just

exhibited a single and well-defined precipitation event (step E,
Figure 3), characterized by a plateau fixed around pH 8.2,
almost a pH unit over the value recorded for Co(II)
precipitation in the presence of Al(III), suggesting the
inherently lower solubility (higher stability) of the LDH
phase, in accordance with titration-based experiments.38

Concerning the mechanism of crystallization, it seems to
follow the behavior observed for Mg(II)−Al(III) LDHs
prepared under this method. In contrast with previous
procedures that report polycrystalline rosettes or central holes
among the LDH platelets,51 their absence suggests that the first
LDH nuclei grows onto very small seeds that easily redissolve,
preventing the aforementioned textural effects. The observed
pH profile is in good agreement with recent reports dealing
with the precipitation of Fe(III)-based LDHs.52

Precipitation of Ni(II) and Ni(II)−Al(III) Solutions. The
precipitation of bare Ni(II) ion solution resulted in a pH profile
(Figure S4 in the Supporting Information) analogous to the

Figure 2. FESEM images of Co(II)−Al(III) particles synthesized from a solution containing NaCl 100 mM, glycidol 400 mM, and CoCl2 6.6 mM
(left panel) or CoCl2 6.6 mM and AlCl3 3.3 mM (right panel), aged for 48 h at 298 K. Scale bar represents 2 μm for both images.

Figure 3. Evolution of pH at 298 K for solution containing NaCl 100
mM, glycidol 400 mM (black line) and AlCl3 3.3 mM (black dotted
line) or CoCl2 6.6 mM (pink dotted line) or CoCl2 6.6 mM and AlCl3
3.3 mM (pink line).
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Co(II) pH profile; a smooth pH overshoot reaching a value of
pH 8.5 indicated a nucleation event followed by a precipitation
plateau fixed at pH 8.4 inherent to this cation.53 In contrast, in
the presence of Al(III), Ni(II) is incorporated in an LDH phase
that precipitates around pH 7.6, well below from the plateau
governed by bare Ni(II) phase solubility, confirming the
inherent stability of a binary Ni(II)−Al(III) phase. The main
features (steps A−D, Figure 3) of the Co(II)−Al(III)
precipitation curve are also observed in this case, suggesting
the occurrence of an analogous precipitation sequence. For
pure Ni(II) phase, PXRD analysis (Figure 4) revealed the

presence of the main 00l reflections of a lamellar hydroxide
typically obtained under homogeneous alkalinization con-
ditions, known as α-hydroxide.53 In contrast with the Co(II)
phase, this one consists of a turbostratic lamellar hexagonal
phase with octahedral coordinated Ni(II) centers, obeying the
formula Ni(OH)2−x(A)x·nH2O, where A− represents an
exchangeable anion. This phase commonly develops flake-like
nanocrystals. As a natural consequence of the thin dimension of
the particles, broad 00l reflections were observed, which
suggests a crystal size along the c axis of 6 ± 1 nm. The
interbasal distance of 8.8 Å observed for this phase exceeded
that of Ni(II)−Al(III), in agreement with previous re-
ports.30,54,55 The binary Ni(II)−Al(III) precipitated phase
revealed the presence of the main reflections of a LDH
structure bearing an interlayer distance of 7.98(4) Å and a grain
size along the c axis of 10 ± 1 nm. The isomorphic substitution
of Al(III) within the brucitic planes of Ni(OH)2 resulted in a
net shift of the 110 reflection, strongly overlapped with the 113
reflection, to higher angles, in excellent agreement with a
parameter of 1.592(4) Å, reported for well-crystallized forms of
Ni(II)−Al(III) LDHs.31,56 The lower crystallinity of Ni(II)
phases compared to Co(II) obtained herein is a natural result
of the lower ability of the former cation to drive ligand
exchange process and/or recrystallization.16

FESEM images (Figure 5) revealed highly corrugated
flakes,57 as expected for flexible nanometer-thick particles;
this characteristic is inherent to high aspect ratio nanoflakes or
related compounds with a few unit cells thickness along the c
direction that eventually can twist around themselves in the
form of nanocones.58

Precipitation of Zn(II) and Zn(II)−Al(III) Solutions. Bare
Zn(II) solution presented a precipitation plateau at pH 7.3 after
reaching an overshoot 0.1 units higher (Figure 6). Binary

Zn(II)−Al(III) solution presented a behavior similar to that of
the Co(II)- or Ni(II)-based solutions, with the occurrence of
the successive B−D steps.

The PXRD pattern of the phase obtained matches with
previously observed one for certain layered Zn(II) basic
chlorides obtained through anionic exchange under mild
conditions from a parent lamellar basic nitrate (Figure 7);59

no reflections belonging to Simonkolleite (Zn5(OH)8Cl2·H2O)
were observed.60 The binary Zn(II)−Al(III) system evolved as
a stable LDH exhibiting a precipitation pH plateau at 7.08;

Figure 4. PXRD diffraction of samples obtained after aging for 48 h at
298 K solutions containing NaCl 100 mM, glycidol 400 mM, and
NiCl2 6.6 mM (black line) or NiCl2 6.6 mM and AlCl3 3.3 mM (green
line).

Figure 5. FESEM images of particles synthesized from solution
containing NaCl 100 mM, glycidol 400 mM, and NiCl2 6.6 mM (left
panel) or AlCl3 3.3 mM and NiCl2 6.6 mM (right panel), aged at 298
K for 48 h. Scale bar represents 200 nm (inset: 100 nm).

Figure 6. Time evolution of pH at 298 K for solution containing NaCl
100 mM, glycidol 400 mM, and AlCl3 3.3 mM (dotted line), ZnCl2 6.6
mM (dashed line), or ZnCl2 6.6 mM and AlCl3 3.3 mM (thick solid
line). Reference alkalinization curve in the absence of Zn(II) and
Al(III) is also presented (thin solid line).

Figure 7. PXRD diffraction of samples obtained after aging for 48 h at
298 K a solution containing NaCl 100 mM, glycidol 400 mM, and
ZnCl2 6.6 mM (lower line) or ZnCl2 6.6 mM and AlCl3 3.3 mM
(upper line).
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PXRD inspection revealed a highly crystalline phase that
spontaneously develops preferential orientation, as was
observed for Co(II)−Al(III) LDH.
FESEM inspection of Zn(II) samples revealed the presence

of both mono and polycrystalline hexagonal platelets and
rosettes, with well-developed geometric borders and smooth
surfaces, suggesting a massive recrystallization (Figure 8).

Almost monodispersed binary Zn(II)−Al(III) particles consist-
ing of 10 ± 3 μm long hexagonal platelets of 50 ± 10 nm
thickness; EDS probe confirmed the coexistence of zinc,
aluminum, and chloride among them.
Precipitation of Mn(II) and Mn(II)−Al(III) Solutions.

The homogeneous alkalinization of either Mn(II) or Mn(II)−
Al(III) solutions resulted in the oxidation of Mn(II), excluding
the possibility of a permanent pH assessment, even under the
constant N2 bubbling in the reactor. Then, both solutions were
precipitated employing Schlenk’s device. The resulting white
solids immediately exhibit oxidation (brownish color) during
centrifugation. However, under PXRD inspection (Figure 9),

both samples evidenced well-crystallized phases that can be
indexed as brucitic Mn(OH)2 (c = 4.73 Å, PDF 18-0787) and
Mn2Al(OH)6Cl·nH2O LDH (c = 7.80 Å, PDF 51-1526),
respectively. This behavior is expected in these LDHs; however,
in contrast with recent reports,61 the oxidation products of
Mn(II) remain silent to PXRD in both cases, suggesting its
occurrence as an ill-crystallized Mn(III) decorating the parent
well-crystallized particles. In the former case, no topotactic
transformation to Mn(II)2Mn(III)(OH)6Cl·nH2O LDH was
noticeable.33

Precipitation of Cu(II) and Cu(II)−Al(III) Solutions. The
exploration of the Cu(II)−Al(III) system revealed a dramat-

ically different behavior. In contrast with the aforementioned
cations, Cu(II) bare solution precipitates at around pH 5.5
(Figure 10), in the form of highly crystalline Cu2Cl(OH)3

(clinoatacamite, PDF 50-1559; Figure S6 in the Supporting
Information) particles. Moreover, the inherent pH of the
precipitation’s plateau remains undisturbed in the presence of
Al(OH)3 nanoparticles, except for a lower pH overshoot. The
Cu2Cl(OH)3 phase remains as the only Cu(II) crystalline
product without any evidence of LDH phase crystallization.
This is expected because previous experimental reports62 as
well as in silico calculations predict intrinsic lower stability for
the Cu(II)−Al(III) LDH structure with respect to the other
M(II)−Al(III) forms.63 The origin of this peculiar behavior
probably lies in the inherent distorted coordination environ-
ment that d9 Cu(II) ions tend to adopt, even for the bare
Cu(OH)2 orthorhombic phase, that results in a low solubility
(Table 1). Beyond thermodynamic aspects, the presence of

Al(OH)3 nanoparticles affected the texture of Cu2Cl(OH)3
phase that resulted in much smaller crystals, suggesting that the
former phase acts as nucleation seed for the latter (Figure S5 in
the Supporting Information). To favor the LDH precipitation
phase, different precipitation conditions were tested. Alkaliniza-
tion rate can be modulated both by initial glycidol or chloride
concentration; slower precipitation rates were evaluated, to
favor the precipitation of thermodynamically stable phases.
However, the segregation of Cu2Cl(OH)3 prevails over the
LDH phase in all the cases.

Figure 8. FESEM images of particles synthesized from solution
containing NaCl 100 mM, glycidol 400 mM, and ZnCl2 6.6 mM (left
panel) and ZnCl2 6.6 mM and AlCl3 3.3 mM (right panel), aged at 298
K for 48 h. Scale bar represents 2 μm for both images.

Figure 9. PXRD diffraction patterns of solution containing NaCl 100
mM, glycidol 400 mM, and MnCl2 6.6 mM (brown line) and MnCl2
6.6 mM and AlCl3 3.3 mM (black line), aged at 298 K for 48 h.

Figure 10. Time evolution of pH at 298 K for solution containing
NaCl 100 mM, glycidol 400 mM (black line), and AlCl3 3.3 mM
(black dotted line), CuCl2 6.6 mM (blue dotted line) or CuCl2 6.6
mM and AlCl3 3.3 mM (blue line).

Table 1. Solubility Constants of M(II) Hydroxides or Basic
Chlorides and Their Correspondent M2Al(OH)6Cl LDH
Phases

cation phase pKsp pKsp M2Al(OH)6Cl

Al(III) Al(OH)3 (from ref 19) 31.75 ± 0.25 −
Mg(II) Mg(OH)2 (from ref 19) 9.9 ± 0.15 50.5 ± 0.35
Co(II) Co(OH)1.4Cl0.6·nH2O 11.2 ± 0.15 57.10 ± 0.35
Ni(II) Ni(OH)1.5Cl0.5·nH2O 11.4 ± 0.15 56.95 ± 0.35
Zn(II) Zn(OH)1.6Cl0.4·nH2O 13.6 ± 0.15 58.5 ± 0.35
Cu(II) Cu(OH)1.5Cl0.5 15.7 ± 0.15 −
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■ DISCUSSION
Because of the mild alkalinization rate employed, a permanent
solubility equilibrium condition for the solid phases growing
along the precipitation plateau can be assumed; the formula
that describes solubility equilibrium of growing LDH is
M(II)2Al(OH)6Cl·1.5H2O, the stable M(II)-to-Al(III) ratio
typically observed.64

The occurrence of certain Al(III)-rich LDH phases obeying
the formula MAl4(OH)12(NO3)2·nH2O, with M(II) = Co(II),
Ni(II), Cu(II), Zn(II) as alternative phases to the observed
LDHs was expectable. Interestingly, this intercalation process
takes place without the addition of extra base, when solutions of
these cations are exposed to the proper Al(OH)3 phase under
hydrothermal conditions according to eq 2.65

+ + +

→ ·

+ − n

n

M (aq) 2Cl (aq) 4Al(OH) (s) H O(1)

MAl (OH) Cl H O(s)

2
3 2

4 12 2 2 (2)

However, the mild conditions employed herein seem to
prevent this from happening, and only the OH− supply allows
the crystallization of the Co2Al(OH)6Cl·H2O phase.
Before LDH nucleation, the concentration of free Al(III)

ions is fixed by the solubility equilibria of already precipitated
Al(OH)3. Assuming that this equilibrium is valid until the
parent Al(OH)3 sol is consumed, each one of the M(II)
precipitation plateaus allows an estimation of the solubility of
their correspondent M(II)−Al(III) LDH phases. Table 1
compiles those LDH pKsp values as well as the inherent pKsp
value for the bare M(II) basic chlorides obtained under similar
conditions. For the particular case of Mg(II)−Al(III) phase, the
deduced value is in excellent agreement with the solubility data
recorded for this phase under complementary dissolution
experiments.66

In recent years, several authors postulated that the
thermodynamic stability of a given LDH phase is governed
by the inherent one of the pure hydroxides of the constituent
cations.67−69 To test this hypothesis, the present LDH
solubility data as well as previously reported result38 was
contrasted against reference solubility values for the pure
brucitic hydroxides of the constituent M(II) cations evaluated
herein. Figure 11 compiles LDH solubility as a function of
M(OH)2 solubility data from different reference sources,
expressed in a logarithmic form proportional to dissolution

free energy. It is worth mentioning that both sets of LDH
solubility data were assessed under different protocols, in terms
of both precipitation driving force (cations concentration) and
base addition; their coincident values suggest that the
assumption of solubility equilibrium condition is valid for
both. Despite certain dispersion arising from discrepancies of
tabulated values, a robust, almost linear tendency can be
observed.
Interestingly, it predicts that the solubility of an LDH phase

constituted by Al(III) and an extremely soluble hypothetical
M(II) cation is practically that of Al(OH)3 itself. Then, the
slope value of 1.6 of this tendency indicates that the linear free-
energy relation that links the solubility of the bare hydroxides
with the M(II)−Al(III) LDH one can be resumed in the form
of eq 3.

+ = ·K {Al(OH) } 1.6K {M(OH) } K {MAl(OH) Cl H O}sp 3 sp 2 sp 6 2

(3)

■ CONCLUSIONS
The present study demonstrates that it is possible to obtain a
variety of single-crystalline particles of Al(III)-based LDH in
the exchangeable chloride form by means of a mild
homogeneous alkalinization procedure based on chloride-
assisted glycidol ring rupture. Certain LDH phases such as
Mn(II)−Al(III) LDH that cannot be obtained by ammonia-
releasing agents were obtained in the present case.31 The in situ
measurement of pH profiles allowed us to observe the main
precipitation steps already observed for Mg(II)−Al(III) LDH.
The heterogeneous nucleation of LDH phase over existing
nano-Al(OH)3 seeds is preceded by surface adsorption of
M(II) ions onto them; once the LDH phase nucleates, its
growth is driven by M(II) and OH− consumption from
solution as well as massive redissolution of the nano-Al(OH)3
particles. The precipitation pH plateau of each LDH follows the
trend of the solubility of the hydroxichlorides obtained under
similar conditions as well as the tabulated solubility of bare
M(II) hydroxides. For the particular case of Cu(II), the
inherent stability of the basic chloride hinders the growth of the
Cu(II)−Al(III) LDH phase. The extension of the present
method for the obtainment of LDH phases holding higher
M(II)-to-Al(III) ratios and/or different interlayer anions is
under current research.
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