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a b s t r a c t

In this paper, we report the preparation of aqueous suspensions of Ni/Al layered double hydroxide (LDH)

nanoparticles by a non-steady co-precipitation followed by peptization. By choosing suitable

peptization temperature and time, well-dispersed suspensions were obtained. Meanwhile, the particle

size, shape and size polydispersity can be efficiently controlled. Nematic ordering is observed in

colloidal Ni/Al LDH suspensions and confirmed by birefringence observations and SAXS measurements.

Furthermore, we showed that the sol–gel transition takes place after a liquid crystalline phase transition

in concentrated Ni/Al LDH suspensions. The absence of isotropic–nematic phase separation can be

attributed to the fact that the nematic phase droplets are too small to settle to the bottom of the cuvette.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

It is well known that colloidal suspensions can undergo phase
transitions which are similar to atomic and molecular systems.
For spherical colloids, a disordered fluid phase and an ordered
crystal phase can be observed at appropriate colloidal densities.
For non-spherical colloids, such as rod- and plate-like particles,
intermediate ordered phases between the fluid and crystal can
also be observed. For example, the particles exhibit long-range
orientational order without long-range positional order (nematic
phase, N), or with two-dimensional positional ordered (columnar
phase, C) or one-dimensional positional order (lamellar phase, L).
In these liquid crystal phases, I–N phase transition has been
studied for hundred years since suspensions of rod-like vanadium
pentoxide and plate-like clay particles were found to exhibit
unusual liquid crystal phase behavior [1]. Inspired by these
observations, Onsager put forward a theoretical description of I–N

phase transition in suspensions of such anisotropic colloidal
particles. He demonstrated that the driving force for the
formation of a nematic phase lies in a gain of excluded volume
entropy (favoring the nematic state) compensating a loss of
orientational entropy (favoring the isotropic state) [2]. Further-
more, he addressed that the particle shape alone is enough to
induce I–N phase transition, and thus hard rods or plates without
any interactions may form a nematic phase [3]. This has been
confirmed by computer simulation [4]. I–N phase transition in
ll rights reserved.

x: +86 53188365437.
suspensions of rod-like particles has been studied extensively for
many decades in experiments, theory and simulations [5–7].
However, for suspensions of colloidal platelets, the I–N phase
transition is almost always obscured in the interference of
gelation [8–10], so it is natural to focus on other systems of
inorganic platelets. In recent years, suitable experimental model
systems of approximately hard colloidal platelets have been
developed [11–13]. Concentrated suspensions of Ni(OH)2 platelets
showed I–C transition but not I–N transition. The absence of a
nematic phase can be attributed to the much lower aspect ratio
(diameter to thickness). While suspensions of gibbsite platelets
with a higher aspect ratio and a slightly higher polydispersity
showed the full range of liquid crystal phase transitions predicted
for hard platelets, i.e., I–N and N–C phase transitions. However,
these investigations were not related to the colloidal domain of
layered double hydroxide (LDH).

Layered double hydroxides are a class of inorganic compounds
with the general formula ½M2þ

1�xM3þ
x ðOHÞ2�

xþAn�
x=n �mH2O, where

M2+ and M3+ are di- and tri-valent metal cations, such as Mg2+,
Co2+, Ni2+, Al3+, Fe3+, Cr3+, etc., and x changes with M2+/M3+ molar
ratio of preparation. Structurally, LDHs can be characterized as
containing brucite-like layers, where some divalent metal cations
have been partially substituted by trivalent metal cations
(isomorphic substitution) to form positively charged sheets. The
surface charge can be tuned by varying the ratio of M2+/M3+ and it
is compensated by exchangeable anions and water molecules in
the interlayers [14,15]. Such structural characteristics and com-
positional variability makes LDHs have potential applications in
wide areas, such as catalysts, catalyst supports and nanocompo-
sites [16,17]. In our previous work, Mg/Al LDH suspensions have
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been investigated for their stability [18], rheological properties
[19–21] and the ability to stabilize Pickering emulsions [22,23].
And recently, I–L phase transition was found in Mg2+/Al3+

¼ 1:1
LDH suspensions, while I–N phase transition was found in Mg2+/
Al3+
¼ 2:1 LDH suspensions [24–26]. To the best of our knowl-

edge, no same kinds of liquid crystal phase transitions in Ni/Al
LDH suspensions have been reported yet. Michot et al. synthe-
sized takovites containing different anions, as a result of the
poorly defined particle morphologies and some degree of
aggregation, they only observed a sol–gel transition rather than
a liquid crystal phase transition [27]. In order to study the liquid
crystal phase transition in Ni/Al LDH suspensions, well-dispersed
and transparent suspensions with well-defined particles and
acceptable particle size polydispersity but without particle
aggregation are needed.

Up to now, there have been many reports on the synthesizing
of LDHs. Non-steady co-precipitation [28–31], co-precipitation of
mixed salt solutions at varied or constant pH, followed by
peptizing at a certain temperature, has been successfully used to
synthesize LDHs. Our group has reported that co-precipitating
Mg2+/Al3+ (2:1) in NH3?H2O solution at pH 9.5 and then
peptizing the obtained precipitate at 80 1C for 24 h results in
well-dispersed colloidal LDH suspensions [24–26]. Zhao et al.
prepared Mg/Al-carbonate LDH nanoparticles with uniform
crystalline size using a rapid mixing and nucleation process in a
colloid mill followed by a separate aging process [32]. Xu et al.
reported a fast co-precipitation followed by controlled hydro-
thermal treatment to prepare stable homogeneous suspensions of
monodispersed Mg/Al LDH nanoparticles [33]. In this paper, we
report a simple and convenient synthesis method based on non-
steady co-precipitation followed by hydrothermal treatment to
prepare colloidal Ni/Al LDH nanoparticles in aqueous suspensions.
By choosing the peptization temperature and time, we can
efficiently control the particle size, shape and size distribution,
and finally obtain well-dispersed suspensions. What is more,
nematic ordering is observed in concentrated Ni/Al LDH aqueous
suspensions and confirmed by birefringence observations and
SAXS measurements.
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Fig. 1. X-ray diffraction patterns of dried powders of Ni/Al LDH suspensions

peptized at different temperatures for 24 h: (a) 80 1C; (b) 100 1C; (c) 130 1C; and (d)

150 1C.
2. Experimental

2.1. Preparation of Ni/Al LDH suspensions

We have investigated the peptization behavior of Ni/Al LDH
aggregates with different Ni/Al molar ratio, however, under the
peptization conditions adopted in this study, they cannot be well
dispersed to form the required sols for the investigation of liquid
crystal phase transitions in Ni/Al LDH suspensions. Comparing all
the obtained suspensions, we choose the Ni/Al molar ratio of 1:1.

Generally, to prepare stable suspensions of Ni/Al LDH, 350 ml
diluted NH3 �H2O solution (3.0 M) was quickly added into 600 ml
mixed aqueous solution of NiCl2 �6H2O and AlCl3 �6H2O (total
metal concentration 0.3 M, Ni/Al molar ratio 1:1) under vigorous
stirring. The final pH value of the suspension was about 9.8. The
obtained precipitate was aged in air at room temperature with
stirring for 45 min. After filtration, the filter cake was washed
thoroughly with deionized water, then collected, redispersed in
deionized water and placed in an autoclave for peptization at
different temperatures for different times. A part of each
suspension was dried for subsequent XRD analysis, and the rest
was kept in suspension under a nitrogen atmosphere to prevent
acidification by dissolved CO2 for TEM, size distribution and
rheology measurement. The samples used for birefringence
observations and SAXS measurement were prepared as follows.
After peptization at 130 1C for 24 h, the obtained sol was
concentrated by vacuum distillation until the particle concentra-
tion reached 22 wt%, then the concentrated sample was kept in a
closed flask under a nitrogen atmosphere to prevent acidification
by dissolved CO2. The suspensions of different concentrations
were prepared by diluting the concentrated suspension of 22 wt%,
and then closed in flat cuvettes with 1 mm slit widths and
capillaries, respectively.

2.2. Characteristic methods

Powder X-ray diffraction (XRD) patterns were collected using a
Ringku D/MAX-rA X-ray diffractometer with Cu Ka radiation
(l ¼ 1.54184 Å). Infrared spectra were collected on a VERTEX-70
FTIR after 40 scans within 4000–370 cm�1 at a resolution of
4 cm�1 by measuring the IR absorbance of a KBr disk containing
1–2 wt% of the Ni/Al LDH sample. The transmission electron
micrographs (TEM) were obtained on a JEM-2100 electron
microscope operated at 200 KV. For TEM observations, the
suspensions were diluted with deionized water and ultrasonic
treatment for 10 min, and then deposited on carbon-coated
copper grids. The particle size distributions and zeta potential
were both measured with a Malvern Zetasizer 3000. The rheology
measurements were performed on a HAKKE RS75 Rheometer with
a coaxial cylinder sensor system (Z41 Ti). The viscosity curves
were collected with shear rate ranging from 0 to 1000 s�1. For
oscillatory measurements, the amplitude of the applied stress was
chosen in the linear viscoelastic regimes and the data were
recorded in the range of frequency between 0.01 and 100 Hz. The
macroscopic phase behavior of Ni/Al LDH suspensions was
observed between crossed polarizers. The small angle X-ray
scattering (SAXS) measurements were performed at Beijing
Synchrotron Radiation Facility (BSRF). The radiation is fixed at
0.154 nm and the distance from the sample to detector is 1.6 m.
3. Results and discussion

3.1. Effect of peptization temperature on particle size

The XRD patterns of Ni/Al LDH obtained under different
peptization temperature for 24 h are presented in Fig. 1.
Whatever the peptization temperature is, all the samples have
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Fig. 3. TEM images of Ni/Al LDH nanoparticles of the suspensions peptized at

different temperatures for 24 h: (a) 80 1C; (b) 100 1C; (c) 130 1C; and (d) 150 1C.

Table 1
Ni/Al LDH particle sizes (nm) under different peptization conditions.

Time (h) 80 1C 100 1C 130 1C 150 1C

12 � � 44.9a 72.6

145.1b

16 � 167.3 124.7 129.5

24 80.7a 117.3 86 71.6a

1129.3b 188.4b

48 354.9 129.0 125.3 160

Note: ‘‘� ’’ such peptization condition produces flocculated sample.
a The peak value of smaller particles.
b The peak value of larger particles that are not dispersed or reaggregated. Both

of them are calculated from the particle size distribution, which are bigger than

the real corner to corner dimension of LDH particles from TEM images.
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three sharp diffraction peaks close to 2y ¼ 111, 241, 351,
corresponding to the diffraction planes (003), (006) and (009)
located at 7.6, 3.8 and 2.6 Å, respectively, typical of hydrotalcite-
like compounds. According to the basal spacing data, we can infer
that carbonate ions do not intercalate into the interlayer. The peak
marked # represents the formation of AlO(OH). The absence of
(01l) reflections indicates that the samples have a high stacking
fault density [34]. It can be also seen that the intensity of the peak
is increased and the full width at half maximum is decreased with
the increasing of the peptization temperature. These indicate that
the samples crystallinity is improved by enhancing the
peptization temperature.

FTIR spectra of Ni/Al LDH powders peptized at different
temperatures for 24 h are shown in Fig. 2. Both samples are
typical Ni/Al-Cl LDH peaks including a broad band at 3450 cm�1

(uOH), a rather weak peak at 1365 cm�1 (due to CO2�
3 converted

from CO2 captured from air), a peak at 1625 cm�1
ðdH2OÞ and bands

at 680 and 447 cm�1 (M–O vibration and M–O–H bending)
[35–37].

The morphologies of Ni/Al LDH nanoparticles of the suspen-
sions peptized at different temperatures for 24 h are shown in
Fig. 3, and the particle sizes given by size distribution are listed
in Table 1. Apparently, the particles are all roughly hexagonal
plate-like in shape. At the lowest peptization temperature, 80 1C
(Fig. 3a), the suspensions are not fully peptized and the particles
distinctly aggregate. The smaller particles are well defined with
particle size ranging from 10 to 30 nm while the larger aggregates
with size over than 1mm (Table 1). When the peptization
temperature is up to 100 1C (Fig. 3b), the particles become larger
but inhomogeneous. Particle polydispersity increases and there
is still some degree of aggregation. After peptization at 130 1C
(Fig. 3c), the particles exhibit a well-defined hexagonal shape with
the size in the range of 15–30 nm, forming a roughly
monodispersed suspension. When the temperature is raised to
150 1C, the particles become much larger and thicker, but they are
much closer to discoid in shape (Fig. 3d). Size distribution
measured by the Zetasizer3000 gave similar results to TEM
observations (Fig. 4a). As the size distribution gives the
hydrodynamic diameter so the value is bigger than the real
corner to corner dimension of Ni/Al LDH particles in TEM images.
For a peptization temperature of 100 1C, the particle size
distribution curves show one broad peak, indicating a higher
particle polydispersity in these suspensions. While the curve for
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Fig. 2. FTIR spectra of dried powders of Ni/Al LDH suspensions peptized at

different temperatures for 24 h: (a) 80 1C; (b) 100 1C; (c) 130 1C; and (d) 150 1C.
the suspensions peptized at 130 1C has only one sharp peak with
an average diameter of 86 nm. This reveals that 100 1C is not high
enough to fully disperse the aggregates. As the peptization
temperature is up to 150 1C, the curve shows two broad peaks
again, implying the increasing of particle polydispersity due to
reaggregation of larger particles. Comparing all the obtained
suspensions, we determined 130 1C to be the optimal peptization
temperature.

3.2. Effect of peptization time on particle size

Not only the peptization temperature but also the peptization
time has a significant effect on the stability and dispersibility of
the obtained colloidal suspensions. Fig. 5a–c and Table 1 show the
morphologies and sizes of Ni/Al LDH nanoparticles of the
suspensions peptized at 130 1C for different times, respectively,
and the corresponding particle size distribution is presented in
Fig. 4b. For a short peptization time (12 h), large and small
particles are both observed and the particle polydispersity is
higher (Fig. 5a), so the particle size distribution curve has two
sharp peaks. As the peptization time is prolonged to 24 h (Fig. 5b),
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Fig. 4. Size distribution curves of Ni/Al LDH particles: (a) peptization at different

temperatures for 24 h and (b) peptization at 130 1C for different times.

Fig. 5. TEM images of Ni/Al LDH nanoparticles of the suspensions peptized at

130 1C for: (a) 12 h; (b) 24 h; (c) 48 h; and (d) chemical compositions analyzed with

EDS (Energy Dispersion Spectrometer).
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the particles grow larger and become relatively homogeneous. The
particle size distribution curve shows one sharp, narrow peak,
indicating a lower size polydispersity. However, when the
peptization time is up to 48 h (Fig. 5c), the curve shows a much
broader peak because more particles reassemble into larger
aggregates. Therefore, we considered that the optimal
peptization time was 24 h. The chemical composition of the
Ni/Al LDH obtained at 130 1C for 24 h was probed by EDS analysis
(Energy Dispersion Spectrometer) and shown in Fig. 5d, which
indicates the presence of Ni, Al, Cl and O, and gives the mole ratio
of Ni/Al ¼ 1, equaling the initial designed value (1.0). The presence
of C and Cu are derived from the copper grids used in the TEM
experiment. Therefore, the chemical composition of the Ni/Al LDH
is Ni0.50Al0.47(OH)2Cl0.47 �0.71H2O. The zeta potential of the Ni/Al
LDH nanoparticles measured with Malvern Zetasizer 3000 was
about +60 mV at 4ppHp6.
3.3. Dispersibility and growth of Ni/Al LDH particles

In our group, well-dispersed Mg/Al LDH suspensions can be
prepared by peptization at 80 1C for 24 h. However, such lower
peptization temperature cannot make the initial amorphous Ni/Al
LDH materials disperse and gives rise to flocculated samples (‘‘� ’’
in Table 1), unsuitable for the investigation of liquid crystal phase
transition in Ni/Al LDH suspensions. This indicates that Mg/Al
LDH is easy to disperse in aqueous solution, while Ni/Al LDH
prefers to aggregate in aqueous solution, so the necessary
condition to obtain a well-defined sol is to enhance the
dispersibility by increasing the peptization temperature and time,
which is a prerequisite for the crystal growth mechanism of
dissolution and recrystallization. Generally speaking, under
hydrothermal conditions, particle growth mechanisms follow
Ostwald ripening, namely, the smaller and larger particles have
different surface free energies, resulting in the dissolution of
smaller particles and the growth of larger particles. For lower
hydrothermal temperatures (80 and 100 1C) or shorter peptization
times (12 and 16 h), the solubility of the particles is reduced,
leading to much smaller particles, and thus the suspensions are
not well dispersed because of the strong attraction between the
particles and the glue effect of amorphous LDH materials. For
moderate peptization temperatures (130 1C) or times (24 h), the
particle growth undergoes dissolution and recrystallization, thus
producing larger and homogeneous particles. However, when
peptized at higher temperatures (150 1C) or longer times (48 h),
much larger particles are obtained, where edge-to-surface inter-
actions dominated to form larger aggregates, so the suspensions
are unstable [38].

The dispersibility of the Ni/Al LDH suspensions was also
characterized by viscosity measurements. As shown in Fig. 6, the
suspensions are all shear-thinning and the unpeptized suspension
has the highest viscosity. The viscosity decreased with the pepti-
zation temperature. Notably, the viscosity of the suspension
peptized at 80 1C is almost equal to that of the unpeptized
suspension. This indicates lower temperatures are not enough to
completely disperse the amorphous Ni/Al LDH aggregates, while
the suspensions peptized at higher temperatures are well
dispersed and have low viscosity. That is to say, in the initial
stage of hydrothermal treatment, the particles firstly experience
disaggregation, and then the growth of the LDH individual
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Fig. 7. Phase behavior of Ni/Al LDH suspensions with different concentrations as

observed between crossed polarizers after a resting time of 4 months: (a) 8 wt%;

(b) 11 wt%; (c) 14 wt%; and (d) 17 wt%.
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crystallites takes place via Ostwald ripening. On the other hand,
the particles’ Brownian motion is enhanced under hydrothermal
treatment, so the particles on the aggregate surface overcome the
interparticle interaction through collision and escape from the
aggregate, and hence they will stably suspend in the suspension
because of the strong electrostatic repulsive forces. These are the
possible reasons that peptization at 80 1C for 24 h can only partly
disperse the Ni/Al LDH aggregates. The disaggregation of the
amorphous LDH is completed after peptization at 100 1C, and then
the particle growth via the following processes [33,39]. Small
crystallites dissolve and the Mg and Al species deposit onto the
bigger crystallites. Meanwhile, the cations diffuse within the
hydroxide layers to reduce the lattice defect and form a better
crystallized LDH particle. However, the continuous growth makes
the particles become much larger. These larger particles may
overcome the electrostatic repulsive forces and aggregate again.
The change in particle morphologies from hexagonal to discoid
when the peptization temperature is up to 150 1C can be
attributed to the fact that the increasing of peptization
temperature may affect the processes of dissolution, deposition
and diffusion during the particle growth. In conclusion, stable and
monodispersed suspensions of Ni/Al LDH nanoparticles with well-
defined morphologies were obtained at the optimal conditions of
peptization temperature 130 1C and time 24 h. So the Ni/Al LDH
suspensions used in the following birefringence observations,
SAXS and rheology measurements were obtained under these
hydrothermal conditions.
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Fig. 8. Small angle X-ray scattering curve of Ni/Al LDH suspension with a

concentration of 14 wt%. The inset pictures are original SAXS pattern (a) and

birefringence of the suspension (b).
3.4. Phase behavior of Ni/Al LDH suspensions

In our previous reports of Mg/Al LDH suspensions, an
isotropic–lamellar (I–L) and an isotropic–nematic (I–N) phase
transition was found in Mg2+/Al3+

¼ 1:1 and Mg2+/Al3+
¼ 2:1 LDH

suspensions, respectively [24–26]. Ni/Al LDH particles are also
anisotropic, according to Onsager theory, a liquid crystalline phase
transition may occur in such suspensions at high enough particle
concentrations. As expected, when observed between crossed
polarizers (Fig. 7), the Ni/Al LDH suspensions with concentrations
lower than 8 wt% are completely isotropic (Fig. 7a), while
suspensions with higher concentrations show permanent
birefringence, and the relative amount of the birefringent phase
increases with particle concentrations (Fig. 7b–d). The phase
structure of the birefringent phase was further characterized by
small angle X-ray scattering (SAXS) measurements. SAXS is a
useful technique for the investigation of liquid crystal systems and
it can distinguish various liquid-crystalline phases depending on
different scattering patterns or curves. As shown in Fig. 8, the
inset pictures are original SAXS pattern (a) and birefringence (b) of
the Ni/Al LDH suspension with a concentration of 14 wt%. SAXS
measurements show that its scattering is typical for a nematic
phase [40].

However, after a longer resting time of 4 months, the
suspensions only show nematic ordering and no isotropic–ne-
matic phase separation is observed. This seems quite similar to
aqueous clay suspensions, where gelation takes place before
isotropic–nematic phase separation [8]. That is to say, in Ni/Al
LDH suspensions the isotropic–nematic phase separation may be
prevented by gelation, so we made oscillatory measurements on
concentrated Ni/Al LDH suspensions and the storage (elastic)
modulus G0 and loss modulus G00 of the systems were determined.
As shown in Fig. 9, for a Ni/Al LDH suspension with a
concentration of 14 wt%, G0 is lower than G00 and the suspension
is slightly viscous, typical of a sol. However, the opposite is
observed in the 17 wt% suspension, where G0 is markedly higher
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than G00 and both of them do not vary much within the examined
frequencies, which reveals the formation of a gel. So we can
conclude that the sol–gel transition takes place after a liquid
crystalline phase transition in Ni/Al LDH suspensions. Therefore,
the phase behavior of Ni/Al LDH suspensions can be explained as
follows. In a nematic sol sample, the Ni/Al LDH particles are much
smaller than Mg/Al LDH particles (120 nm), and the formed
nematic droplets are too small to settle to the bottom of the
cuvette. They suspend throughout the whole suspension, so no
sharp phase boundary and no isotropic–nematic phase separation
is observed. The broad peak on the SAXS curve reflects a surface-
to-surface interaction between neighboring particles [40]. This
indicates that a so-called repulsive gel, stabilized by electrostatic
repulsive forces between the electrical double layers of the
particles, can form in Ni/Al LDH suspensions.
4. Conclusion

In summary, by suitable choice of peptization temperature and
time, aqueous suspensions of Ni/Al LDH nanoparticles were
successfully prepared with controlled morphologies and size
distribution, which are important for the formation of oriented
films, liquid crystal phase behavior and the stability of Pickering
emulsions. The optimal conditions for synthesizing stable and
monodispersed suspensions of hexagonal Ni/Al LDH nanoparticles
are peptization at 130 1C for 24 h. Nematic ordering without
isotropic–nematic phase separation is observed in their concen-
trated suspensions. This can be attributed to the fact that the
nematic phase droplets are too small to settle to the bottom of the
cuvette. Due to the permanent positive surface charge of Ni/Al
LDH particles, these suspensions may respond to an external
magnetic field and an AC electric field. In our future investigation,
we plan to investigate the magnetic and electric field-induced
birefringence which could be interesting for applications in simple
display devices.
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