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LDH  tactoids  were  synthesized  in
stable  and  flocculating  suspensions.
Highly  ordered  planar  random  struc-
tures were  made  by filtration.
In  flocculating  systems,  edge-face
interactions  are  overcome  during  fil-
tration.
Exfoliated  LDH  suspensions  also
assembled  as rippled  layered  struc-
tures.
These  assemblies  prepare  for
large-scale  assembly  of  nacre-like
nanocomposites.
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a  b  s  t  r  a  c  t

A  new  generation  of  ordered,  mineral-reinforced  polymer  nanocomposites  is  emerging  for which  assem-
bly of platelets  into  planar-random  array  provides  the  reinforcement  structure.  Motivated  by  this  goal,
Co–Al  layered  double  hydroxide  (LDH)  tactoids  (diameter  ∼3  �m,  thickness  ∼30  nm)  were  synthesized
and  their  colloidal  stability  in  water  as a function  of pH  was  characterized  by  sedimentation  and  zeta-
potential  measurements.  The  tactoids  in both  stable  and unstable  suspensions  assembled  into  sheet
materials  with  a layered  planar  random  arrangement  during  filtration  presenting  a putative  reinforce-
ment  structure.  Exfoliated  nanosheets,  characterized  by the  disappearance  of  diffraction  peaks  in XRD
rdered nanocomposite
iomimetic
elf-assembly

patterns and  by AFM,  were  also  assembled  and  produced  a region  of  10  �m next  to  the  filtration  mem-
brane  which  was  highly  ordered  but  in  which  the  order reduced  at  further  distances  because  of higher
entropic  undulation  of very  thin  platelets  at much  reduced  filtration  rates. Reassembly  of  these  exfoli-
ated platelets  confirmed  that  more  ordered  parallel  structures  are  obtained  with  tactoids.  Such  structures
resemble  that  of  nacre  and  could  serve  as  reinforcements  for subsequent  infiltration  by  matrix  resins  in
the same  way  that  carbon  fibre  woven  mat  is  prepared  for fibre  reinforced  polymers.
. Introduction

There is a pervading view in the materials community that
omposite materials which emulate the layered bricks-and-mortar
tructure of nacre (mother of pearl) would deliver a combination

f high elastic modulus and high work of fracture giving rise to
igh fracture toughness (KIC) [1–3]. In selecting calcium salts for
einforcement of mollusc shells on the basis of availability and
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solubility, nature, faced with the very low toughness of aragonite
(∼1 MPa  m1/2), refined the microstructure to produce nacre with
KIC = 4–6 MPa  m1/2 using 5 vol.% organic material. Its toughness
emerges in part from crack deviation along a tortuous path
where energy is absorbed by the organic constituent, by platelet
interlocking and by jamming due to platelet thickness variation
[4–6]. This provides one of the best examples of the principle that
underpins materials science that micro- and nano-structures have

a commanding influence on properties [7–9]. In the laboratory,
experiments using alumina and polymethylmethacrylate [9]
have produced a composite with twenty times the toughness of
either constituent simply by microstructural rearrangement of
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wo inherently brittle materials, a lively demonstration of the
emarkable influence of microstructure on properties which is
ransforming strategic thinking in composite materials [10].

Renewed interest in the biomimetic ‘copying’ of the nacre struc-
ure emerges from the need to find composite materials with high
trength and stiffness to weight ratio as replacements for carbon
bre composites, particularly in a new generation of low fuel con-
umption automotive applications where the high cost of carbon
bre is considered a threat to market penetration.

Recent work on the ordering of exfoliated platelets of mont-
orillonite in a polyvinyl alcohol matrix [11] and the resulting
echanical properties: tensile stress of 400 MPa  and modulus of

06 GPa have given hope that the long term goal of mimicking the
acre microstructure with high volume fractions of an inexpensive
nd plentiful mineral reinforcement is now in sight. The assembly
rocess used was layer-by-layer deposition in which 1800 dip-
ing and drying operations are needed to produce a film that is
.5 �m thick. Furthermore strength was measured on samples of
.5 �m × 1 mm × 4–6 mm so that corrections are needed for the
olume dependence of strength but the important point that has
een established by that work is that high-strength composites
rom clays and polymers can be made. The question now is: how can
hese composites be made in sufficient volume to provide a viable

anufacturing process? Previous work at Schlumberger research
12] suggested simple methods like filtration could be effective
ut did not study the resulting microstructure and our previous
ork [13] showed that thin layered structures of natural mont-
orillonite could be obtained by several approaches including

ltration.
Clays are natural layered aluminosilicates with cations sand-

iched between the layers. Layered double hydroxides (LDHs),
lso known as hydrotalcite clays, are also laminar minerals with
nions sandwiched between hydroxide layers. LDHs are present
n nature [14] and can be synthesized in the laboratory; syn-
hetic LDHs have better-defined geometry and crystal structure
han their natural counterparts. LDHs have the general formula
M1−x

2+Mx
3+(OH)2]

x+
[Ax/n

n− · mH2O]x−, where M2+ and M3+ are
i- and tri-valent metallic cations and An− represent the anions

n the interlayer space [15,16].  Al3+ ions are the main trivalent
ations. Mg–Al [17] and Zn–Al [18] LDHs are the most com-
only studied. Transition metal-bearing LDHs such as Co–Al

19,20], Fe–Al [21] and Ni–Al [22] may  have special applications
ue to their magnetic, catalytic and optical properties. Zn–Al

ayered hydroxides function as photocatalysts for oxidation of
henol [23] and similar Mg–Al LDH have been arranged into
hin films (∼1.5 �m)  in conjunction with polysodium 4-styrene-
ulphonate using layer-by-layer (LBL) assembly [24]. Zn-, Mg-  and
o-LDH were assembled into thin films by LBL and spin coating
ethods [25].
We  synthesized Co–Al LDHs and adjusted the colloidal stabil-

ty of their dispersions. We  also prepared delaminated (exfoliated)
DH nanosheets by gradual ion exchange followed by redispersion
n formamide. These were arranged by filtration on a 0.2 �m pore-
ize membrane to explore the effectiveness of this method for the
ssembly of planar random structures of platelets with different
olloidal stability and platelet thickness.

. Experimental details

.1. Synthesis of LDH platelets
Co–Al LDH particles were synthesized based on a procedure
15] for producing platelets in the micrometer diameter region
nd with CO3

2− as the interlayer anions. Reactants consisting of
.42 g CoCl2 · 6H2O, 0.72 g AlCl3 · 6H2O and 1.26 g urea (obtained
ysicochem. Eng. Aspects 408 (2012) 71– 78

from Sigma Aldrich, Poole, Dorset, UK) were dissolved in 600 mL
distilled water in a three-necked round bottom flask. The solution
was purged with nitrogen gas for 5 min before being heated and
refluxed for 48 h at 120 ◦C under nitrogen protection in an oil bath.
The resulting particles were filtered and washed thoroughly with
distilled water four times and redispersed to the initial concentra-
tion, which was measured to be 0.15 wt.% by gravimetric drying.
All further experiments were derived from this stock dispersion
designated LDH–CO3

2−.
Ion exchange and exfoliation of the particles were carried out

using modifications of previous methods [15] in which the platelets
were never dried or ground. Typically 100 mL  stock dispersion was
filtered and redispersed into 100 mL  mixture of NaCl (1 M)  and
HCl (3.3 mM)  solution by vigorous shaking. This suspension was
then mixed on a roller table for 24 h to exchange CoCl2 · 6H2O for
Cl− and this product was  designated as LDH–Cl−. It was filtered
and washed with distilled water four times, then redispersed into
100 mL  NaNO3 solution (0.1 M).  This suspension was  mixed for
another 24 h and separated by the same method as LDH–Cl− to
produce LDH–NO3

−. LDH–NO−
3 was then re-dispersed into 100 mL

formamide and shaken vigorously and mixed on a roller table for
24 h to give a putative exfoliated LDH designated as E-LDH. Part of
the E-LDH so produced was separated from formamide by centrifu-
gation and re-dispersed in distilled water to produce re-assembled
LDH.

2.2. Preparation of LDH films

In order to produce oriented LDH films, the appropriate disper-
sions were filtered in a disposable Nalgene filter funnel fitted with
a sterile cellulose nitrate membrane of 0.2 �m pore size obtained
from Thermo-Fisher Scientific (Leicestershire, UK). The filter cakes
together with the filter membrane were carefully removed and
dried for 24 h in air at room temperature and then in a vacuum
oven at ambient temperature for 24 h. The E-LDH dispersion in for-
mamide was filtered with a Millipore Fluoropore membrane made
of hydrophilic PTFE and having the same pore size (obtained from
Millipore, Hertfordshire, UK).

2.3. Characterisation methods

Part of the stock LDH–CO3
2− dispersion was diluted 10 times

to 0.015 wt.% before adjusting pH with added hydrochloric acid or
sodium hydroxide solutions. Zeta-potential and particle size were
measured on a Zetasizer nano-ZS (Malvern Instruments, Malvern,
UK) at 25 ◦C in clear disposable zeta cells. Sedimentation of the stock
LDH–CO3

2− dispersions (0.15 wt.%) at different pH was recorded
in optical quartz cells with a path length of 10 mm as a function
of time. XRD measurements were run on either a Bruker AXS D4
Endeavor or a Bruker D500 Theta/2Theta diffractometer at ambi-
ent temperature. Scans were from 2 to 55◦ 2� with 6 s counting
time per step and 0.05◦ gap per step. SEM images were obtained on
JEOL JSM-7401F. Samples were coated beforehand with a GATAN
coater (Model 681) with a layer of Au 1–2 nm thick. AFM images
were taken on a Veeco Dimension 3100 in tapping-mode and the
images were analyzed with the Nanoscope v.6 software. Samples
were deposited on freshly cleaved mica surfaces and dried in a
nitrogen flow.

3. Results and discussion

3.1. Particle size analysis
After 11 ks (3 h) in the reaction vessel, the clear pink solution
started to become turbid and a pink precipitate developed over
the 48-h refluxing period. This precipitate, both in its as-prepared
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Fig. 1. (a) SEM image of the as-prepared Co–Al LDH particles and (b) the 

tate and after washing, sedimented very quickly. Fig. 1(a) shows a
canning electron microscope image of the as-synthesized LDH par-
icles and the number average diameter is 2.4 ± 0.07 �m as deduced
rom the analysis of SEM images (Fig. 1(b)). The Zetasizer gave a z-
veraged diameter of 2.9 �m with a polydispersity index 0.56. The
stimate from SEM images examines a limited sample area and the
ore reliable data is derived from the Zetasizer. The platelets were

urther characterized by AFM imaging and Fig. 2(a) shows a typical
apping-mode AFM image. The platelet thickness is in the region of
0 nm by section analysis across one edge of the platelet as shown

n Fig. 2(b).

.2. Stability of LDH dispersions as a function of pH

The colloidal stability of platelets in dispersion may  influence
he formation of ordered structures and according to previous
esearch [26,27], flocculated systems may  be unable to pack effi-
iently so the stability of the LDH platelets was investigated. The
asal surfaces are positively charged due to isomorphous substi-
ution of Co by Al while the charges on the edges arise from the
ydroxyl groups and are pH-dependent. Hence they carry positive
harges at lower pH due to the protonisation of the OH groups and
re negatively charged at higher pH caused by the loss of protons
28]. As a result, it is possible to stabilize LDH platelets at lower pH
ue to the repulsion forces between particles carrying charges of
he same sign on both basal and edge surfaces. They may  however
occulate at higher pH due to the attractive interaction between the
egatively charged edges and positively charged basal surfaces. In
rinciple, this feature of LDHs is the reverse of clays whose basal
urfaces are negatively charged [29] and which tend to aggregate
t lower pH and vice versa.

Fig. 3 shows the zeta-potential of LDH particles in their dilute

0.015 wt.%) aqueous suspension as a function of pH. It can be seen
hat at pH 2 and 3, the potential is about +63 mV; as pH rises, the
otential drops and turns negative at pH ∼10. Generally when
he zeta potential is higher than +30 mV  or lower than −30 mV,

Fig. 2. (a) Tapping mode AFM image and (b) section analysis
d platelet diameter (distance between two opposite edges) distribution.

the dispersion is regarded as stable. This shows that the colloidal
stability of LDH platelets is indeed pH-dependent and confirms
that these platelets can be electrostatically stabilized at lower
pH where the whole particle presents a high positive potential
resulting from the combination of charges from the edges and the
basal surfaces. On the contrary, at higher pH, the charge at the
edges changes to negative and counteracts part of the positive
charge of the basal surface; this manages to make the whole
particle present a negative potential at pH ≥ 10. Furthermore the
potential reached a plateau at pH 6.0–9.5 possibly caused by the
amphiphilic property of Al–OH which acts as a buffering agent.
The isoelectric point of these platelets is in the region pH 9–10.
These properties for Co–Al LDH platelets can be compared to
earlier work for Mg–Al LDH platelets which also reported that
the electrophoretic mobility of Mg–Al LDH platelets is highly pH
dependent, decreases as pH rises and reaches a plateau at pH
6.5–8.5 [30]. Based on these values it can be predicted that the
dispersion should stay stable below pH 5 and start to flocculate
above pH 6 and serious flocculation should occur at ∼pH 10.

The stability can be deduced from sedimentation tests as shown
in Fig. 4. The dispersion at pH 3 represents the range where
zeta-potential is higher than +30 mV;  the dispersion at pH 7 is
the original LDH suspension without additives and represents the
medium range where zeta-potential is lower than +30 mV;  the dis-
persion at pH 10 represents the range above the isoelectric point.
The starting situation is represented by Fig. 4(a), 1 min  being the
time required to set up the vessels and camera. The suspension was
most stable at pH 3 (corresponding to zeta-potential of +63 mV,
Fig. 3) and particles flocculated at pH 7 and pH 10 (correspond-
ing to −30 mV  < zeta potential < +30 mV,  Fig. 3). It can be seen that
the particles flocculated seriously at pH 10 characterized by faster
sedimentation and a loose sediment layer; the particles slightly

flocculated at pH 7 and gave denser sediment and the particles at
pH 3 are well dispersed and gave very dense sediment. This visual
observation verifies the prediction based on the zeta-potential
measurement.

 across an edge for an as-prepared Co–Al LDH particle.
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Fig. 3. Zeta-potential for LDH particles in its a

.3. LDH films obtained by filtration

Vacuum-assisted filtration through 0.2 �m porous cellulose
embrane resulted in an average flux of 0.2 L m−2 s−1 or an aver-

ge flow velocity of 200 �m s−1 overall. In some experiments, the
acuum was applied immediately (within 1–2 s) after filling the

ltration vessel. In others, the contents of the filter vessel were

eft for 1 h before the vacuum was applied. The results of filtra-
ion experiments can therefore be interpreted in conjunction with
he sedimentation results reported in Fig. 4. In the case of pH 3

Fig. 4. Sedimentation records for LDH suspensions at pH 3, 7 and 10 after (a) t = 6
us dispersion (0.015 wt%) as a function of pH.

suspensions, the extent of sedimentation over the 5 min  needed
to complete the filtration was minimal as deduced from (Fig. 4(b))
which shows the sedimentation state at 6 min. So these samples
were assembled against the membrane in a flux of liquid with
average velocity 200 �m s−1 rather than by sedimentation. On  the
other hand, the pH 3 suspensions left for 1 h had undergone signif-

icant sedimentation as judged by the sedimentation state at 1.5 h
(Fig. 4(c)) before vacuum was  applied because the flux in the filter
without applied vacuum was  negligible. For pH 10 suspensions, on
the other hand, sedimentation had almost completed before the

0 s (1 min); (b) t = 360 s (6 min); (c) t = 5400 s (1.5 h) and (d) t = 72 ks (20 h).
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ig. 5. SEM images of the cross-section of the LDH film obtained by filtering the p
agnification showing defects thought to arise from entrapped bubbles.

acuum was applied (Fig. 4b and c) in both cases. The sediment
owever is loose and characteristic of a partially flocculating sys-
em so that the morphology of the deposit can still be modified by
ompaction against the filter membrane once vacuum is applied as
hown below.

Fig. 5 shows the typical SEM images for the cross-section of the
lter cake resulting from LDH suspension at pH 3, which is the most
table dispersion. It was prepared by vacuum-assisted filtration and
he vacuum pump connected to the filter was turned on immedi-
tely after the dispersions were transferred to the filter funnels.
amples that were allowed to sediment for 1 h and then filtered
roduced alignment in the resulting structure that was  similar to
hat shown in Fig. 5(a).

Although there is evidence of overall preferred in-plane orien-
ational alignment of the platelets, a significant degree of disorder
as found. This takes two forms: hollow regions surrounded by a

ocal ‘house of cards’ structure (Fig. 5(b)) and waviness in the struc-
ure which appears to be replicated throughout the assembly once
n alignment defect has been introduced at an earlier stage. Thus
he microstructure is characterized by a trend to form a layered
tructure interrupted by defects which then propagate waves.

Closer observation of the holes (Fig. 5(b)) indicates hollow
pheres surrounded by deformed platelet shells which may  have

esulted from air bubbles with platelets attached parallel to the
iquid-air interface before filtration. The original bubbles would be
n the 10–20 �m region and therefore have low upthrust. Indeed

 large number of air bubbles formed while stirring/shaking the

ig. 6. SEM images of the LDH film obtained by filtering the degassed dispersion of pH 3: 

urface (c) and the upper surface (d).
dispersion at (a) lower magnification showing a layered assembly and (b) higher

dispersions during the synthesis and processing of the dispersions.
This was  initially ignored because it was assumed (wrongly) that
the viscosity was  low enough for air bubbles formed during mix-
ing to be released when the mixing stopped. Nevertheless, opacity
made it hard to tell by visual observation whether the entrapped
air had been released and so vacuum degassing of the dispersions
was carried out.

Fig. 6(a) and (b) show the cross-sections of samples with the
same pH = 3 as those shown in Fig. 5, but degassed before filtration.
The alignment of the platelets was  greatly improved and the pack-
ing efficiency has increased. The local ‘house of cards’ structures
have gone and the waviness has been reduced considerably. This
high degree of ordering produced by such a simple operation com-
pared to the layer-by-layer process provides encouragement that
a new generation of nacre-like composites can be produced on a
commercial scale.

It is particularly interesting that the flocculated particles at pH
10 seen in the sedimentation experiment (Fig. 4) were also success-
fully aligned by filtration. The aggregated particles in the loosely
flocculated arrangements are assumed to adopt a ‘house-of-cards’
structure in suspension due to the attraction between the edges
and the basal surfaces [28], an effect widely associated with platelet
minerals [31]. That they also produced a layered structure means

that such assemblies are easily broken down when the suspension
is filtered.

Several factors influence the alignment of platelets during
vacuum-assisted filtration: the flow of water, gravity and pressure

the cross-section at (a) lower magnification and (b) higher magnification, the lower
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Fig. 7. XRD patterns of (a) LDH–CO3
2− , (b) LDH–Cl− , (c) LDH–NO3

− , (d) exfoliated
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DH paste in formamide, (e) dried exfoliated LDH paste in formamide and (f) re-
ssembled LDH by re-dispersion of exfoliated LDH in water. The inserted graph is
he expanded pattern for exfoliated LDH-formamide paste.

radient. The flow direction of water is perpendicular to the plane of
he filter membrane and in laminar flow with low Reynold’s num-
er, the platelets would tend to align parallel to the flow direction.
his orientation is changed by the torque applied to each platelet
y the filtrate as it touches the filter cake and in this case, the torque
n a platelet caused by water flow during filtration forces the basal
urface to attach to the surface below. This effect is reinforced by
ravity and appears sufficient to overcome the weaker flocculating
ttraction between the LDH particles.

The lower surfaces as shown in Fig. 6(c) are made up of particles
eposited in the fastest flow on the fresh membrane and are nearly
erfectly flat with few defects. There is a tendency for defects to be
eplicated and magnified as the film develops, so the top surfaces of
he filter cakes are somewhat wavy (Fig. 6(d)) caused by the prop-
gation of alignment defects inside the film although the platelets
till tend to assemble flat.

.4. Exfoliation of LDH platelets and alignment of exfoliated LDH

Fig. 7 shows the XRD patterns of the LDH particles with dif-
erent interlayer anions. Fig. 7(a) shows the as-synthesized LDH

2− − −
ontaining CO3 ; (b) and (c) are for the Cl - and NO3 -exchanged
DH platelets respectively. The inter-planar spacing derived from
he diffraction peaks are listed in Table 1. It can be seen that the
DH platelet swells when CO3

2− ions are replaced by Cl−. Data

Fig. 8. Tapping-mode AFM image (a) and section analysis (b) of ex
ysicochem. Eng. Aspects 408 (2012) 71– 78

for CO3
2− (0.75 nm) and Cl− (0.77 nm)  exchanged LDH are similar

to the values previously obtained for this system [15]. The basal
interlayer spacing becomes even greater (0.86 nm)  when NO3

−

ions are substituted for Cl−, indicating that the basal plane spacing
increases in the counter-ion order: CO3

2− < Cl− < NO3
− and this also

confirms the effectiveness of ion exchange. The interlayer spacing
of LDH–NO3

− in our work is slightly lower than the value (0.89 nm)
in references [15] and [32] possibly because a small proportion
of the interlayer spaces are occupied by CO3

2− contributed by the
ionization of carbon dioxide dissolved in the distilled water used.
Li et al. managed to reassemble the exfoliated Mg–Al LDH platelets
to give the interlayer distance typical of its nitrate form by using
nitrogen protection and deionised water in the whole process [32].

After ion exchange, NO3
− substituted LDH was redispersed

into formamide and shaken vigorously. The resulting dispersion
remained stable for several days. Part of the dispersion was then
separated from formamide by centrifugation and the sediment was
in the nature of a paste which was  assessed by X-ray diffraction.
Fig. 7(d) shows the XRD pattern of the exfoliated-LDH formamide
paste. The diffraction peak disappeared and this means the platelets
are exfoliated into single sheets. The significant halo around 24◦ of
2� is attributed to the scattering of formamide [15]. The exfoliation
is confirmed by the tapping-mode AFM image as shown in Fig. 8. A
thickness of ∼1 nm is derived by section analysis across the edges
of the nanosheets (see Fig. 8(b)). AFM images also disclose that
the exfoliated system still contains a few incompletely exfoliated
platelets with almost the same thickness as the original platelets
(∼30 nm). A small population of unexfoliated particles or reassem-
bled platelets caused the very small peak at around 12◦ in the XRD
patterns (Fig. 7(d)). This shows that the slightly narrower interlayer
space caused by the contamination of CO3

2− in LDH–NO3
− did not

undermine the exfoliation. It is common to find that the extent of
exfoliation of platelets rarely reaches 100% and this degree of exfo-
liation of LDH was accepted without further effort to extend it. The
paste was allowed to dry in a vacuum oven and the basal spacing
did not return to the value for LDH–NO3

− as expected because of
the continued capture of CO3

2− ions from dissolved CO2.
The suspension was filtered and it took 3 ks to filter 60 mL sus-

pension compared to the unexfoliated suspensions which took
∼300 s; an effect associated with the lower permeability that devel-
ops in the exfoliated filter cake. Fig. 9(a) and (b) shows respectively
the lower surface and cross-section of the film obtained in this
way. As most of the platelets became substantially thinner which is

revealed by the AFM images and the XRD data showing exfoliation
of the platelets, SEM could hardly discern their edges (Fig. 9(a)).
Fig. 9(b) shows that the platelets are ordered in the region next
to the filter membrane to a thickness of ∼10 �m and packed less

foliated LDH nanosheets deposited on freshly cleaved mica.
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Table  1
Interlayer spacing for LDH particles with different interlayer counter ions and in different liquids (the fundamental d-spacings were the same for 1st and 2nd order reflections).

LDH–CO3
2− LDH–Cl− LDH–NO3

− Dried formamide-LDH Formamide-LDH, reassembled in water

d-Spacing (nm) 0.75 0.77 0.86 0.78 0.76
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Fig. 9. SEM images of a film obtained by filtering the formamide susp

fficiently further away. Isotropic to liquid crystal-like phase tran-
itions are reported for LDH in suspension and can be extended
y organic adsorbents [33]: the coalescence of such structures
ould also contribute to disordered regions. It is likely that the first
ew ordered layers control the permeability of the entire cake. To
xclude the hypothesis that the platelets did not pack efficiently
ecause the suspension was too crowded, the same volume of sus-
ension was diluted 10 times and filtered but it resulted in a film
ith the same structure showing no improvement. As these sin-

le sheets are very thin and less rigid, they easily deform. Indeed
ecent work confirms that undulations spontaneously form in sin-
le sheets of montmorillonite [34], graphene [35], and layered
ouble hydroxide [36]. In the upper region, the lower pressure dif-
erence experienced by the nanosheets and the deceased flow rate
f formamide caused by the build-up of the first layers of the filter
ake lead to less torque on each plate; this, combined with naturally
ccurring undulation inhibits a highly ordered structure.

The deflection, y of a flat plate is proportional to 1/t3 where t
s the thickness [37], so the number of sheets in a tactoid has a
ery strong influence on its ability to undulate and bend during
ssembly. This explains why LDH tactoids could be assembled into
ighly ordered arrangements but exfoliated nanosheets showed
ore disorder. The lower effectiveness of the filtration method in
ssembling layered nanosheets of this LDH is thus partly dependent
n the extent of exfoliation and the large aspect ratio. The in-plane
oung’s modulus for LDH platelets from molecular dynamic simu-

ation [36] is 63.4 ± 0.5 GPa for a hydrated system and 139 ± 1 GPa

ig. 10. SEM images of the cross-section from the filter cake of re-assembled LDH by r
agnification.
 of exfoliated LDH particles: (a) bottom surface and (b) cross-section.

for the LDH sheets alone. This is 60% of that of montmorillonite
clay platelets, calculated to be 230 GPa by the same method [34].
Both minerals provide substantial modulus enhancement for poly-
mer  matrices which typically have Young’s Moduli in the 1–3 GPa
region and so both minerals are competitors for the role of reinforc-
ing agents in ordered platelet composites. The easier processing of
LDH, resulting particularly from its reduced tendency to form gels,
might compensate for its lower modulus. The dispersion medium
may  also affect the assembly because it has an impact on the van
der Waals interaction between the platelets. For example, exfoli-
ated clay nanosheets dispersed in water can be assembled into a
sufficiently ordered film by filtration [38]. Graphene has superb
mechanical strength and up to 20 �m thick films with a layered
structure have been made [39,40]. There is an argument there-
fore to suggest that the assembly of Co–Al LDH tactoids instead
of exfoliated nanosheets may  produce a more ordered structure
overall.

It has been reported that Co–Al LDH platelets, which have been
exfoliated in formamide, re-assemble when they are re-dispersed
into water [15]. This enables us to test the effect of platelet rigidity
on the degree of order in the resulted film: it should be influenced
by the degree of reassembly. A filter-cake was  therefore prepared
from platelets which had been re-assembled by re-dispersion in

water. Their XRD pattern (Fig. 7(f)) confirmed the reassembly of the
exfoliated sheets with a d-spacing 0.76 nm, which is slightly higher
than the as synthesized LDH–CO3

2− (0.75 nm) due to the continued
capture of CO3

2− in water. Fig. 10 shows the cross-section of the

e-dispersion of exfoliated LDH in water at (a) lower magnification and (b) higher
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lm obtained by filtration of this suspension and it is clearly much
ore ordered than that from the exfoliated LDH platelets.

. Conclusions

Co–Al LDH tactoids (diameter: ∼2.9 �m;  thickness: ∼30 nm)
ere synthesized in aqueous suspensions: they dispersed well at

ower pH but aggregated at higher pH. This is because the platelet
asal surface carries positive charges due to the isomorphous
ubstitution of Co atoms by Al atoms and the platelet edge car-
ies positive charges at lower pH and negative charges at higher
H. The IEP of its surface was found to be between pH 9–10. The
ell-dispersed and the aggregated platelets could both be aligned

o form a layered structure by the filtration method, which indi-
ates that the flow processes in filtration can overcome the weaker
ggregation forces. The dispersion needs to be degassed in order
o produce a higher degree of order by removing the relics of
ntrapped microbubbles.

The tactoids synthesized in this way were exfoliated by for-
amide after gradual substitution of the interlayer ions; XRD

onfirmed the expected basal plane spacings of the substituted
DHs. The single nanosheets packed very efficiently in the region
lose (∼10 �m)  to the filter membrane when the flow rate was at
aximum but the packing became less regular further from the

lter because of flexibility of the nanosheets combined with the
educed flow rate and pressure difference encountered after the
uilt-up of the first layers of filter cake. The platelets were then
eassembled into tactoids and the ordered structure resulting from
he reassembled platelets confirms that the tactoid rigidity plays

 part in forming ordered packing arrangements in filtration pro-
esses. LDH, montmorillonite and graphene are all competitors for
he role of platelet reinforcements in ordered polymer nanocom-
osites. LDH may  have advantages in terms of ease of processing
nd conferment of fire-resistance.
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