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Water-dispersed LDH nanosheets prepared using a microreactor could be used as building blocks for LDH-
based functional materials. Elucidating the growth behavior of LDH nanosheets in aqueous phase helps to
obtain its aqueous dispersion for further application in different fields. In this paper, a two stage growth
behavior of LDH nanosheets was proposed which was based on the results of transmittance, viscosity,
pH value, size distribution and morphological features of crystallites. In the first stage, MgAl-LDH
nanosheet gel was dispersive in aqueous phase and the lateral size of nanosheets grew progressively,
while in the second stage, the nanosheets stacked to build a three-dimensional network and the
integrated plate-like structure of LDH was formed progressively. For both stages, curves of pH versus
standing time implied the growth behavior fitted a first-order model. The results of both transmittance
and viscosity indicated that the dispersion degree and nanosheet stacking rate were temperature
dependent and independent of concentration. A diagram including three regions was made, which could
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Introduction

Layered double hydroxides (LDHs), are an extensive class of ionic
lamellar compounds made up of positively charged brucite-like
layers with an interlayer region containing charge compensating
anions and solvation molecules. The general formula of LDHs
may be described as [M;_y*"M,*"(OH),J¥*(Ax,"")-mH,0, where
M*" and M*" are divalent and trivalent metal cations which
occupy octahedral holes in a brucite-like layer, and A"~ can be
various kinds of inorganic or organic anion which are located
in the hydrated interlayer galleries." The chemistry of LDHs is
now widely studied driven by the use of these materials as
precursors for preparing CO, adsorbents,” catalysts,>* fire
retardant additives,” polymer/LDH nanocomposites,*” drug
delivery hosts,® electrochemical storage materials® and cement
additives.
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a theoretical basis for the practical application of LDH nanosheets.

So far the preparation of LDH mainly includes particles and
nanosheets. For LDH particles, in general, the most commonly
used method is coprecipitation at varied or constant pH, fol-
lowed by aging at a certain temperature.">'> But as is well
known, it is difficult for traditional methods to offer uniform
precipitation conditions. Firstly, there is a gradient of super-
saturation due to the limitation of mixing and heat transfer in
batch reactor, which affects the nucleation and growth stages
dramatically. Secondly, because of intermittent operation
mode, the residence time of precipitate particles varies from the
beginning to the end of precipitation behavior, which inevitably
leads to a wide particle size distribution and poor reproduc-
ibility. Furthermore, considering the scale-up effect of batch
reactor, the result in a lab is difficult to be replicated on a mass
production.*®** To solve these problems, microreactor is often
used to prepare nanoparticles for the reactant can be well mixed
in a limited space, and the nucleation and ageing behavior can
be separated immediately.***”

Different from the traditional LDH particles prepared by
coprecipitation method, the anisotropy of LDH nanosheets
allows their use as ideal 2D quantum systems for studying
fundamental physics, or as building blocks for functional
materials.’®? The delamination of LDHs has been widely re-
ported.'®*° The synthesis of LDH nanosheets was first reported
by Hu et al. via a reverse (water-in-oil) microemulsion method.>*
Water droplets acted as microreactors, in which LDH nano-
sheets were formed because of limited space and reactant
availability. Liang et al. obtained MgAI-LDH nanosheets in
formamide by a co-precipitation method.”® All of the above
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methods to prepare LDH nanosheets had problems of the using
of toxic solvents, the adsorption of organic substances on the
obtained nanosheets, or the difficulty in large-scale prepara-
tion, which all limited the actual application of LDH nano-
sheets. Our group successfully obtained LDH with narrow
distribution by continuous precipitation using a T-type micro-
channel reactor. More interestingly, the obtained LDH was
consisted of 1-2 brucite-like layers.>® This method is simple,
environmentally friendly and can realize the large-scale prepa-
ration. Moreover, we also explored its further application in
fabricating LDH-based materials, such as drug delivery*”*® and
hydrophobic protective coatings,* which exhibited its advan-
tage of controllable surface modification.

For controllable preparation and further application, the
deep insight of LDH formation mechanism was needed, and
various schemes have been proposed based on different
syntheses.**** Synthesizing LDHs by coprecipitation usually
includes two stages: initial coprecipitation and subsequent
peptizing (or aging). Braterman et al.**** suggested that poorly
crystallized LDH was formed during coprecipitation, which was
then converted to well-crystallized LDH during aging. Eliseev
et al.** noted that agglomerates formed during coprecipitation
were amorphous, but then converted into a layered structure
during aging. Chang et al.** obtained size-sorted LDH nano-
sheets by their lateral sizes using a density gradient ultracen-
trifuge separation technique, and proposed a four-stage
formation behavior, i.e., firstly, the coprecipitation of amor-
phous aluminum hydroxide and magnesium hydroxide, and
then the absorbed magnesium salts redissolved into the solu-
tions, thirdly, the formation of the LDH crystal nucleus with
different Mg/Al ratios by aluminum atoms diffusing into
magnesium  hydroxide structures and finally growth/
crystallization of the LDH crystal nucleus occurred via a hydro-
thermal treatment. Apparently, all these different models have
been based on their different observations under different
experimental conditions, reflecting the complexity of the LDH
formation behavior.

Different from traditional coprecipitation, LDH nanosheets
crystal formed by one-step in a short time after salts and alki
solution being mixed in the junction of a T-type microreactor.
The naked LDH nanosheets prepared in aqueous phase has
good application prospects in many fields. The stability is very
important for the further application, so we designed a series of
experiments to explore the growth behavior.

In this work, we report a systematic investigation of the
growth behavior of MgAI-LDH nanosheets dispersed in
aqueous phase by studying the dependence of transmittance,
viscosity, pH value and the morphology of the LDH upon time.
LDH's growth behavior was discussed based on the charac-
terization results. Then, a temperature-time diagram and
a possible growth behavior were proposed, and by which the
dispersion state of LDH nanosheets in aqueous phase could be
determined. We hope our detailed understanding of the
growth behavior of LDH nanosheets in aqueous phase will
be of considerable importance for preparing LDH-based
materials.
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Experimental section
Materials

All chemicals were of analytical grade and were used as received
from BASF Co., Ltd. (China). Ultrapure water with resistivity of
18.2 MQ cm from an AFZ-1000-U purification system (China)
was used throughout this study.

Preparation of MgAl LDH nanosheets

MgAI-NO; LDH was synthesized by coprecipitation using a T-
type microreactor.”® The concentration of mixed salt solution
(Mg** + AI**) was 0.3 mol L™ and Mg/Al molar ratio was 2 by
dissolving 0.750 g (2 x 10> mol) Al(NO5);-9H,0 and 1.026 g (4
x 107* mol) Mg(NO,), - 6H,0 in 20 mL water. The alkali solution
was diluted NH;3-H,O solution (~7 wt%). These two solutions
were pumped into the microreactor through two inlets, each at
a flow rate of 20 mL min . The resulting suspension was
collected at the reactor outlet, and centrifuged at 12 000 rpm to
remove the supernatant. The precipitate was washed three
times with water by redispersion/centrifugation, yielding LDH
nanosheets as a gel. The synthesis was carried out at ambient
temperature (~25 °C). Transmittance, viscosity, morphology,
pH value and size distribution were discussed on LDH disper-
sion in aqueous phase with different solid content and standing
time.

Characterization techniques

A Seiko SPA 400 model atomic force microscopy (AFM) system was
used to examine the surface topography of nanosheets deposited
on mica wafers. AFM images were acquired in tapping mode,
using a Si tip cantilever with a force constant of 20 N m™'. The
transmittance of LDH dispersions was measured on a UV-1901 UV-
vis spectrophotometer at A = 590 nm. Particle size distributions
were determined using a Malvern Mastersizer 2000 laser particle
size analyzer. The viscosity of LDH dispersions was measured by
a C-LTD80/QC rheometer, at a shear rate and temperature of 200
s~ " and 25.0 & 0.5 °C, respectively. The pH value was measured by
a S220-K pH meter at atmosphere temperature.

Results and discussion

The stability of the LDH nanosheets was first investigated by
observing the macroscopic aspect. Then the influence of time
and temperature on pH value of the aqueous dispersion, the
change of the lateral size, thickness and particle size distribu-
tion, the transmittance and viscosity were investigated. Finally,
a growth behavior was supposed according to the above exper-
iment results.

Macroscopic aspect

The gel-like MgAI-LDH (solid content of 7.0 wt%) was put into
transparent glass bottle and the change of its macroscopic
properties could be easily observed (Fig. 1). After standing for 2
days, the white gel progressively transformed into translucent
sol, and the fluidity increased with time. The possible reason is
that the product aggregated after centrifugation and existed as

This journal is © The Royal Society of Chemistry 2017
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cluster after being dispersed into aqueous for a short time, and
then they dispersed progressively as nanosheets due to elec-
trostatic repulsion between positive charged LDH nanosheets.
The gel became slightly turbid after 7 days. After peptized at
60 °C for 48 h, it turned into white suspension for the growth of
nanosheet along ab-plate and the stacking along c-axis (which is
perpendicular to ab-plate) as reported.>® Moreover, it is worth to
note there wasn't precipitation observed, which indicate the
obtained LDH had a high aqueous colloidal stability.

pH value measurement

MgAI-LDH was prepared using a microreactor and centrifuged at
12 000 rpm to remove the supernatant. One part of sample without
washing was dispersed in aqueous phase, and stood at 25 °C. The
rest was divided into three parts and washed twice with deioned
water and dispersed in aqueous phase, and then let stand at the
temperature of 25 °C, 35 °C and 40 °C, respectively. The solid
concentration of all samples is 29.8 g L. For exploring the crystal
growth of LDH nanosheets, pH value was measured at intervals.
Fig. 2 showed curves of pH value versus time. pH decreased from
10.0 to 9.7 in 35 hours for unwashed sample, and decreased from
9.55 t0 9.25 for washed sample, indicating the consumption rate of
OH™ was slow. It was worth noting that the curve of unwashed
sample was almost parallel to that of washed sample at the same
standing temperature, and both curves had an inflection point at
a standing time of 35 hours. For samples standing at 35 °C and
40 °C, curves were divided into two parts, and for each part there
was a good linear relationship between pH and time. The pH value
in the first part decreased less than that in the second part. The
first stage became shorter with the increase of temperature, and
the inflection points appeared at the standing time of 17 h and
12 h under the temperature of 35 °C and 40 °C, respectively.
According to the above results, the crystal growth behavior
can be regarded as the further reaction of cations with ions on
fresh LDH nanosheets, so it could be represented by formula as

LDH, [M** + M** + OH"] —» LDH, (1)

where LDH; was the fresh LDH nanosheets, LDH, the LDH at
the standing time of ¢, M>" the Mg>", M*" the AI**, ‘-’ repre-
sented cations and anions adsorbed on the surface of LDH; and
reacted on it. So the rate equation can be represented as

dCOH*

dt

where k is the reaction rate constant, «, 3, v is the reaction
order.

= k[M*]*[M*)’[OH ] )

Fig. 1 Macroscopic aspect of gel-like MgAl-LDH (solid content of 7.0
wt%) prepared using a microreactor standing for different time at 25°C
and peptized at 60 °C for 48 h.
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Fig. 2 The change of pH value during the growth process of LDH
nanosheets.

As we all know 1g co- = pH — 14, so Ig coy- is in reverse
proportion to the standing time according to the results of
Fig. 2, conforming to the characteristic of first order kinetic
equation. So,« =0, =0,y = 1.

Furthermore, eqn (2) can be rewritten as follows,

d _
— C‘;)tH = kCOH* (3)
—2.303dlg cop- = kdt (4)
—2.303d(pH — 14) = kd¢ (5)
dpH k
dr 2303 (©)

According to the slope for plot of pH-t, the reaction rate
constant for the first stage can be calculated as 0.022, 0.049, and
0.082 for 25 °C, 35 °C and 40 °C, respectively.

AFM measurement

Fig. 3 shows a tapping-mode AFM image of LDH particles
collected from the sample standing for 15 h, 23 h and 32 h,
respectively. For samples of 15 h and 23 h, LDH nanosheets had
a thickness and lateral size of 0.6-0.9 and 20-40 nm, respectively
(Fig. 3A, A1 and B, B1), which had the same size with the fresh
LDH.*® The thickness of a brucite-like layer is ca. 0.48 nm,** and
the d-spacing of the LDH sample was 0.87 nm.*® Thus, LDH
nanosheets were estimated to consist of 1-2 brucite-like
layers.**® After standing for 32 h, LDH nanosheets had lateral
size and a thickness of 30-50 and 1.5-3.0 nm, respectively
(Fig. 3C, C1), indicating that the nanosheets grew along ab-plate
and packed to 2-4 layers along c-axis which is perpendicular to
ab-plate. According to the above results, the nanosheets grew
slowly along ab-plate before the standing time of 32 h.

DLS measurement

Particle size distributions were measured to determine the
evolution process of size distribution (Fig. 4). The particle size
was 25-45 nm for 15 h and 23 h, and became 25-60 nm for 32 h.
And then, the LDH crystal grew more quickly and the particle

RSC Adv., 2017, 7, 14989-14997 | 14991
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Fig. 3 (A) AFM image and height scale of LDH nanosheets collected
from sample standing for different times, and (B) sectional analysis
along the black line marked in (A). (A1, B1) 15 h, (A2, B2) 23 h, and (A3,
B3) 32 h.

size distribution was 35-90 nm for 40 h. For peptized LDH, it
was about 70-120 nm. The evolution observed from the results
of DLS showed that the particles grew larger with time though
they grew slowly before 32 h.
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Fig. 4 Particle size distributions of LDH particles collected from
sample standing for different times at 25 °C.

Transmittance measurement

Fig. 5 showed curves of transmittance (7) versus standing time
(¢) of LDH dispersion with different solid concentration at 25 °C.
It was interesting that transmittance reached a maximum at the
standing time about 32 h regardless of solid concentration. The
dispersion behavior can be represented as (LDH),, — nLDH.
Providing the initial solid content of (LDH), and LDH nano-
sheets is Cs and zero, respectively, and the solid concentration
of LDH nanosheets is Cy after (LDH), were dispersed in
aqueous phase for a standing time of ¢. The dispersion process
was supposed to be uniform, then the solid concentration of
LDH nanosheets (Cy) can be represented as Cy = f1Cs, in which
fr is the dispersion fraction (a definition for dispersion degree)
and is a constant at a certain temperature regardless of solid
concentration. For MgAI-LDH nanosheets, fr is about ¢/32 at
25 °C. For sample with solid concentration of 29.8 g L™, the
transmittance was lower than 1% before the standing time of 11
hours, although 11/32 of LDH nanosheets were dispersed, the
transmittance was still quite low due to a high solid concen-
tration. So we can estimate the first stage will appear obviously
if the solid concentration is more than 19.6 g L™* at 25 °C.
For further exploring whether the maximum transmittance
keep unchanged or not for samples with different solid
concentration at the same temperature, the effect of the solid
concentration on transmittance with time was investigated.
Fig. 6 showed that the maxima of the transmittance appeared at
the time of 32 h for samples with different solid concentration.
Moreover, it was obvious that the change trend is quite different

—=—0.25g/L
—eo— 1.35g/L
—a—3.59g/L
—v—7.19g/L
—o— 12.55g/L
——17.92g/L
——29.80g/L

0 10 20 30 40 50 60 70 80
t(h)

Fig. 5 The relationship between transmittance and time of samples
with different solid concentration at the temperature of 25 °C.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The effect of the solid concentration on transmittance at
different growth time under the temperature of 25 °C.

for different standing time. For samples standing for 2-17 h, the
transmittance declined fast firstly and then gradually became
steady with the increase of the solid concentration, but for
samples standing for 22-40 h, it declined slowly. While for
peptized LDH, the transmittance decreased almost linearly with
solid concentration increasing.

Curves of lg T versus t were plotted (Fig. 7A) for better
observing the growth behavior. For the sample with a solid
concentration of 29.8 ¢ L%, the lg T-t curve was divided into
three parts. The first part was a straight line and the trans-
mittance was close to zero because LDH nanosheets aggregated
into clusters. No first stage was observed for the samples with
solid concentration of 0.25-17.92 ¢ L' because LDH nano-
sheets dispersed better at lower solid concentration. For the
second part, a quite good linearity appeared between lg T"and ¢,
and the slope decreased with the decrease of solid concentra-
tion. According to the AFM results, during this process nano-
sheets grew along ab-plate and there was no packing of
nanosheets along c-axis, which had little influence on trans-
mittance. So the transmittance change was mainly caused by
the variation in the dispersion degree of nanosheets in aqueous
phase. It is worthy to mention there were nonlinear regions
(denoted by circle) near the turning point between the second
part and the third part which is probably due to the trans-
mittance was influenced by a combination of several coexisting
factors such as dispersion degree, growth along ab-plate and c-
axis. For the third part, there was a decrease in transmittance.
According to the results of XRD (Fig. 1S, ESIt), in this part, LDH
nanosheets stacked along c-axis, and then a three-dimensional
network and the integrated plate-like structure of LDH was
formed progressively. Meanwhile, the LDH also grew along ab-
plate as reported.>®

Moreover, it was interesting that the slope was the same for
samples with different solid concentration, suggesting that the
stacking rate was independent of solid concentration. Accord-
ing to the above results, for the second and the third parts, the
relationship between lg T and ¢ can be represented with the

following formula as <61§—tT) = k,, where £k, is the slope of g T-
Cs

This journal is © The Royal Society of Chemistry 2017
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o
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¢ plot. For the samples with solid concentration varying in the
experimental range (0-18 g L"), Ig T changed linearly with C;
increasing (Fig. 6B), which can be described with a equation as

(aalg%) = ky, where k;, is the slope of lg T-Cj plot.
t

Above all, results of Fig. 7A and B showed that 1g T is
a function of ¢ and Cy at the same temperature, and it can be
described as the following eqn (7) and (8):

g T g T
digT=——] d dc, 7
£ ( a1 )CS [+<6Cs )t ()
and
dlg T = k,dt + kp,dC; (8)

where k, increased with Cs for the second part, while almost
a constant for samples with different solid content for the third
part.

In order to study the effect of temperature on growth
behavior of LDH nanosheets in aqueous phase, the relationship
between transmittance (7T) and standing time (¢f) for LDH
aqueous dispersion with a solid content (Cg) of 29.8 g L™ at
different temperature (Fig. 8) was presented. All curves
appeared S-type and could be divided into three parts. For the
initial horizontal part, the transmittances were close to zero,
and the higher the temperature, the shorter the time of the first
part. For the second part, transmittance rose and the slope
elevated with the increase of temperature, which suggests that

RSC Adv., 2017, 7, 14989-14997 | 14993
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Fig. 8 Curves of transmittance versus time at different temperature
with solid concentration of 29.8 g L%,

the dispersion rate improved with the temperature. For the
third part, the transmittance decreased, and the higher the
temperature, the faster the transmittance decreased, indicating
the nanosheets' stacking rate increased with temperature. After
being treated for more than 50 h at 50 °C, the transmittance
changed little, implying the crystal growth was completed. So it
could be concluded that dispersion degree and stacking rate of
LDH nanosheets were determined by temperature.

Viscosity measurements

Fig. 9A showed the plots of viscosity as a function of shear rate
for sample standing at 35 °C for different time lengths. By

200

501

0 50 100 150 200
shear rate (s
160
140 B
120
—_— 100
2
< 804
Ay
é 60
<
40
20
0 : . :
0 50 100 150 200

shear rate (s™)

Fig. 9 Plot of viscosity as a function of shear rate for sample at 35 °C
for different standing time. (A) From 1-8 h, (B) 9-19 h.
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analysing the relationship between viscosity and shear rate, the
dispersions of LDH nanosheets showed shear thinning
phenomena with shear rate increasing. The observed viscosity
behavior could be explained by the classical house-of-cards
structure that consists of sheets arranged in a random edge-
to-face orientation that leads to the formation of a gel.’”*®* The
randomly arranged microstructure would lead to a dispersion
with high viscosity. The LDH sheets would align themselves
parallel to each other upon applying shear force, thereby the
friction and hence the viscosity both decreased. Moreover, it
was obvious that the viscosity increased upon standing from 1
to 8 h, and the reason is not clear yet and need further explo-
ration. Fig. 9B showed curves between viscosity and shear rate
when the standing time varied from 9 to 19 h. The viscosity
decreased obviously with time lengthening, which probably
because more and more nanosheets dispersed in aqueous
phase. It was worthy noting that the viscosity decreased rapidly
to about 2 mPa s while the standing time exceeded 15 h.
Another structure wherein the LDH sheets stack in a parallel
platelike arrangement could explain the viscosity behavior. The
application of a small shear would be sufficient for the already
parallel platelets to slide over each other and show shear-
induced thinning.’”*

To better understand the growth behavior of LDH nano-
sheets, viscosity of the LDH dispersion with C; 29.8 g L™ " versus
standing time (¢) at different time were examined at a shear rate
of 200 s~*, as shown in Fig. 10. All curves of n—t were reverse S-
shape and could be divided into three parts. Viscosity increased
at the first stage, and almost remained unchanged at the third
stage. Moreover, similar with the results of the transmittance,
the standing time of the first stage became shorter and the slope
of the second stage increased with the temperature, which
could be attributed to the rapid dispersion of LDH nanosheets
at high temperature. Compared with Fig. 5, the transmittance
change could not be detected at high solid concentration at the
first stage, and for the third stage, the viscosity was nearly
invariable with time while the transmittance decreased obvi-
ously due to the stacking of the nanosheets. So the viscosity and
the transmittance measurement complement each other well in
disclosing the growth behavior of water dispersed LDH
nanosheets.

7 (mPa.s)

10 15 20 25 30 35 40 45
t(h)

0 5

Fig. 10 Viscosity of MgAl-LDH dispersion (29.8 g L™) versus standing
time at different temperature, at a shear rate of 200 s .
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Table 1 Inflection points of curves of T—t and n-t

The first inflection The second

point inflection point
T/°C n-t T-t n-t T-t
25 14 15 32 32
30 12 12 20 21
35 9 8 16 16
40 4 3 12 12
50 2.5 2 7 7

The dispersion state of nanosheets and growth schematic
model

The inflection points of curves obtained from Fig. 5 and 10 were
listed in Table 1, and the inflection points of viscosity curves
were quite consistent with that of transmittance.

According to Table 1, for MgAI-LDH with solid concentration
of 29.8 ¢ L', a graph of time-temperature can be divided into
three regions by the lines of a and b in Fig. 11. The growth
behavior of MgAI-LDH nanosheets in aqueous phase was also
summarized in Scheme 1. There were mainly two steps, ie.,
dispersion and stacking of nanosheets. In region I and region II,
nanosheets dispersed progressively in aqueous phase and grew
slightly along the ab-plate without stacking along c-axis. In
region I, the LDH nanosheets mainly existed in cluster, and in
region II the nanosheets dispersed obviously, and the closer to
line b, the higher the dispersion degree. In region III, the
nanosheets stacked in a parallel platelike arrangement and
grew along ab-plate in the meanwhile, and the farther away
from line b, the larger the size of LDH particles. The diagram
might function as a phase diagram. For example, fresh MgAl-
LDH nanosheets dispersed in aqueous with a solid concentra-
tion of 29.8 g L " was set at 32.5 °C (point P) and the nanosheets
state would change along line PM upon standing for several
hours. After 17.5 hours, the point moved from P to M which was
closed to line b, and MgAI-LDH were dispersed as nanosheets in
aqueous. So, such a diagram with division of different regions

temperature (°C)

Fig. 11 The relationship between the temperature and time of the
inflection points for the curves of T—-t and n-t. (I) Nanosheets cluster,
(I) nanosheets cluster and dispersed nanosheets, and (lll) stacked
nanosheets.

This journal is © The Royal Society of Chemistry 2017
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dispersion stage

stack stage

Scheme 1 Schematic diagram of MgAl-LDH nanosheets with solid
concentration of 29.8 g L™t in water dispersion and the dispersing state
of LDH upon standing.

could provide valuable theoretical foundation for the control-
lable fabrication of LDH nanosheets and their practical
application.

Conclusions

To clearly reveal the growth behavior of LDH nanosheets in
aqueous phase, the direct information was obtained according
to the whole experimental results, and a two stage growth
behavior was proposed. In the first stage, the dispersion was
a main behavior and the nanosheets grew slightly along the
lateral direction. While in the second stage, the nanosheets
stacked progressively, accompanied with the lateral growth. The
LDH nanosheets' growth behavior can be expressed in a first-
order model according to the results of pH variation during
growth process. A time-temperature diagram was made based
on the inflection points for the curves of T-¢t and n-¢, by which
the dispersion state of LDH nanosheets was determined, which
would be quite useful for directing the application of the LDH
nanosheets in different fields.
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