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Layered double hydroxides (LDHs) with their highly flexible and tunable chemical composition and physical properties have
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attracted tremendous attention in recent years. LDHs have found widespread application as catalysts, anion exchange

materials, fire retardants, and nano-fillers in polymer nanocomposites. The ability to exfoliate LDHs into ultrathin
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nanosheets enables a range of new opportunities for multifunctional materials. In this review we summarize the current

available LDHs exfoliation methods. In particular, we highlight recent developments for the direct synthesis of single-layer

LDH nanosheets, as well as the emerging applications of LDH nanosheets in catalyzing oxygen evolution reactions and

preparing light emitting devices, supercapacitors, and flame retardant nanocomposites.

1. Introduction

In recent years, inorganic layered materials at nanoscale
have attracted intensive interest in the applications of novel
nanocomposites,’> ion exchangers,16-20 photochemistry,21-27
and catalysis.?8-4! Layered double hydroxides (LDHs), known as
anionic clays, are one of the most thoroughly studied layered
materials.4244 Positively charged metallic layers and interlayer
anions and water comprise LDHs. The general formula of LDHs
is [M2*1,M3*,(OH),]**[AP-/p]***mH,0 (Figure 1), where M?* and
M3+ are metallic bivalent cation and metallic trivalent cation,
respectively, and A" is interlayer anion. X = M3*/(MZ*+M3*) is
surface charge determined by the ratio of the two metal
cations, which is subject to change for various applications.

M2t/ M3+

Figure 1. A typical structure of layered double hydroxide.*> Reproduced with permission
from reference 45. Copyright 2015 The Royal Society of Chemistry.
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While LDHs have found widespread application (previous
reviews on LDHs are discussed elsewhere38 42, 46-51 ) 44, 5255 i
most cases their extent of application as well as overall
performance are affected by the fact that the lamellar LDHs
flakes tend to stack or even form bundles and agglomerations.>¢
Exfoliating LDHs into single-layer nanosheets maximizes the
utility of each single-layer, which possesses a high specific
surface area.>’ Such single-layer nanosheets can be used for
both fundamental studies and as a building block to fabricate a
wide variety of functional nanostructured materials.42 58 A
prevailing example is the layer-by-layer assembly of nanosheets
with appropriately charged counterparts though a wet
process.>® 59 The preparation of LDH nanosheets has been
extensively studied in the past two decades, and the
exponentially growing applications of LDH nanosheets render it
a research hotspot.20 60 There are typically two categories of
approaches to synthesize LDH nanosheets: top-down
exfoliation and bottom-up direct synthesis method. Exfoliation
of layered materials often constitutes a two-step process:
intercalating the layered materials first to increase the
interlayer distance, followed by the exfoliation step to
delaminate the layers. Bottom-up method typically refers to a
one-step process that directly synthesizes inorganic nanosheets
from appropriate precursors.

Synthesis of LDHs with a controllable size is the prerequisite
to achieve nanosheets with different lateral dimensions and
thus aspect ratio, as the thickness of any single-layer metal
hydroxide nanosheet is fixed at ca. 0.48 nm.*2 Various methods
have been developed to prepare LDHs with different sizes,61-64
including co-precipitation of inorganic salts in basic solution at
either low or high supersaturation, hydrothermal synthesis, re-
construction, and ion-exchange methods.*?2 To date, well
defined large LDHs crystals (microns in diameter) can be
prepared through the urea®>%7 (or hexamethylenetetramine®8)
hydrolysis method, which takes advantage of a phenomenon
that urea is neutral at low temperatures but hydrolyzes above
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90 °C to generate a basic solution. The homogenous and gradual
increase of pH by urea hydrolysis facilitates the synthesis of
LDHs with a high crystallinity and purity. On the other hand, co-
precipitation methods (i.e., construction metal salts and base
co-precipitating at supersaturated conditions) result in LDHs
with a smaller size (tens to hundreds of nanometer in diameter),
but it provides a time-saving process to synthesize LDHs with a
relatively low crystallinity,®® 70 which offers a relatively easy
access to the interlayer region. There are two typical co-
precipitation processes based on operation: (1) co-precipitation
at high super-saturation, in which typically an MZ* and M3+
containing solution is added to a basic solution (a wider choices
of metal cations are discussed in the review??) with desired
interlayer containing anions and the reaction is stopped when
reaching the set pH value; (2) co-precipitation at low super-
saturation, in which two solutions, one containing construction
metal cations and the other containing counter anions and
precipitation base are mixed together drop by drop.

In this review article, methods to prepare LDH nanosheets
are discussed in details based on different methodologies, with
a focus on preparation mechanism. We also provide an
overview of recent applications of LDH nanosheets, especially
new applications in water splitting reaction, light emitting
materials, polymer nanocomposites, and supercapacitors. The
generalized formula for an LDH may be represented by
[Ma+,M’b* (OH),] (ax+bv-2+(AP-)q. Throughout the paper, we use
M2+,/M3*-AP--LDHs as the abbreviation for specific LDHs, where
M2+ represents a divalent cation, M3* represents a trivalent
cation, the selection of metal cations is theoretically
determined by the difference of their ionic radius*?; n and k
stands for the moles ratios of M2* and M3+ correspondingly and
they are usually omitted when the value is 1, and A stands for
an interlayer anionic species.

2. Preparation of LDH nanosheets

Compared to other layered inorganic compounds, LDHs are
difficult to be exfoliated due to their high layer charge density.”?
The exfoliation of LDHs was first observed when intercalating
anionic organic guests (such as amino acids or surfactants) into
the LDHs interlayer space and dispersed in certain solvents,
usually with the assistance of ultrasonication (Figure 2). Later,
exfoliation by an electrostatic repulsion in agueous solution was
developed.’? More recently, exfoliation of LDHs without being
pre-intercalated by organic species in interlayer galleries can be
achieved by using formamide as the solvent, which is a more
efficient way to achieve exfoliation. At present, more efficient
approaches of preparing LDH nanosheets, such as laser
ablation, take only several minutes to finish the exfoliation.
Herein, we will discuss the developed exfoliation approaches of
LDHs and the future of this area.
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Figure 2. A general process to exfoliate LDHs.”® Reproduced with permission from
reference 73. Copyright 2010 American Scientific Publishers.

2.1 Tailoring interlayer environment for exfoliation
2.1.1 Exfoliation in alcohols

The very first attempt to exfoliate LDHs was achieved by
Adachi-Pagano et al.7* in 1999. The dodecyl sulfate (DS,
C12H2550y47) intercalated Zn,/Al-DS-LDHs was fully exfoliated in
butanol dispersant. Zn,/Al-DS-LDHs could be completely
exfoliated and remained stable for at least 8 months after
refluxing in butanol at 120 °C for 16 hours. The concentration of
the exfoliated Zn,/Al-DS-LDHs was reported as high as 1.5 g/L
of butanol.”* Higher alcohols such as pentanol and hexanol have
also been proven successfully functioning as a dispersant. Other
dispersants, such as water, methanol, ethanol, propanol, and
hexane were examined under the same conditions as well. The
showed that Zn,/Al-DS-LDHs only partially
delaminated and dispersed in these solvents and the
dispersions were unstable and settled down after a few hours.
It was found that the hydration state of the DS-LDHs is a vital
factor towards complete exfoliation. Evidence shows that
exfoliation was only achieved when the modified LDHs was
previously dried under vacuum at room temperature for a day
rather than a fresh wet prepared LDH was used, or the organo-
modified LDHs was thoroughly dried under vacuum at 80 °C for
a day. This vital LDHs hydration state towards exfoliation
formed under intense drying. A new DS- containing phase with
a reduced interlayer distance of 1.68 nm formed with a single-
layer of tilted and intertwined DS- chains in the interlayer
region. This new LDHs phase displayed a densely packed
structure, rendering it less likely to be exfoliated. Thus, the
possible exfoliation mechanism was proposed to be a rapid
replacement of all of the intercalated water molecules by
solvent molecules owing to the high boiling point of butanol
under reflux conditions.

Slightly later, Singh et al.”> studied the exfoliation of Li/Al,-
LDH intercalated with various surfactants following the
exfoliation method developed by Adachi-Pagano et al.7*
Interestingly, the authors found that the intercalation of alkyl
sulfate (sodium octyl sulfate (SOS) or sodium dodecyl sulfate
(SDS)) did not lead to exfoliation whereas the intercalation of
sodium  4-octylbenzenesulfonate (SOBS) and sodium
dodecylbenzenesulfonate (SDBS) led to successful exfoliation.
The underlying reason is that the exfoliation of this particular
Li/Al,-LDH depends on the alkyl chain length as well as the head
group moiety of the intercalated surfactant.

In 2006, Venugopal et al.”6 expanded the exfoliation method
to different kinds of divalent and trivalent metal bearing LDHs,
including Mg/Al-, Ni/Al-, and Zn/Al-LDHs with either SDS or

results was
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SDBS as an intercalant in a wide range of dispersants including
1-butanol, 1-hexanol, 1-octanol, 1-decanol, n-hexane, and
water. It turned out that the LDHs exfoliated better at low
[M2+]/[M3*] ratios and barely exfoliated in nonpolar solvents
(e.g., hexane) while exfoliated best in alcohols, such as 1-
butanol, 1-hexanol, 1-octanol, and 1-decanol. The degree of
exfoliation and stability of the resultant colloids increased with
an increasing size of the surfactant anion (DBS). However,
delamination in water did not occur for any LDHs.76
2.1.2 Exfoliation in toluene

Due to the rising of polymer nanocomposites in recent
decades, researchers are interested in exfoliating LDHs in non-
polar solvents, so that the dispersed LDH nanosheets could be
directly used to prepare various polymer nanocomposites.
Jobbagy et al.”” studied the exfoliation and restacking behavior
of Mgp 71/Alo.29-DS-LDH in CCl4 or toluene in capped test tubes
through a 30 min ultra-sonication with 2 h of equilibrium at
room temperature. Figure 3 shows the XRD patterns of the
translucent gels resulted from the hybrid dispersed in toluene
(A) and CCls (B). After being dispersed in toluene, DS-
intercalated LDH produced only a large expansion of the basal
distance as shown in Figure 3. Whereas the one dispersed in
CCls showed complete loss of short range spatial arrangement,
indicating a successful exfoliation. The conclusion was that
delamination of LDHs intercalated with amphiphilic anions must
be rationalized in terms of the miscibility of the intercalated
LDHs and the selected solvent.

2 4 6 8 10 12 14

20

Figure 3. XRD patterns of (A) toluene-swollen and (B) CCls;-delaminated LDHs-DS- gels.
The inset shows the pattern of the DS intercalated LDHs.”” Reproduced with permission
from reference 77. Copyright 2004 Elsevier Inc.

Toluene instead of butanol was studied as the dispersant of
DS- intercalated LDHs by Naik et al.”® DS intercalated LDHs,
including Mgo.67/Alo33-LDHs and Cooe7/Alo33-LDHs, can be
dispersed in toluene. Rapid delamination occurred after stirring
a pre-determined amount of DS- intercalated LDHs in toluene
followed by sonication for 5 min to obtain dispersions with
different volume fractions. At lower volume fractions (<0.005)
of LDHs, a clear transparent dispersion was obtained which
showed a clear Tyndall light scattering effect. It is worth noting
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that this process does not have a swelling state as the
exfoliation process is too rapid and the gel state is the preferred
state of the exfoliation dispersion (shown in Figure 4). The gel
formation was proposed as a result of the attractive dispersive
interactions of toluene molecules with the tails of the SDS
chains anchored onto LDHs sheets.”®
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Figure 4. Schematic of the delamination of a surfactant-intercalated LDHs.”® Reproduced
with permission from reference 78. Copyright 2011 American Chemical Society.

The proposed mechanism of LDHs exfoliation was based on
a recent molecular dynamics simulation showing that in layered
compounds intercalated with long-chain surfactant molecules,
dispersive or van der Waals interactions between the chains
anchored onto opposing inorganic layers are responsible for
holding the sheets together. Therefore, delamination was
expected by disrupting or weakening the van der Waals
interactions between the chains anchored on opposing layers.
DS was used to convert the hydrophilic interlayer regime of
LDHs into hydrophobic and to solvate the nonpolar solvent
molecules (toluene).

2.1.3 Exfoliation in polymers/monomers

Other than
researchers have directly intercalated polymers/monomers in
between LDHs layers. For example, up to 10% of exfoliated LDHs
can be dispersed into organic media as reported by O’Leary et

intercalating LDHs with organic anions,

al.8 Various acrylate monomers, including 2-hydroxyethyl
methacrylate (HEMA), ethyl methacrylate, methyl
methacrylate, ethyl acrylate, and methyl acrylate, were
investigated as the dispersant to exfoliate Mg,/Al-DS-LDH. A
typical process is as follows: Mg,/Al-DS-LDH was added into an
acrylate monomer at 70 °C, and the mixture was stirred at high
shear for 20 min. After stopping heating and stirring, most of
the solid remained in suspension after 24 hours of standing still.
In 2-hydroxyethyl methacrylate, the exfoliated LDH nanosheets
were stable for weeks. However, in the rest of the acrylate
monomers, formed,
separated into two parts after a couple of hours of standing still,
i.e., pure monomers and a gelatinous suspension of LDHs.

The proposed mechanism is that the delamination can be
promoted at high shear. The individual sheets of the layered
materials were believed to be separated by being forced to slide
over each other at a high shear. The X-ray diffraction (XRD)
pattern showed an increase in d-spacing from 0.78 nm of
Mg>/Al-CI--LDH to 2.6 nm of Mg,/AI-DS-LDH (Figure 5a). A drop
of a dilute exfoliated sample of Mg,/AI-DS-LDH in HEMA was
dried under vacuum on a glass slide to form a thin white film.
The XRD pattern of this film (Figure 5b) showed a very intensive

homogeneous suspensions which
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diffraction peak corresponding to a basal spacing of 2.6 nm and
several much weaker diffractions. The intensity of the 001 Bragg
reflection was ascribed to the preferential ordering of the layers
parallel to the glass plate upon the evaporation of the
monomers. However, the XRD pattern (Figure 5c) of the ground
exfoliated LDH which was treated to polymerize the monomers
followed by freeze drying with liquid nitrogen showed only a
weak band attributed to the 001 Bragg reflection of Mg,/Al-DS
-LDH exhibiting little long range order in the c-direction,
indicating an almost complete exfoliation of LDH layers.
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Figure 5. XRD patterns of (a) Mg,/Al-DS-LDH as prepared (red), (b) Mg,/Al-DS-LDH after
delamination in HEMA and subsequent restacking (blue), and (c) Mg,/AI-DS-LDH (5 %) in
polymerized HEMA (x10) (green). All patterns were obtained under identical
conditions.® Reproduced with permission from reference 80. Copyright 2002 The Royal
Society of Chemistry.

Zn3/Al-LDH was reported to be fully exfoliated in
polystyrene (PS) by Qiu et al.8* DS modified Zn3/Al-LDH was
refluxed in 100 mL xylene for 24 hours under flowing N,. A
sample of 2.0 g PS was added into the Zns3/Al-DS-LDH
suspension. After stirring for 3 min at 140 °C, the mixture was
added into 300 mL ethanol for rapid precipitation. The
precipitate was filtered and dried at 100 °C under vacuum for 2
days. The results showed that PS composites containing fully
exfoliated Zns/Al-LDH can be prepared when the LDH
concentration was <10 wt%. This was also the first report to use
the X-ray diffraction at 20 = 60°, indexed as the 110 Bragg
reflection (Figure 6c¢), in a hexagonal lattice with a 3R stacking
sequence of sheets, to determine the preservation of layered
framework in the delaminated colloids.
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Figure 6. XRD patterns of (a) solid Zns/AI-CI--LDH, (b) solid Zns/Al-DS-LDH, (c) colloidal
suspension of Zn3/Al-DS-LDH in xylene, (d) solid Zns/Al-DS-LDH reassembled by
evaporating xylene.8! Reproduced with permission from reference 81. Copyright 2005
Elsevier Inc.

It was reported that partially DS modified Mgs/AI-NO3-LDH
could be exfoliated by direct melt intercalation of LDH by linear
low density polyethylene (LLDPE) to prepare polymer/LDH
nanocomposites, in which the load of LDH can be as high as 10
wt%.82 Because DS anions are much larger than nitrate anions,
they produced sufficient voids in the interlayer space so that
LLDPE chains can penetrate more easily during melt
intercalation. Later, Chen et al.83 extended this method to
Mgs/AlI-LDH with another polymer. Mgs/AI-DS-LDH can be
exfoliated by refluxing in polyethylene-grafted-maleic
anhydride (PE-g-MA) and xylene. The resultant nanocomposite
showed a higher thermal stability than the pure PE-g-MA in the
temperature range of 370 to 500 °C. Furthermore, Chen et al.83
84 reported an advanced exfoliation system: a pre-synthesized
Zn3Al(OH)g(C12H255047) (i.e., Zns/Al-DS-LDH) was exfoliated by
refluxing the above Zns/Al-DS--LDH powders in a xylene solution
containing a desired amount of LLDPE with stirring under a N,
atmosphere for 24 h.

2.1.4 Exfoliation in formamide

Later on, Hibino and Jones?> first reported the delamination
of LDHs in formamide following the same idea of creating a
desirable interlayer environment to uptake a large amount of
solvent, resulting in exfoliation. They investigated amino acid
anion intercalants and polar solvent systems. Amino acids
including glycine, serine, and L-aspartic acid as interlayer anions
of Mg,/Al-LDHs with different n : k ratios (2:1, 3:1, 4:1) and
polar solvents of water, ethanol, acetone, formamide, ethylene
glycol, and diethyl ether were studied as dispersants. They
managed to directly prepare amino acid containing LDHs
through an in situ intercalation method instead of through an
anion exchange method. Of all combinations, the glycine and
formamide led to the optimum result. Rapid exfoliation
occurred when stirring 0.03 g of Mgs/Al-glycine-LDHs in 10 mL
formamide within a few minutes. Figure 7 shows the XRD
patterns of the exfoliated Mgs/Al-LDHs containing glycine in
formamide.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. XRD patterns for Mgs/Al-Glycine-LDHs (a) after preparation and drying in air,
(b) 1:1 mixture with formamide indicating absence of LDHs basal diffractions, and (c) of
a material obtained by repeated addition of droplets of a completely delaminated
mixture.85 Reproduced with permission from reference 85. Copyright 2001 The Royal
Society of Chemistry.

It was noted that for the Mgs/Al and Mgs/Al-Glycine/LDHs
ratio, up to 3.5 g of LDHs could be delaminated per liter of
formamide and the colloidal solution was stable for at least 3
months. However, the Mg,/Al-Glycine-LDHs only partially
delaminated even after the addition of 20 mL formamide. The
authors proposed that the attractive interactions caused by the
strong hydrogen bonding between the intercalated surfactant
and the dispersants as well as between the dispersant
molecules themselves would lead to the penetration of a large
amount of dispersant and hence leading to exfoliation. Later in
2004, Hibino® expanded the investigation of delaminating
amino acid containing M2*/Al-LDHs including Nis/Al-, Zns/Al-,
Cos/Al-, and Mgs/Al-LDHs in formamide.

Similar approaches were used by Wypych et al.8” to study
the immobilization of porphyrins in exfoliated Mgs/Al-LDH
obtained in formamide. Their result showed that glycinate
anions continued to be intercalated and the iron porphyrin
anions were adsorbed at the surface of the LDHs crystal layers.
Li et al.88 reported that the exfoliated Mg,/Al-Glycine-LDH that
was synthesized through a hydrothermal reaction for 10 hours
at 120 °C possessed a high thermal stability and maximal
crystallite size in a, ¢ directions. Ugur®® used a similar method
and successfully exfoliated Mgs/Ga-LDH.

In summary, this category represents the pioneering work
to delaminate LDHs: the creation of a desirable interlayer
environment enabling an attractive interaction between the
large intercalating anions and subsequently adding
solvent/dispersant that promotes the delamination of LDHs by
uptaking a large amount of solvent/dispersant molecules.

2.2 Exfoliation driven by mechanical forces

In 2005, Li et al.>8 reported the first successful exfoliation of
large size Mgy/AI-NOs-LDH by formamide without pre-
modifications of LDHs with organic guest anions such as fatty
acid salts or amino acids. The exfoliation mechanism was
believed to be induced by the replacement of water by

This journal is © The Royal Society of Chemistry 2017

formamide because of its carbonyl group can interact with LDHs
host layers and the other end of formamide molecule, -NH,,
cannot form a strong interaction with the interlayer anions.
During their experiments, Li et al.38 initially synthesized Mg,/Al-
LDH containing carbonate as interlayer anions based on a
literature method.%8 %0 A reaction mixture of Mg(NOs),:6H,0,
Al(NOs3)3:9H,0 and hexamethylenetetramine was mixed in an
autoclave and heated at 140 °C for 24 h, followed by filtration
and air dry. Half a gram of this carbonate LDH was further
treated with 500 mL of an aqueous solution of NaNO3 (0.75 mol)
and HNOs (0.0025 mol) to expel interlayer carbonate ions. After
one day of reaction, Mg,/AI-NOs-LDH was obtained with a large
lateral dimension of ca. 10 um and a uniform hexagonal shape
similar to the carbonate LDH precursor (shown in Figure 8A). A
sample of 0.05 g nitrate form LDH was mixed with 100 mL of
formamide in a flask, which was tightly sealed after purging with
nitrogen gas. The mixture was vigorously agitated by a
mechanical shaker at a speed of 170 rpm for 12 h, resulting in a
transparent solution without sediment. Atomic force

microscopy (AFM) was used to characterize the thickness of the
exfoliated LDH nanosheets (Figure 8B). The average thickness of
10 different testing spots is 0.81 + 0.05 nm, suggesting the
presence of a single-layer LDH nanosheet (0.48 nm in thickness
theoretically), adsorption of anions as well as formamide of ~0.3
nm and the probable presence of van der Waals radius of
hydrogen atoms (0.12 nm).>8

3nm

0nm

Figure 8. (A). SEM image of the LDH crystals after ion exchange treatment. Some etched
pits in the crystals may have formed during the ion exchange process using the acidic
solution; (B). Tapping mode AFM image of delaminated LDH nanosheets deposited on a
Si wafer substrate.*® Reproduced with permission from reference 58. Copyright 2005 The
American Chemistry Society.

Kentaro et al.?! adopted this method to prepare highly
oriented organic-LDHs hybrid films. The organic modification of
Kentaro’s method is more versatile for the convenience to
convert to other LDHs hybrid films. Later on, Liu et al.??
expanded the investigation to Co,/Al-LDHs bearing a variety of
anions, including NOs, ClO47, CH3COO-, CH3CHCOO-, DS and
CH3(CH3);CH=CH(CH;)7;CO0O", by formamide. Urea hydrolysis
synthesized Co,/AI-LDH (1.0 g) in carbonate form was first ion
exchanged into chloride form using 1 L NaCl (1 M) and 3.3 mM
HCI. Then Coy/Al-LDH containing other anions were prepared
using the same anion exchange method based on the chloride
form of LDH. The results showed that nitrate bearing LDH
exhibited the best exfoliation behavior. Complete exfoliation of
0.1 g Coy/Al-NO3-LDH was achieved by mixing with 100 mL
formamide after shaking at a speed of 160 rpm for 2 days. After
reaction, the resultant clear colloidal suspension showed a

J. Name., 2013, 00, 1-3 | 5
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Tyndall effect (Figure 9a). The XRD pattern of the colloidal
aggregate obtained after centrifuging the suspension (Figure
9b) showed a noticeable amorphous like halo in the low angular
region (20 < 15°) instead of sharp basal diffractions of the
Co,/AI-NO5-LDHs, indicating the absence of layered structure.
Under the same conditions, other anion intercalated LDHs
exhibited different degrees of exfoliation, in which, Cl-, ClOy;,
CH3COO-, and DS-LDHs were estimated to be ca. 75%, 50%,
60%, and 95%, respectively. This result suggests that exfoliation
in formamide is closely related with the type of interlayer
anions.

b
2
7]

3
=

10 20 30 40 50 60 70
20 (Cu Ka)

Figure 9. (a) Photograph of a colloidal suspension of exfoliated Co,/AI-LDH nanosheets.
The light beam was incident from the side to demonstrate the Tyndall effect. The LDHs
content was 1.0 g/L. (b) XRD pattern of the colloidal aggregate centrifuged from the
suspension.®? Reproduced with permission from reference 92. Copyright 2006 The
American Chemistry Society.

Journal Name

of swollen phase with a very large gallery height (possibly up to
tens of nanometers). Upon treatment with a large amount of
water, Co,/Al-NO3-LDH can be restored from sample c,
indicating the long-range order of the swollen structure with a
large volume of formamide in the interlayer region. Only with
the assistance of mechanical shearing or ultrasonication could
the swollen phase be successfully exfoliated.

Intensity (cps)

26 (Cu Ko)

Figure 10. XRD patterns of the gel-like samples obtained by mixing 0.1 g of Co,/AI-NO3™-
LDH powders with different volumes of formamide: (a) 0.25, (b) 0.50, and (c) 0.75 mL.
(Insets) Enlarged view of patterns a and b in the low angular region. The peaks marked
by asterisk indicate the basal diffraction series related to the starting Co,/AI-NO;-LDH.
The numeral at each peak shown in the inset designates the order of basal diffractions
for the swollen phases.®? Reproduced with permission from reference 92. Copyright 2006
The American Chemistry Society.

In order to understand the detailed exfoliation process, Liu
et al. designed several experiments differentiating the volume
of formamide (0.25. 0.50 and 0.75 mL) used to exfoliate 0.1 g
Coz/AI-NO5-LDH. Figure 10 shows the XRD results of the gel-like
samples obtained after centrifuging the resulting mixture from
the above mentioned experiments. The XRD pattern (Figure
10a) of the sample in 0.25 mL formamide showed a series basal
diffractions in low angular range; based on which the gallery
height was estimated to be ca. 6 nm (Figure 10 inset). This high
degree of interlayer expansion was attributed to the uptake of
a large volume of formamide molecules into the interlayer
region, which was defined as the swollen phase. And the basal
diffractions of Co,/Al-NOs-LDH were also recognized despite
the lowered intensity indicating a small amount of LDHs
remained unswollen. When the volume of formamide was
increased to 0.5 mL, only the swollen phase was observed and
the peaks shifted to lower angles (Figure 10b). When the
volume of formamide was increased to 0.75 mL, no basal
diffractions were observed in the low angular range and the
above observed characteristic diffraction halo in the range of 1-
10° was not observed (Figure 10c). This indicated the formation

6 | J. Name., 2012, 00, 1-3

Based on the above experimental results, Liu et al.%2
proposed that the exfoliation follows two separate processes
(Figure 11): (1) rapid swelling and (2) subsequent slow
exfoliation. The swelling is a quick reaction, but the
delamination of the highly swollen phase is a progressive
process with the assistance of continuous shaking. This process
is very similar to the exfoliation of some other layered materials
such as layered titanates and manganese oxide.?3-%5 Thus the
mechanism is believed to be universal.

Figure 11. Schematic illustration of the exfoliation process of LDHs in formamide.®?
Reproduced with permission from reference 92 Copyright 2006 The American Chemistry
Society.

Liu et al.?® expanded the exfoliation method to transition
metal-bearing LDHs. Well crystallized binary LDHs such as Zn,/Al
and Niy/Al-LDHs and ternary LDHs including Zn,/Co,/Al-LDHs
with different n : k : | ratios (1:1:1, 4:1:2.5, 1:4:2.5) can be
synthesized via the urea hydrolysis method. The synthesized
LDHs were exfoliated in formamide after being ion exchanged
with NOs~. Similarly, Abellan et al.?” exfoliated Ni/Fe-NOs-LDH
in formamide at a concentration of 1 g LDH/L formamide under
vigorous stirring for 3 days with 3 intervals of 20 min periodical
ultrasonication.

This journal is © The Royal Society of Chemistry 20xx
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Wu et al.?® reported the exfoliation of Mgs/AI-NO3-LDH in
formamide by ultrasonication in successive intervals of 30 min
until the turbidity of the solution became constant. Upto 40 g
LDH/L formamide can be exfoliated and LDH gels formed at a
concentration of 10 g/L or above. The AFM characterization of
the exfoliated LDH nanosheets showed that a large portion of
the LDH was delaminated into single- or double-layers (0.7-1.4
nm in thickness) (Figure 12). The nanosheets possessed disk-like
shapes with a diameter of ca. 20-40 nm.
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Figure 12. AFM images (tapping mode) of the exfoliated Mgs/Al-NO3-LDH in formamide
(0.1 g/L) deposited on a mica substrate. (a) Height image over a scanning area of 1000 x
1000 nm?; (b) height image of the same sample over the marked scanning area of 400 x
400 nm?; (c) depth histogram showing a maximum at 2 nm over the marked area; (d)
section profile along the marked white line, showing single and double layers of
exfoliated LDH.% Reproduced with permission from reference 98. Copyright 2005 The
Royal Society of Chemistry.

In 2007, Ma et al.?® first reported the synthesis of
Coy3/Fe1/s-LDH with oxidative intercalation by iodine in
chloroform. The iodine was used as an oxidant to transform the
precursor brucite like Co2*-Fe?* hydroxide into Coy/3/Fei/s-LDH
and |- was intercalated in the interlayer region. After an ion
exchange process, Coy3/Fei/s-ClOs-LDH was obtained. A
sample of 0.1 g of Coys/Fe13-ClOs-LDH was exfoliated into
nanosheets in 100 mL formamide by ultrasonicating the mixture
for 30 min.

In 2008, Ma et al.1% explored the same topochemical
synthesis method to prepare monometallic Co,/Cox-LDHs. B-
Co(OH), was partially oxidized into a Co,/Co,-LDHs with a
Co%*:Co3* ratio of 2:1 by intercalating bromine (Brz). The Br-
bearing Co,/Cox-LDHs was then ion exchanged by ClO4 to obtain
ClO4 containing Co,/Cok-ClO4-LDHs, which was subsequently
exfoliated by mixing with formamide followed by an
ultrasonication treatment. After exfoliation, positively charged
Co(OH), nanosheets were obtained. Later on, Liang et al.101
reported the exfoliation of Co(1-x/Nix-LDHs with various Co/Ni
ratios through a similar method. Brucite-like Co2*1-/Ni%*s
hydroxides were oxidized into Coi-x/Nix-LDHs by oxidative
intercalation of Br to obtain Coi-x/Nix-Br-LDHs, which was ion
exchanged into Co(1—x/Nix-NO3™-LDHs. Exfoliation was achieved

This journal is © The Royal Society of Chemistry 2017

after mixing 0.05 g Co(1-x)/Nix-NO3-LDHs with 100 mL formamide
and shaking at a speed of 170 rpm for 24 h.

However, the LDH nanosheets exfoliated in formamide tend
upon (Figure 13).58 This
phenomenon clearly limits the application of LDH nanosheets

to restack water treatment
exfoliated in formamide. Kang et al.192 reported that after three
cycles of water washing can remove virtually all the formamide
in the colloidal solution as evidenced by the formation of a halo
at a 20 region of 25°-45° (Figure 13d). Co-assembly of LDH
nanosheets with carboxymethyl cellulose was found to be able
to stabilize LDH nanosheets in aqueous suspension, preventing
them from flocculation after all formamide was replaced by

water.
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Figure 13. XRD patterns of (a) colloidal suspension of LDHs in formamide, and the
samples (b-d) water-washed 1, 2, and 3 times respectively, and (e) dried; d-values in
nanometers.1%2 Reproduced with permission from reference 102. Copyright 2009 The
American Chemistry Society.

In 2013, Chen et al.1%3 followed the same idea of utilizing the
carbonyl group of a dispersant to interact with the LDHs layers
to replace the interlayer water molecules. Unlike Ma et al.57- 38
99,100 who used formamide as exfoliation dispersant, Chen et al.
explored L-asparagine, which has a similar structure as
formamide. The exfoliation of the Co,/Al-LDH, which was
prepared and anion exchanged following a previous reported
method,33 was achieved by dispersing 0.1 g of Co,/AlI-NO5-LDH
in L-asparagine saturated aqueous solution (5 g L-asparagine in
100 mL water at 45 °C), followed by ultrasonication and purging
with nitrogen gas, and vigorous oscillation at 45 °C for 48 h.
After that, the mixture was stored at 4 °C overnight to insure
most L-asparagine was crystalized and precipitated at the
bottom of the container. The AFM characterization of the
obtained nanosheets showed an average height of ca. 8 nm,
which indicated the exfoliation was incomplete.
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A simple method to determine the exfoliation degree of
nitrate and glycine intercalated LDHs in formamide was
reported by Wang et al.l® XRD was used as the main
characterization tool. Figure 14a and b shows the XRD patterns
of the exfoliated Mg,/AlI-NOs-LDH gels in formamide. At a
concentration below 100 g/L, the typical basal diffraction of
LDHs layered structures could not be observed. The absence of
the basal diffraction suggested that the LDHs host sheets were
not in parallel to induce diffractions, suggesting that the LDHs
was completely exfoliated into individual nanosheets. However,
at a concentration of 120 g/L, the basal diffraction started to
appear, which indicated the presence of layered structure. The
authors thus proposed that LDHs cannot be completely
exfoliated if its concentration in formamide was too high. Figure
14c shows the plate-like morphology of the exfoliated Mg,/Al-
LDH nanosheets, which was different from the flower-like
morphology of the original LDHs particles (Figure 14d).
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Figure 14. XRD patterns of the delaminated Mg,/Al-NO3-LDH dispersion gels at different

LDHs concentrations: (a) from 10 to 100 g/L, (b) 120 g/L, (c) HR-TEM image of the

delaminated Mg,/AI-NOs-LDH, and (d) SEM image of Mg/AI-NOs-LDH. (V) sample

holder.1%4 Reproduced with permission from reference 104. Copyright 2014 The Royal

Society of Chemsity.

Journal Name

centrifuged and washed, and finally stored in water. After a
certain amount of time (10-20 g/L solution typically requiring 3-
5 days), the opaque suspension of the stored Mg,/Ali-
CH3CHOHCOO-LDHs became transparent. Figure 15b shows the
AFM image of the sample on mica. An average thickness of large
sheets (100-150 nm in diameter) was ca. 2.5 nm, while smaller
sheets generally showed a thickness of 0.55-0.95 nm.

I —

Delamination
in water

Clumps of LDH
crystallites

Delaminated single
sheets

Figure 15. SEM image of Mgs/Al-CH3CHOHCOO™-LDH before delamination (a) and AFM
image of the delaminated Mgs/Al-CH;CHOHCOO™-LDH sheet on a mica (b).1% Reproduced
with permission from reference 106. Copyright 2005 The Royal Society of Chemistry.

2.3 Exfoliation in water

The very first report on the nearly exfoliation of LDHs in
water was reported by Gardner et al.105> “Nearly transparent
colloidal solutions of LDHs particles” were obtained by
hydrolysis of Mgs/Al-CH30-LDH in water at room temperature,
though the term “exfoliation” was not used in their paper.
Hibino et al.l% developed the exfoliation of Mg,/Al-
CH3CHOHCOO™-LDHs with n : kK molar ratio varies from 2:1, 3:1
to 4:1. During the entire reaction process, decarbonated water
was used as the only solvent and exfoliation agent. Mg,/Alx -
CH3CHOHCOO™-LDHs was synthesized by titrating magnesium
and aluminum lactate into DL-lactic acid (a mixture of the two
chiral lactic acids in equal amounts) solution pre-adjusted to pH
10 by adding NaOH (Figure 15a). The lactic acid solution was
maintained at pH =10 during the titration process by adding
NaOH. Then, the resulting Mg,/Al,-CH3CHOHCOO"-LDHs was

8 | J. Name., 2012, 00, 1-3

In 2006, Jaubertie et al.197 exfoliated Zn,/Al,-CH3CHOHCOO-
-LDHs (prepared via the same synthesis method as reported by
Hibino and coauthors% with n : k molar ratio varies from 2:1,
3:1, to 4:1) with the assistance of ultrasonication. Delamination
of the Zn,/Alx-CH3CHOHCOO™-LDHs in water or butanol under
reflux was unsuccessful. However, the exfoliation of the LDHs
was successful in water with ultrasonication treatment. In 2008,
San Roman et al.1%8 expanded the delamination method into
another LDHs, Mg,/Al,-CH3CHOHCOO™-LDHs (with n : k molar
ratio varies from 2:1, 3:1, to 4:1) in water with ultrasonication.
In 2010, Okudaira et al.1%° reported the exfoliation of a
CH3CHOHCOO™-LDHs in water through a reconstruction method.
The titration synthesized Mgs/Al-LDH was intercalated by
lactate through a reconstruction method by immersing 500 °C
calcined Mg3/Al-LDH in sodium lactate solution. A sample of 0.5
g Mgs/Al-CH3CHOHCOO™-LDH was redispersed in sodium lactate
solution and it was exfoliated after aging for 2-3 weeks as
suggested by XRD. Figure 16a shows the disappearance of the
basal diffractions, which suggested the achievement of a
successful exfoliation, while Figure 16b shows the restacking of
the exfoliated nanosheets after drying at 80 °C. The AFM
characterization evidenced that the delaminated nanosheets
were 4-8 nm in height and 50-150 nm in diameter.

This journal is © The Royal Society of Chemistry 20xx
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Figure 17. AFM images of Co,/AlI-NOs-LDH delaminated in (a) formamide and (b)
water.!*! Reproduced with permission from reference 111. Copyright 2010 The Royal
Society of Chemistry.
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Figure 16. XRD patterns of the re-dispersed and gelated sample of the CH;CHOHCOO™-
LDH in water: (a) before drying and (b) after drying at 80 °C.1%° Reproduced with
permission from reference 109. Copyright 2010 Japan Society of Colour Material.

At the same time, Manohara et al.l’0 delaminated
Nig.57/Alp.4~-CHOO-LDH in water. A Nigs7/Alp4-CHOO-LDH was
prepared through formamide hydrolysis at 150 °C for a day. A
sample of 0.1 g as prepared LDH was mixed with 100 mL
decarbonated water. The mixture was then stirred for 96 h and
diluted to ca. 200 mL with an ultrasonication treatment for 20
min. The AFM characterization showed that the particles
possessed a thickness of 9-12 nm with in lateral dimensions of
100-200 nm.

In 2010, Antonyraj et al.111 synthesized nitrate containing
LDHs without carbonate contamination by a
hexamethylenetetramine (HMT) hydrolysis method at 80 °C.
The as prepared NOsz-LDHs was successfully delaminated in
water and completely delaminated in formamide. The synthesis
of the NOs-LDHs was confirmed to be very temperature
sensitive and some of their results were not reproductive. A
representative synthesis process was to mix 80 mL of 1 M
divalent and trivalent metal ions (all nitrate salts) of 2:1 ratio
with 120 mL HMT solution in a molar ratio of [M2*+ M3*] : [HMT]
of 1:1.5. The mixture was nitrogen purged for 30 min and kept
in an oil bath at 80 °C for four days without stirring. The
temperature was kept below 80 °C, which resulted in the pH
between 5 and 6.5 throughout the reaction. If the temperature
was slightly increased (~90 °C), the pH of the solution increased
to more than 8, which led to the formation of CO32-LDHs.
Exfoliation of the prepared NOs-LDHs in water was studied by
reacting 2.5 g of wet LDHs immediately after filtration in a
hydrothermal reactor, to which 50 mL of water was added and
kept at 120 °C for 12 h in nitrogen atmosphere. Exfoliation of
the prepared NOs;-LDHs in formamide was conducted by
dispersing 0.05 g of dried LDHs powders in 50 mL formamide
where the reaction mixture was sealed after being purged with
nitrogen and vigorously agitated by a mechanical shaker at a
speed of 150 rpm for two days.

This journal is © The Royal Society of Chemistry 2017

The AFM images (Figure 17) showed that the Co,/Al-LDH
was exfoliated in formamide and water. A similar sheet
thickness ranging from 2-10 nm in both formamide and water
was determined, which suggested that the dispersant did not
affect the degree of exfoliation.

2.4 Other exfoliation methods

Several methods use either low temperature or electrostatic
interactions between LDHs layers and intercalated anions,
which do not fall into our previous categories. Thus, they are
reviewed separately below.

2.4.1 Exfoliation by electrostatic repulsion

In 2007, Hou et al.”?2 reported the exfoliation of a Nis/Fe-LDH
intercalated with 11-aminoundecanoic acid (AUA) (Nis/Fe-
NH3(CH3)10COO-LDH) as pillared species by an electrostatic
repulsive mechanism between the guest species and the
inorganic host layers. The Nis/Fe-NH3(CH32)10COO-LDH was
synthesized by dissolving 4 g of AUA in 100 mL water, to which
a mixed solution (10 mL) of nickel and iron chlorides was added
drop by drop at room temperature. The reaction mixture was
maintained at pH = 9.4 by adding 1 M NaOH solution. After
reaction, the mixture was aged at 60 °C for a day. Exfoliation
was achieved by stirring the as prepared Nis/Fe-NH3(CH3)10CO0-
-LDH in HCI solution with an initial pH value of 2, 3, and 4 for 2
days at room temperature, during which the protonation of the
amine group (-NH;) of the intercalated AUA anions took place.
Figure 18 shows the XRD patterns of the LDH stirred in an acid
solution with an initial pH of 2, 3, and 4. The sharp basal
diffractions of Nis/Fe-NH3(CH;)10COO--LDH gradually diminished
with a decreasing pH value (Figure 18a and b) and finally
disappeared at the initial pH = 2 (Figure 18c), which indicated
exfoliation. The exfoliation was confirmed by the AFM
characterization, which showed that the exfoliated nanosheets
possessed a diameter of ca. 100 nm and an average thickness of
ca.2nm.
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Figure 18. XRD patterns: (a)-(c) exfoliated samples in acid suspensions with an initial pH
of 4, 3, and 2, respectively, and (d) restacked Nis/Fe-LDH.”2 Reproduced with permission
from reference 72. Copyright 2008 Elsevier Inc.

2.4.2 Exfoliation at low temperatures

Wei et al.112 reported the exfoliation of Zns/Als-LDH using
NaOH/urea aqueous solution at low temperatures by taking
advantage of a special property of alkali and urea aqueous
solution system at low temperatures that can dissolve cellulose
with strong inter- and intra- molecular hydrogen bonding. In
their experiments, 5 wt% hydrothermally synthesized LDH was
stirred vigorously in 6-9 wt% NaOH and 10-15 wt% urea mixed
aqueous solution for 3 min, which was precooled at —10 °C. The
obtained LDH nanosheets were of an average thickness of ca.
0.6 nm corresponded to single-layer LDHs thickness. The
exfoliation mechanism study revealed that NaOH and urea can
form hydrates at low temperatures. The NaOH hydrate was
intercalated into the LDH and attached onto the host layers to
break the hydrogen bond network between the LDH layers and
formed new hydrogen bond network between the NaOH
hydrate and the hydroxyl groups on LDH layers. The urea
hydrate can be easily self-assembled at the surface of NaOH
hydrate bonded LDH layer surface to prevent the aggregation of
LDH nanosheets. The combination of the NaOH and urea
solution system at low temperatures destroyed the hydrogen
bonding in-between the LDH layers, leading to the exfoliation of
LDH and stabilization of the exfoliated colloidal nanosheets, as
shown in Figure 19.
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Figure 19. Schematic diagram of exfoliation of LDHs in precooled NaOH/urea aqueous
solution.2 Reproduced with permission from reference 112. Copyright 2014 The Royal

urea hydrate
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2.5 Direct synthesis methods

Bottom-up direct synthesis of LDH nanosheets is an
attractive route due to its relative facile process where the pre-
synthesis of layered LDHs can be omitted. Various concepts
including chemical approaches to create “microreactors”
utilizing microemulsion method as well as to inhibit the growth
of the layers by a layer growth inhibitor, mechanical approaches
to apply laser beam on metals in aqueous solution, and to
establish a quick mixing environment by a special reactor have
been explored.

2.5.1 Chemical methods

In 2005, Hu et al.113 reported a facile one step synthesis of
LDHs single-layer nanosheets in a reverse micro-emulsion
system. The traditional titration method (where magnesium salt
and aluminum salt are co-precipiated at pH = 10) was adopted
in an oil phase (isooctane) with SDS as surfactant and 1-butanol
as co-surfactant to prepare LDHs single-layer nanosheets. As
shown in Figure 20, in the system, aqueous droplets containing
the reactants were surrounded by DS- groups in the oil phase.
These droplets acted as nano-reactors to confine space and
nutrients for the growth of LDHs platelets, providing a way to
control the size of the LDHs platelets both in diameter and
thickness. An representative preparation example is as follows:
18.34 g Mg(NO3),-6H,0 and 9.00 g Al(NO3)3-9H,0 was dissolved
in 30 mL water to prepare solution A. Solution B was prepared
by dissolving 6.97 g NaNOs and 4.8 g NaOH in 30 mL water. A 4
M NaOH solution was used to adjust the pH value of the system.
Solution A (1.73 g) was added drop by drop into 50 mL isooctane
solution, which contained 0.72 g SDS and 0.76 g 1-butanol to
form a clear system. Then, 1.25 g solution B and 0.47 g NaOH
solution were similarly dispersed to make a clear solution. This
solution was then added drop by drop into the former system.
The reaction mixture turned to be slightly translucent and
became milky when heated at 75 °C in an oil bath for 24 hours.
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Figure 20. Schematic representation of the nucleation and growth of LDHs platelets.!3
Reproduced with permission from reference 113. Copyright 2006 The Royal Society of
Chemistry.
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The obtained LDH nanosheets were characterized by
AFM.113 Figure 21a shows a representative topology of isolated
oval objects with a diameter of ca. 40 nm. The height profiles
are presented in Figure 21b, which show that all the particles
have a height of ca. 1.5 nm, corresponding to three monolayers
without taking interlayer spacing expanded by DS-anions into
consideration. Considering the presence of DS- was evidenced
by the elemental analysis (not shown here), it indicated that the
LDH nanosheets formed in the reverse micro-emulsion had a
monolayer structure.
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Figure 21. (a) AFM image of the particles synthesized by reverse micro-emulsion method
deposited on highly oriented pyrolytic graphite (HOPG) surface; (b) cross-sectional

analysis of the labeled particles in (a) showing the dimensional profiles.13 Reproduced
with permission from reference 113. Copyright 2006 The Royal Society of Chemistry.
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positioned in the gallery of LDHs layers. The rapid
decomposition of H,0; catalyzed by LDHs was hypothesized as
the major cause to exfoliate LDHs by creating a large amount of
0, that generated violent movements, leading to the separation
of LDHs layers (Figure 22A). The AFM image (Figure 22B)
showed that the obtained nanosheets had an average thickness
of ca. 1.44 nm, corresponding to the theoretical thickness of
approximately two LDHs layers (0.76 *2 = 1.52 nm).
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Figure 22. (A) Proposed scheme for the preparation of exfoliated Mg,/Al-LDH
nanosheets; (B) AFM image of synthesized ultrathin sheets.'’> Reproduced with
permission from reference 115. Copyright 2012 Elsevier Inc.

Later, in order to avoid a complex purification process to
remove anionic surfactants that were usually attached onto the
surface of LDH nanosheets as counter anions obtained during a
surfactant based reverse micro-emulsion process, Bellezza et
al.1’% used cationic surfactant based reverse micro-emulsion
method to prepare LDH nanosheets without the surfactant
removal issue.

Yan et al.l’> reported another method to prepare LDH
nanosheets in aqueous solution in 2011. The use of a high
concentration of H,0, was the key to prepare the LDH
nanosheets. Mg(NOs),, AI(NOs); and urea were dissolved in 30
mL 30 wt% H,0, (Mg2* 0.01 M, Al3* 0.005 M and urea 0.05 M).
Then the reaction mixture was transferred into a Teflon lined
hydrothermal reactor and heated at 150 °C for 24 h. The authors
believed that during the synthesis, part of H,0, and O, could be

This journal is © The Royal Society of Chemistry 2017

Sun and coworkers*s reported a direct synthesis method to
synthesize LDHs single-layer nanosheets in the presence 23
vol% formamide through a co-precipitation route. During the
synthesis of LDHs, formamide molecules were adsorbed onto
LDHs surface, which prevented the formation of layered
structure due to the high dielectric constant of formamide and
its preferred interaction with LDHs layer surface. Thus, in the
presence of formamide, LDHs single-layer nanosheets were
prepared, while without the presence of formamide, layered
LDHs was synthesized (Figure 23a).
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Figure 23. (a) Direct growth of LDH single-layer nanosheets with the assistance of layer
growth inhibitors (not drawn to scale); (b) AFM image of a pseudohexagonal Mg,/Al-LDH
nanosheet.*> Reproduced with permission from reference 45. Copyright 2015 The Royal
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Society of Chemistry.

The AFM image (Figure 23b) of the prepared LDHs single-
layer nanosheets indicated an average layer thickness of ca. 0.8
nm of one metal hydroxides layer with surface adsorbed anions
and formamide molecules. The facile method can be potentially
used for large scale production due to its simplicity and low
operational requirements.
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Further study by this group® indicated that with increasing
volume percentage of formamide present in the reaction
system, LDHs single-layer nanosheets can be better prepared
(Figure 24A). And it is also clear that LDHs with higher layer
charge favors the formation of LDHs single-layer nanosheets
(Figure 24 A and B). AFM images showed that Mg,Al-LDH
prepared in 30 vol% formamide showed single-layer feature
(Figure 24 C and D).
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Figure 24. A: LDH characteristic peak to internal reference peak area ratios. B: MgAI-LDH
layer charge at different Mg/Al formulation molar ratios and formamide concentrations.
C: Representative AFM image of Mg,Al-LDH prepared in 30.0 vol% formamide and the
corresponding height profile (D).116 Reproduced with permission from reference 116.
Copyright 2016 The American Chemistry Society.

2.5.2 Mechanical methods

Preparation of LDHs through pulsed-laser ablation (laser
wavelength 1064 nm) method has been reported.1” Zn; 4s/Al,
Coo.os/Fe, Co107/Al, and Mgy q7/Fe-LDHs colloidal nanosheets
were synthesized by a laser ablation method.118 The process
consisted of two consecutive steps: (1) laser ablation of trivalent
metal target in water at room temperature using Q-switched
neodymium:yttrium-aluminum-garnet (Nd:YAG) laser; (2) the
same laser ablation over a bivalent metal target in the
previously prepared trivalent metallic colloid. It took ca. 40 min
to synthesize an LDH colloidal dispersion, which contains ca. 10
mg of metal elements ablated from both metal targets in 40 mL
of water. The TEM images showed that the Mgs 97/Fe, Coo.96/Fe,
Co1.07/Al, and Zn1.4s/Al-LDHs nanosheets had a thickness of ca.
0.5, 0.48, 0.5, and 1.2 nm, respectively. The Mgi97/Fe and
Cop.os/Fe-LDHs nanosheets exhibited a rolling-and-folding
morphology in conjunction area (Figure 25), while the edges of
Co1.07/Al and Zn; 45/Al-LDHs nanosheets were intensively rolled.
The authors hypothesized that the reasons that LDH nanosheets
could be prepared was because of the very short reaction time
and high laser power, which limited the carbonates from being
incorporated into the LDHs layers.
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Figure 25. TEM images of Mg; ¢7/Fe and Cog g¢/Fe-LDHs materials. Scale bars in Mg, o7/Fe-
LDH images, (a) and (b), represent 200 nm and 50 nm, respectively. Scale bars in
Coo.06/Fe-LDH images, (c) and (d), represent 1 um and 50 nm, respectively. (e) Coq.07/Al
and (f) Zny 48/Al-LDHs nanosheets. The dotted arrows marked by symbol “A” indicate the
edges of the nanosheets seriously rolled because of the instability of the edges of the
free-standing ultrathin LDHs layers. Both scale bars represent 50 nm in (e) and (f). Insets
in images (b), (d), and (f) display the corresponding side views.!'® Reproduced with
permission from reference 118. Copyright 2010 American Institute of Physics.

A T-type micro-channel reactor was designed to prepare
LDH nanosheets without using any surfactants. Pang et al.1%?
adopted the titration method in the T-type micro-channel
reactor in water for the synthesis. A mixed salt solution
(contained Mg2* and AI3* cations) and an alkali solution
contained NH3-H,O were pumped into the reactor through two
inlets each at a flow rate of 20 mL/min. The resulting LDH
nanosheets were of a thickness of ca. 0.68-1.13 nm, which
corresponded to 1-2 brucite-like layers and a diameter of 20-30
nm as evidenced by the AFM characterization (Figure 26)

9.0nm

0 20 40 60 80
(nm)

100 120 140

Figure 26. (A) AFM image and height scale of the LDH nanosheets, and (B) sectional
analysis along the black line marked in (A).}'° Reproduced with permission from
reference 119. Copyright 2014 Elsevier Inc.

The conventional process to exfoliate LDHs consists of two
steps: (1) preparation of layered LDHs through various

methods; (2) Intercalation of large molecules to induce

This journal is © The Royal Society of Chemistry 20xx
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exfoliation. Proper solvent selection is pivotal towards a
complete delamination.’* 8 Mechanical agitation to drive
exfoliation and reflux to replace interlayer water molecules are
adopted in the exfoliation process. Direct growth of LDHs single-

This journal is © The Royal Society of Chemistry 2017
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layer nanosheets has focused on limiting the reaction time,
space, and the amount of reactant.113 119 Different LDHs
exfoliation methods/direct growth methods are summarized in
Table 1.
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Table 1. A summary of LDHs exfoliation/direct growth methods.
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Layered
No. double
hydroxides

1 Zn,/Al-LDH

2 Li/Al-LDH

Mgs/Al-LDH
and Mga/Al-
LDH
Mg2/Al-LDH
Mgo.s7/Alo.33-
LDH,
Coo.67/Alo.33-
LDH,
Nio.67/Alo.33-
LDH,
Zno.67/Alo33-
LDH

Mgo.71Alo 20~
LDH

6 Mga/Al-LDH

7 Zns/Al-LDH

Mgo.es/Alo.33-
LDH

Coo.67/Alo33-
LDH

M(11)o.67/Alo.33-
LDHs and
[M(1)-
M’(I1)]o.67/Alo.33-
LDHs

10

Nio.7s/F€o.25-
LDH

11

Intercalant
/interlayer
anion

DS

oS, DS,
OBS-and
DBS

Glycine

DS

DS

DS

DS

NOs

NOs;, ClOs,
acetate,
lactate, DS
and oleate

NOs, ClOq;,
lactate, DS
and so on

NOs

Dispersant

Butanol

Butanol

Formamide

Toluene

CCla

HEMA®

polystyrene

Formamide

Formamide

Formamide

Formamide

This journal is © The Royal Society of Chemistry 2017

Process

Refluxing at 120 °C for
16 hours

Refluxing at 120 °C for
16 hours

Stirring for a few
minutes

Stirring

Stirring followed by 5
min of ultrasonication

30 min ultrasonication
and 2 hrs equilibrium
time
High shear stirring at
2500- 3000 rpm for 20
min at 70 °C
Pre-refluxed in xylene
for 24 then add PS and
stirring for 3 min at 140
°C
LDHs was mixed with
pure formamide which
was tightly sealed after
purging with Na. The
mixture was vigorously
agitated by a mechanical
shaker at a speed of 170
rpm for 12h
Mixing 0.1 g of chosen
anion bearing LDHs with
100 mL formamide and
then apply vigorous
shaking at 160 rpm for 2
days
Mixing 0.1 g of chosen
anion bearing LDHs with
100 mL formamide and
then apply vigorous
shaking at 160 rpm for 2
days
Mixing 0.1 g of LDHs
with 100 mL formamide
then vigorous stirring at
600 rpm for 3 days with
3 intervals of 20 min
periodically sonication

Stability

At least 8
months

OBS and DBS
stable for either
12 hours or 7
days depending
on gibbsite size

At least 3 month

Not specified

Not specified

Not specified

Several weeks

Not specified

Not specified

Very stable

Very stable

stable

Please do not adjust margins

Exfoliation
state/degree

Fully exfoliated
0OS-and DS do not
work
While OBS and DBS
work and less than
example 1

Fully exfoliated

Partially exfoliated

Successful®

Successful®

Almost complete

Complete”

Complete”

Complete”

Zn-containing LDHs:
40%
Co-Al and Ni-Al
LDHs are complete

Successful®

Reference

Adachi-
Pagano
200074

Singh et al
20047

Hibino and
Jones
20018%

Naik et al.
201178

Jobbagy et
al. 200477

O’Leary et
al. 20028

Qiu et al.
20058

Lietal.
2005%8

Liu et al
2006°2

Liu et al
2007°%

Abellan et
al. 2010%7

J. Name., 2013, 00, 1-3 | 15
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15

16

17

18

19

Mgs/Al-LDH NOs-

clos
Coys/Fe/s-LDH ¢

Clos
Coy/3/Coy/3-LDH ‘
C 3+, N'2+x_
O 1x/ I NOs
LDHs
Mg:/Al-LDHs
(n:k=2:1,3:1, Lactate
and 4:1)
Znn/Al-LDHs
(n:k=2:1,3:1, Lactate
and 4:1)
Mgn/Ali-LDHs
(n:k=2:1,3:1, Lactate
and 4:1)
Nis/Fe-LDH AUA
Ni2/Al and
i2/Al an NOs
Co2/Al-LDH

16 | J. Name., 2012, 00, 1-3

Formamide

Formamide

Formamide

Formamide

Water

Water

Water

HCI

Water and
formamide

Please do not adjust margins

Ultrasonication in
successive intervals of
30 min until the
turbidity of the solution
becomes constant
Mixing 0.1 g of LDHs
with 100 mL formamide
then ultrasonication for
30 min
Mixing 0.1 g of LDHs
with 100 mL formamide
then ultrasonication for
30 min
Mixing 0.05 g of NOsz
intercalated Co3*14/Ni*x-
LDHs with 100 mL
formamide and then
apply vigorous shaking
at 170 rpm for 24 h
Synthesis lactate
containing LDHs and
wash then store it in
water (concentration
can be as high as 10-20
g/L).

Prepare lactate
containing LDHs and
exfoliation with the
assistance of
ultrasonication
Prepare lactate
containing LDHs and
exfoliation with the
assistance of
ultrasonication
50 mg LDHs was stirred
in 25 mL HCl of initial pH
value of 2
Exfoliation in water was
done by reacting 2.5 g of
wet-LDHs immediately
after filtration in a
hydrothermal reactor to
which 50 mL of water
was added and kept at
120°Cfor 12 hin
nitrogen atmosphere.
Total delamination in
formamide was done by
mixing 0.05 g dried LDHs
powder with 50 mL
formamide and the
reaction mixture was
sealed after purged with
nitrogen and vigorously
agitated by a mechanical
shaker at the speed of
150 rpm for two days

stable

Stable

Stable

Stable

Stable

Stable

stable

Not specified

Not specified

Not completely

Not provided

Not provided

Not provided

Not provided

Not provided

Not provided

Successful®

Successful” in water
and complete in

formamide

Journal Name

Wu et al.
2005%

Ma et al.
2007%°

Ma et al.
200810

Liang et al.
2009101

Hibino et
al. 200510¢

Jaubertie
etal.
20067

San Roman
etal.
2008108

Hou et al.
200872

Antonyraj
etal.
2010
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NaOH and o .
rea Stirring a certain amount
u
Not of Zn/Al-LDHs in NaOH . Wei et al.
21 Zn7/Als-LDH . precooled . Stable Successful
specified . and urea solution 2014112
at minus 10 .
oc system for 3 min.
Direct synthesis methods
Layered Reaction
Interlayer - .
No. double anion solvent Process stability Exfoliation state Reference
hydroxides system
LDHs monolayers were
synthesized in a
Isooctane . . .
] microemulsion system Stable in
with SDS . L . Hu et al.
1 Mg./Al-LDH DS and using a tradition acrylate Successful 2006112
titration method as monomers
1-butanol L .
detailed in the main
text.
Mg(NOs)2, Al(NOs)s and
urea were dissolved in
30 mL 30 wt% H20:
making the
concentration of Mg?*
30 wt% 0.01 M, APP*0.005 M and Yan et al.
2 Mg>/Al-LDH NOs ! Stable Successful”
&/ : H.02 urea 0.05 M. Then the 201215
reaction mixture was
transferred into a Teflon
liner hydrothermal
reactor and heated at
150 °C for 24 hr
Zn1as/Al,
Cooss/Fe, Laser ablation of Hur et al
3 Co1o07/Al, and None Water M (l11) and M (1) metals Stable Not provided 2010118'
Mgu.07/Fe- in deionized water
LDHs
A mixed salt solution
containing Mg?* and Al3*
( . g Vg R Stable for ca. 16
cations) and an alkali
solution containin h at room Pang et al
4 Mga2/Al-LDH NOs Water & temperature in Successful” € ’
NH3eH20 were pumped 2014
. aqueous
into the reactor through X
. solution
two inlets each at a flow
rate of 20 mL/min.
LDHs single-layer
nanosheets were Stable for Yuetal.
Mga/Al-LDH N .
5 Mas/Al-LDH NOsz Water synthesized in the months at room Successful 2015%,
8- presence of formamide temperature 20166

in a one-step process.

“Successful: the cited methods can produce single-layer nanosheets but containing multi-layered LDH as well; Complete: the methods can obtain single-
layer LDH nanosheets with virtually no stacked layers.

This journal is © The Royal Society of Chemistry 2017
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3. Applications of LDH nanosheets

LDHs have been widely studied as additives in polymers.
However, thanks to its versatile metal cations and interlayer
anions composition, new and exciting applications continue to
emerge. In this section, we focus on four key applications: (1)
LDH nanosheets catalyst as a promising substitute of rare metal
oxide for oxygen evolution reaction, (2) LDH nanosheets as a
constructing materials for supercapacitors, (3) LDH nanosheets
as supports for light emitting instruments, and (4) LDH
nanosheets as green flame retardant in polymer composites.

3.1 Catalysts

3.1.1 Oxygen evolution reactions

Recently, attention on LDHs catalyzed oxygen evolution
reaction from water is increasing.120-151 Song et al.152 observed
that various LDHs nanosheet catalysts could enhance oxygen
evolution and offer high activity, stability and efficiency
compared with the conventional IrO, catalyst. By adopting
exfoliated COz/a/CO1/3, Ni1/3/C02/3, and Ni3/4/Fe1/4-LDHs
nanosheets, the current densities at 300 mV were enhanced by
2.6-, 3.4-, and 4.5-folds, respectively, compared with their bulky
un-exfoliated phase as shown in Figure 27c.
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Figure 27. Electrochemical behavior of LDHs materials and IrO, nanoparticles. (a)
Polarization curves. Inset shows the Tafel plots. Scan rate was 5 mVs. The loading was
about 0.07 mg/cm? for LDHs materials and 0.21 mg/cm? for IrO, nanoparticles. The
electrolyte was 1 M KOH. (b) Overpotential required for J = 10 mA/cm?. (c) Current
densities at n = 300 mV. (d) Tafel slopes. (e) TOF calculated from current at n = 300 mV.
Coy/3/Co1/3-LDH: yellow-green color; Niy/3/Coy/5-LDH: orange color; Nisja/Fey/s-LDH:
purple color. Dash lines, hollow symbols and patterned columns: bulk LDHs (B); Solid
lines, symbols and columns: exfoliated LDH nanosheets (NS); Black lines, symbols and
columns: IrO, nanoparticles; GC: glassy carbon electrode.>? Reproduced with permission
from reference 152. Copyright 2014 Macmillan Publishers Limited.

Zhao et al.’%! reported the preparation of Ni,/Tix-LDHs
nanosheets (n : k molar ratio varies from 0.83:0.2, 0.76:0.08,
0.82:0.09, to 0.84:0.05) using a reverse micro-emulsion
method, which can be used as an efficient photocatalyst for
oxygen evolution from water using visible light. The prepared
Nin/Ti,-LDHs nanosheets demonstrated extraordinarily high
photocatalytic activity (2148 umol/(g-h) for oxygen evolution
from water as shown in Figure 28A. The photocatalytic test was
performed by monitoring the time dependent oxygen
generation under visible light of A> 400 nm and AgNO; was used
as a sacrificial reagent. The Ni,/Tix-LDHs nanosheets with a Ni:Ti
ratio of 4:1 showed the highest photocatalytic production
activity and it remained a high photocatalytic activity over three
consecutive cycles (Figure 28B).
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Figure 28. (A) O, evolution from aqueous solution using 102 M AgNO; as the sacrificial
acceptor under visible-light: (a) Niggs/Tig-LDH, (b) Nig.76/Tio.0s-LDH, (c) Nig.g2/Tio.00-LDH,
(d) Nig.ga/Tio.05-LDH, (€) Zn,/Cr-LDH,*s3 (f) WOs. (B) Catalyst cycling for the photocatalytic
generation of oxygen in water in the presence of Niggs/Tig,-LDH.'*! Reproduced with
permission from reference 141. Copyright 2014 The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2017

Long et al.1%* reported that a strong coupled hybrid of
Fe/Nis-LDHs nanosheets and graphene oxide (GO) was an
excellent electrocatalyst for oxygen evolution reaction (OER)
(Figure 29). The as prepared hybrid exhibited an efficient OER
electrocatalytic activity with overpotential as low as 0.21 V and
Tafel slope around 40 mV/dec. Moreover, after the reduction of
Fe/Ni3-LDH/GO to Fe/Nis-LDH/rGO (reduced graphene oxide),
the overpotential of OER was further decreased to 0.195 V and
the turnover frequency (TOF) reached 0.98/s at an
overpotential of 0.3 V.

Chem Soc Rev, 2017, 00, 1-3 | 18
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1 um

Figure 29. Synthesis and SEM images of Fe/Nis-LDH with different anions. (A) Fabrication
process of Fe/Ni;-GO-LDH: Fe/Ni3-CO32-LDH were dispersed in a HCl and NaCl mixed
solution and transformed into Fe/Nis-Cl-LDH, which was further transformed into
Fe/Ni3-GO-LDH hybrid by the anion exchange process. (B)-(G) SEM images of the as
prepared Fe/Ni3-CO3%-LDH (B), (E), Fe/Nis-CI-LDH (C), (F), and Fe/Nis-GO-LDH (D), (G) at
different magpnifications (arrows point at small nanosheets).’* Reproduced with
permission from reference 154. Copyright 2014 John Wiley & Sons, Inc.

More recently, Ma et al.13> studied the OER activity of a
Niy3/Feis-LDH and graphene superlattice composite.
Niz/3/Fei/3-LDH was synthesized and exfoliated in formamide
where its dispersion was mixed with graphene nanosheets
based on a calculated hypothetical area matching model to
prepare the superlattice composite (Figure 30).

anphene
w.a.moaonu Fls«vbtlon. *

Ani xchange
LDH-AQS ~ Anionexchange oo
LDH nanosheets Superlattic composite Water splitting

Figure 30. Procedures of hetero-assembling Ni,/3/Fey3-LDH nanosheets and graphene
for water splitting.15> Reproduced with permission from reference 155. Copyright 2015
The American Chemistry Society.

The prepared Niy/s/Fei13-LDH/GO and Niysz/Fei/s-LDH/rGO
composite, as well as Niy/3/Fe1/3-LDH nanosheets were tested as
a catalyst for OER reactions (Figure 31). Niy/3/Fe1/3-LDH/GO and
Niz/3/Fe1/3-LDH/rGO exhibited excellent OER efficiency with a
low overpotential of 0.23 and 0.21 V, respectively. The authors
also found that the prepared composites were active for
hydrogen evolution reactions.1%5

This journal is © The Royal Society of Chemistry 2017
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Figure 31. (a) IR-corrected polarization curves of Niys/Feys-rGO, Niys/Feys-GO,
Niy/3/Feys-NS, and GO in 1 M KOH solution; (b) Tafel plots (inset: histogram of
corresponding Tafel slopes); (c) overpotential required at 10 mA/cm?; and (d) TOF at
overpotential (0.3 V) of Niy/s/Feq/3-rGO, Niys/Fe13-GO, and Niys/Fey/3-NS.15° Reproduced
with permission from reference 155. Copyright 2015 The American Chemistry Society.

3.2 Supercapacitors

Because of its wide range of selection of metal cations, LDHs
as a metal oxide precursor or a source of pseudo-capacitive
species has attracted increasing attention in supercapacitor
research in the past few years.129 134, 156182 For example,
Ni3/Mn-LDH nanosheets were mixed with GO, leading to the
instantaneous precipitation of a LDH/GO mixture. After
calcination under an inert atmosphere at 450 °C, the hybrid
decomposed into NisMnOg nanoparticles deposited on larger
reconstituted graphene sheets.’83 This resultant hybrid
exhibited an electrical conductivity similar to graphite. A
maximum capacity value of 1030 mA-h/g was achieved during
the first discharge, and capacity values higher than 400 mA-h/g
were maintained after 10 cycles. The methodology used in the
report was claimed to allow the preparation of a large variety of
graphene-metal oxide hybrid materials starting from various
LDHs, which possesses the properties from both constituents.

Ma et al.l8 reported a superlattice lamellar hybrid
supercapacitor constituted of hetero-stacked LDH nanosheets
(positively charged) and GO nanosheets (negatively charged)/or
rGO. These hybrids led to a high capacity up to ca. 650 F/g, 6
times higher than the one using pure graphene nanosheets.
Electrostatic hetero-assembly experiments were carried out by
dropwise addition of anionic GO or rGO nanosheets into the
cationic LDH nanosheets dispersion under constant stirring. The
precipitates were collected by centrifugation, and then
repeatedly dispersed in ethanol and centrifuged. Figure 32
shows the XRD patterns and TEM images of the prepared
GO/LDHs and rGO/LDHs hybrids, which confirmed the
successful hetero-assembly of LDHs with GO/rGO.
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Figure 32. (A) XRD patterns of LDH nanosheets flocculated with GO (black trace) and rGO
(red trace) nanosheets, respectively. Indices 00l are basal series of superlattice lamellar
composites whereas Ligo and Lyjo are in-plane diffraction peaks from LDH nanosheets.
Inset: schematic illustration of the sandwiched LDH nanosheets and graphene. (B) TEM
image of the lamellar nanocomposites. (C) High-resolution TEM image showing lamellar
lattice fringes with different contrast appearing at alternating sequence. (D) Electron
diffraction indexed to be in-plane diffraction rings of LDHs (Lyoo and Ly10) and graphene
(Gioo and Giy), respectively.’8% Reproduced with permission from reference 184.
Copyright 2014 John Wiley & Sons, Inc.

Journal Name

method.18 Reproduced with permission from reference 185. Copyright 2014 John Wiley

Zhao et al.18 reported a hierarchical Niz/Mn-LDH/carbon
nanotube (CNT) hybrid with a superb energy density for flexible
supercapacitors.
with carbon-based materials has been extensively studied to

Incorporation of pseudo-capacitive species

realize efficient supercapacitor devices because pseudo-
capacitive metal hydroxide/oxide hybrids can provide multiple
oxidation states for reversible Faradaic reactions.86-188 Well-
defined 3D structures are extensively studied especially the
core-branched structures, where pathways of both electrolyte
and electron are built to facilitate efficient energy storage at
high rates. Therefore, constructing CNT core (electron pathway)
and Nis/Mn-LDH branch (electrolyte pathway) was of great
importance. Figure 33 shows the synthesis process of the hybrid
with well-defined structure. Figure 34a shows the typical CV
curves in a potential range of 0-0.6 V at various scan rates, in
which the Nis/Mn-LDH/CNT hybrid showed the optimum
electrochemical performance. Figure 34b presents the
galvanostatic charge-discharge measurements, in which
Nis/Mn-LDH/CNT hybrid led to a specific capacitance as high as
2960 F/g (based on the whole sample mass) at a current density
of 1.5 A/g, which is 1.8 times higher than that of the
Ni(OH)2/CNT hybrid (1668 F/g). The specific capacitance of the
samples at different charge-discharge current densities is
shown in Figure 34c, in which the Nis/Mn-LDH/CNT hybrid
yielded a substantially higher specific capacitance than that of
the other samples. At a high current density of 30 A/g, 79.5% of
the capacitance (from 2960 to 2338 F/g) was still retained for
the supercapacitor with Ni3/Mn-LDH/CNT, superior to most Ni-
based/carbon hybrids.188 189 Figure 34d shows the cycling life
test, in which the specific capacitance was first increased and
then decayed slightly of all the Ni,/Mn-LDHs/CNT hybrids (x = 2,
3, 5, and 7). After 2000 cycles, the Niy/Mn-LDHs/CNT hybrid
showed a higher stability and structure integrality with 2.8%
loss for Ni,/Mn-LDH/CNT, 0.9% loss for Niz/Mn-LDH/CNT, 2.5%
loss for Nis/Mn-LDH/CNT, and 3.3% loss for Niz/Mn-LDH/CNT.

mm.m \XMMM

CNT with
functional groups

CNT NiMn-LDH/CNT

Figure 33. Schematic illustration for the synthesis and morphology of Nis/Mn-LDH/CNT.
Step (1): surface modification of CNT by functional groups (e.g., -OH-, -CO, -COO"). Step
(): grafting of Niz/Mn-LDH nanosheets onto CNT backbone by an in situ growth
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Figure 34. Electrochemical performance of Ni,/Mn-LDHs/CNT and Ni(OH),/CNT: (a) CV
curves, (b) galvanostatic discharge curves, (c) specific capacitance as a function of
current density, and (d) cycle stability.18 Reproduced with permission from reference
185. Copyright 2014 John Wiley & Sons, Inc.

Yu et al.l® reported that Coy/Al-LDH nanosheets

electrostatically assembled with modified CNTs exhibited a high
specific capacitance of 884 F/g and a high cycle stability over
2000 cycles. Figure 35 illustrates the assembling process, in
which the Co,/Al-CO32-LDH was first anion exchanged to NOs3™-
LDH using NH4NO3, followed by the exfoliation of the Co,/Al-
NOs-LDH by formamide. The obtained LDH nanosheets were
subsequently co-assembled with CNTs by shaking CNTs and
nanosheets in formamide for a certain period of time.

Exfoliation .‘ A“.Mbw'

ColAl-LDHs/CNTs
composite

NH,NO,

Pretreatment

Co/AI-CO,*-LDHs ColAI-NO,-LDHs ColAl-LDHs nanosheets

Figure 35. Schematics of each process of assembling the exfoliated Co,/Al-LDH/CNT
hybrid.1® Reproduced with permission from reference 190. Copyright 2014 The Royal
Society of Chemistry.

3.3 Light emitting applications

Recently, the trend of using LDH nanosheets as a host for
quantum dots (QDs)/luminescent material has attracted much
attention.191-201 Cho et al.2%2 reported the preparation of a
highly luminescent and photo-stable composite by
incorporating QDs into LDHs matrices with preserved
photoluminescence efficiency of the fluorophores. Figure 36A
shows the electrostatic assembly process of the QDs-polymer-
LDHs nanocomposite by mixing the negatively charged polymer
encapsulated CdSe/CdS/ZnS QDs with positively charged Zns/Al-
LDH nanosheets. QDs-polymer-LDH composite films were
prepared by drop casting of the obtained composite dispersion
on a substrate. Figure 36B shows the photoluminescence
spectra and photographs of the QD-polymer (polymer
encapsulated QD) film (I) and the QD-polymer-LDH composite
film (1) under UV light. The photoluminescence quantum yield

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name

improvement of QD-polymer-LDH film was attributable to a
more uniform distribution of fluorophores thanks to the
assistance of LDH nanosheets.

ARTICLE

of the (BTBS/LDHs)(QD-530/LDHs),(QD-620/LDHs), (m, n, p are the number of cycles of
according QDs) UTFs under UV light (365 nm) showing the change in color coordinates
in the white-light region.2® Reproduced with permission from reference 203. Copyright
2013 The Royal Society of Chemistry.

polymer-encapsul
quantum dot Il —— QD-polymer-LDH film B

| —— QD-polymer film
n

§888%8¢8

mixing of exfoliated LDHslayers

and polymer-encapsulated QDs 520 560 600 640 680 720

QD-polymer-LDHscomposite Wavelength (nm)

Figure 36. (A) Schematic illustration of the assembly process for the formation of QD-
polymer-LDHs composites; (B) Photoluminescence spectra of (I) QD-polymer film and (I1)
QD-polymer-LDHs composite film. Left inset: photograph of the QD-polymer film and the
QD-polymer-LDHs composite film under 60 uW/cm? power UV light irradiation. Right
inset: photograph of the films under lower power UV light irradiation for color
recognition.2°2 Reproduced with permission from reference 202. Copyright 2013 The
American Chemistry Society.

Tian et al.2%3 reported the fabrication of multicolor and
white light emitting ultrathin films (UTFs) with 2D architecture
utilizing CdTe quantum dots. Stepwise layer-by-layer (LBL)
assembly of LDH nanosheets and individual luminescent species
was adopted to prepare the hybrid. Figure 37A shows the
detailed assembly process of the multi-color UTFs system. The
luminescence color of the resulting hybrid UTFs could be easily
tuned over the entire visible-light range (Figure 37B),
specifically for precisely regulating white emission (Figure 37C),
by rational control of the Red/Green/Blue color photo emissive
building blocks as well as their sequence.

A

e+f

Figure 37. (A) Schematic representation for the LBL fabrication of multilayer luminous
UTFs: (a) BTBS (a blue-emitting organic compound, 2,20-(1,2-ethenediyl)bis-[5-[[4-
(diethylamino)-6-[(2,5-disulfophenyl)amino]-1,3,5-triazin-2-ylJamino]benzenesulfonic

acid] hexasodium salt), (b) QD-530 (green luminescence at 530 nm; particle size: ~2.5
nm), (c) QD-620 (red luminescence at 620 nm; particle size: ~¥4.0 nm), (d) Poly(sodium 4-
styrenesulfonate) (PSS), (e) LDH nanosheets and (f) quartz glass substrate; (B)
Photographs of (BTBS/LDHs)1,(QD-530/LDHs)16(QD-620/LDHs), (n = 1 - 12) UTFs under
UV light irradiation (365 nm) showing variations of color with n (cycles); (C) Photographs

This journal is © The Royal Society of Chemistry 2017

Recently, Cho et al.2%4 reported the preparation of
photostable composites by assembling near infrared (NIR)
emitting PbS based QDs and exfoliated LDH nanosheets for NIR-
emitting diodes. The QD-LDHs composite films prepared by
drop-casting exhibited NIR photoluminescence over 500% more
intensive than the counterpart QD films (without the LDHs
matrix) under identical conditions.

3.4 Flame retardant

Well dispersed LDH nanosheets in polymer matrices can
greatly improve the flame retardancy of polymers.205 206 |t js
believed that the release of H,O (from the interlayer water
and/or the decomposition of metal hydroxide layers) and gases
(such as CO; from CO3?’) during thermal decomposition of LDHs
can effectively lower heat release rate. Dispersion is crucial to
achieve a high flame retardancy of polymer/LDHs composites,
which have been extensively studied.2” Wang et al.2%8 reported
a single step self-assembly method to prepare organically
modified  Coy/Al-LDH  polypropylene  (O-Coz/Al-LDH-PP)
composites with enhanced flame retardant properties. The
addition of partially exfoliated organo-Co,/Al-LDH filler into PP
at a high level of dispersion led to a significant decrease of the
heat release rate (HRR), the total heat release (THR), and the
heat release capacity (HRC) of the PP composites, as shown in
Figure 38 and Table 2. With an increasing LDHs filler
concentration, the peak heat release rate (PHRR) value
decreased significantly as shown in Table 2.

—=— Pure PP

1000 -
—— PP/O-CoAl-LDH1.5
—+— PP/O-CoAl-LDH3.0
8004 —PP/O-CoA-LDH6.0

Heat Release Rate(W/g)

0

¥ T ¥ T : T X T X T Y
300 350 400 450 500 550 600
Temperature ("C)
Figure 38. Heat release rate curves for PP and a PP/0O-Co,/AI-LDHN nanocomposite at 1
K/s heating rate (PP/O-Co,/AI-LDHN, N = 1.5, 3.0 and 6.0 (parts per hundred resin),

indicates the concentration of LDH in the composite).2°® Reproduced with permission
from reference 208. Copyright 2010 The American Chemistry Society.
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Table 2. Summary of microscale combustion colorimetry measurements for PP/O-
Co,/Al-LDH nanocomposites.?’® Reproduced with permission from reference 208.
Copyright 2010 The American Chemistry Society.

Sample PHRR THR Tomax [°C] HRC
(W/g) [ki/g] [V/g K]
PP 1071 38.8 487 1055
PP/0-C0,/Al-LDH1.5 926 37.7 489 900
PP/0-C0,/Al-LDH3.0 848 37.4 489 830
PP/0-C0,/Al-LDH6.0 754 32.2 491 798

The flame retardancy and thermal degradation of the epoxy
nanocomposites containing graphene nanosheets (GNS) and
LDHs were studied by Liu et al.2%° The additional GNS/LDHs
interface created by the simultaneous addition of both
materials into the epoxy resin (ER) increased the interaction of
LDHs and GNS in the melt, inducing inhibition of flammable
drips of ER and limiting the flame propagation due to the
increased interaction of LDHs and GNS in the melt. As shown in
Figure 39, after the limiting oxygen index (LOI) test, the neat ER
sample exhibited melt dripping, while the dripping
phenomenon was not observed in the ER/GNS, ER/LDHs,

ER/GNS/LDHs nanocomposites.

a

L¥(

Figure 39. Patterns of the samples after LOI tests: (a) ER, (b) ER/GNS1, (c) ER/LDHs1, (d)
ER/GNS0.5/LDHs0.5, (e) ER/GNS5, (f) ER/LDHs5, and (g) ER/GNS2.5/LDHs2.5. (The
samples are identified as mass ratio of ER/GNSx = 100/x, ER/LDHsy = 100/y, and
ER/GNSx/LDHsy = 100/x/y).2®® Reproduced with permission from reference 209.
Copyright 2014 The Royal Society of Chemistry.

Kuila et al.210 reported a rubber/LDHs nanocomposite made
of ethylene vinyl acetate (EVA) (60 wt% in the rubber) and DS~
modified LDHs (DS-LDHs) via a solution intercalation method
where the intercalation of the polymer in LDHs at various
loadings were studied. The result showed that at 1 wt% and 3-8
wt% DS-LDHs loadings, fully exfoliated LDHs and partially
exfoliated LDHs formed, respectively. The premium mechanical
properties of the nanocomposites were found at 3 wt% of DS~
LDHs loading. Compared with the neat EVA (2.6 MPa), the
tensile strength of the rubber composite containing 3 wt% DS--
LDHs increased to 5.1 MPa, representing a 96% improvement.
Thermal stability of the EVA/DS-LDHs nanocomposites was
improved by 12-15 °C with respect to the neat EVA. The LOI test
confirmed the improved flame retardant properties. More
examples are referred to Gao et al.211 who reviewed the recent
examples of polymer/LDHs composites for flame retardancy.

4. Conclusion and outlook

In this review, we endeavor to summarize existing methods
to prepare single-layer LDH nanosheets. Top-down exfoliation
and bottom-up direct synthesis methods represent two typical
categories of approaches to obtain LDH nanosheets. We divided

22 | J. Name., 2012, 00, 1-3

the top-down methods into two main categories: tailor the
interlayer environment for exfoliation and exfoliation driven by
mechanical force. The former one focused on creating a
hydrogen-bonding rich environment, enabling the introduction
of a large amount of solvent to separate LDHs layers. The latter
one proposed a mechanism from a swollen phase to an
exfoliated phase where the swollen LDHs in formamide has to
undergo extensive mechanical agitation to be exfoliated. The
bottom-up approaches adopt either a chemical environment or
a mechanical environment to grow LDH nanosheets directly.
Overall, at present the bottom-up methods appear to be
advantageous favoring large scale production of dispersible LDH
nanosheets. However, such have their
disadvantages, including suffering from either the utilization of
toxic dispersants or from the difficulties in recovering LDH
nanosheets from their chemical environment.

Over the past decade, new applications of LDH nanosheets
involving catalyzing water splitting reaction, supporting QDs,
and formulating flame retardants and supercapacitors have
surfaced. We briefly overview the promising results of LDHs
catalysts in producing oxygen through electrical as well as
photocatalytic routes, LDHs supports for QDs in light emitting
units, LDHs flame retardant substitutes for halogens in polymer
composites. Many new and significant achievements have been
made in the applications of LDH nanosheets. However, tough
challenges are still to be addressed. In general, direct use of
stable LDH nanosheets dispersion in an exfoliated form remains
anissue due to unavoidable aggregation during separation from
the dispersants. Utilization of dispersed LDH nanosheets in
catalyzing water splitting reactions is rather exciting, but the
exact catalytic mechanism is to be completely revealed so that
researchers can design and synthesize the most suitable LDHs
nanosheet catalysts. Fabricating LDHs/polymer flame retardant
composites requires surface modification of hydrophilic LDHs
into hydrophobic one to maximize its dispersion in polymer

routes own

matrices. Moreover, to achieve a high level of flame retardancy,
synergistic effect of LDHs and traditional flame retardant
materials such as organophosphorus compounds should be
further explored and Researches in LDH
nanosheets in electronics such as supercapacitors are very

investigated.

active, significant advancement in such fields is anticipated in
the near future. LDH nanosheets, thanks to their versatility in
component metal cations and their sheet structure with a high
surface area, will remain highly attractive to researchers in
chemistry, materials, and We anticipate
applications utilizing highly dispersed LDH nanosheets will
continue to expand in the coming years.

engineering.

Abbreviations
LDHs = Layered double hydroxides
SOS = Sodium octyl sulfate
SDS = Sodium dodecyl sulfate
SOBS = Sodium 4-octylbenzenesulfonate
SDBS = Sodium dodecylbenzenesulfonate
DBS = Dodecylbenzenesulfonate
HEMA = 2-Hydroxyethyl methacrylate
PS = Polystyrene
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LLDPE = Linear low density polyethylene
PE-g-MA = polyethylene-grafted-maleic
anhydride

AFM = Atomic force microscopy

HMT = Hexamethylenetetramine

AUA = 11-aminoundecanoic acid
Nd:YAG = Neodymium:yttrium-aluminum-
garnet

GO = Graphene oxide

OER = Oxygen evolution reaction

TOF = Trunover frequency

CNT = Carbon nanotube

QDs = Quantum dots

UTFs = Ultrathin films

LBL = Layer-by-layer

BTBS = 2,20-(1,2-ethenediyl)bis-[5-[[4-

(diethylamino)-6- [(2 5-disulfophenyl)amino]-1,3,5-triazin-2-
yllamino]benzenesulfonic acid] hexasodium salt

QD-530 = Green luminescence at 530 nm;
particle size: ~2.5 nm

QD-620 = Red Iluminescence at 620 nm;
particle size: ¥4 nm

PSS = Poly(sodium 4-styrenesulfonate)
NIR = Near infrared

0-Co,AIl-LDH-PP
polypropylene composite

Organically modified Co,Al-LDH

HRR = Heat release rate

THR = Total heat release
HRC = Heat release capacity
PHRR = Peak heat release rate
PP = Polypropylene

PP/O-Co,Al-LDHN = The 0-Co,Al-LDH-PP contains N
parts of O-Co,Al-LDH (umte parts per hundred resin)

GNS = Graphene nanosheets
ER = Epoxy resin

LOI = Limiting oxygen index
EVA = Ethylene vinyl acetate
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