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and

High gas barrier, transparent and non-toxic coatings are in increasing demand due to the need to
develop easier recyclable food packaging technologies. Herein, we report a green synthesis of layered
double hydroxide (LDH) nanoplatelets via a reconstruction process in concentrated amino acid solution.
The effect of both the amino acid (nonpolar and polar) and the original LDH morphology (rosette and
large platelet) on the formation of uniform dispersed LDH nanoplatelets was systematically studied. LDH
nanosheet dispersions in polyvinyl alcohol (PVA) were coated on polyethylene terephthalate (PET)
substrates. The oxygen barrier performance and optical properties of the LDH nanosheet coated PET
films were evaluated. We found that the PET coated films retained excellent optical responses
and exhibited a high oxygen barrier, with an oxygen transmission rate down to 0.35 cc m~2 day ™.
This represents an oxygen barrier improvement factor (BIF) between the coated and uncoated PET films

rsc.li/materials-advances of 175.

Introduction

The demand for the development of flexible, transparent and
recyclable packaging materials has increased in many sectors
such as in food and beverages, cosmetics, healthcare, and
electronics." The incorporation of impermeable inorganic
platelet fillers can improve the gas-barrier properties of polymers
by increasing the diffusion pathway of the permeating
molecules, generally referred to as a tortuous pathway.*®
However, the non-uniform particle size, random alignment,
aggregation, and phase separation of such platelets can drastically
decrease the barrier performance.”® Although, nanostructured
artificial nacre-like clay-based materials have been reported, they
are not highly transparent due to their high loading of fillers and
thick coating layers.®° Therefore, there is urgent need for the
development of well dispersed, uniform and thin inorganic
nanosheets to obtain high gas barrier films with good transparency.
The exfoliation/delamination of layered materials (graphite and
graphite-like materials,""'® metal oxides,"”"®
phosphate'®?® and clays®'***) has attracted the most attention
so far since these materials can yield thin nanosheets with a
high aspect ratio.”**® A wide variety of exfoliation methods
have been developed, such as sonication/high shear mixing in
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surfactants, solvents, and polymers.
modification by ion exchange with spatially demanding
molecules to produce large interlayer separations followed by
exfoliation has been extensively explored."®'®>%** Although,
the use of layered silicate materials has been widely reported,
they can only be exchanged with a limited range of cations,
mostly alkyl-ammonium based, which restricts their modification
and potential applications.>

Layered double hydroxides (LDHs) are a large family of 2D
layer materials which consist of a positively charged brucite-like
layer and a negatively charged interlayer with exchangeable
anions and interlayer water molecules. LDHs can be expressed as
a general formula of [(MIX”MX'«‘”’(OH)Z)]”*(A”‘)H,/H~mH20,
where M*" and M”" are one or more different metal cations, A"~
is interlayer anion. The value of z may be 1 but is most
commonly 2, and although y can be 4 it is most commonly 3;
the overall metal hydroxide layer charge (w) is determined by
w=2z(1 — x) + xy — 2 which is compensated by w/n A"~ interlayer
anions. The possibility of producing a non-toxic, high aspect 2D
structure with a controllable layer thickness gives LDHs the
possibility of promising applications in gas and moisture barrier
coatings on flexible polymeric films.***° However, due to the
strong inter-lamellar hydrogen bonding networks and interlayer
electrostatic interactions, the exfoliation/delamination of LDHs
remains a big challenge in the field.?*** The first successful
exfoliation of LDHs was reported using a two-step intercalation/
exfoliation process.’® LDHs were intercalated with organophilic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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anions (e.g. dodecyl sulfate) followed by delamination in polar
organic solvents (e.g. alcohols). Hibino and Jones reported
another two-step approach in which LDHs were intercalated
with amino-carboxylate ions (e.g. glycine, serine and r-aspartic
acid) and then delaminated in a polar solvent (e.g. water,
ethanol, acetone, formamide, ethylene glycol and diethyl
ether).*® Formamide has emerged as one of most common polar
solvents for exfoliating LDHs due to the strong interactions
between its carbonyl and amino functional groups with the
LDHs (including both the layer surface, interlayer water
molecules and anions).’>® As a result, formamide can disrupt
the hydrogen bonding networks and electrostatic interactions
between the layers, facilitating the exfoliation and delamination
of LDHs. However, the toxic nature of formamide is major
concern in terms of food safety and Good Manufacturing
Practice (GMP) traceability.>” There have been a few reports on
a one-step direct synthesis of single-layer LDH nanosheets.>**™*"
To date, the reported processes have several limitations as they
require a high temperature/inert atmosphere, ultrasonic or
mechanical treatment; in addition, the use of solvents such as
butanol and formamide make it almost impossible to deliver
“solvent-free” conditions after these treatments. A greener process
was reported in 2014 by the exfoliation of LDHs in aqueous
NaOH/urea solution.”” However, this is not suitable for large scale
practical use as a low temperature (—10 °C) is required for
achieving exfoliation.

In 2019, O’'Hare and co-workers reported a new approach
for preparing nanoplatelets via calcination/reconstruction of
LDHs using glycine."*'* A gel-like phase was formed after
reconstruction in a concentrated aqueous solution of glycine,
resulting in the stabilisation of high aspect ratio LDH
nanosheets. It was found that the LDH platelet thickness
decreased and the diameter increased with increasing
reconstruction time.** Although a calcination step is necessary
for this approach, it is food safe and much more practical
than many of the other reported studies®**®*2%54¢ a5 it does
not require any toxic chemicals, mechanical treatment, or a
special atmosphere. Herein, the effect of amino-acid types
(size and functional groups) and LDH structures are studied.

To widen the applicability and flexibility of this process
further, the effects of different types of amino acids
(with non-polar and polar side chains, listed in Table S1, ESIt)
and original morphology of the LDHs (rosette shape in Fig. S1
and hexagonal platelet in Fig. S14, ESI{) on their reconstruction
are investigated in this study. The nanoplatelets obtained
here were used to prepare coating mixtures and applied
onto a polymer film substrate. The barrier and optical
properties of the coated films were subsequently examined.
All LDHs used in this study were [Mgy sAly»(OH),](CO3)o.1
(Mg,Al-CO3; LDH) and were treated with ethanol using the
AMOST process.”” The AMO-Mg,Al-CO; LDH was calcined
at 450 °C for 12 hours to give Mg,Al(O), LDO and then
reconstructed back to the LDH using an aqueous solution
containing selected amino acids (2.66 mmol) at 80 °C. After
24 hours, the solid was washed with deionised water followed
by centrifugation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LDH nanosheet synthesis

LDH reconstruction using amino acids with nonpolar side
chains

A series of amino acids with nonpolar side chain including
glycine, B-alanine, B-leucine, B-phenylalanine, f-aminobutyric
acid and y-aminobutyric acid were employed to study their
effect on the LDH reconstruction process from Mg,Al(O), LDO.
All studies were performed on Mg,Al(O), LDOs derived from
the calcination of rosette-shaped LDHs prepared from the
co-precipitation method with AMOST treatment (named as
Cop-AMO LDHs). The morphology of the Cop-AMO LDHs and
the structures of the non-polar amino acids used are shown in
Fig. S1 (ESIt). The reconstruction procedure was conducted at
80 °C for 24 hours, using two different systems: (1) in a round
bottom flask using oil bath heating (denoted as RC) and (2) in
an autoclave hydrothermal reactor (denoted as HT). The samples
were defined as Cop-RC-amino acid and Cop-HT-amino acid,
respectively. For example, the sample reconstructed in the
presence of glycine using the RC system was named as
Cop-RC-glycine.

Fig. S2 (ESIt) displays the appearance of the obtained
samples after reconstruction. It was observed that most of the
samples presented a transparent gelatinous appearance (except
for B-phenylalanine). Similar observations were reported for
exfoliated LDH-glycine*® and LDH-NO; in formamide.*® The gel
formation can be explained by the swelling behaviour of these
LDHs in the presence of zwitterionic compounds such as
carboxylates, sulfonates, and amino acids.”®>’ It has been
suggested that hydrogen bonding interactions among zwitter-
ionic species and LDHs (layers, the interlayer water molecules
and anions) are necessary for the hydration and swelling of
LDHs.>" Hydrogen atoms and nitrogen atoms with lone pairs in
amino acids act as hydrogen bond donors (bonding to water
molecules) and hydrogen bond acceptors (accepting hydrogen
from water molecules), respectively.’"*® The swelling behaviour
represents the incorporation of water in the interlayer space
though the hydrogen bonding network.>® In this study, the
position of the amine group was found to have no effect on gel
formation, as no difference was observed between the cases
that used B- and y-aminobutyric acid. However, the hydrophobic
property of the amino acid was found to be important on gel
formation. LDH cannot form gels in the case of f-phenylalanine
due to steric hindrance of the phenyl group (hydrophobic) which
suppresses hydrogen bonding formation.

Powder X-ray diffraction (XRD) data of the reconstructed
LDHs (Fig. S3, ESIY) are typical of conventional LDHs, where no
impurity phases are visible with the exception of those recon-
structed with B-leucine and B-phenylalanine. The impurity
phases in Cop-HT-B-phenylalanine, Cop-HT-B-leucine and
Cop-RC-B-phenylalanine arise from the amino acid crystallisation
due to their low water solubility (Table S1, ESIT). The interlayer
d-spacings (003 reflection) are summarised in Table S2 (ESI}).
Generally, the d-spacing of the reconstructed LDHs (except of
Cop-RC-leucine, Cop-HT-leucine and Cop-HT-phenylalanine) are
in the range 7.7-7.9 A which is slightly lower than that of their
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pristine Cop-AMO LDHs (7.93 A) which contains carbonate in the
interlayer galleries. The Mg,Al(O), LDO samples reconstructed in
the presence of leucine exhibited a larger spacing in the range of
12-13 A. It was postulated that those molecules, of 9.7 A in length
and 4.7 A in width,” prefer a bilayer arrangement in the LDH
interlayers through the oxygen atoms of the carboxylate group,
giving a net positive charge on the layer.?® It is found that the
basal spacing was expanded to 15.43 A in the Cop-HT-B-
phenylalanine, indicating that B-phenylalanine was intercalated
into the LDH interlayer under hydrothermal reaction at 80 °C.

Fourier transform infrared (FTIR) spectra between 600 and
4000 cm ™" were recorded for all samples (Fig. S4, ESIt). All LDH
based samples presented a broad band in the region of 3000-
3600 cm ', which is assigned to O-H stretching vibrations due
to the hydroxide groups of LDH and water molecules.
An absorption at around 1640 cm ! is ascribed to the bending
mode of water molecules. The intense carbonate vibration at
1370 cm™* (the v; carbonate stretching mode in Djp
symmetry)®" was observed in Cop-AMO LDHs. However, it is
slightly weaker and is overlapped with the symmetric carboxylate
vibration band of at 1400 cm™" in all Cop-RC-amino acid and
Cop-HT-amino acid samples.

In addition, the asymmetric stretching vibrations of the
carboxylate groups at around 1540 cm™ ' were present in all
LDH samples reconstructed in the presence of amino acids,
which indicates that amino acids remain in the samples after
reconstruction. The weak absorption at 770 cm™ " was observed
in Cop-RC-B-phenylalanine, due to the mono-substituted
benzene.*

Transmission electron microscopy (TEM) was used to
determine the morphology, particle size and size distribution.
As shown in Fig. 1, Fig. S5 and Table S1 (ESIY), all Cop-RC-
amino acids presented well dispersed and small platelets after
reconstruction using calcined Cop-AMO LDHs with rosette
morphology (Fig. S1, ESIt). The size of Cop-RC-amino acids
was in the range of 40-181 nm which is much smaller than that
of the pristine Cop-AMO LDHs. A similar phenomenon was
observed for Cop-HT-amino acid samples. It is believed that
hydrogen bonds play an important role in directing the
morphology transformation of the LDOs during reconstruction
in the presence of amino acids. Newman et al. suggested that
the oxygen atoms of the carboxylate group in the amino acid
can form hydrogen bonds with the hydroxide layers during
reconstruction of the LDO into the LDH. Interaction of the
layers with unbound amino groups®® may contribute to the
observed increase in the zeta potentials of the LDHs from 12.8
to 32-40 mV after the reconstruction process (Fig. S6, ESIt).

The thermal properties of Cop-AMO LDH, LDO and Cop-RC-
amino acids were determined by thermogravimetric analysis
(TGA), as shown in Fig. S7 (ESIT). For amino acid reconstructed
LDHs, the total mass loss increased with increasing molecular
weight of the amino acid, 50 to 60 wt% for glycine and
phenylalanine, respectively. Three weight loss events were
observed for all amino acid reconstructed LDHs as shown in
the differential thermogravimetric (DTG) curves (Fig. S8, ESIT).
The first step occurs below 200 °C due to the removal of
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Fig.1 TEM images and particle size distributions of Cop-RC-amino acids
using different nonpolar amino acids. Navy lines indicate the best fit of a
Gaussian distribution, showing approximately a normal distribution.
Mean values and standard deviations were obtained from the measurement
of 300 particles.
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adsorbed water and interlayer water. The second step in the
range of 250-400 °C is ascribed to the dehydroxylation of the
LDH layers and the decomposition of the amino acids and
carbonate anions. The last step corresponds to the combustion
of the intercalated amino acids and the formation of a
carbonaceous residue produced from decomposition of the
amino acid.”> The amino acid content in all reconstructed
products was determined by elemental microanalysis (EA),
and these results are summarised in Table S4 (ESIt). The EA
data indicate a significant reduction of the carbonate anion
concentration in the interlayer galleries of the LDH after
reconstruction.

LDH reconstruction using amino acids with polar side chains

Amino acids containing different polar side chains: serine (an
additional OH group), asparagine (with an additional amide
group), aspartic and glutamic acids (an additional carboxylate
group) were also used for reconstruction of the LDH. Their
structures are presented in Fig. S9 (ESIf). All studies were
performed with Cop-AMO LDHs. The reconstruction step was
conducted in a round bottom flask at 80 °C for 24 hours. The
samples were defined as for the Cop-RC-amino acids (e.g. the
sample reconstructed in the presence of serine was named
Cop-RC-serine).

Gel-like products were obtained in the case of asparagine
and serine (Fig. S10, ESIY). Asparagine and serine contain
additional amide and hydroxyl functional groups that could
participate in the formation of hydrogen bond networks resulting
in swelling and gel formation of the LDH nanosheets during
reconstruction. However, Cop-RC-serine exhibited a brownish
colour, which may be due to a chemical reaction between this
amino acid and LDHs during heating (80 °C). In the case of the
amino acids with acidic side chains (aspartic and glutamic acids),
gel formation was not observed (Fig. S11, ESIt). Although the
additional carboxylate group could also form hydrogen bonds, it
may preferentially interact with the LDH layers by electrostatic
attraction rather than engaging in extensive hydrogen bonding
with water and the LDH. In addition, these amino acids are much
less soluble in water which may limit the swelling/exfoliation of
the LDH platelets, yielding white solid products rather than
gel-like LDH suspensions.

Fig. S12 (ESIY) displays the TEM images of the Cop-RC-
amino acids using different polar amino acids and Table S5
(ESIf) summaries their particle size distributions. Well-dispersed
LDH nanoplatelets were formed after reconstruction in the
presence of asparagine or serine with platelet diameters of
around 63 and 25 nm, respectively. Cop-RC-glutamic acid
showed a mixture of small platelets (59 nm) and some
large LDH rosettes (similar to pristine Cop-AMO LDHs).
Cop-RC-aspartic acid presented a very different morphology
with a flower like shape. The formation of this morphology is
still unclear. Fig. S13 (ESIt) shows the XRD data (Fig. S13a,
ESIt) and FTIR spectra (Fig. S13b, ESIt) of the reconstructed
LDHs in the presence of amino acids with polar side-chains.
The interlayer separations of the isolated LDHs are
summarised in Table S5 (ESIT), and the values agree with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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data reported in the literature using traditional methods; in all
cases we noted a small shift in the Bragg peak positions
compared with the original parent LDH.*° The molecular
vibrations corresponding the amino acid could be observed
in each Cop-RC-amino acid, indicating that the amino acids
were present in the reconstructed LDHs.

Effect of original LDHs morphology

To investigate the effect of the original morphology, LDH
platelets (prepared using a urea hydrothermal method,
UHT-AMO LDHs) were examined with the series of amino acids
with nonpolar side chains. The UHT-AMO LDHs have regular
hexagonal platelets with the size of 3-4 pm as shown in Fig. S14
(ESIT). These were then was calcined at 450 °C for 12 hours to
give the UHT-AMO LDO. The two reconstruction conditions
(RC and HT) were also compared at 80 °C for 24 hours, from
which the samples were defined as UHT-RC-amino acid and
UHT-HT-amino acid, respectively.

Similar to that of Cop-RC-amino acid and Cop-HT-amino
acid, gel-like products were observed in most of UHT-RC-amino
acids and UHT-HT-amino acids (Fig. S15, ESIt). However, solid
products were formed using both leucine and phenylalanine
even with hydrothermal conditions, while gel products were
obtained in the co-precipitation of LDH with leucine, indicating
that the swelling and gel formation behaviour of the LDHs
depends on the type of amino acid, the reconstruction
conditions and the morphology of the LDHs. The XRD patterns
of all samples are shown in Fig. S16 (ESI{) and the d-spacing
values are summarised in Table 1. No expansion of the layer
spacing was observed using small amino acids. An increase of
the basal spacing was observed in samples produced from
leucine and phenylalanine (12 A), indicating that the leucine
and phenylalanine might be partially intercalated into the LDH
interlayer. The FTIR spectrum of all reconstructed LDHs are
presented in Fig. S17 (ESIt). The vibration bands for both the
asymmetric and symmetric stretch of COO™ and the bending
vibration of C-H at 1540, 1400 and 1500 cm ', respectively,
were observed in all UHT-RC-amino acids and UHT-HT-amino
acids, suggesting the presence of amino acid molecules in the
samples. The carbonate band at 1370 cm ™" was observed in all

Table 1 Summary of interlayer spacing of UHT-RC-amino acids and
UHT-RC-amino acids

Sample Interlayer spacing (A)
UHT-AMO LDHs 7.62
UHT-RC-glycine 7.58
UHT-RC-B-alanine 7.36
UHT-RC-B-aminobutyric acid 7.61
UHT-RC-y-aminobutyric acid 7.51
UHT-RC-B-leucine 7.65, 12.08
UHT-RC-B-phenylalanine 8.12
UHT-HT-glycine 7.52
UHT-HT-B-alanine 7.6
UHT-HT-B-aminobutyric acid 7.63
UHT-HT-y-aminobutyric acid 7.56
UHT-HT-B-leucine 7.55,11.99
UHT-HT-B-phenylalanine 8.08

Mater. Adv,, 2021, 2, 2626-2635 | 2629
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samples (except for UHT-AMO-LDO) indicating the co-
intercalated carbonate ion in the samples.®*

TEM images and particle size distributions of all UHT-RC-amino
acids and UHT-HT-amino acids are shown in Fig. S18 (ESIt)
and Fig. 2. The UHT-RC-amino acids present a mixture of small
and large particles (Fig. S18, ESIt). The size of the small
particles is in the range of 87 £+ 22 nm to 352 + 172 nm
whereas the large particle size is the same as that of the pristine
UHT-AMO-LDH (3-4 pm). For the UHT-HT-amino acids (Fig. 2),
nearly all of the large platelets from pristine UHT-AMO-LDHs
were transformed into small particles after hydrothermal treat-
ment in the presence of amino acids. Normally, hydrothermal
conditions favour the formation of LDHs with a larger particle
size. In this study, the presence of the amino acid was found to
play an important role in the transformation of small LDH
platelets from large platelets. Generally, the inter-lamellar
hydrogen bonding networks and interlayer electrostatic
interactions in the LDHs lead to tight stacking among layers
and prevent the exfoliation of the LDH layers in water or in
solvents.”** These interactions can be weakened by the
removal of water during calcination. The reformation of the
layer structure depends on the hydration and swelling
processes. H-bonds can form immediately once the LDOs are
in the amino acid aqueous solution. The amino acid molecules
may disrupt the hydrogen bonding networks within the LDH
structure and the electrostatic interaction from water and other
anions (hydroxide and carbonate), which prevents stacking of
the layer and avoids aggregation of the primary particles. On
the other hand, the LDOs are undergoing a dissolution-
recrystallisation process, which was initially proposed by
Stanimirova et al.°*®® The pristine UHT-AMO-LDO large
platelets can partially dissolve and recrystallise into small
platelets with the help of the amino acid molecules.

Oxygen barrier performance of coated
films

The demand for flexible packaging (paper, plastics, and
complex/multi-layer materials) is increasing across many
industries (e.g. food and beverages, cosmetics, and healthcare).
High-performance film structures with high barrier properties
will soon dominate the market.” A concerted effort is now
underway to both simplify the film structures and improve the
gas barrier performance of the polymeric materials.®®”® One of
the criteria used for selecting the polymer for a coating mixture
is its film formation property, which requires that the polymer
molecules are mobile and stable during the early stage of
solvent evaporation and/or solvent absorption into the
substrate.”* The polymer needs to be solvated to resist precipi-
tation. If precipitation occurs before film formation, a powdery
solid will be obtained after drying.”* Polyvinyl alcohol (PVA) is a
water soluble polymer, has good film formation characteristics
(ability to form homogeneous films after solvent evaporation),
is non-toxic, and has moderate gas barrier properties.”> Hence,
PVA was employed as the polymeric binder in this study.
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Aqueous coating mixtures were prepared by mixing the LDH
nanosheets with PVA (Kuraray; Mowiol 4-88, M, 31 000 g mol ™,
88% hydrolysis) at specific LDHs/PVA weight ratios. The total
solid content of the coating formulation was fixed at 5 wt%.
The coatings were applied to a corona-treated polyethylene
terephthalate (PET) substrate, using an automatic coater, and
then dried naturally at room temperature. The PET substrate
and the film coated with 5 wt% PVA were prepared and tested
as control samples. The effect of the pristine LDH morphology,
the LDHs/PVA ratio, the number of coating layers and the types
of amino acids are investigated in this study for the barrier
performance of the film on the PET substrate.

The oxygen transmission rate (OTR) is a measurement of the
rate of oxygen transmission through a film under defined
conditions of temperature and relative humidity.”®”” It is widely
accepted that a material can be considered a ‘high oxygen barrier’
if its OTR is less than 1 cc m~> day™ " (at 23 °C, 0% RH).””"®

Effect of LDH nanoplatelets on oxygen barrier

In general, the permeation of the polymer filled flake-like
particle system depends on the morphology, loading level,
coating thickness and orientation of the platelets.®® To study
the effect of the pristine LDH morphology, Cop-RC-B-
aminobutyric acid (using Cop-AMO LDHs with a rosette shape)
and UHT-RC-B-aminobutyric acid (using UHT-AMO LDHs with
a platelet shape) were selected for preparing the coating
mixtures. Fig. S19 (ESIt) shows the results for the OTR of the
PET substrate, the PVA/PET film and the LDHs/PVA/PET films.
It was found that a PVA coating alone enhanced the barrier
performance of PET with a reduction of the OTR value from
61.30 to 16.30 cc m~> day '. However, films coated with a
mixture of PVA and LDH nanoplatelets (Cop-RC-B-aminobutyric
acid and UHT-RC-B-aminobutyric acid) further enhance the
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oxygen barrier performance by significantly decreasing the
OTR to below 6.7 cc m~? day . In particular, the Cop-RC-B-
aminobutyric acid/PVA/PET film with a Cop-RC-B-aminobutyric
acid/PVA ratio of 50/50 exhibited an OTR value as low as
2.85 cc m™? day . It is worth noting that the films only contain
a single coating layer with a thickness of around 1 um.
This indicates that the incorporation of the designed LDH
nanoplatelets in the thin coating layer can efficiently increase
the diffusion pathway of the oxygen molecules through the
substrate, suggesting that a tortuous pathway has been created
even just using a single coating layer.*”””°"® Comparing the
different pristine LDH morphologies, the films (Cop-RC-f-
aminobutyric acid/PVA/PET from pristine LDH rosettes)
presented lower OTR values than those using pristine LDH
platelets regardless of the LDHs/PVA ratio. This could be
because Cop-RC-f-aminobutyric acid had smaller particles
and a better particle uniformity than UHT-RC-B-aminobutyric
acid, as shown in Fig. 1 and Fig. S18 (ESIf).

The ratio of LDH nanoplatelets/PVA (with a fixed total solid
content of 5 wt%) was investigated for its effect on the barrier
performance of the coated films. As shown in Fig. S19 (ESIY),
the OTR of the Cop-RC-f-aminobutyric acid/PVA/PET films
decreased firstly from 3.17 to 2.85 cc m~ > day™ ' with increasing
LDH/PVA ratio from 40/60 to 50/50. However, it increased to
6.70 cc m~ > day ' when the LDH/PVA ratio was increased to
70/30. It is possible that too high LDH loading may cause
aggregation of the LDH particles, leading to an open structure
within the coating layer.** > The UHT-RC-B-aminobutyric acid/
PVA/PET films showed the same tendency.

Double coating layers were also studied to investigate the
barrier performance. As shown in Fig. 3, the OTR values of all
Cop-RC-B-aminobutyric acid/PVA/PET and UHT-RC-B-aminobutyric
acid/PVA/PET films were further reduced. In particular, the
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Fig. 3 OTR values of PET, PVA, Cop-RC-B aminobutyric acid/PVA/PET film (green) and UHT-RC-B-aminobutyric acid/PVA/PET (purple) film with a
coating mixture at 5 wt% solid content. Double layer coated film with a coating mixture containing unwashed LDHs/PVA at various ratios. Single layer
coated film with a coating mixture containing washed Cop-RC-B-aminobutyric acid/PVA at the ratio of 50/50 (blue).
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Cop-RC-B-aminobutyric acid/PVA/PET films (with an LDH/PVA ratio
of 70/30) showed the lowest OTR value of 0.43 cc m~> day "
Double coating layers can lead to a thicker coating layer, and
a longer diffusing pathway, resulting in a dramatically
improved barrier performance even using coatings with a high
LDH/PVA ratio.

Both the Cop-RC-B-aminobutyric acid and UHT-RC-B-
aminobutyric acid as mentioned above were used directly from
the gel after the reconstruction process for coating (i.e. without
washing). As a result these coatings may contain excess amino
acid. Although the OTR may be reduced by adding only amino
acids to the PVA coating solution (Fig. S20, ESIt), our study
found that the excess amount of amino acid in the reconstructed
LDHs had a reverse effect. As shown in Fig. 3, after the removal
of excess amino acid, the barrier performance of the Cop-RC-f-
aminobutyric acid/PVA/PET film (LDH/PVA ratio of 50/50)
significantly improved with the OTR decreasing from 2.85 to
0.35 ccm™ > day ..

Effect of different amino acids

The effect of the different amino acids used in the reconstruction
of the Cop-AMO LDHs was examined for their barrier
performance. As shown in Fig. S21 (ESIt), the LDH platelets
reconstructed in the presence of glycine, alanine or B-aminobutyric
acid exhibited a very high oxygen barrier performance, with very
low OTR values in the range of 0.35-0.431 cc m~> day ' and an
oxygen permeability as low at 0.008 cc mm m > day ' (Table S6,
ESIT). As discussed earlier, the samples (Cop-RC-glycine,
Cop-RC-alanine and Cop-RC-f-aminobutyric acid) formed a stable
gel phase containing uniform platelets with diameters in the range
of 42-55 nm. These platelets can be well dispersed in the coating
mixture producing highly aligned nanoplatelets during the film
coating process, forming films with a high gas barrier. However, in
the cases of B-leucine and B-phenylalanine, their OTR values are
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9.6 and 47.65 cc m~> day ', respectively. This might be due to their
non-uniform particle diameters (Fig. 1) and the presence of some
crystalline amino acid impurities (Fig. S3, ESIT). We believe the
presence of insoluble B-leucine and B-phenylalanine crystals may
interfere with the alignment of the LDH nanosheets during the film
forming process.

Fig. S22 (ESIt) shows the cross-section SEM images of the
coated films with different sized LDHs. All of them show poor
dispersion and with aggregation of the LDHs on the coated
films, showing the thickness of the coating layer to be in the
range of 0.5-1.5 pm, which correlates with the thickness values
of the coated films as shown in Fig. S24(a) (ESIT). A high barrier
coating will be obtained if the LDH surface is modified to
improve the dispersion of the LDHs and their coverage on the
substrate. In the case of reconstructed LDHs with amino acid,
the coated layer was not clearly resolved by SEM (Fig. S23, ESIT),
which may be due to the very thin thickness of the coating
layer. No difference in the film thickness was observed between
the coated and uncoated film measurements (Fig. S24(b), ESIf).

Optical properties of coated films

The optical properties of the obtained films were evaluated by
measuring the total transmittance, clarity and haze.”® Total
transmittance is the ratio of transmitted light to the incident
light. The clarity (see-through quality) is determined in an angle
range smaller than 2.5°, which describes how well very fine
details can be seen through the specimen. The haze measurement
is the ratio of transmitted light which, in passing through the
specimen, deviates from the incident beam greater than 2.5° on
average.

In general, the light scattering of inorganic nanoparticles is
responsible for the opacity of composite materials.**®® To obtain a
highly transparent film, the size of the nanoparticles in the matrix
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should be less than one-tenth of the wavelength of visible light
(400-790 nm) to avoid Rayleigh scattering. The lower the
Rayleigh scattering, the higher the transparency of the
sample.’*®® As shown in Fig. 4, all Cop-RC-B-aminobutyric
acid/PVA/PET and UHT-RC-B-aminobutyric acid/PVA/PET films
with a single coating layer present a high transmittance, similar
to that of the PET substrate regardless of the LDHs/PVA ratio,
indicating that Rayleigh scattering can be avoided by the
uniform LDH nanoplatelets with particle diameters mainly in
the range of 55-89 nm. Similar results (Fig. S25a, ESIt) were
found in the films using LDH nanoplatelets reconstructed in
the presence of other nonpolar amino acids (such as glycine,
B-alanine, B-leucine, B-phenylalanine and y-aminobutyric acid).
However, if a second coating layer is applied, the transparency
of the Cop-RC-B-aminobutyric acid/PVA/PET film with a higher
LDHs/PVA ratio decreased from 90.3 to 88.6%. The thicker
coating layer with a higher LDH nanoplatelet loading can
increase the light scattering, leading to a lower transparency.
The clarity depends on the size distribution of the particles: a
narrow particle size distribution yields a coated film with a high
film clarity.’® As shown in Fig. S26a (ESIf), the Cop-RC-B-
aminobutyric acid/PVA/PET and UHT-RC-B-aminobutyric
acid/PVA/PET films show a clarity similar to that of the PET
substrate regardless of the coating layers (Fig. 4). Similar
findings were observed (Fig. S25b, ESIt) for films using LDH
nanoplatelets reconstructed in the presence of other amino
acids (e.g. glycine, B-alanine, p-leucine and p-phenylalanine and
v-aminobutyric acid). Correspondingly, the haze values of all
the LDH/PVA coated films (Fig. S25¢ and S26b, ESIt) were low,
similar to that of the PET substrate with the exception of the
ones with higher LDHs/PVA ratios.

Conclusions

The synthesis and characterisation of well-dispersed uniform
LDH nanoplatelets via a reconstruction process in a concentrated
aqueous solution of amino acids was reported. Dispersions of
these LDH nanoplatelets in PVA were used to coat PET films for
potential application as a non-toxic food packaging material. After
amino acid reconstruction, the LDH consists of nanoplatelets and
forms a stable transparent gel. The highest propensity for
hydrogen bonding facilitates gel formation containing uniform,
40-50 nm diameter, LDH nanoplatelets. These nanoplatelets are an
excellent inorganic additive in the PVA. They combine to produce a
coating dispersion for deposition on the PET film to provide a high
oxygen barrier and good transparency film. The Cop-RC-3-
aminobutyric acid (washed)/PVA/PET film exhibited the lowest
OTR value of 0.35 cc m > day™ " after a single coating. Single coated
LDHs/PVA/PET films retained the excellent optical performance
(transmittance, clarity and haze) of the uncoated PET film.

This work provides a facile and cost-effective strategy for the
preparation of LDH-based oxygen barrier coated films that
could be particularly useful in packaging applications. The
non-toxic nature of LDH will potentially allow this system to
be applied for food packaging use.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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