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Hybrid films were fabricated via layer-by-layer assembly of layered
double hydroxide (LDH) nanoplatelets and poly(sodium styrene-4-
sulfonate) (PSS) followed by subsequent permeation of poly(vinyl
alcohol) (PVA), which show excellent oxygen barrier performance
with humidity-triggered self-healing capability.

With the extremely high oxygen barrier requirements needed for
applications ranging from food packaging to encapsulation of elec-
tronic devices and even fuel cells,” a variety of hybrid films consist-
ing of polymeric matrices and two-dimensional (2D) inorganic flakes
have been designed and fabricated.>> Although considerable efforts
have been devoted to achieve barrier films with low oxygen perme-
ability, high transparency and good flexibility, the construction of gas
barrier films with long-term durability still remains a challenging
goal. The flexing of these barrier films as well as crack formation
during usage allow the influx of oxygen, which would result in the
sharp decrease and unrecoverability of the barrier property. This issue
is regarded as a serious problem in maintaining long lifetime of gas
barrier films for practical applications. Therefore, how to explore new
materials or approaches to obtain high barrier films with excellent
durability is an urgent problem to be solved.

Self-healing materials possess the capability of repairing them-
selves under external stimuli (photo illumination, electric, thermal
treatment, etc.) after damage, which is a striking property that can
prolong their lifetime.® By virtue of the excellent gas barrier
property of 2D inorganic nanoplatelets, designing a hybrid struc-
ture constructed by inorganic nanoplatelets and self-healing poly-
mers would be a feasible solution to the aforementioned durability
issues in gas barrier materials. This strategy allows us to present
the synergistic effect of the components: on the one hand, the
highly-oriented nanoplatelets induce a long diffusion length and
strong resistance to oxygen, thus suppressing the gas permeability;
on the other hand, the self-healing polymer is capable of
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autonomic repairing of severe damaged areas, giving rise to
longer lifetime of gas barrier films.

As one type of important 2D inorganic materials, layered double
hydroxides (LDHs) have been widely used for the fabrication of
organic-inorganic hybrid materials with enhanced mechanical,
thermal and photo-functional properties.”™ With regard to self-
healing polymers, poly(vinyl alcohol) (PVA) possesses advantages of
low cost, easy manufacture and good biocompatibility, whose self-
healing ability relies on formation of hydrogen bonds between
hydroxyl groups of PVA chains on the crack areas when exposed
to moisture.”>" In this work, we reported a self-healing film with
high gas barrier performance via layer-by-layer (LBL) assembly of
poly(sodium styrene-4-sulfonate) (PSS) and LDH nanoplatelets
followed by incorporation of PVA (Scheme 1). Owing to the high
orientation imparted by LDH nanoplatelets, the (LDH-PSS),~PVA
film exhibits largely enhanced oxygen barrier properties. Further-
more, the film is capable of self-repairing the crack areas upon
humidity stimulation. This work provides a novel strategy to realize
multifunctional films with excellent gas barrier behavior and self-
healing ability simultaneously, which is expected to be used in food
packaging, electronic device encapsulation and the biomedical field.

The MgAI-LDH nanoplatelets were synthesized according to the
separate nucleation and aging steps method reported by our
group.™ The XRD pattern and the FT-IR spectrum (Fig. S1A and B,
ESIT) indicating well-defined NOs;-LDH with high crystallization
were obtained. The TEM image reveals a narrow size distribution
(80-120 nm) of the individual hexagonal LDH nanoplatelets
(Fig. S1C, ESIf). A clear Tyndall light scattering was observed
(Fig. S1D, ESIt), illustrating a stable and transparent colloidal sus-
pension. The LDH nanoplatelets were then used as building blocks
to fabricate (LDH-PSS), films by the LBL assembly method. The
UV-vis spectra of the resulting (LDH-PSS), films display a strong
absorption band at 193 nm attributed to PSS (Fig. 1), whose intensity
increases linearly with the bilayer number n (inset of Fig. 1),
indicating a stepwise and regular film growth procedure. Moreover,
side-view SEM images (Fig. S2A-D, ESI+) illustrate that the thickness
of (LDH-PSS), films increases linearly from ~98 nm to ~420 nm
when 7 varies from 5 to 20, demonstrating an average thickness of
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Scheme 1 Schematic illustration of the fabrication of (LDH-PSS),—PVA
film on a polyester (PET) substrate serving as oxygen barrier film with self-
healing ability.
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Fig. 1 UV-vis spectra of the (LDH-PSS), (n = 2-20) films (inset: the linear
relationship between absorbance at 193 nm and bilayer number n).

~21 nm for one LDH-PSS bilayer (Fig. S3, ESIt). In addition, the
obtained (LDH-PSS),,-PVA film displays an increased absorption
intensity at 193 nm compared with (LDH-PSS),, film (Fig. S4, ESIT).

The top-view SEM image of (LDH-PSS),, film displays a homo-
geneous distribution of LDH nanoplatelets on the film surface, and
a rough cross-section with a thickness of ~420 nm was observed in
the side-view SEM image (Fig. 2A). In contrast, after treatment by
PVA, a more smooth, continuous surface and cross-section (Fig. 2B)
were observed for the (LDH-PSS),,-PVA film, with a slight increase
in film thickness (~425 nm). It should be noted that the minimum
PVA coating of ~5 nm was chosen in this work. A thin PVA coating
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Fig. 2 SEM images of (A) (LDH-PSS),o and (B) (LDH-PSS),0—PVA film,
respectively (inset: side-view images). AFM images of (C) (LDH-PSS),o and
(D) (LDH-PSS),0—PVA film, respectively. (E—H) The SEM images of damaged
(LDH—-PSS),0—PVA film after immersion in ~85% relative humidity for O, 25,
50 and 75 h, respectively.

results in a poor self-healing effect; while a much thicker one leads
to a prolonged self-healing time. In addition, the surface roughness
decreases from 24.3 to 6.7 nm, as shown in the AFM images
(Fig. 2C and D), demonstrating the permeation of PVA molecules
into the interspace of (LDH-PSS),, film, which is of crucial
importance for the self-healing property.

The XRD pattern (Fig. S5, ESIT) of the (LDH-PSS),,-PVA film
displays a peak at 26 = 11.2° attributed to the (003) reflection of the
LDH structure. The absence of any nonbasal reflections (%, [ # 0)
compared with the LDH powdered sample (Fig. S1A, ESIY)
indicates a preferred orientation of LDH with the ab plane parallel
to the substrate. Furthermore, the well-dispersed and oriented
LDH nanoplatelets render the (LDH-PSS),,-PVA-PET film with a
remarkable transparency with an average light transmittance of
90% over the visible-light spectrum (400-800 nm; Fig. S6, ESIt).

The SEM images in Fig. 2E-H show the self-healing process of the
(LDH-PSS),,-PVA-PET film with an artificial cut damage (~2.8 pm in
width, Fig. 2E) using a scalpel. An obvious self-healing of the cut was
observed by treating the damaged film at ~85% relative humidity
(Fig. 2F and G), and the whole healing process was complete after
~75 h (Fig. 2H). In a control experiment, the (LDH-PSS),,~PET film
without PVA failed to heal the damage under the same conditions
(Fig. S7, ESIt). Therefore, the self-healing capability of (LDH-PSS),o~
PVA-PET film is possibly attributed to the filling of PVA into the
interspace of (LDH-PSS),-PET film followed by the formation of the
hydrogen-bonding network upon humidity stimulation.

The barrier properties of the pristine polyester (PET), (LDH-PSS),~
PET and (LDH-PSS),,;-PVA-PET films were studied by oxygen trans-
mission rate (OTR) measurements (Fig. 3A). In contrast to the OTR
value of 50.28 cm® m 2 day ' atm ™ for the pristine PET film, the
OTR of (LDH-PSS),~PET film decreases from 45.22 to as low as
871 ecm® m~? day ' atm ' upon increasing n from 5 to 20 and
thickness from ~96 to ~420 nm. Moreover, the control samples
without LDH nanoplatelets (e.g;, (PDDA-PSS)oo-PET and PVA-PET
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Fig. 3 (A) OTR values for pristine PET, (LDH-PSS),—PET (n = 5, 10, 15, 20)
and (LDH-PSS),0—PVA-PET film, respectively. (B) The variation of OTR

values for pristine PET, (LDH-PSS),0—PET and (LDH-PSS),0—PVA-PET film
by flexing and humidity treatment, respectively.

film with a thickness of ~420 nm) display relatively weak barrier
ability (Fig. S8, ESIt). The results illustrate that the incorporation of
highly-oriented LDH nanoplatelets suppresses the permeability of
oxygen, as a result of the increased diffusion length and strong
diffusion resistance. After coated with PVA, the OTR decreases sharply
to ~0.72 ecm® m~> day " atm™ ", which is attributed to the more
condensed film with largely enhanced oxygen diffusion resistance. In
addition, the oriented film possesses a satisfactory mechanical
property (yielding stress = ~90 Mpa, strain at break = ~28%), which
is expected to guarantee its practical application (Fig. S9, ESIT).

The long-term durability of the barrier films was further
studied by testing the OTR over the samples after hundred times
of folding (Fig. 3B). The oxygen barrier capability of all the films
was deteriorated upon flexing, indicative of damage formation.
However, after being treated by humidity for 75 h (Fig. S10: see
self-healing kinetics in the ESIY), the (LDH-PSS),,-PVA-PET film
recovered its original oxygen barrier property, demonstrating an
excellent humidity-triggered self-healing capability. In contrast,
both the pure PET and (LDH-PSS),,-PET film do not show self-
healing behavior. It is proposed that the hydrogen bond network
formed in the (LDH-PSS),,-PVA-PET film with the assistance of
water vapor hinders the diffusion of oxygen and maintains the
durability of barrier film. In addition, the self-healing capability of
(LDH-PSS),,-PVA-PET film can be repeated for several cycles by
flexing and humidity treatment alternately (Fig. S11, ESIT).

In summary, a humidity-triggered self-healing film was fabricated
by LBL assembly of LDH nanoplatelets and PSS followed by
incorporation of PVA, which displays excellent oxygen barrier pro-
perties and enhanced durability simultaneously. The well-dispersed
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and highly-oriented LDH nanoplatelets in the (LDH-PSS),o-
PVA-PET film induce a long diffusion length and strong resistance
against oxygen, thus suppressing the gas permeability. Most impor-
tantly, the obtained film is capable of self-healing crack area by
humidity stimulation, owing to the formation of hydrogen-bonding
among hydroxyl groups of PVA with the assistance of water mole-
cules. To the best of our knowledge, films with excellent gas barrier
behavior and self-healing ability simultaneously have seldom been
reported. Therefore, the facile and cost-effective strategy in this work
provides a promising approach to address the durability problem in
oxygen barrier materials, which has potential applications in the
flexible display, druggery and food packaging field.
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