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Abstract: Transparent and flexible gas-barrier materials have
shown broad applications in electronics, food, and pharma-
ceutical preservation. Herein, we report ultrahigh-gas-barrier
films with a brick—-mortar-sand structure fabricated by layer-
by-layer (LBL) assembly of XAl-layered double hydroxide
(LDH, X = Mg, Ni, Zn, Co) nanoplatelets and polyacrylic acid
(PAA) followed by CO, infilling, denoted as (XAI-LDH/
PAA),-CO,. The near-perfectly parallel orientation of the
LDH “brick” creates a long diffusion length to hinder the
transmission of gas molecules in the PAA “mortar”. Most
significantly, both the experimental studies and theoretical
simulations reveal that the chemically adsorbed CO, acts like
“sand” to fill the free volume at the organic-inorganic
interface, which further depresses the diffusion of permeating
gas. The strategy presented here provides a new insight into the
perception of barrier mechanism, and the (XAl-LDH/PAA),-
CO, film is among the best gas barrier films ever reported.

Reactive gases cause food decomposition and electrical
cutting-out in electronic devices, thus in the food/pharma-
ceutical packaging and electronic encapsulation industries
a low oxygen-transmission rate (O,TR) is the key issue.'”!
Therefore, innovative developments of barrier materials with
low gas permeability produced by environment-friendly
processes are highly desired.[**! Conventional organic—inor-
ganic composites have been constructed by filling inorganic
nanoplatelets, such as clay, silicon oxide, and graphene, into
a polymer matrix to generate a “brick—-mortar” structure with
an extended diffusion path for permeating gas molecules."!
Despite considerable research, perceptions of the barrier
mechanism are still limited to the “tortuous theories”
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proposed in the last century.”'”! These theories propose that
the aspect ratio (Ar) of inorganic platelet is an essential
parameter for an organic-inorganic gas-barrier film; that is,
a higher Ai normally induces better barrier properties. Based
on this consensus, inorganic platelets with large A were
employed to fabricate brick—mortar structures with low gas
permeability. However, an excessive pursuit of high Ay
generally results in low toughness and homogeneity for
barrier films, which ultimately restricts their practical appli-
cations. In addition, the free volume is another key parameter
for barrier films, as a higher fraction of free volume enables
the gas molecules to diffuse across the films in a more
convenient way. Since the free volume is generated by surface
incompatibility between polymeric and inorganic compo-
nents, it can hardly be eliminated in a brick—-mortar structure,
even with elaborate design.l'!l Therefore, it is still a challenge
to develop novel approaches to obtain new barrier materials
which can resolve these problems and still have gas-barrier
properties.

Recent advances in ordered organic—inorganic materials
have revealed the two dimensional (2D) nanostructure
imparts composites with specific mechanical, physicochemi-
cal, and optical properties.'*!¥ Layered double hydroxides
(LDHs) are one type of important 2D layered materials,
whose structure can be generally expressed as
[M",_ M™ (OH),](A™),,ymH,0 (M" and M™ are divalent
and trivalent metals, respectively, A" is interlayered
anion)."™! In our previous work, LDHs-based functional
materials have been investigated in the fields of biology,
barriers, and electrochemistry.'®!”) In addition, owing to the
abundant density of surface basic sites, LDH materials have
displayed strong adsorption capabilities for acidic gases (e.g.,
CO,, SO,, and NO,).”*? Based on the unique nature of LDH
nanoplatelets, a three-component hybrid structure con-
structed from LDH, polymer matrix, and acid gas molecules
could be an effective strategy to achieve excellent gas-barrier
films. Herein, we fabricate ultrahigh-gas-barrier films with
a brick-mortar—sand structure by the alternating assembly of
XAI-LDH nanoplatelets (X=Mg, Ni, Zn, Co) and poly-
acrylic acid (PAA) and subsequent CO, adsorption
(Scheme 1). The resultant (XAIl-LDH/PAA),-CO, films has
the following advantages: firstly, 2D LDH nanoplatelets
combined with polymer in a brick—-mortar structure suppress
the permeability of gas molecules, as a result of the increased
diffusion length and strong diffusion resistance; secondly,
CO, molecules as “sand” can be immobilized on the LDH
surface to form a brick—-mortar—sand structure, the “sand” fills
the free volume and further improves the gas-barrier
behavior.
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Scheme 1. Schematic illustration for the fabrication of (XAI-LDH/
PAA),-CO, barrier films with a brick-mortar—sand structure green C,
red O. Broken black line indicates the gas-diffusion path in the brick—
mortar structure.

XAI-LDH (X=Mg, Ni, Zn, and Co) samples with high
crystallinity were synthesized by the separate nucleation and
aging steps method reported by our group.”>*! Figure 1 A
shows the XRD patterns of these XAl-LDH samples, which
can be indexed as a nitrate-containing hexagonal structure
with 20 =11.2°,22.5°,33.8°,37.5°, and 61.1° (dy3 =7.89, dyos =
3.97, dyy=2.66, dy,=2.40, and d,,=1.51 A). No other
crystalline phase is detected, indicating the high purity of
the products. SEM images and particle size analysis (Figur-
es S1 and S2 in the Supporting Information) display a narrow
size distribution for the individual hexagonal XAI-LDH
nanoplatelets (60-110 nm). In addition, the N,-adsorption/
desorption measurements reveal typical type IV isotherms
with H3-type hysteresis loops (P/P,>0.4) for all the LDH
samples; and their specific surface area ranges in 73.8-
135.2m?g ! (Figure S3).

To further investigate their ability to adsorb acid gas, CO,
temperature programmed desorption (TPD) was applied to
measure the basic sites in XAl-LDH nanoplatelets. The TPD
profiles (Figure 1B) show a series of strong desorption peaks,
indicating the presence of abundant basic sites in these LDH
samples. Their basic sites can be classified into three
categories: weak (105-140°C: attributed to bicarbonate
species released from OH~™ groups), middle (140-175°C:
assigned to bidentate carbonates desorbed from X-O pairs),
and strong (175-215°C: owing to unidentate carbonates
released from low-coordination O*" anions related to the
crystal defects).” From the integral areas of TPD spectra,
MgAIl-LDH exhibits the largest adsorption capacity for CO,
gas in contrast to other samples. Moreover, in situ infrared
spectra is applied as a supplementary technique to further
confirm the chemical adsorption of CO, on XAIl-LDH
samples.**! Figure 1 C-F show insitu infrared spectra
obtained over these XAI-LDH samples after CO, adsorption
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at 20°C and sequential evaluations at 120 and 200°C. Three
broad infrared bands are observed at 20°C, which are
attributed to the superimposition of unidentate carbonate
(1510-1560 cm ™), bidentate carbonate (1360-1380 and 1290
1330 cm™'), and bicarbonate (1640-1650, 1480-1490, and
1270-1280 cm!). As the temperature increases from 20 to
200°C, the intensity of absorption bands decreases gradually,
demonstrating the desorption of CO, from LDH. The CO,
TPD combined with in situ infrared spectra indicate the XAl-
LDH nanoplatelets have three kinds of basic sites (especially
for MgAI-LDH with more strong-basic sites), accounting for
a high CO, adsorption capability. This situation favors the
bonding of CO, as “sand” for the construction of the brick—
mortar—sand structure.

The well-dispersed LDH suspensions display clear Tyn-
dall light scattering phenomenon (Figure S4), the suspensions
were used to fabricate (LDH/PAA), films by the layer-by-
layer (LBL) assembly method. The assembly process is
monitored by UV/Vis absorption and the (LDH/PAA),
films exhibit a strong band at 193 nm attributed to the
characteristic absorption of PAA (Figure 2 A and Figure S5).
The absorption intensity gradually becomes stronger with the
increase of bilayer number 7, indicating a stepwise and
regular deposition procedure. In addition, the X-ray photo-
electron spectroscopy (XPS) results demonstrate that the
assembly process is driven by electrostatic interactions
between the negatively charged PAA and the positively
charged LDH (Figure S6-S9: see details in the Supporting
Information).

The structural details of as-prepared (XAI-LDH/PAA);s
films are measured by X-ray diffraction XRD (Figure 2B and
Figure S10), which only display the (003) reflection of LDH
phase (20~11.2°) and the amorphous diffraction of PET
substrate (20/23.2°). The absence of any nonbasal reflec-
tions (h, [#0) compared with LDH powdered samples
(Figure 1 A) verifies the preferred orientation of LDH nano-
platelets with the ab plane parallel to the substrate, indicating
the formation of a brick-mortar structure. The thickness and
surface morphology of (XAI-LDH/PAA),s films were further
investigated by SEM and AFM observations. The top-view
SEM images display densely packed LDH nanoplatelets on
the smooth surface (Figure 2 C and Figure S11); the side-view
SEM images (Figure 2C, inset) reveal a thickness of approx-
imately 149 nm. Furthermore, energy dispersive X-ray spec-
troscopy (EDX) mapping analysis for (MgAI-LDH/PAA),5
film (Figure 2D) shows that Mg, Al, O, and C are homoge-
neously distributed throughout the film. AFM images reveal
that the value of root-mean-square (rms) roughness ranges in
13.5-15.4 nm for these (XAI-LDH/PAA)s films (Figure 2E
and Figure S12), which is lower than those of reported barrier
films,**?! demonstrating a relatively uniform surface. In
addition, the homogeneous distribution and orientation of
LDH nanoplatelets impart the (XAI-LDH/PAA);s films on
PET substrates a remarkable transparency, with an average
light transmittance of approximately 80 % across the visible-
light spectrum (Figures S13,S14).

Free volume is an important parameter to evaluate the
permeability of barrier materials,” which was measured by
the positron annihilation technique based on positron lifetime
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Figure 1. A) XRD patterns, B) CO, TPD profiles for XAl-LDH nanoplatelets (X: a) Mg, b) Ni, c¢) Zn, and d) Co;
see text for details), and in situ infrared spectra for C) MgAl, D) NiAl, E) ZnAl, and F) CoAl-LDH samples (red
broken circle: unidentate carbonate; blue broken circle: bidentate carbonates; orange broken circle:

bicarbonates).

component (7;) as well as relative intensity (/) (Fig-
ure S15,S16: see details in the Supporting Information).
Figure 2F shows the free-volume fraction (F,) of pristine
PET and four kinds of (XAI-LDH/PAA),; films, respectively.
For the PET substrate, the-free volume fraction is 14.1%.
After fabrication of (XAI-LDH/PAA);s films, the F,
decreases to approximately 11.6 %, illustrating the incorpo-
rated LDH nanoplatelets reduces F, by depressing the free
slide of polymer chains. Moreover, a further reduction of F,
was observed after CO, treatment, owing to the infilling of
CO, molecules as “sand” in the free space of the existing
brick-mortar structure. The (MgAl-LDH/PAA),5;-CO, film
displays the lowest minimum F, (9.89 %) among these four
films, as a result of it having the largest adsorption capacity of
CO,. The adsorption of CO, molecules onto LDH nano-
platelets plays an important role in reducing the free volume
of (LDH/PAA), films, which further improves the gas-barrier

property.
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film with similar thickness
150 nm) displays an
inferior oxygen-barrier
property (O,TR=
5.183 cm*m 2day 'atm!;
Figure S18). In addition,
after CO, treatment, the
O,TR value of (PDDA/PAA), film does not exhibit an
obvious decrease. The results indicate the 2D LDH bricks
create an extreme extension in the diffusion path for oxygen
molecules; while the chemically adsorbed CO, molecules
reduce the free volume of (XAI-LDH/PAA), films. This
synergistic effect results in the ultrahigh oxygen-barrier
property of (XAI-LDH/PAA),-CO, films.

The O, permeability of (MgAl-LDH/PAA),-CO,/PET
films can be tuned reversibly by desorption and re-adsorption
of CO, molecules, which was achieved by nitrogen purging at
150°C and CO, purging at 30°C, respectively. As shown in
Figure S19, along with the CO, adsorption—desorption for five
cycles, the O,TR value of (MgAI-LDH/PAA),-CO,/PET film
undergoes a reversible variation between around 0.120 and
approximately 0.007 cm®m *day 'atm'. The film stability
against water molecules was studied. At room temperature,
the immersion of (MgAI-LDH/PAA),5-CO,/PET film (10 x
10 cm) into water (50 mL) for four weeks did not result in

(ca.
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A% B [ (0.005 cm®*m ?day 'atm™!) is smaller than its
- a— 5 O,TR (0.007 cm’m2day 'atm™") value, possi-
3 0 bc: :o @ bly due to the viscous effect of MgAl-LDH
“204_ c ?? substrate nanoplatelets toward CO,. In addition, the
5 ' k g (MgAI-LDH/PAA);s film coated on PET dis-
0.2 £ plays helium gas-barrier behavior with HeTR =
a 158.123 cm’m~*day 'atm™' in comparison with
%900 360 ad0 500 600 700 10 20 30 40 50 60 70 PET substrate (HeTR =
Wavelength lnm 2 Theta/degrees 233.142 cm’m >day 'atm').  Similarly, the
iR transmission rate of helium dramatically

decreases to 100.274 cm®*m *day 'atm™" after

treatment of the film with CO,, further illustrat-
ing the filling of “sand” to brick—-mortar struc-
ture can also inhibit the diffusion of small gas
molecule.

Molecular dynamics (MD) simulations were
carried out to give a theoretical insight into the
adsorption behavior of CO, in the (MgAl-LDH/

-
a
"

Free volume fraction /100% =

PE'T substrate 3 —o—(XAI-LDH/PAA), film
b=#=(XAI-LDH/PAA),5-CO, film

PAA), system and the permeation of O, across
the (MgAI-LDH/PAA),-CO, film. The opti-
mized geometry of MgAI-LDH/PAA model is
shown in Figure4A. The binding energy
between PAA and MgAIl-LDH was calculated

12 Mg Zn Co .
y—9 — o to be as high as —4.5eV per PAA monomer
sl b — based on first-principle calculations, indicating
*/ Zn the existence of electrostatic force in this system,
109 / o which is in accordance with the XPS experimen-
o tal results (Figure S6). Density functional theory
Barrier film

(DFT) simulations were performed to investi-

Figure 2. A) UV/Vis spectra of (MgAI-LDH/PAA), (n=5, 10, and 15) films on quartz
glass substrates. B) XRD pattern, C) Top-view SEM image (inset: side-view image),

D) EDX mapping of the area highlighted in (C), E) AFM image of the
(MgAI-LDH/PAA);;s film. F) Free-volume fraction for PET substrate,
(XAI-LDH/PAA),s and (XAI-LDH/PAA),s-CO, films coated on PET,
respectively. Solid lines are to guide the eye.

a distinct pH variation (Figure S20). Moreover, both the
O,TR value (Figure S21) and visible-light transmittance
(Figure S22) of the (MgAIl-LDH/PAA),5;-CO,/PET film did
not show an obvious change after storage in 85% relative
humidity for four weeks. The results indicate the high stability
of (MgAI-LDH/PAA),5-CO,/PET film as a gas-barrier mate-
rial. To further demonstrate the feasibility of using (MgAl-
LDH/PAA);5;-CO,/PET films in food packaging, it was used
to protect freshly squeezed orange juice from oxidation
(Figure S23; see details in the Supporting Information). The
results show that the oxidation of ascorbic acid in orange juice
is dramatically depressed when packed in the (MgAl-LDH/
PAA),5;-CO,/PET film, a result of the films ultralow oxygen
permeability.

In addition to oxygen molecules, the barrier properties of
the (MgAl-LDH/PAA);s-CO, film towards other gases
including CO, and He were also studied (Figure 3E,F). The
pristine PET substrate shows a larger CO,TR
(37.452 cm’m *day 'atm ') than O,TR
(8.372 cm’mday 'atm™'), owing to the different kinetic
diameters of CO, (0.330 nm) and O, (0.346 nm). However,
the CO,TR of (MgAI-LDH/PAA);5-CO, film coated on PET
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© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A == (XAI-LDH/PAA), film B == (XAI-LDH/PAA), film
e == (XAI-LDH/PAA),-CO, film 2 =3 (XAI-LDH/PAA),-CO, film
[P [
eS c 8
6% ik
5 2k
— O — O
<E B
8" 8"

Un- n=5 n=10 n=15
coated coated
o C == (XAI-LLDH/PAA), film » D == (XAI-LDH/PAA), film
5. mm (XAI-LDH/PAA),-CO, film - == (XAI-LDH/PAA),-CO, film
[ [
c3 c S S _
o [} X=Co
@ £ % €
g © E ©
cE £E
S S
<5 %oE
8" g° |
Un- n=5 n=10 n=15 Un- n=5 n=10 n=15
coated coated

o [E =1 (XAI-LLDH/PAA), film F == (XAI-LDH/PAA), film
® _ 40 (XAI-LDH/PAA),-CO, film &
= F 8 > 250
§7T <3
wE 30 X=Mg 2 g 200
- 7] T‘j
Ee €5 150
sE 20 Et
5E S 100
~ g 10 = E
o) S'S 50
© 5]

Figure 3. O,TR values for pristine PET (uncoated), (XAI-LDH/PAA)5
and (XAI-LDH/PAA),5-CO, films (X: A-Mg, B-Ni, C-Zn and D-Co)
coated on PET substrate. E) CO,TR and F) HeTR values for pristine
PET, (MgAI-LDH/PAA),s and (MgAl-LDH/PAA),s-CO, films coated on
PET substrate.
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To better understand the effect of CO, adsorp-
tion on the barrier properties of the LDH/PAA
system, the diffusion coefficients of O, molecules
on the surface of the LDH/PAA and LDH/PAA-
CO, systems were calculated by MD simulations
(Figure 4E,F). Based on the mean squared dis-
placement (MSD) of O, in LDH/PAA and (LDH/
PAA)-CO, (Figure 4G,H), the diffusion coeffi-
cient (D) of O, was obtained according to
Equation (2):

D = 1im([r(0) — (1)) 2)
where ¢ is the time; the term in parentheses is
MSD. The average diffusion coefficient of O,
(based on four O, molecules) is calculated to be
7.35x 107 cm?s ™" and 4.55x 107> cm*s™! in LDH/
PAA and (LDH/PAA)-CO,, respectively. The MD
simulations verify the adsorbed CO, decreases the
diffusion of O, by viscous effects, which conse-
quently cause the ultralow oxygen permeability of
the (LDH/PAA),-CO, films. This result is consis-
tent with the O,TR test results (Figure 3 A).

In summary, we demonstrate the fabrication of
ordered films based on various XAlI-LDH nano-

* ”hﬂo

Were

LDH/PAA-CO, model

platelets (X = Mg, Ni, Zn and Co) and PAA by the
LBL technique and subsequent CO, adsorption.
The obtained (XAI-LDH/PAA),-CO, films with
brick—mortar—sand structure display ultrahigh gas-
barrier properties, which outperform most of the
reported barrier materials. The impermeable LDH
nanoplatelets impart a high resistance to the
passage of oxygen molecules. Moreover, the

0 10 20 30 40 50 60 0 10 20 30
Time / ps

Figure 4. A) The optimized geometry of MgAI-LDH/PAA model (white H, red O,
pink Al, green Mg, gray C, blue N). B)-D) The optimized geometries of CO,
adsorbed on various basic sites of LDH/PAA system. E), F) The optimized geo-
metries of LDH/PAA and (LDH/PAA)-CO, model for O, diffusion. G), H) The mean
squared displacement of four O, molecules in LDH/PAA and (LDH/PAA)-CO,

system within 65 ps (each curve corresponds to one O, molecule).

gate the adsorption behavior of CO, in the LDH/PAA system
by calculating the adsorption energy of CO, (E,) on
different adsorption sites through Equation (1):

E.os = Ewpn/pan)-co, —Erpnpaa—Eco, (1)

where Eqpmpas)co, Erpapaa and Eco, are the energy of
(LDH/PAA)-CO,, LDH/PAA, and CO,, respectively. It is
found that CO, is strongly adsorbed on the three kinds of
basic sites in the form of bicarbonate, bidentate carbonate,
and unidentate carbonate species, with E,4 of —2.06, —2.32,
and —2.84 eV, respectively (Figure 4B,C and D). The results
illustrate the presence of a strong adhesive attraction between
CO, and LDH/PA A owing to the abundance of basic sites on
LDH nanoplatelets.
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50 60

adsorbed CO, as “sand” fills the free space in the
LDH/PAA interface, which further decreases the
diffusion of oxygen molecules. In addition, the
(XAI-LDH/PAA), films can also inhibit the per-
meation of CO, and even of the smaller helium
molecule. The strategy presented herein provides
new insights into the understanding of the barrier
mechanism, which in turn can be employed to
fabricate ultrahigh-gas-barrier materials for use in
a broad area including food and pharmaceuticals
packaging, flexible electronic devices, and even gas separa-
tion and purification.

Keywords: brick—-mortar—sand structures - carbon dioxide -

free volume - gas barrier - layered double hydroxides
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