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Rubber nanocomposites with high gas barrier property have extensive application prospects in sealing
and packing industry, while developing a novel and cost-effective rubber-based material with low gas
permeability and good mechanical property still remains a challenge. Herein, we designed and fabricated
an excellent gas barrier film by using polyvinyl pyrrolidone modified ultrathin layered double hydroxide
nanoplatelets (U-mLDH) and nitrile butadiene rubber (NBR) as building blocks. The resultant (U-mLDH/
NBR)30 film displays significantly decreased (reduced by 92.2% compared with NBR film) oxygen trans-
mission rate with 0.626 cm3 m–2 day–1 atm–1, and much lower relative permeability in comparison with
reported rubber composites. The improved gas barrier performance is ascribed to the prolonged passage
of oxygen molecules and the decreased free space arising from large aspect ratio of U-mLDH and good
interfacial compatibility. In addition, the (U-mLDH/NBR)30 film also possesses high thermal stability
and satisfactory mechanical property, which would guarantee its practical applications.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Rubber products hold great promise on a variety of applications,
including automobile tire, outdoor sealing and aerospace engineer-
ing [1,2]. Nitrile butadiene rubber (NBR) is one of the most exten-
sively used synthetic rubber due to its high water resistance, good
adhesive property and excellent thermal/chemical stability [3–6].
However, its relatively high gas permeability restricts the applica-
tion as inner liner of tire and sealing materials. Carbon black and
white carbon black are generally used as rubber additives to
improve its gas barrier property. Nevertheless, the mass loading
of these additives should be very high to meet the requirement
of low gas permeability, which finally results in poor flexibility
and inferior mechanical toughness of the composite materials
[7,8]. In order to solve this problem, two-dimensional (2D) inor-
ganic platelets would be promising candidates to be incorporated
into a polymer matrix to achieve high-performance gas barrier
materials [9–15], because their anisotropic morphology would
induce an extensive diffusion path for the diffusing gas and hence
hinder the gas permeation.

Layered double hydroxides (LDHs) are an unusual family of 2D
inorganic layered material consisting of positively charged layers
with charge-balancing anions between the brucite-like layers
[16–20], which have been applied to fabricate organic-inorganic
hybrid materials with fascinating properties [21–23]. Experimental
and simulated investigations have revealed that the aspect ratios of
inorganic fillers is of key importance for gas barrier property of the
hybrids [10], i.e. higher aspect ratio can induce longer diffusion
length for gas permeation and thus a better barrier behavior. Single
layered LDH nanosheet with large aspect ratio (>1000) has been
achieved by exfoliation of bulk materials [24,25], which is regarded
as an ideal building block to construct hybrid gas barrier films.
However, the exfoliation process is time-consuming and the yield
is rather low. Therefore, the large-scale production of ultrathin
LDH nanosheet is the crucial step to achieve practical application
of such nanosheets. In addition, the surface hydrophilicity of LDHs
generally induces poor dispersion and aggregation into organic
matrix, even phase separation [26–29], which deteriorates the gas
property of the composites. As a result, the pristine LDHs have to
be modified by organics to construct a better interfacial interaction
for improving the dispersion of LDHs in organic matrix [30–33].

In this work, we have synthesized ultrathin LDH (U-LDH) nano-
platelets followed by surface modification with polyvinyl pyrroli-
done (PVP) (named as U-mLDH), which were alternately
assembled with NBR to prepare hybrid films (Scheme 1). The
obtained (U-mLDH/NBR)n film displays much lower relative
permeability, in comparison with reported rubber-based compos-
ites. The excellent gas barrier performance is attributed to the
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Scheme 1. Schematic illustration for the assembly of (U-mLDH/NBR)n film on PET substrate by layer-by-layer assembly technique.
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extremely high aspect ratio of U-mLDH nanoplatelets and good
interfacial compatibility, which could largely prolong the diffusion
path of gas molecules and decrease the free volume for gas perme-
ation. Simultaneously, the (U-mLDH/NBR)n film exhibits good ther-
mal stability and satisfying mechanical property.
2. Experimental section

2.1. Reagents and materials

Nitrile butadiene rubber (NBR) was purchased from Shanghai
NESSEN international trading Co. Ltd. Polyvinyl pyrrolidone (PVP)
Fig. 1. (A) HR-TEM images of U-LDH; (B) The lattice fringe of U-LDH (inset: the fast Fouri
(D) Water contact angle of the U-mLDH and U-LDH thin films. (For interpretation of the r
this article.)
was obtained from Xilong Chemical Co. Ltd. Mg(NO3)2�6H2O, Al
(NO3)3�9H2O, NaOH, NaNO3, formamide, ethanol and acetone were
analytical grade chemicals and used without further purification.
2.2. Synthesis of ultrathin LDH (U-LDH) and normal LDH (N-LDH)

Two kinds of LDHs with different aspect ratios were prepared,
i.e. ultrathin LDH (U-LDH) and normal LDH (N-LDH). The U-LDH
was synthesized by a slightly improved co-precipitation strategy
based on other’s report [34]. Briefly, a solution of Mg(NO3)2�6H2O
(0.02 M) and Al(NO3)3�9H2O (0.01 M) was added dropwise to
NaNO3 (0.01 M) solution containing 23 vol% formamide with
er transform image); (C) FT-IR spectra of U-LDH, PVP and U-mLDH powder samples;
eferences to colour in this figure legend, the reader is referred to the web version of



Fig. 2. (A) UV–vis absorption spectra of the (U-mLDH/NBR)n (n = 5–30) films (inset:
absorbance at 200 nm plotted against the bilayer number n); (B) Mg 2p, Al 2p XPS
spectra of (a) U-mLDH nanoplatelet and (b) (U-mLDH/NBR)30 film. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 3. (A) XRD pattern of the (U-mLDH/NBR)30 film; (B) Light transmission as a
function of wavelength for the NBR and the (U-mLDH/NBR)30 films (inset: digatal
photograph of (U-mLDH/NBR)30 film) on PET substrate. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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0.25 M NaOH solution under the following conditions: magnetic
stirring at 80 �C and maintaining pH at ca. 10. After reaction for
1 h, the U-LDH suspension was obtained.

N-LDH (as control sample for comparing study) was obtained
by using a method that involves separate nucleation and aging
steps (SNAS) [35]. Typically, 100 ml solution composed by Mg
(NO3)2�6H2O (0.20 M) and Al(NO3)3�9H2O (0.10 M) were simultane-
ously added to a colloid mill with 400 ml NaOH (0.15 M) solution
under the conditions: rotor speed of 3000 rpm and mixing time
of 1 min. The resulting LDH slurry was transferred into a stainless
steel autoclave with a Teflon lining. After hydrothermal treatment
at 110 �C for 24 h, stable homogeneous LDH suspension was
obtained via centrifugation, washed with water and then dispersed
in 400 ml deionized water.
2.3. Surface modification of U-LDH and N-LDH

Five times mass of PVP was added into the U-LDH aqueous sus-
pension (0.028 wt%) and stirred for 2 h at room temperature. The
product was washed several times via centrifugation and then dis-
persed in water to form stable suspension. The modification of N-
LDH was similar with this procedure.
2.4. Fabrication of (U-mLDH/NBR)n multilayer films

The U-mLDHwas used as building blocks to fabricate (U-mLDH/
NBR)n films by the layer-by-layer assembly technique. The silicon
wafer, quartz glass and poly(ethylene terephthalate) (PET) films
were used as substrates for various characterizations. U-mLDH
suspension and NBR solution (1 wt%) were spin-coated onto the
substrate with 2000 rpm and 4000 rpm for 60 s alternately. By
repeating the above operations for n times, (U-mLDH/NBR)n films
were obtained. The control samples, including (U-LDH/NBR)n, (N-
mLDH/NBR)n and pure NBR films, were fabricated by a similar
layer-by-layer spin-coating process.
3. Results and discussion

3.1. Characterization of U-LDH, N-LDH and U-mLDH

Powder X-ray diffraction (XRD) pattern (Fig. S1, Supporting
Information) of the U-LDH shows a series of reflections at 11.1�,
22.4�, 34.4�, 60.0� and 61.2�, corresponding to characteristic
(0 0 3), (0 0 6), (0 1 2), (1 1 0) and (1 1 3) reflections of the
carbonate-containing LDH phase. Fig. 1A shows ultrathin feature
of the LDH nanoplatelets with lateral size of 300–800 nm and slab
thickness ranging in 1–3 nm. An identified reflection patterns with
interplanar distances of 0.22 nm (Fig. 1B) is observed from the typ-
ical HR-TEM image of the nanoplatelets, attributed to the (0 1 5)
plane of LDH phase. The XRD pattern of N-LDH also exhibits a ser-
ies of reflections at the same location as that of U-LDH, with stron-
ger and more completed diffraction peaks (Fig. S2, Supporting
Information), indicating the higher crystallinity of N-LDH. In con-
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trast to U-LDH nanoplatelets, the N-LDH displays smaller platelet
size and bigger slab thickness (Fig. S3, Supporting Information),
illustrating a much lower aspect ratio than U-LDH. A clear Tyndall
light scattering over the transparent U-LDH suspension (Fig. S4,
Supporting Information) indicates the homogeneity of the colloidal
solution.

In order to improve the compatibility of U-LDH with NBR
matrix, PVP was modified on the surface of U-LDH nanoplatelets.
The FT-IR spectrum (Fig.1C) illustrates the existence of carbonate
(�1386 cm–1) and hydroxyl (�3500 cm–1) of U-LDH (black line);
and after modified with PVP, there are new infrared absorption
bands at �1451 cm–1 (rC–N) and �1289 cm–1 (c–CH2) (blue line),
indicating successful adsorption of PVP on U-LDH nanoplatelets.
In addition, a variation in the water contact angle (CA) of the sur-
face (�80� and �55� for U-mLDH and U-LDH film, respectively)
was observed after PVP treatment (Fig.1D). This significant varia-
tion of the CA is attributed to the surface modification of U-LDH
by PVP, which could improve interface compatibility with NBR.
Fig. 4. (A) Top-view SEM image (inset: cross-sectional image); (B) EDX mapping of Mg, A
function of bilayer number n; (D) AFM height image of the (U-mLDH/NBR)30 film deposit
figure legend, the reader is referred to the web version of this article.)

Fig. 5. (A) O-Ps lifetime (s3) and (B) relative intensity (I3) of PET, (U-LDH/NBR)30 and (U-m
figure legend, the reader is referred to the web version of this article.)
3.2. Structural and morphological analyses of (U-mLDH/NBR)n films

UV–vis absorption spectroscopy was applied to monitor the
growth of (U-mLDH/NBR)n composite films after each five deposi-
tion cycles, as shown in Fig. 2A. The nearly linear increment of the
absorbance at 200 nm as a function of bilayer number n was
observed (Fig. 2A, inset), which proves uniform and order deposi-
tion of (U-mLDH/NBR)n multilayer films. X-ray photoelectron spec-
troscopy (XPS) was applied to verify the presence of interfacial
bonding between U-mLDH and NBR (Fig. 2B). The Mg 2p orbital
binding energy locates at 48.8 and 51.2 eV for LDH; while after
assembly with NBR, the two peaks move to 49.3 and 51.8 eV,
respectively. Simultaneously, the Al 2p orbital binding energy (at
73.8 and 76.1 eV) also undergoes a positive shift upon integrating
with NBR. Similar phenomenon was found as well in our previous
works [36,37]. This result suggests the formation of hydrogen
bonds between the hydroxyl groups on the LDH and N atom in
the NBR.
l, O and C for (U-mLDH/NBR)30 film; (C) Thickness of the (U-mLDH/NBR)n films as a
ed on a polished silicon wafer. (For interpretation of the references to colour in this

LDH/NBR)30 film, respectively. (For interpretation of the references to colour in this



Fig. 6. Free volume fraction of the pristine PET substrate, (U-LDH/NBR)30 film and
(U-mLDH/NBR)30 film. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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The XRD pattern of (U-mLDH/NBR)30 film shows a single peak
(at 11.54�) ascribed to (0 0 3) reflection of LDH without other
diffraction peaks, meaning the favorable orientation of U-mLDH
nanoplatelets with ab plane parallel to the substrate (Fig. 3A).
The diffraction at 21.4� can be indexed to the amorphous quartz
glass substrate. UV–vis spectroscopy reveals that (U-mLDH/
NBR)30 film has an excellent optical transmittance as high as 80%
in the wavelength of visible region, as shown in Fig. 3B. This high
level of transparency is ascribed to the good dispersion and well
orientation of U-mLDH nanoplatelets in the film. The photograph
Fig. 7. (A) O2TR values for pristine PET, (U-LDH/NBR)n and (U-mLDH/NBR)n films (n = 1
humidity (0%, 30% and 60%); (C) O2TR values of PET substrates coated with (N-mLDH/NBR
(N-mLDH/NBR)15 and (U-mLDH/NBR)30 films with nearly the same thickness (�1 mm), r
reader is referred to the web version of this article.)
of the film in Fig. 3B inset shows visually its good optical
transparency.

The (U-mLDH/NBR)30 film exhibits a dense and smooth surface
with average thickness of 1.04 lm, as evidenced by top-view and
cross-sectional SEM images (Fig. 4A). The energy dispersive X-ray
spectroscopy (EDX) mapping studies exhibit the uniform disper-
sion of Mg, Al, O and C elements in Fig. 4B. Moreover, the film
thickness increases linearly with the bilayer number n (Fig. 4C),
further verifying that LDH nanoplatelets and NBR are uniformly
deposited by the layer-by-layer spin-coating technique. Surface
topography change of the composite films accompanied by the
assembled bilayer number was presented by AFM height images
(Fig. 4D and Fig. S5, Supporting Information), which show a root-
mean-square roughness ranging in 8.1–28.3 nm, further demon-
strating a continuous and smooth surface for the (U-mLDH/NBR)n
films.

It has been realized that the free volume is closely related with
the gas transmission rates of a barrier film [21,38], which can be
examined by using positron annihilation lifetime spectroscopy
(PALS) technique based on an infinitive potential spherical model.
The two parameters, positron lifetime component (s3) and relative
intensity (I3) (Fig. 5), can be used to calculate the fraction of free
volume (Fv) according to the following two formulas:

s3 ¼ 1
2

1� R
Rþ 0:166

þ 1
2p

sin
2pR

Rþ 0:166

� �� ��1

FV ¼ C
4p
3

R3
� �

I3

where R is the free volume. Compared to the free volume fraction of
PET substrate (14.4%), Fv value of the (U-LDH/NBR)30 film drops
0, 20 and 30); (B) O2TR values for (U-mLDH/NBR)n films as a function of relative
)n multilayer films as a function of bilayer number n; (D) O2TR values for pure NBR,

espectively. (For interpretation of the references to colour in this figure legend, the



Table 1
Comparison study of gas permeability and relative permeability of the (U-mLDH/
NBR)30 film in this work, with previously reported rubber-based nanocomposites.

Film materials Gas Gas permeability
(cm3�cm/cm2�s�Pa)

Relative
permeability (P/P0)

LDH/XNBR [39] Air 8.31 * 10–12 –
SGO/NR [40] Air 2.90 * 10–13 0.45
NR/SMK [41] N2 5.10 * 10–13 0.61
IIR/S-OCN [42] N2 6.32 * 10–14 0.78
NR/RGO [43] O2 – 0.32
SR/St-LDH [44] O2 1.19 * 10–8 0.18
Butyl rubber/

vermiculite [45]
O2 – <0.01

This work O2 1.35 * 10–16 0.08
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down to 12.0%, which reveals that the filling of U-LDH nanoplatelets
reduces the free volume fraction of NBRmatrix. Further decline of Fv
(11.3%) was observed for (U-mLDH/NBR)30 film using modified U-
LDH as building blocks, which is ascribed to the improved interfa-
cial compatibility by surface modification of U-LDH nanoplatelets
(see Fig. 6).
3.3. The study of oxygen barrier properties for the (U-LDH/NBR)n, (N-
mLDH/NBR)n and (U-mLDH/NBR)n films

The barrier properties of (U-LDH/NBR)n, (N-mLDH/NBR)n and
(U-mLDH/NBR)n films deposited on a PET substrate were tested
at 23 �C and 0% relative humidity, using oxygen transmission rates
(O2TR) measurements. Firstly, we have studied the impact of sur-
face modification of LDH nanoplatelets on gas permeability of var-
ious films. Pristine PET substrate shows an O2TR value of
8.606 cm3 m–2 day–1 atm–1. The coating of (U-mLDH/NBR)n films
results in an apparent decrease of O2TR value from 5.582 to
0.626 cm3 m–2 day–1 atm–1, with increasing the number of bilayers
from 10 to 30 (Fig. 7A). The (U-LDH/NBR)n films manifests the
same decreasing O2TR trend as (U-mLDH/NBR)n films, but with
higher values at the same number of bilayers, which is ascribed
to the poor interfacial compatibility between unmodified U-LDH
and NBR. In addition, the O2TR value for (U-mLDH/NBR)30 film
measured under various relative humidity displays negligible vari-
ation (Fig. 7B), demonstrating its weak dependence against
humidity.

The influence of aspect ratio for LDH nanoplatelets on gas trans-
mission was furthered investigated. The O2TR values of (N-mLDH/
NBR)n films are 7.144, 5.045 and 2.393 cm3 m–2 day–1 atm–1 with
n = 10, 20 and 30 (Fig. 7C), respectively, which are higher than
those of (U-mLDH/NBR)n films with the same bilayer number. This
result demonstrates the favorable effect of high aspect ratio of
Fig. 8. (A) Thermogravimetric curve and (B) the stress–strain curves for (U-mLDH/NBR)3
legend, the reader is referred to the web version of this article.)
inorganic component on the enhancement of barrier property for
organic-inorganic hybrid films. Moreover, the O2TR values of vari-
ous films with the same thickness were compared as well (Fig. 7D).
A �1 mm thick pure NBR film was fabricated by multistep spin-
coating technique; and a (N-mLDH/NBR)15 film with the same
thickness was obtained by controlling the number of coating
cycles. The pure NBR film exhibits an O2TR of 7.995 cm3 m–2 day–
1 atm–1. While the incorporation of U-mLDH nanoplatelet induces
a significantly decrease (reduced by 92.2%) of gas transmission rate
to 0.626 cm3 m–2 day–1 atm–1 for (U-mLDH/NBR)30 film (thickness:
�1.04 mm). In contrast, the �1 mm thick (N-mLDH/NBR)15 film
shows an inferior gas barrier property (O2TR = 6.106 cm3 m–

2 day–1 atm–1) to the (U-mLDH/NBR)30 film.
The gas barrier property of (U-mLDH/NBR)30 film was further

compared with other previously reported rubber composites in
the literatures (Table 1). It is clearly seen from the table that the
(U-mLDH/NBR)30 film has a better barrier behavior: much lower
gas permeability and relative permeability (P/P0) than the reported
rubber-based barrier materials. The excellent barrier performance
of (U-mLDH/NBR)30 film is ascribed to the high aspect ratio of U-
mLDH platelets and improved interfacial compatibility, which
induce a prolonged gas diffusion path and decreased free volume,
thus resulting in low gas permeability of the composite films.
3.4. The thermal stability and mechanical property of (U-mLDH/NBR)n
films

Considering the practical applications of the (U-mLDH/NBR)n
films, the thermal stability and mechanical property were also
investigated. Thermogravimetric analysis shows the weight of
(U-mLDH/NBR)30 film on PET substrate does not undergo apparent
change before the temperature increases to 350 �C (Fig. 8A). The
onset temperature of (U-mLDH/NBR)30 film is higher than that of
reported gas barrier materials (onset temperature = 230–330 �C)
[46–49]. Additionally, the (U-mLDH/NBR)30 film exhibits a yielding
stress of �89 MPa with elongation at break of �92%. In contrast,
the pure NBR film shows a lower yielding stress (�78 MPa) and
higher elongation at break of (�110%) (Fig. 8B). These results illus-
trate the high thermal stability and good mechanical properties of
(U-mLDH/NBR)n film. Therefore, the low O2TR value, satisfactory
thermal stability and mechanical property would impart the com-
posite (U-mLDH/NBR)n films a huge application prospect.
4. Conclusions

In this work, we report the fabrication of (U-mLDH/NBR)n mul-
tilayer films with enhanced gas barrier property via layer-by-layer
0 film and pure NBR film. (For interpretation of the references to colour in this figure
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spin-coating U-mLDH nanoplatelets and NBR. The U-mLDH with
large aspect ratio prevents the gas penetration in the composite
films by prolonging the passage for oxygen molecules. Moreover,
interfacial compatibility is enhanced by surface modification of
U-LDH, resulting in low free volume for gas diffusion. This syner-
gistic effect leads to an excellent gas barrier property for the (U-
mLDH/NBR)n films, which is among the highest level in comparison
with reported rubber-based composite films. It is prospected that
this facile and promising strategy can be used to fabricate high
gas barrier material for various applications in vehicle tire and
device-sealing industry.
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