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ABSTRACT: Owing to advantages of polymeric materials for hydrogen tank liner like light-weight property and high
specific strength, polymer based composites have gained much attention. Despite of many benefits, polymeric
materials for fuel cell tank cause problems which is critical to applications as low gas barrier property, and poor
processability when adding fillers. For these reasons, improving gas barrier property of polymer composites is required
to study for expanding application fields. This work presents impermeable polymer nanocomposites by introducing
thin barrier coating using layer by layer (LBL) deposition method. Also, bi-layered and quad-layered nanocomposites
were fabricated and compared for identifying relationship between deposition step and gas barrier property. Reduction
in gas permeability was observed without interrupting mechanical property and processability. It is discussed that
proper coating conditions were suggested when different coating materials and deposition steps were applied. We
investigated morphology, gas barrier property and mechanical properties of fabricated nanocomposites by FE-SEM,
Oxygen permeation analyzer, UTM, respectively. In addition, we revealed the mechanism of barrier performance of
LBL coating using materials which have high aspect ratio. 
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1. INTRODUCTION

In recent years, hydrogen fuel cell electric vehicle (FCEV)
has attracted much attention because its eco-friendly charac-
teristics. The hydrogen energy systems have been suggested to
reduce greenhouse gas and hazardous emissions from mobile
vehicle sources. Especially, type 4 hydrogen tank, composed of
carbon reinforced plastics and polymer composite, is much
more prominent than other types owing to advantages of
polymer composites [1,2]. Among the components of FCEV,
liner is one of the main parts composing hydrogen tank, which
prevent gas molecules from escaping of tank. In these days,
polymer based composite has been used for liner material
because of its lightweight and high impact strength, while con-
ventional liners use heavy materials like metals. However, low
gas barrier property is the biggest drawback of polymer mate-
rials, so numerous papers have been studied for make lower
gas permeability of polymer composites [3-5].

Polyamide 6 (PA6), polyvinyl alcohol (PVA) and ethylene

vinyl alcohol (EVOH) are polymers which have high gas
barrier property because of its crystalline structure [6,7].
Although its structural strength, there are still limitations for
higher hydrogen gas barrier property because hydrogen mol-
ecules are much smaller than other gas molecules. Therefore,
blending with materials which have high barrier property is
required for improving performance [8]. There are two main
steps that effect to gas barrier mechanism of polymer mate-
rials. First, solubility coefficient can be identified when the gas
molecules dissolve in the polymer and chemical similarity
between polymer and gas makes permeability higher. Second,
gas molecules diffuse in the polymer as gas concentration gra-
dient in matrix. Also, tortuous path gets longer when the fillers
which has high aspect ratio combine with polymer materials.
It is known that longer tortuous path makes gas permeability
lower because it takes more time to diffuse. Because of small
size of hydrogen molecules, it is more difficult that fabricating
composites which have high hydrogen gas barrier property
[9].
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Nano-sized particles like graphene, montmorillonite (MMT)
were widely used fillers for reinforcing gas barrier properties
of polymer materials because of its plate shape. Mixing these
particles can attribute to longer tortuous path of gas molecules,
which is the main mechanism of barrier property [10-12].
However, simple mixing of polymer and nano fillers can cause
serious problems as aggregation of particles, decreasing
processability and mechanical strength. Among many problems,
poor processability of composite is the most critical for industry
applications. Injection molding and blow molding methods
are representative process for fabricating hydrogen tank liners,
which means that materials have to maintain elongational
strain and mechanical strength. Accordingly, it is necessary
that fabricating polymer composites without any decreasing
processability and mechanical performances. Thus, many
studies have been researched coating on polymer substrate to
improve various properties.

Layer by layer (LBL) deposition method is a kind of coating
process to manufacture nanocomposites. It has been researched
for improving various performances with a view to applica-
tions since the early 1990s [13-16]. Electrostatic attraction of
polymer electrolytes and charged molecules are the mecha-
nisms of multilayered nanocomposite by LBL method. With
LBL process, thin films having high performance can be
fabricated with a very low concentration of solutions. Among
various coating solutions, chitosan, MMT, branched polyeth-
yleneimine (BPEI) and polyacrylic acid (PAA) are explored to
fabricate functional nanocomposite. Chitosan and BPEI have
positive charge, PAA and MMT have negative charge for
deposition method [17-19]. Nanocomposites which have thin
coating thickness and dense structure can be fabricated with-
out interrupting processability and mechanical properties by
LBL deposition process. Moreover, weight reduction efficiency
of polymer composites still maintains when ceramic material
like MMT is introduced on substrate, because ultra-thin coat-
ing is fabricated by LBL method and low concentration of
coating solution is used for this process.

Spray coating, dip coating and vacuum assisted filtration
method were commonly used process for LBL coating. Most
of all, dip coating process was conducted for LBL deposition
since it is one of the most widely used and simple coating
method [20-23].

In this study, we aim to fabricate nanocomposites with supe-
rior gas barrier property using LBL method and maintaining
high processability of polymer materials. In addition, bi-layer
(BL) and quad-layer (QL) nanocomposites were compared,
and we are trying to find proper conditions by applying dif-
ferent coating materials. Morphology, gas permeability and
mechanical properties were investigated performance of nano-
composites. Owing to difficulty of estimating hydrogen gas
permeability, oxygen gas was used instead of hydrogen gas
because it has similar polarity with hydrogen. This work
demonstrates the gas barrier efficiency of nanocoating by LBL

method with various coating materials for industrial fields
applications.

2. EXPERIMENTAL

2.1 Materials
Commercially available materials of chitosan, BPEI, PAA

and MMT were used for experiments and all chemicals were
used as received. Branched polyethyleneimine (BPEI) (Average
Mw ~10,000, Sigma Aldrich, USA), Polyacrylic acid (PAA)
solution (Average Mw ~100,000, 35 wt% in H2O, Sigma Aldrich,
USA) and Chitosan (CH) (low molecular weight, Sigma
Aldrich, USA) were used to prepare 0.1 wt% solutions and
Montmorillonite (MMT) (K 10, powder, Sigma Aldrich, USA)
was used to prepare 1 wt% solution, respectively. All chemicals
used in this study were immersed and dispersed in D.I. water.
A commercial PA6 was kindly supported by Hyundai Motors
and manufactured by compression molding to equip disc
shape for investigating permeability at 270°C, 30 min. Fab-
ricated PA6 films were utilized as a substrate with 0.2 mm and
1.3 mm of thickness and dried before exploring experiments.

2.2 Fabrication of Bi-layer (BL) Composite
Bi-layered nanocomposites coated by LBL deposition pro-

cess were fabricated using CH and MMT, positive charged and
negative charged, respectively. A 0.1 wt% aqueous solutions of
CH and MMT were easily produced and stirred at 300 rpm for
overnight to dispersed uniformly. At first, polymer substrate
was dipped into each solution alternatively for 5 min and
when 1BL was formed, dipping time decreased to 1 min.
Between processes, rinse and dry step was required to elim-
inate excessive coating solutions and moisture. LBL coated
nanocomposites were fabricated by repeating steps 3 times
(3BL) and 5 times (5BL).

2.3 Fabrication of Quad-layer (QL) Composite
Quad-layered nanocomposites were fabricated by the same

Fig. 1. Schematic figure of quad-layered nanocomposite fabrica-
tion through Layer by layer (LBL) deposition method  
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LBL process with BL coated specimens. To identifying dif-
ferences by layer deposition numbers and materials, quad-
layered composites were compared with bi-layered ones. Dip-
ping time, concentration of solutions and step sequence were
the same. As a results, 3QL and 5QL composites were fab-
ricated using BPEI, PAA and MMT solutions. Illustration
images of preparation was indicated in Fig. 1 and composition
of specimens in this study was shown in Table 1.

2.4 Characterizations
Fourier transform infrared (FT-IR) (FT-IR-4600LE, JASCO,

Japan) were investigated by attenuated total reflectance (ATR)
mode to confirm MMT coating on substrate. Morphology of
nanocomposites was characterized by a Field emission Scanning
Electron Microscope (FE-SEM) (JSM-7610F, JEOL, Japan),
(VEGA II LSU, TESCAN, Czech Republic) and Oxygen
permeation analyzer (OX-TRAN 2/21, ML, MOCON, USA)
was used to determine oxygen gas permeability. For mechanical
testing, ASTM D3039 was used to characterize tensile properties
of fabricated nanocomposites by Universal testing machine
(UTM) (Instron 5985, Instron, USA). The shape of specimens
has a rectangular cross section with dog-bone shape. In addi-
tion, to confirm stability as used in hydrogen tank field, we
performed tensile test at various temperature.

3. RESULTS AND DISCUSSION

3.1 Identification of LBL Coating
Polymer composites with thin nano-sized coating by LBL

depostion method were fabricated using dip coating process.
The FT-IR spectra of neat PA6 film and LBL coated com-
posites are compared in Fig. 2(a) and (b). Peaks at 1540 cm-1

and 2800-2950 cm-1 correspond to N-H and C-H bond which
are the typical chemical bonding of PA6. Peaks at 918 cm-1 and
1000-1150 cm-1 correspond to Al-OH and Si-O bond, which
means that LBL coating was successfully conducted on sub-
strate. 

Also, morphology analysis of both nanocomposites were

characterized by FE-SEM, indicating in Fig. 3. It is confirmed
that LBL coating was perfectly carried out on substrate,
resulted in bi-layered nanocomposites with MMT particles,
while neat pa6 has clean and smooth surface (Fig. 3(a)-(c))
Aggregation of MMT particles by increasing BL numbers was
observed through growing size. However, in case of QL nano-
composites, more dense structure of nanocoating was con-
firmed at 5QL than 3QL specimen, which was indicated in
Fig. 3(d)-(f).

3.2 Gas Barrier Property of LBL Coated Composites
We carried out oxygen gas permeability test to investigate

barrier properties of fabricated nanocomposites. In this study,
it is expected that the proper condition of enhancing gas bar-
rier property can be differentiated by deposition systems and
coating materials. In Fig. 4(a), increasing permeability was
observed when the substrate exposure to moisture because of
hydrophilic characteristics of PA6. Moisture acts like a plas-
ticizer when the hydrophilic materials were exposed to water.
On the other hand, 3BL nanocomposite has much lower oxy-
gen permeability although LBL process was implemented in
water condition, which means that LBL coating is effective for
barrier properties. Oxygen permeability slightly increased
when the BL number was increased, resulted from aggregation
of particles which was indicated in morphology analysis. Oxy-
gen transmittance rate of quad-layered nanocomposites is per-

Table 1. Composition of nanocomposites using layer by layer
deposition method

Abbreviation
Substrate 
thickness 

(nm)

Concentration (wt%)
Positive 
charge 

solution

Negative 
charge 

solution
Clay

Neat PA6
0.2 0.1 0.1 13BL

3QL
Neat PA6

1.3 0.1 0.1 13QL
5QL

Fig. 2. FT-IR spectra of (a) Neat PA6 film and (b) LBL coated
nanocomposite

Fig. 3. Morphological observation of bi-layered nanocomposites at
250x; (a) neat PA6, (b) 3BL and (c) 5BL, and quad-layered
nanocomposites at same magnification; (d) neat PA6, (e)
3QL and (f ) 5QL 
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formed as shown in Fig. 4(b). In case of QL specimens, each
LBL coated samples were compared with their own neat sam-
ples, because there was huge difference between uncoated
specimens owing to thick thickness of substrate. Increasing
permeability was observed in neat PA6 after water exposure, as
previously mentioned. Tremendous improvement in barrier

property was achieved at 5QL nanocomposite, decreased 58%
in comparison with neat sample. However, barrier property of
3QL was enhanced slightly because of intrinsic hydrophilic
characteristic of substrate. The coating efficiency parameters
by coating type and main factors are shown in Table 2. We
evaluate the gas barrier property with three main factors
which is moisture, neat sample and coating effect by itself. 5QL
nanocomposite has more higher barrier efficiency than 5BL
because QL consist of denser structure and the free volume of
chitosan in BL increases by moisture. Increasing free volume
of chitosan is critical to gas barrier property since free volume
act as an amorphous region which can be penetrated by gas
molecules.

Fig. 4. Oxygen gas permeability of (a) bi-layered and (b) quad-
layered nanocomposites before and after LBL coating
process 

Fig. 5. Tensile properties of (a) neat PA6 film and (b) 10QL
coated nanocomposites at different temperature and (c)
mechanical property comparison of all specimens 

Table 2. Oxygen permeability of nanocomposites by different
LBL system compared with various parameters for barrier
property

Coating 
type Main factor Permeability

(cc/m2×day)

Improvement 
(%)

3BL 5BL

CH/MMT 
Bi-layer

Moisture 1.09 80
Compared with Neat 0.81 -25 50
Coating effect 1.64 -108 -33

BPEI/PAA/
MMT 

Quad-layer

Main factor Permeability 3QL 5QL
Moisture 5.09 80
Compared with Neat 18.4 -14 -58
Coating effect 39.2 -94 -138
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3.3 Mechanical Properties of Nanocomposites
To identifying additional improvement of mechanical prop-

erties, 10QL coated nanocomposite was compared with neat
PA6 film at different temperatures. Differences of performance
at working temperature should be investigated because of the
materials for hydrogen tank require to maintain mechanical
property as the gas inside tank continue to expand and shrink.
Fig. 5 shows tensile properties of uncoated and LBL coated
nanocomposites. Tensile strength and modulus increase by
decreasing temperature meanwhile tensile strain decreases
because polymer material became more brittle in cryogenic
condition, as shown in Table 3. In case of LBL coated nano-
composites, tensile strength increases 20% (36 MPa to 43 MPa)
since LBL coating includes MMT whose mechanical property
was higher than substrate, which means that LBL coating
strengthens composites. Also, this phenomenon was observed
at all working temperatures. It is indicated that LBL coating
improves mechanical property of composites at various cir-
cumstances without hindering processability.

3.4 Mechanism of LBL Coating for Barrier Property
Schematic figure of gas barrier mechanism of LBL coated

nanocomposites was indicated in Fig. 6. When the polymer
materials exposed to hydrogen gas atmosphere, gas molecules
easily penetrate through amorphous region of matrix. How-
ever, coated nanocomposites with materials which have high
aspect ratio can make tortuous path longer. Higher tortuosity

means lower gas permeability since it is complicated to pass
through the materials. In addition, gas permeation in the poly-
mer is influenced by amount of amorphous and crystalline
structures in the polymer, backbone orientation and side
chains [3]. Fillers like MMT play as a crystalline structure
which are more effective as permeation barriers. Therefore,
much lower hydrogen gas permeability of LBL coated nano-
composites was achieved.

4. CONCLUSIONS

In this work, we successfully fabricated LBL coated nano-
composite with different deposition steps. Ultra-thin film is
successfully coated on PA6 substrate through LBL method,
which was characterized by FT-IR and FE-SEM. It is observed
that gas permeability decreases when LBL coating was con-
ducted on the substrate. Indeed, we suggest a proper depo-
sition numbers with different layer composition for gas barrier
property. It is indicated that 5QL nanocomposite is more effec-
tive than 5BL because the free volume of chitosan in BL
increase when exposed to water, and more dense structure can
be fabricated by QL system. In addition, improvement of
mechanical properties was found by LBL coating with 10QL of
layer numbers. Our investigations show that LBL coating
including organic and inorganic materials make composite
stronger and coated nanocomposites have high gas barrier
property at the same time. Moreover, with LBL coating,
improvement of flame retardant property can be expected
because BPEI and PAA form char after combustion, which
contribute to expand application fields of this nanocomposites.
From this work, it is provided that a proper condition by LBL
coating can be suggested with various coating materials and it
can be used as a standard for applying industrial applications.
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