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ABSTRACT: Gas-barrier materials obtained by coating poly(ethylene terephthalate) (PET) substrates have already been
studied in the recent literature. However, because of the benefits of using cheaper, biodegradable, and nonpolar polymers,
multilayered hybrid coatings consisting of alternate layers of reduced graphene oxide (rGO) nanosheets and a novel high
amorphous vinyl alcohol (HAVOH) with zirconium (Zr) adducts as binders were successfully fabricated through a layer-by-layer
(LbL) assembly approach. Atomic force microscopy analysis showed that rGO nanoplatelets were uniformly dispersed over the
HAVOH polymer substrate. Scanning and transmission electron microscopies revealed that multilayer (HAVOH/Zr/rGO)n
hybrid coatings exhibited a brick-wall structure with HAVOH and rGO as buildings blocks. It has been shown that 40 layers of
HAVOH/Zr/rGO ultrathin films deposited on PET substrates lead to a decrease of 1 order of magnitude of oxygen permeability
with respect to the pristine PET substrate. This is attributed to the effect of zirconium polymeric adducts, which enhance the
assembling efficiency of rGO and compact the layers, as confirmed by NMR characterization, resulting in a significant increment
of the oxygen-transport pathways. Because of their high barrier properties and high flexibility, these films are promising
candidates in a variety of applications such as packaging, selective gas films, and protection of flexible electronics.

KEYWORDS: layer-by-layer assembly, reduced graphene oxide, high amorphous poly(vinyl alcohol), polymeric zirconium adducts,
barrier properties

1. INTRODUCTION

Graphene (GE) has attracted tremendous interest in the
development of multifunctional materials because the single-
atom-thick carbon sheet exhibits excellent thermal1 and
electrical conductivity,2,3 high mechanical strength,4 and gas-
barrier properties. The inclusion of impermeable GE and its
derivatives in polymeric materials is widely regarded as a useful
approach to meeting the ever-increasing demand of ultrabarrier
materials useful in a multiplicity of applications ranging from
food to medical sectors and from chemical to electronic
fields.5−7 In order to prepare effective GE-based polymer
nanocomposites, it is worth tailoring the GE morphology as
uniform GE dispersion, 2D-layered GE-oriented structure, or
3D GE segregated structure, according to the desired final
features.8−10

Recently, highly ordered GE-based polymer materials with
good properties have been fabricated by a variety of methods
including solution-casting,11 spin-coating,12 vacuum-assisted
filtration,13 and layer-by-layer (LbL) assembly.14−16 Among
those methods, the LbL assembly of cationic and anionic
polymers is well-known for its robustness and versatility. The
driving force that allows formation of the layered structure is
the electronic interaction of polymers with opposite charges.
When the anionic polymer is substituted by a graphene oxide
(GO) filler, the LbL assembly approach can be used to prepare
the hybrid GO/polymer coating, and the structure of the
layered coating depends on the pH of the GO suspension,
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which affects the charge compensation between negatively
charged GO nanoplatelets and the positive polymeric counter-
part.17 When the depositing polymers are either nonionic or
weakly ionizable, their assembly is promoted by other
interactions, such as hydrogen-bonding and covalent
bonds.18−20

Gas-barrier materials obtained by coating poly(ethylene
terephthalate) (PET) substrates with poly(vinyl alcohol)
(PVA) or polyethylenimine (PEI) through LbL techniques
have already been studied in the recent literatures.14−16,21−23

Results obtained with PVA-based coatings are not particularly
outstanding. On the contrary, PEI-based coatings assembled
with GO or montmorillonite exhibit significant enhancement in
the barrier properties. However, because of the high cost of a
coating solution based on PEI and the benefit of using cheaper,
biodegradable, and nonpolar polymers, the use of a novel high
amorphous vinyl alcohol (HAVOH) assembled with reduced
graphene oxide (rGO) has been proposed in this work. The
used HAVOH, patented and commercialized with the trade
name of G-Polymer (Nippon-Goshei, Japan), is a new
biodegradable polymer based on modified PVA, particularly
interesting because of its excellent extrusion processability, ease
for coating, and outstanding oxygen barrier properties.
It is worth noting that, in the LbL self-assembly of organic

layers, zirconium (Zr)-based compounds have been employed
as valuable cross-linkers because of their strong ionizable nature
in a water solution and intrinsic capability to promote
intermolecular interactions via hydrogen and covalent bonds.
The obtained zirconium-based LbL coatings have been used for

dielectric devices, electrooptical switching elements, and
nonlinear-optical devices.24−26 However, surprisingly, to the
best of our knowledge, zirconium has never been used in the
fabrication of multilayered barrier films or coatings. To this aim,
in this work we report on the role of an aqueous compound of
zirconium(IV) as the cross-linker in LbL deposition of coatings
consisting of the novel nonionic HAVOH and low-surface-
charge rGO. It has been proven that the zirconium adducts,
originating from hydrolysis of oxynitrate [ZrO(NO3)2],
improve the LbL fabrication and the final properties of the
layer assembly composed of HAVOH and rGO on the PET
substrate.

2. RESULTS AND DISCUSSION
The LbL assembly procedure is schematically illustrated in
Figure 1a. The corona-treated PET substrates (23 μm thick)
were initially dipped into the HAVOH aqueous solution (1.0
wt %) for 1 min, then rinsed with deionized water and dried at
room temperature, and again dipped into the zirconium(IV)
oxynitrate aqueous solution (0.1 wt %) for 30 s. After rinsing
and drying, the substrate coated by the layered coating under
buildup was finally immersed in a rGO (0.1 mg mL−1) aqueous
dispersion for 1 min. The hybrid ultrathin coating deposited by
the above process is referred to as a one-layered assembly
(HAVOH/Zr/rGO). The deposition cycle was repeated until
the desired number of layered assemblies was achieved. In
order to investigate the effect of zirconium adducts on the gas
permeabilities, control samples were prepared by following the
same LbL procedure, except for dipping of the substrate into a

Figure 1. (a) Schematic illustration for production of the multilayer organic−inorganic coating deposited on PET substrates by a LbL assembly
process. (b) UV−vis absorption spectra of (HAVOH/Zr/rGO)n (where n = 1, 2, ..., 10 represents the number of deposited HAVOH/Zr/rGO one-
layered assemblies) coatings deposited on quartz substrates. Inset: absorbance at 268 nm plotted as a function of the number of deposition cycles.
(c) Digital photographs of (HAVOH/Zr/rGO)n (n = 10, 20, 30, and 40) coatings deposited on PET substrates.
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zirconium aqueous solution. Before further characterization, all
coated samples were thermally stabilized for 10 min at 120 °C
(more details on the experimental procedure and character-
ization of GO and rGO fillers are presented in the Supporting
Information, Figures S1−S3).
UV−vis absorption spectra of (HAVOH/Zr/rGO)n multi-

layer films, where n represents the number of layered
assemblies HAVOH/Zr/rGO, are shown in Figure 1b. The
multilayer films were deposited on quartz substrates, and the
spectra were collected after each deposition cycle to monitor
the consecutive buildup of the coating during the LbL process.
The UV−vis absorption band at 268 nm is ascribed to the
assembly of rGO nanosheets. The peak intensity increases
linearly with the number of deposited layers (inset graph in
Figure 1b), confirming that the LbL deposition is a well-reliable
approach. Digital images of PET substrates coated with
(HAVOH/Zr/rGO)n ultrathin coatings (Figure 1c) demon-
strate that the prepared coatings are highly homogeneous and
that their transparency decreases with an increase in the
number of deposited layers.
The (HAVOH/Zr/rGO)n ultrathin hybrid coatings show a

well-defined layered morphology. A scanning electron micros-
copy (SEM) cross-sectional image of the (HAVOH/Zr/rGO)10
hybrid coating deposited on PET substrate is shown in Figure
2a. The coating cross section consisting of distinguishable
layers of HAVOH and rGO nanoplatelets has a thickness of
about 90 nm in the case of (HAVOH/Zr/rGO)10, as was also
confirmed by transmission electron microscopy (TEM) analysis
(Figure 2b) and grazing-incidence small-angle X-ray scattering
(GISAXS) measurements (see Figure S4 in the Supporting
Information). The TEM image of the (HAVOH/Zr/rGO)40
assembly in Figure 2c shows a coating thickness of about 280
nm corresponding to about a 4-fold thickness of the sample
(HAVOH/Zr/rGO)10 shown in Figure 2b. This confirms that
the thickness of the LbL coating grows almost linearly with the
number of layered assemblies. Furthermore, in Figure 2c, the
dark lines represent the oriented rGO platelets arranged along
PET substrates. They assemble with HAVOH layers assisted by
zirconium adducts, thus forming a compact nanobrickwall
structure. The surface morphology of the sample coating can be
observed in the SEM image of Figure 2d. The rGO platelets, as
contoured within the red line, are deposited with their surfaces
parallel to the substrates. The rGO capability of covering the
surface has been investigated through atomic force microscopy
(AFM) analysis. Parts e and f of Figure 2 compare the AFM
topographies of one HAVOH/rGO bilayer and a one-layered
(HAVOH/Zr/rGO) assembly deposited on the silicon wafer,
respectively. In both systems, the rGO nanoplatelets appear as
irregular polygonal pieces, with the maximum length size
ranging from hundreds of nanometers to a few microns. It is
worth noting that the assembly with zirconium exhibits a larger
amount of rGO nanoplatelets compared to the sample without
zirconium. This is due to specific interactions of zirconium
adducts with rGO nanoplatelets, which allow more platelets to
be deposited on the HAVOH polymer surface, increasing the
surface coverage density. Moreover, the height profiles
measured for the two samples (Figure 2e,f) show the presence
of rGO platelets embedded in HAVOH polymers, whose
heights are difficult to estimate because of the effect of polymer
overlapping the GE surface, and appear to be roughly about 6
and 4 nm, respectively, for the sample prepared with and
without zirconium adducts.

The oxygen transmission rates (OTR) of multilayered
coatings deposited on PET substrates with and without
zirconium adducts were measured at 23 °C and various relative
humidity (RH) values (Figure 3). In all of the investigated
conditions, the OTRs of coated samples decrease with an
increase in the number of deposited assemblies. The OTR
values of samples coated with (HAVOH/rGO)n assemblies
without zirconium adducts decrease by about 40% in the case
of 40 deposited assemblies (Figure 3d), whereas the OTR
values of samples coated with only 10 layers of the HAVOH/
Zr/rGO assemblies decrease by about 70% compared with
pristine PET in dry conditions, as shown in Figure 3a. With an
increase in the number of HAVOH/Zr/rGO assemblies up to
20, 30 and 40, the OTRs of the coated samples further decrease
respectively by about 85%, 90%, and 95% with respect to the
uncoated PET substrate. The results confirm that the
deposition of an increasing number of HAVOH/Zr/rGO
assemblies enables the formation of thicker barrier coatings on

Figure 2. Cross-sectional (a) SEM and (b) TEM images of
(HAVOH/Zr/rGO)10 and (c) (HAVOH/Zr/rGO)40 hybrid coatings
deposited on PET substrates. The arrow bars highlight the coating
thickness. (d) SEM image of the surface of the (HAVOH/Zr/rGO)10
coating. The GE platelets are contoured within the dotted line. AFM
surface images of (e) (HAVOH/rGO)1 and (f) (HAVOH/Zr/rGO)1
coatings deposited on silicon wafers. Below images (e) and (f) are the
corresponding height profiles taken along the gray lines.
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PET substrates, which achieves an extremely tortuous pathway
to prevent the permeation of oxygen molecules. The presence
of zirconium adducts in the (HAVOH/Zr/rGO)n hybrid
coatings promotes the stronger interactions between rGO
nanoplatelets and polymers in the LbL assemblies, as will be
discussed in detail below.
Figure 4 shows a comparison of the performances in terms of

the permeability and thickness of several LbL coatings realized
on PET substrates. The developed (HAVOH/Zr/rGO)40
multilayered coating (thickness ≅ 280 nm) has a lower oxygen
permeability of 0.014 × 10−20 m3 m m−2 s−1 Pa−1 compared to
PVA-based coatings obtained through both solvent-casting
deposition (0.003 × 10−20 m3 m m−2 s−1 Pa−1, 10 μm) and the
LbL approach (2.5 × 10−20 m3 m m−2 s−1 Pa−1, 40 nm). Data
related on a PEI-based coating through the LbL assembly with
GO or MMT as fillers are located in the bottom-left side of the
diagram, highlighting a better effectiveness in enhancing the
barrier properties of multilayer coating assemblies. However, it
is worth noting that coating solutions based on PEI are
tremendously more expensive than those realized with
traditional polymeric commodities (about 150 € g−1 for PEI
and not more than 30 € kg−1 for the more expensive common
polymeric commodities).27 In this view, the permeability results
obtained by the developed HAVOH/Zr/rGO assemblies
represent an excellent balance between the material costs and
performances.
In order to have a better understanding of the effect of

zirconium adducts on enhancement of the barrier properties,
the theoretical aspect ratio of nanoplatelets opposing to gas
permeation has been calculated by adopting the Cussler
model.28 This model correlates the gas permeability of
nanocomposites relative to the pristine polymer (P/P0) with
the nanoplatelets concentration (ϕ) and aspect ratio (α) as the
ratio of the maximum dimension to the thickness. The model
has been used under the assumption that the rGO nano-

platelets assemble as monolayers and that their concentration
does not change in each deposited layered assembly (see the
Supporting Information, Figure S5 and Table S1). This
hypothesis is supported by the observation that the coating
thickness increases almost linearly with the number of layered
assemblies.
The calculated aspect ratio of nanoplatelets increases from

358 to 590 with an increase in the number of layers deposited

Figure 3. OTRs of PET substrates coated with (HAVOH/Zr/rGO)n multilayered assemblies reported as a function of n (which indicates the
number of assemblies). The uncoated PET substrate corresponds to the sample labeled with 0 number of HAVOH/Zr/rGO. Samples were
measured at 23 °C and (a) 0%, (b) 33%, and (c) 75% RH. (d) OTRs of a (HAVOH/rGO)n coating measured at 23 °C and 0% RH. The
experimental errors are in the range of 10% of the reported OTR values.

Figure 4. Thickness and oxygen permeability of (HAVOH/Zr/rGO)n
multilayered coating assemblies in comparison with those of coatings
prepared by other authors by using different technologies (solution-
cast and LbL) and different components (polymers/fillers). The
numbers shown in the upper right of the panel indicate the references.
All data are related to the LbL deposition technique,14,21−23,30 except
one related to solution casting.31 The coating permeability was
decoupled from the total permeability using the method described in
the Supporting Information. MMT = montmorillonite; PVA =
poly(vinyl alcohol); PEI = polyethylenimine; PAM = polyacrylamide.
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on PET substrates, thus suggesting that the zirconium adducts
cross-link the rGO nanoplatelets and contribute to the
formation of nanoparticles with increased aspect ratio. This
brings about an increment of tortuous pathways for the gas
molecules diffusing through the hybrid multilayered coating,
with consequent improvement of the barrier properties.
As shown in Figure 3b,c, at 33% and 75% RH conditions, the

OTR values of (HAVOH/Zr/rGO)n coatings increase slightly
compared to that at 0% RH. This behavior is attributed to the
hydrophilic character of the deposited materials, which absorbs
a higher amount of water at high humidity values and thus
consequently reduces the barrier properties.
For the sake of comparison, the assemblies obtained by

depositing on PET substrate coatings containing a more
hydrophilic filler such as GO were also investigated. The OTR
decreases with an increase in the number of deposited layers.
However, PET coated with GO, i.e., (HAVOH/Zr/GO)n,
layers exhibit higher OTR values compared to the sample with
rGO, i.e., (HAVOH/Zr/rGO)n, coatings. Also, the (HAVOH/
Zr/GO)n coatings show lower barrier properties when exposed
to oxygen fluxes in humid conditions (see the Supporting
Information, Figure S6).

In order to further investigate the role of zirconium adducts
as chemical cross-linkers, 13C NMR measurements of pristine
HAVOH and composite films prepared by solution casting,
before and after thermal treatment (the samples are designated
as T), were performed. In the NMR spectra (Figure 5a), the
peak at 46 ppm is assigned to methylene, while the other three
peaks corresponding to the methine carbon resonance at 77 (I),
71 (II), and 65 (III) ppm are ascribed to the stereoregular
structure of the HAVOH polymer. Peak I (77 ppm) appears as
a shoulder on the overall 13C NMR profile, indicating the
extremely poor stereoregularity of HAVOH. Peak II (71 ppm)
in 13C NMR spectra for the various HAVOH composite films
does not significantly change with the presence of either
zirconium or rGO. After thermal treatment, the intensity of
peak II at 71 ppm decreases for the HAVOH/Zr and HAVOH/
Zr/rGO samples while remaining substantially unchanged for
pristine HAVOH. These spectral features indicate that thermal
treatment of HAVOH in the presence of zirconium disrupts the
intramolecular hydrogen bond formed between the hydroxyl
groups in heterotactic (mr) triads and promotes the formation
of new interactions between zirconium and the hydroxyl groups
of HAVOH, likely via intermolecular hydrogen bonding (see

Figure 5. (a) 13C NMR spectra of HAVOH composite films, (b) schematic representation of the interactions among HAVOH, zirconium adducts,
and rGO before and after thermal treatment at 120 °C for 10 min, and (c) ζ potential of rGO, HAVOH, and zirconium aqueous solutions.
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Figure 5b). In fact, because of the fact that zirconium oxynitrate
exists in aqueous solution as polymeric adducts (i.e., tetrameric
units), in which four zirconium atoms are linked by hydroxyl
groups, it is expected that hydrogen bonding takes place
between the hydroxyl groups present in polymeric zirconium
adducts and the hydroxyl groups present in the molecular
structure of HAVOH. On the other hand, it has been verified
that the zirconium adducts show a positive charge (ζ potential:
40 mV, as shown in Figure 5c), which allows a strong
electrostatic interaction with rGO nanoplatelets (ζ potential:
−10 mV, as shown Figure 5c). Polymeric zirconium adducts
can also interact through electrostatic interaction with
carboxylate groups commonly located on the edge of rGO.
This specific interaction upon thermal treatment may form a
metal−organic ester with the formation of a covalent bond.29 In
this view, the zirconium polymeric adducts act as cross-linkers
between HAVOH and rGO building blocks, thus promoting
the higher rGO surface coverage density previously shown by
the AFM results, and also as interlinkers between HAVOH
layers deposited through two consecutive cycles. At the same
time, as confirmed by determination of the theoretical aspect
ratio, the zirconium polymeric adducts contribute to increase
the aspect ratio of nanoplatelets through the formation of
covalent bonds with rGO nanoplatelets. In Figure 5b is
reported a schematic representation of possible interactions
taking place between zirconium polymeric adducts and
HAVOH polymers and rGO nanoplatelets.
The proposed network brings about a marked increment of

the overall tortuosity pathways of the oxygen molecules
permeating through the organic−inorganic hybrid coating.
The role of zirconium adducts as binders between HAVOH
and rGO layers was further validated through nanoindentation
measurements. The results show that (HAVOH/Zr/rGO)n
hybrid coatings exhibit a higher resistance to indentation than
(HAVOH/rGO)n coatings, indicating the effect of zirconium
adducts to compact HAVOH and rGO layers through the
formation of a tight network (Figure S7 in the Supporting
Information).

3. CONCLUSIONS

In summary, multilayered hybrid coatings consisting of
alternate layers of rGO nanosheets and HAVOH with
zirconium adducts as binders were successfully fabricated
through a LbL assembly approach. AFM analysis showed that
rGO nanoplatelets were uniformly dispersed over the HAVOH
polymer substrate and that the (HAVOH/Zr/rGO)n hybrid
coatings exhibited higher rGO surface coverage densities than
the (HAVOH/rGO)n coatings. SEM and TEM revealed that
multilayer (HAVOH/Zr/rGO)n hybrid coatings exhibited a
brickwall structure with HAVOH and rGO as buildings blocks.
A significant improvement in the oxygen barrier properties was
achieved for the PET samples coated with (HAVOH/Zr/
rGO)n hybrid coatings compared to pristine PET. In particular,
the OTR of the sample coated with 40 three-layer HAVOH/
Zr/rGO is decreased by 95% in dry conditions. This is
attributed to the effect of zirconium polymeric adducts, which
enhance the assembling efficiency of rGO and compact the
layers, as confirmed by NMR characterization, resulting in a
significant increment of the oxygen-transport pathways. Thanks
to the tunable chemistry of zirconium adducts, this work
demonstrates that the LbL approach can also be adopted for
nonpolar polymers as HAVOH and brings new potential

opportunities for organic−inorganic high-barrier LbL coatings
in the packaging industry.

4. EXPERIMENTAL SECTION
rGO Fabrication. GO was synthesized from purified natural

graphite according to Hummers’ method.32 The chemical rGO was
obtained through a reduction process by using L-ascorbic acid as the
reducing agent, according to the previous reports.33

Preparation of HAVOH Composite Films. HAVOH composite
films used for the chemical characterization of zirconium adducts as
cross-linkers were produced by the solvent-mixing and -casting
approach. In brief, HAVOH polymer (0.2 g) was dissolved in distilled
water (20 mL) and stirred for 4 h at 50 °C. Then 20 mL of a
zirconium aqueous solution (0.1 wt %) was added to the HAVOH
solution; the mixture was stirred for 1 h to get a homogeneous
HAVOH/Zr solution. A total of 20 mL of a rGO aqueous dispersion
(0.1 mg mL−1) was added dropwise to the above solution, and the
resulting mixture was stirred for 1 h at room temperature and then
sonicated for 30 min in an ultrasonic bath. The obtained dispersion
was then poured into a Petri plastic dish and dried in a fume hood
until the water was completely evaporated. For thermal treatment, the
cast films were put into a vacuum oven at 120 °C for 10 min.

LbL Coatings Fabrication on Silicon and Quartz Substrates.
The LbL coatings deposited on silicon and quartz substrates and used
for the morphological characterization of the coatings were prepared
through a preliminary activation procedure of the surfaces. In detail,
single side-polished silicon wafers were treated by piranha treatment
with a 1:3 ratio of hydrogen peroxide (30% v/v) to sulfuric acid (99 wt
%) and stored in deionized water before being used as the substrate for
deposition of the coating before AFM measurement. Quartz slides
were cleaned with acetone and deionized water and used as substrates
for UV−vis absorption analysis of the deposited coatings.

Characterization. The UV−vis absorption spectra of a GO and
rGO aqueous dispersion were measured on a Lambda 35
(PerkinElmer) spectrophotometer. The stepwise buildup of
(HAVOH/Zr/rGO)n coatings with n = 1, 2, ..., 10 assemblies
deposited on quartz substrates was monitored through UV−vis
absorption spectra collected with a Jasco V-570 spectrometer in the
200−800 nm wavelength range.

Cross sections of the (HAVOH/Zr/rGO)n hybrid coatings were
imaged with a FEI Fecnai G2 F20 S-Twin transmission electron
microscope, operating at an accelerating voltage of 200 kV. The film
was embedded in an epoxy resin, supporting the LbL coatings prior to
sectioning with a microtome.

Scanning electron microscopy (SEM) observation was performed
using an Inspect F model FEI apparatus at an accelerating voltage of
10 kV. The samples with the multilayered coatings were fractured in
liquid nitrogen and then sputter-coated with gold.

AFM analysis was carried out at room temperature (25 °C) by using
a silicon cantilever (Bruker Corp., Santa Barbara, CA) with a rotated
tip of a nominal radius of 8 nm. The scan rate was 0.2 Hz, while the
scan area was 10 × 10 μm2. All data were processed (first-order
planefit) during the AFM raster.

The oxygen transmission rate (OTR) was evaluated by using a
standard permeabilimeter (Extrasolution, MULTIPERM) at 23 °C and
0%, 33%, and 75% RH.

A 300 MHz Bruker AVANCE magnet, equipped with a 4 mm wide-
bore magic-angle-spinning probe (operating at the 13C frequency of
75.4 MHz), was used to collect 13C NMR spectra by a cross-
polarization magic-angle-spinning technique. Each sample (70−90
mg) was packed in 4 mm zirconia rotors with Kel-F caps prior to being
loaded into the magnet and spun at a rate of 13000 ± 1 Hz. All spectra
have been processed and elaborated by Bruker Topspin software,
version 2.1 (Bruker Biospin, Rheinstetten, Germany).

The ζ potential of the rGO, HAVOH, and zirconium aqueous
suspension was measured by dynamic light scattering (Zetasizer Nano
ZS90, Malvern, U.K.).
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