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Mechanistic insight into the role of the aspect
ratio of nanofillers in the gas barrier properties of
polymer nanocomposite thin films+

Subhash Mandal, @2 Debmalya Roy, @ *° Kingsuk Mukhopadhyay,®
Mayank Dwivedi® and Mangala Joshi ®

The introduction and processing parameters of 2D graphene flakes into a polymer matrix were altered
in order to understand the impact of dispersed flake geometry on the physical properties of
nanocomposites. It has been highlighted in this study that the intermolecular interaction plays a critical
role in the structure-properties of polymeric barrier films where the experimental results were validated
by appropriate models. The microstructural analysis of nanocomposite films revealed that 2D nanofillers
predominantly existed in an agglomerated state inside the polymer matrix and the size of the nanofiller
linearly illustrated that the
immobilization of nanotubes into graphene flakes creates a porous hierarchical geometry which

cluster increased as a function of loading percentage. We have
facilitates the polymer chains to diffuse into hybrid nanofillers to produce a uniform phase segregated

morphology. Our findings underscore the significance of the aspect ratio of dispersoids in influencing

rsc.li/RSCApplinter

1. Introduction

Polyurethane (PU) stands out as a unique class of block
copolymers, boasting a blend of flexible and rigid segments.
These polymers exhibit a wide range of desirable
characteristics, including exceptional elasticity, excellent low-
temperature flexibility, strong tensile strength, good abrasion
resistance, chemical resistance, and ease of processing.’” In
addition to their adaptable characteristics, PUs find
application across a diverse spectrum, including coatings,
adhesives, sealants, flexible and rigid foams, paints,
varnishes, leathers, rubbers, fibers, films, biomimetic
materials, and many other domains.»**

Nevertheless, PUs bear a substantial drawback: they
exhibit inherent permeability to various gases and vapors,
encompassing oxygen (0O,), nitrogen (N,), carbon dioxide
(CO,), helium (He), water, and organic vapors. When
compared to alternative polymeric barrier materials, PUs fall
short in terms of gas barrier properties, as indicated in
Table 1. It is worth noting, however, that the permeability of
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the barrier properties of nanocomposite flexible films.

different gases through PU films and membranes varies
considerably, contingent upon the structure and morphology
of the PU material.*"°

Recent trends have witnessed the extensive use of certain
polymers, such as biaxially oriented polyester (BoPET,
Mylar®), ethylene vinyl alcohol copolymer (EVOH), and
polyvinylidene chloride (PVDC, Saran®), in gas barrier
applications. Nevertheless, most of these polymers lack
attributes like low-temperature flexibility, weatherability,
resistance to flex fatigue, and adhesion. Moreover, many of
them are not heat-sealable.* In contrast, polyurethane excels
in all these aspects, albeit its gas barrier properties are a
challenge.

The stringent requirement for effective gas barrier
properties is particularly critical in specialized applications
where PU-based membranes, films, or coatings are
extensively employed. These applications encompass coated
or laminated envelopes used in lighter-than-air (LTA)
applications like hot air balloons, aerostats, and airships, as
well as food packaging, automotive uses including primer
coatings and tires, biomedical applications such as dialysis
membranes, wound dressings, encapsulating membranes,
and catheters, as well as flame retardant and anticorrosion
coatings."'* However, the notable permeation of gases
through PU-based films and coatings severely compromises
their performance in these scenarios.

The nature of PU as a block copolymer, composed of hard
and soft segments, inherently leads to phase separation due
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Table 1 Gas permeability of various polymeric and elastomeric films under standard testing conditions
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1,4,6-10

Permeability (cm® mm m™ per day per atm)

Polymer/elastomer Carbon dioxide (CO,) Oxygen (0,) Nitrogen (N,) Helium (He) Ref.
Ethylene vinyl alcohol copolymer (EVOH) 0.03-0.08 0.01-0.05 0.003-0.01 4-14 1,4
Polyvinylidene chloride (PVDC) 0.47-3.2 0.03-0.04 0.02-0.12 — 1,9, 10
Liquid crystal polymer (Vectran) — 0.05-0.1 0.03-0.5 — 1,9, 10
Nylon 6 1.8-5.9 0.57-1.3 0.28-0.35 45.7 1,9,10
Polyvinylidene fluoride (PVDF) 2.2-30 0.55-5.2 3-3.5 59-86 1,9, 10
Nylon 6,6 3-4.6 0.3-1.36 0.28 59.1 1,9,10
Polyvinyl fluoride (PVF) 4.4 1.3 0.1 59.1 1,4
Biaxially oriented polyester (BoPET) 5.9-9.8 1-2.4 0.18-0.39 71 1,9, 10
Vinylidene fluoride-hexafluoropropylene copolymer 209-508 71-95 4.67-22 771 1,9, 10
Low-density polyethylene (LDPE) 394-959 69-274 394-959 — 1,4
Polytetrafluoroethylene (PTFE) 487-720 178-255 69-129 — 1,9, 10
Fluorinated ethylene-propylene copolymer (FEP) 648-838 101-290 33-125 — 1,4
Polyurethane (PU) 175-2014 3-1067 9-297 36-2340 1,4,6,7,8
Silicon rubber 118110 19685 17280 — 1,4
25,26

to thermodynamic disparities between these segments. This
phase separation represents the primary reason for the
elevated gas permeability observed in PU films and coatings.
While some efforts have been made to enhance PU's gas
barrier  properties through chemical modifications,
morphology alterations, and the careful selection of
components, composition, and preparation conditions, these
approaches have yielded only moderate improvements."* "’

A promising avenue for significantly improving PU's gas
barrier properties involves the incorporation of impermeable
lamellar or nanoplatelet-like fillers, such as clay or graphene,
distinguished by their high aspect ratios."®*>° The inclusion
of these nanoplatelets disrupts the diffusion path of gaseous
molecules, compelling the permeant molecules to follow
longer and more convoluted routes during diffusion through
PUNC films, ultimately resulting in enhanced gas barrier
properties.”®?! Remarkably, even small loadings of these
inorganic phases, when well-dispersed, can lead to a
significant enhancement in the gas barrier properties of the
host matrix, sometimes up to 500 times. These fillers, known
as passive fillers, greatly amplify the tortuosity encountered
by gas molecules during their journey through the polymer.
The effectiveness of a passive inorganic filler is contingent
upon its volume fraction, aspect ratio, distribution, and
orientation.

In addition to passive fillers, there are also reactive fillers,
such as functionalized graphene, carbon nanotubes (CNTs),
polyhedral  oligomeric  silsesquioxane  (POSS), and
nanocellulose, capable of forming reactions or crosslinks
with the host matrix. This leads to an improvement in the
gas barrier properties of polymers like PU.**** Researchers
also reported soft liquid metal-infused conductive sponges
that directly indicate the flexibility of polyurethane even after
reinforcement  with inorganic fillers.”* The critical
requirement for LTA applications is a high barrier against
helium gas. Thus, the study's objective is to improve the
helium gas barrier properties of polyurethane films.

Graphene, a single-atom-thick, sp> hybridized, 2D planar
sheet of carbon arranged in a honeycomb crystal lattice,

978 | RSC Appl. Interfaces, 2024,1, 977-991

possesses remarkable properties. Owing to its plate-like
structure and tiny geometric pore size (0.064 nm), graphene
has significant potential for enhancing the gas barrier
properties of polymers by increasing the tortuosity of the gas
diffusion path.>”*® Despite its ultrathin nature (1.153 nm),
graphene sheets are impermeable to gases, including
helium."***  Therefore, this study highlights the
improvement of the gas barrier properties of aliphatic PU
films by incorporating and dispersing edge-functionalized
few-layer graphene.

The interaction between the filler and polymer, along
with the method of preparing polymer nanocomposites,
plays a crucial role in controlling the dispersion of
nanofillers in the polymer matrix and, consequently, the
properties of nanocomposites. In this study, hybrid 3D
nanofillers (CNTs were immobilized into the few-layer
graphene to enhance the dispersion and distribution of
few-layer graphene by maintaining a higher aspect ratio)
were employed to enhance the interaction between PU
and functionalized few-layer graphene. Furthermore, a
novel process route was followed to achieve excellent
dispersion  of  hybrid 3D  nanofillers in  the
nanocomposites. This approach involved a supramolecular
self-assembly route followed by twin screw extrusion.
Films were then produced from these nanocomposites
and their helium gas barrier properties were thoroughly
examined. The films were also evaluated by attenuated
total reflection Fourier transform IR (ATR-FTIR), scanning
electron  microscopy (SEM), transmission electron
microscopy (TEM), wide angle X-ray diffraction (WAXD),
and atomic force microscopy (AFM) techniques. The 2

wt%  hybrid 3D  nanofiller-reinforced  polyurethane
nanocomposite film exhibited excellent gas barrier
performance, reducing helium gas permeability by a
substantial 63%. The widely accepted models for

predicting gas permeability of polymer nanocomposites
viz. the Nielsen model, Bhardwaj model and Cussler-
random array have been used to correlate and validate
the experimentally found results.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Theory of gas permeability:
mechanism, measurement and
modelling

The details on the theory of gas permeability mechanism,
measurement and modelling are provided in section S1 of
the ESIt in which (i) the gas transport mechanism in polymer
films and polymer nanocomposite membranes and (ii) the
process of measuring gas permeability across polymeric
membranes or films are discussed in sections S1.1 and S1.2}
respectively.

2.1. Theoretical frameworks for forecasting the gas barrier
characteristics of polymer nanocomposite materials

The enhancement in barrier characteristics of polymer
nanocomposites is ascribed to the dispersion of
nanoplatelets, such as clay and graphene, within the polymer
matrix. This arrangement creates a convoluted route that
obstructs the movement of gas molecules, thereby impeding
their permeation.”> Numerous scientists have put forth
diverse models aimed at elucidating the gas transmission
behaviour across polymer nanocomposites that incorporate
inorganic nanoplatelets.**® In accordance with the
solution-diffusion model,** the permeability (P) of gases and
vapors across polymer membranes results from the
multiplication of the gas or vapor's solubility (S) within the
polymer matrix and its diffusivity (D) through the same
matrix, as illustrated in equation: P = D x S. The relationship
between the volume fraction of the filler and the solubility of
gas molecules in the polymer nanocomposites is as follows:

§=5o(1~¢) 1)

Here, the symbol ¢ represents the volume fraction of fillers,
and S, denotes the solubility attributed to the pure polymer
matrix.”” The diffusivity within the nanocomposite is
contingent upon the tortuosity of diffusion pathways within
the membrane, and their correlation is expressed as:

D =D/t )

In this context, r represents tortuosity, and D, signifies the
diffusivity pertaining to the unperturbed polymer matrix.*®
Tortuosity (z) is defined as the quotient of the distance
covered by a gas traversing the polymer nanocomposite
membrane or film (/) and the thickness of the said
membrane or film (/). This relationship can be formulated as
expressed in ref. 31:

=1/l (3)
The magnitude of 7 relies upon both the volume fraction and
the geometry of the nanofillers. Numerous investigators have

computed 7 for various filler varieties. Specifically, in the
presence of nanoplatelets within the polymer matrix, there is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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an augmentation in the gas diffusion distance. This
increment can be determined using the subsequent
relationship:

L Lo
l'=l+N=-=1+— 4
2 2w (4)

where ‘w’ and ‘L’ denotes the width and length of the
nanoplatelets, respectively, that are dispersed in a polymer
matrix, and N denotes the quantity of nanoplatelets and is
expressed by: N = [p/w. After substituting eqn (4) into eqn (3),
we obtain the expression for equation of tortuosity:*°

—14 (E)p=142 (5)
= ow)? 27

where «a represents the aspect ratio (L/w) of the nanoplatelets.

2.1.1. Influence of nanoplatelets’ volume fraction and
aspect ratio. Numerous scholars have formulated empirical
frameworks for estimating gas permeability across polymer
nanocomposites, considering the impact of tortuosity and
the structural characteristics of these nanocomposites. In
1967, Nielsen introduced an initial model to assess the
relative permeability of polymer-clay nanocomposites
compared to pristine polymers.>® Nielsen postulated an
orderly configuration of two-dimensional rectangular
nanoplatelets, assuming complete exfoliation and precise
alignment perpendicular to the direction of diffusion. The
depicted representation of this model is as follows:

P 1-¢
=== (6)
0 T

P represents the gas permeability across polymer

nanocomposites, P, signifies the gas permeability of the pristine
polymer matrix, and P/P stands for the polymer nanocomposites'
relative permeability (R;,). Upon substituting the expression from
eqn (5), the equation can be reformulated as follows:

TR i o)

A

This equation elucidates that the relative permeability
diminishes as the aspect ratio and volume fraction of
nanoplatelets increase. The anticipated variations in relative gas
permeability for diverse aspect ratios and volume fraction values
() are graphically depicted in Fig. 1.

In practical application, eqn (7) holds true exclusively for
¢ values up to 0.1, as higher values of ¢ often result in
nanoplatelet aggregation.’® Subsequently, Cussler et al*®
introduced a modification to Nielsen's model, postulating a
scenario where well-aligned nanoplatelets are dispersed
randomly within a polymer matrix. The formulation of
Cussler's model is presented below:

p 1

1-¢
= = 8
Ve (L) 1o tRate? “
1-9¢

P,

In this equation, # represents a geometric factor intrinsic to
the random porous medium, influenced by the geometrical

RSC Appl. Interfaces, 2024,1, 977-991 | 979
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Fig. 1 Predictions from Nielsen's model regarding the relative

permeability of polymer nanocomposites concerning the volume
fraction of platelets, considering various particle aspect ratios.

attributes of plate-like particles, including their shape, size
irregularities, and the degree of positional disorder.”® The
distinguishing feature between these two models lies in the
fact that Nielsen's model assumes an extremely low
concentration of fillers, featuring an ordered alignment of
platelets. On the other hand, Cussler's model, often called a
semi-dilute system, applies to scenarios with a higher filler
concentration, where randomly sized, strongly aligned, and
spaced flakes are prevalent, making it more suitable for
membranes.

Numerous models rely on the concept of an idealized
flake-filled membrane. This membrane encompasses flakes
possessing a width denoted as ‘2d’ and a thickness denoted
as ‘a’. These flakes are separated by a distance marked as ‘b’
and extend infinitely within the plane of the page. The gap or
separation between the flakes is represented by ‘s’.

A few more models in this context are discussed in S1.3.1
in the ESL{ Other factors viz. (i) the influence of nanoplatelet
orientation, (ii) the influence of the interfacial regions, (iii)
the influence of the state of delamination and the dispersion
characteristics of nanoplatelets within the polymer matrix
and (iv) the influence of the number of layers in
nanoplatelets and the phenomenon of their aggregation that
affect the gas barrier properties are discussed in sections
$1.3.2, S1.3.3, S1.3.4 and S1.3.5, respectively, in the ESL}

3. Experimental
3.1. Materials

For this study, we obtained a commercial aliphatic polyether-
based TPU known as Texin SUN-3006, which is an extrusion-
grade material with a hardness rating of 90 Shore A, a
specific gravity of 1.08 g c¢m™, and molecular weight
characteristics of approximately Mn = 79000, Mw = 211 000,
and an MFI (melt flow index) of 5.1 g per 10 min at 200 °C
with a load of 2.16 kg. This TPU was sourced from Covestro,

980 | RSC Appl. Interfaces, 2024, 1, 977-991
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India. In our laboratory, we synthesized a hybrid 3D
carbonaceous nanofiller by immobilizing multi-walled carbon
nanotubes (MWCNT-COOH) onto edge-functionalized few
layer graphene (FLG-OH).**' The schematic representation
of this hybrid 3D carbonaceous nanofiller is illustrated in
Fig. 2.

3.2. The process of preparing nanocomposites and their
subsequent film formation

The hybrid 3D carbonaceous nanofiller was introduced into
the TPU matrix through two distinct processing methods: (i)
Twin screw extrusion (TSE) and (ii) supramolecular self-
assembly route (SSAR), followed by TSE. The concentration of
the nanofillers was varied as 0.25, 0.5, 1.0, 2.0 and 5.0 wt%
(0.15, 0.3, 0.6, 1.2, and 3.0 vol%). To prepare films of neat
TPU and TPU nanocomposites, we employed a hot pressing
technique. Neat TPU pellets and granules or chips of PU
nanocomposites were used for this purpose. The process took
place in a compression molding machine (Carver Inc.). The
TPU pellets were carefully positioned between two finely
finished Teflon-coated fabric layers, and this assembly was
placed inside a film mold made from the same fabric
material. Subsequently, the assembly was hot-pressed under
a pressure of 1.36 MPa for a specific duration and then
allowed to cool, resulting in films with a consistent thickness
of approximately 150 pm. The composition details of
compression molded films of hybrid 3D nanofiller reinforced
polyurethane nanocomposites prepared through SSAR
followed by TSE and direct TSE are given in Table 2.

3.3. Characterization and testing

The analysis and characterization of the materials were
conducted using various techniques as follows: ATR-FTIR
spectra were recorded using a high-resolution ATR-FTIR
instrument from Perkin Elmer (Spectrum 100 series). The
spectra were collected in the range of 4000-600 cm™' with a
resolution of 4 cm™', and an average of 8 scans was taken for
each sample. A zinc selenide (ZnSe) crystal was used as the
ATR element. Morphological studies were performed using a
SUPRA 40 VP Gemini scanning electron microscope from
Carl Zeiss. The accelerating voltage used was 10 kV. Prior to

Fig. 2 Schematic of the hybrid 3D carbonaceous nanofiller.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Composition details of polyurethane nanocomposite films

TPU/3D by SSAR-TSE TPU/3D by direct TSE

Conc. of
filler (wt%)

Conc. of

Sample code filler (wt%) Sample code

TPU 0
TPU/3D/SSAR-TSE/0.25 0.25
TPU/3D/SSAR-TSE/0.5 0.5
TPU/3D/SSAR-TSE/1.0 1.0
TPU/3D/SSAR-TSE/2.0 2.0
TPU/3D/SSAR-TSE/5.0 5.0

TPU 0
TPU/3D/TSE/0.25 0.25
TPU/3D/TSE/0.5 0.5
TPU/3D/TSE/1.0 1.0
TPU/3D/TSE/2.0 2.0
TPU/3D/TSE/5.0 5.0

imaging, the samples were coated with a thin layer of
vacuum-deposited gold. Wide angle X-ray diffraction
(WAXD) patterns of both neat PU and the cellular
structure of PU nanocomposites were recorded using a
Bruker AXS diffractometer from Germany (D8 Advance).
The X-rays were generated in a sealed tube, with a
wavelength of 0.154 nm (Cu K-alpha). TEM samples were
prepared through wultra cryomicrotomy using a Leica
Ultracut UCT. Sharpened glass knives with a cutting edge
of 45° were used to obtain cryosections with a thickness
of approximately 50-60 nm at a temperature of -80 °C.
These cryosections were collected on copper grids (mesh
size 300) and examined using a TEM (JEM-2010, JEOL,
Japan) operated at an accelerating voltage of 200 kV. The
hybrid 3D nanofiller, pure polyurethane (PU), and PU
nanocomposite films were examined using a confocal laser
dispersion Raman microscope from Renishaw in the
United Kingdom. The Raman spectra were acquired across
a wavelength range spanning 400 to 3200 cm ', with a
785 nm laser serving as the excitation source. During the
dynamic  mechanical analysis (DMA) experiment,
temperature scans were conducted using a TA Instruments
model Q800 in tension mode. The experiment employed
an oscillatory frequency of 1 Hz and a heating rate of 5
°C per minute. The samples used for testing had
dimensions of 30 x 10 x 2 mm?’ The helium gas
permeability of the films was assessed using a N500 gas
permeation analyzer from GBPI Packaging Instruments Co.
Ltd., following the ASTM D-1434-82 standard. The tests
were conducted at an average temperature of 25 °C. The
helium gas transmission rate (GTR) was determined using
the differential pressure method. During the measurement,
the film was securely positioned in a test chamber, and a
vacuum was created on both sides of the film. Helium gas
introduced into the top chamber at a constant
pressure of 100 kPa. The increase in pressure and the
GTR were monitored and recorded using software
connected to the gas permeability testing setup.
Topographic atomic force microscopy (AFM) images were
acquired using an A100 SPM instrument manufactured by
A.P.E. Research in Italy. To prepare the samples for
imaging, solid cellular specimens were carefully sectioned
and affixed onto a freshly cleaved highly oriented pyrolytic
graphite substrate using double-sided carbon tape.

was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Results and discussion

4.1. Helium gas barrier properties

The barrier layer requires two important properties viz.
mechanical and gas barrier properties. The mechanical
properties have been studied for hierarchical (1D, 2D and
hybrid 3D) nanofillers in TPU and reported.®** It was found
that the hybrid 3D nanofiller in TPU exhibits optimum
mechanical properties. Hence, hybrid 3D nanofiller
incorporated TPU nanocomposite films have been considered
due to their gas barrier properties in this article. Fig. 3
illustrates the results of helium gas permeability in PU
nanocomposite films as a function of hybrid 3D nanofiller
concentration. Notably, as the concentration of the hybrid 3D
nanofiller increased in the PU matrix, the helium gas
permeability gradually decreased. Intriguingly, a significant
reduction of approximately 20-24% in helium gas
permeability was observed with just 0.5 wt% (0.3 vol%) of
hybrid 3D nanofiller loading. This reduction was attributed
to the highly effective dispersion of graphene platelets in the
hybrid 3D nanofiller within the polyurethane matrix at lower
loading levels. However, as the concentration of the hybrid
3D nanofiller increased further, the reduction in permeability
occurred at a slower rate. This reduction in gas permeability,
which led to the improved gas barrier properties of the PU
nanocomposite films, was primarily due to the elongation of
the tortuous path that gas molecules had to traverse through
the well-dispersed and partially exfoliated nanocomposite
morphology.”** Furthermore, the presence of graphene in
the matrix hindered the chain movement of PU due to
hydrogen bonding, as confirmed by FTIR analysis,
contributing to the enhancement of helium gas barrier
properties."®

The lowest helium gas permeability was achieved with a 2
wt% (1.2 vol%) loading of hybrid 3D nanofillers, resulting in
a remarkable 63% reduction in helium gas permeability
values. A concise summary of Table 3 presents diverse values
indicating the reduction in gas or permeant permeability for
various nanocomposite films based on TPU and graphene or
graphene oxides. Additionally, the helium gas permeability of
TPU-based nanocomposite films and coatings is included.

Relative helium gas permeability values of various PU
nanocomposite films were also compared with different
model-predicted gas permeability values. Effective mixing
and proper dispersion of nanoplatelets such as graphene or
nano-clay are known to significantly enhance the gas barrier
properties of polymers. The relative gas permeability (R,) of
polymer nanocomposites can be determined using equations
derived from the ‘tortuous path theory’.**”° Various models
are used to predict gas permeability in polymer
nanocomposites, with R, depending on factors related to the
nanofiller, such as volume fraction, aspect ratio, shape, and
orientation in the polymer matrix.”® Among these models,
the Nielsen model, Cussler-random array model, and
Bharadwaj model are three simple models that calculate the
R, value of polymer nanocomposites, considering a 2D

RSC Appl. Interfaces, 2024,1, 977-991 | 981
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Fig. 3 The relative helium gas permeability of films prepared using TPU nanocomposites. These nanocomposites were obtained either by
incorporating hybrid 3D nanofillers using a twin-screw extruder (red line) or through a supramolecular self-assembly route followed by twin-screw
extrusion (black line). SEM images of TPU nanocomposite films containing 1.0, 2.0, and 5.0 wt% of hybrid 3D nanofiller are also provided for both
processing techniques.

33,3450 a5 summarized

rectangular ribbon-type filler geometry,
in Table 4.

Fig. 4 presents a comparative plot of experimental results
and predictions from different models for relative helium gas
permeabilities at various concentrations of 2D platelet-like

nanofillers. It was observed that the actual gas permeability

did not precisely follow any specific model at higher loading
levels. However, the experimental results showed a good
correlation with the Cussler-random array model up to 2 wt%
(1.2 vol%) loading.

Interestingly, the experimental results for relative gas
permeability of PU nanocomposite films prepared using

Table 3 A brief overview of different gas/permeant permeability reduction values of various TPU/graphene or graphene oxide-based nanocomposite
films and helium gas permeability of the TPU based nanocomposite films/coatings

Filler Permeability ~ Type of
Types of PU Processing technique loading  Filler type reduction (%) gas/permeant Ref.
Polyester based TPU Solvent mixing 1.6 vol% iGO 94-99 N, 19, 44
Polyester based TPU Solvent mixing 1.6 vol% TRG 81 N, 19, 44
Polyester based TPU Melt intercalation 1.6 vol% TRG 52 N, 19, 44
Polyester polyol and MDI based TPU  In situ polymerization 1.5vol% TRG 71 N, 19, 44
Polyester polyol and MDI based TPU  In situ polymerization 1.5vol% HD-GNRs 62 N, 19, 44
Aliphatic, polyether based TPU Solution mixing 0.5 wt% 99.9 N, 21
IFR-PU Melt mixing 2 wt% rGO 90.4 0O, 45
Waterborne aliphatic PU In situ polymerization 3 wt% rGO ~76 Water vapor 46
Aliphatic polyether grade TPU Melt mixing master batch 3 wt% Func. graphene 30 He 47
Aliphatic polyether grade TPU Melt mixing 3 wt% Cloisite 30B 31 He 48
Aliphatic polyether grade TPU Melt mixing master batch 3 wt% Cloisite 30B 39 He 48
Aliphatic polyether grade TPU Coating on polyester fabric 3 wt% Cloisite 30B 58.5 He 49
3rd generation hyperbranched PU Solution mixing 8 wt% Cloisite 30B 76 He 18
Aliphatic polyether grade TPU TSE 2 wt% Hybrid 3D 44 +2.5 He Experimental
Aliphatic polyether grade TPU SSAR-TSE 2 wt% Hybrid 3D 63 + 2.5 He Experimental

Note: graphene oxide is represented as GO, thermally reduced graphene oxide as TRG, reduced graphene oxide as rGO, intumescent flame-
retardant polyurethane as IFR-PU, isocyanate treated graphene oxide as iGO, hexadecyl-functionalized low-defect graphene nanoribbons as HD-
GNRs, and hydroxyl-modified functionalized graphene as f-G-OH. TSE is twin screw extrusion and SSAR-TSE is supramolecular self-assembly
route followed by twin screw extrusion.
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Table 4 A concise overview of the models®*34>°
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Model name Nielsen model Bharadwaj model Cussler-random array
Formula
1-¢
_1-¢ T PRl
Rp‘l+g¢£ 1+ |S+|a P [1+a_¢}
2 S=1 (planar arrangement), 3
S =0 (random arrangement)&
S =-% (orthogonal
arrangement) of
nanoplatelets
Filler type Ribbon Ribbon Ribbon

Orientation of
nanoplatelets

Regular planar
arrangement

Filler geometry

W
L N

Planar or random or
orthogonal orientation

Random arrangement

E—

w
L EY

2D rectangular

2D rectangular

2D rectangular

R, relative permeability; ¢: nanoplatelets’ volume fraction; S: order or orientation parameter; L: length of nanoplatelets; W: thickness of

nanoplatelets; o = L/W: aspect ratio.

nanomaterials obtained through supramolecular self-
assembly followed by twin-screw extrusion correlated well
with the Cussler-random array model when the aspect ratio
of the FLG nanofillers (a) was 180. Conversely, for films
prepared using nanomaterials obtained solely by twin-screw
extrusion, the correlation was good with the Cussler-random
array model at an aspect ratio of 90.

This observed behavior could be attributed to the fact that
the actual dispersion state of graphene in the PU matrix may
not match the ideal dispersions assumed in different models,
and this state of dispersion may vary with nanofiller loading."
Thus, at specific concentrations (up to 2.0 wt%) of hybrid 3D
nanofiller, the nanoplatelets might be partially exfoliated and
uniformly dispersed, leading to a significant reduction in gas
permeability that aligns with the predictions of the Cussler-

—&— Experimental (SSAR & TSE)
—@— Experimental (TSE)

= Bharadwaj (S = 0, a = 90)
|_=w=—Bharadwaj (S = 0, « = 180)

—&— Cussler-Random Array (a = 90)

==& Cussler-Random Array (a = 180)
Nielsen (a = 90)

—@— Nielsen (a = 180)

0.0

Relative Helium Gas Permeability (P/P )

T T T
0.00 0.01 0.02 0.03

Volume Fraction of Nanofillers (¢)
Fig. 4 The relative helium gas permeability of polyurethane (PU)
nanocomposite films, strengthened with varying concentrations of
hybrid 3D nandfiller, is assessed and contrasted with predicted gas
permeability values from different models.

© 2024 The Author(s). Published by the Royal Society of Chemistry

random array model for nanofiller aspect ratios of 180 and
90.

However, as the hybrid 3D nanofiller concentration
increased, the actual gas permeability values deviated from
the predictions of any particular model, likely due to changes
in the dispersion state of the hybrid 3D nanofiller in the PU
matrix and slight agglomeration tendencies at higher
loadings (5 wt%), as observed in SEM images (Fig. 3).

4.2. FTIR analysis

FTIR analysis was employed to investigate the interaction
between the PU matrix and the hybrid 3D nanofiller. The
ATR-FTIR spectra of neat thermoplastic polyurethane (TPU,
navy blue color); polyurethane nanocomposite films
reinforced with 0.25 wt% (TPU/3D/TSE/0.25, black color), 0.5
wt% (TPU/3D/TSE/0.5, red color), 1.0 wt% (TPU/3D/TSE/1.0,
blue color), 2 wt% (TPU/3D/TSE/2.0, magenta color) and 5
wt% (TPU/3D/TSE/5.0, green color) hybrid 3D nanofillers by
TSE in the range 4000-600 cm™" are shown in Fig. S3 of the
ESLi In the FTIR spectra (refer to Fig. 5a) of the hybrid 3D
nanofiller, several distinctive peaks were observed, possibly
attributable to the presence of oxygen-containing groups.
These groups include: OH (a broad peak around 3320 cm™),
C=0 (at 1720, 1670 and 1388 cm '), C-O-C (at 1628 cm '),
C-OH (at 1238 em™), and C-O (at 1022 cm').*°*%® These
oxygen-containing groups have the potential to facilitate the
formation of hydrogen bonds with various functional groups
present in the host polyurethane matrix.>*

Additionally, the peaks at 2922 and 2851 c¢cm ' were
assigned to asymmetric and symmetric C-H stretching,
respectively, of methylene groups. Due to the presence of
amide and carbonyl groups in the polyurethane, internal
hydrogen bonds are formed. Notably, a faint peak at 3445
em™ and a broad peak at 3319 em™ were attributed to free
and hydrogen-bonded N-H stretching, respectively.*>**>! The
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Fig. 5 FTIR spectra of the hybrid 3D nanofiller, neat PU and PU nanocomposites in the range (a) 3600-600 cm %, (b) 3500-2600 cm*, and (c)
1825-1590 cm ™2, and (d) schematic of different hydrogen bonding in the hybrid 3D nanofiller incorporated PU nanocomposite.

intensity of these peaks (Fig. 5b) indicates that a majority of
the N-H groups in the PU were engaged in hydrogen
bonding.

Conversely, peaks at 1715 cm™" and 1690 cm™* (Fig. 5c)
were associated with the stretching of free and hydrogen-

bonded carbonyl groups (C=0).***8>°¢
The ATR-FTIR spectra of neat thermoplastic
polyurethane (TPU, navy blue color); polyurethane

nanocomposite films reinforced with 0.25 wt% (TPU/3D/
SSAR-TSE/0.25, black color), 0.5 wt% (TPU/3D/SSAR-TSE/0.5,
red color), 1.0 wt% (TPU/3D/SSAR-TSE/1.0, blue color), 2
wt% (TPU/3D/SSAR-TSE/2.0, magenta color) and 5 wt%
(TPU/3D/SSAR-TSE/5.0, green color) hybrid 3D nanofillers
through SSAR followed by TSE in the range 4000-600 cm™
are shown in Fig. S4.f In the nanocomposite TPU/3D/SSAR-
TSE/2.0, the peak at 1715 cm™' nearly disappeared,
suggesting that most of the carbonyl groups participated in
hydrogen bond formation with the hybrid 3D nanofiller. In
contrast, in TPU/3D/TSE/2.0, the peak was only partially
reduced, indicating that some carbonyl groups remained
uninvolved in hydrogen bond formation with the hybrid 3D

984 | RSC Appl. Interfaces, 2024, 1, 977-991

nanofiller. Fig. 5d shows the hydrogen bonding interactions
within polyurethane (PU) nanocomposites that incorporate
hybrid 3D nanofillers. These hydrogen bonds represent
attractive  forces  involving  hydrogen atoms and
electronegative atoms (commonly oxygen or nitrogen)
within the nanocomposite. The illustration in Fig. 5d
highlights the locations and characteristics of these
hydrogen bonds, offering insights into how they contribute
to the nanocomposite's overall structure and properties.
The strong hydrogen bonding between the functional
groups of the hybrid 3D nanofiller and urethane group of
TPU helps to exfoliate the FLGs in the nanocomposites.
The exfoliation of FLGs decides the aspect ratio of the
FLGs within the nanocomposites. The exfoliation in the
process of SSAR-TSE also increased the aspect ratio of FLGs
higher than direct TSE. This depiction will help to
understand the hydrogen bonding network within hybrid
3D nanofiller-incorporated PU nanocomposites, which plays
a crucial role in determining their performance and
behaviour resulting in the reduction in helium gas barrier
permeability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.3. SEM of cryo-fractured surfaces of PU nanocomposite
films

SEM analysis was employed to examine the morphology and
distribution of hybrid 3D nanofillers within the PU matrix.
The SEM images of polyurethane nanocomposite films
reinforced with hybrid 3D nanofillers of (a) 0.25 wt% and (b)
0.5 wt% by TSE; (c) 0.25 wt% and (d) 0.5 wt% through SSAR
followed by the TSE technique are shown in Fig. S5 In
Fig. 3, the SEM image illustrates graphene flakes. In the
process of preparing nanocomposites, the hybrid 3D
nanofillers were initially dispersed into a solvent through
ultrasonication. Subsequently, this dispersion was further
improved through SSAR and TSE methods, resulting in a
well-dispersed configuration within the PU matrix, as evident
from the cryo-fractured surface of PU nanocomposite films
(Fig. 3). Only when using higher loading (5 wt%) did we
observe slight agglomeration of nanofillers (Fig. 3). The
uniform dispersion of graphene sheets within the PU matrix
can be attributed to the strong hydrogen bonding, as
determined by FTIR analysis, and an effective mixing
achieved through the combination of SSAR and TSE
processes due to which significant reduction in helium gas
permeability was found.

4.4. TEM analysis

Fig. 6 illustrates the dispersion state of graphene sheets
within a hybrid 3D nanofiller in a PU matrix, as observed
through TEM analysis for TPU/3D/TSE/2.0 and TPU/3D/SSAR-
TSE/2.0 samples. After subjecting the stacks of graphene
platelets within the hybrid 3D nanofillers to ultrasonication,
they were successfully separated into individual platelets or
thinner stacks. In the case of TPU/3D/TSE/2.0 (Fig. 6a), these
graphene platelets exhibited dispersion, intercalation, and
partial exfoliation. However, TPU/3D/SSAR-TSE/2.0 (Fig. 6b)
displayed a more uniform dispersion and superior
exfoliation, indicating effective mixing between the graphene
within the hybrid 3D nanofiller and the PU matrix.

4.5. WAXD analysis

In Fig. 7a, the WAXD patterns of the hybrid 3D nanofiller,
pure PU, and PU nanocomposite films are presented. The

View Article Online
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broad peak in the 26 range of 15-25° is characteristic of
PU.** The intensity of this peak exhibited slight variations
in different nanocomposites. The XRD spectra of pristine
thermoplastic polyurethane (TPU, red color), and PU films
incorporating 2 wt% hybrid 3D nanofillers through TSE
(blue color), and SSAR followed by TSE (magenta color)
clearly depict a reconstruction of the TPU microstructures.
The 26 peaks at 20.0° and 22.5° can be attributed to the
amorphous halo, signifying the presence of soft domains,
short-range regularly ordered hard segments, and the
crystallization of hard segments, respectively.”’”® The
inclusion of hybrid 3D nanofillers significantly impacted
the crystalline microstructure of the hard segments. The
decrease in intensity of the shoulder at 22.5° due to the
addition of nanofillers indicated that these functional
nanofillers  effectively penetrated the microstructural
phases, leading to a reduction in the hard segments. This
widening of the amorphous halo in the 3D nanofiller-
reinforced microstructure suggests that the kinetics of
both hard and soft segments within the TPU matrix
became notably disordered due to the interpenetrating
network formed by the 3D nanofiller in the TPU matrix. A
reduction in the intensity of hard segments has been
previously reported in waterborne PU nanocomposites
incorporating  functionalized graphene sheets.”® The
presence of nanofillers, such as CNTs and graphene
flakes, or CNTs embedded within graphene flakes, is
indicated by the 26 peaks at 26.5°.

Graphene is distinguishable by the peak at 26 = 26.5°,
originating from the (002 plane) reflection.®”®' In the
nanocomposites, this peak's position remained consistent.
However, as the concentration of graphene in the PU matrix
decreased, the peak's height diminished. Additionally, certain
other peaks, such as the one at 20 = 23.8° in the X-ray
diffractogram of the 3D nanofiller, were absent in the
nanocomposites due to the notably lower percentage of
hybrid 3D nanofiller present in the PU matrix.

4.6. Atomic force microscopy (AFM)

AFM (Fig. 7b-d) revealed that the 3D
the formation of spherulites

investigations
induced

nanofillers

Fig. 6 TEM images of polyurethane nanocomposite films reinforced with 2 wt% hybrid 3D nanofillers (a) by TSE and (b) through SSAR followed by

the TSE technique.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(c)

51 nm
0nm

(a) WAXD of hybrid 3D nanofillers (black color), neat polyurethane (red color), 2 wt% hybrid 3D nanofiller incorporated PU film by TSE (blue

color) and through SSAR followed by TSE (magenta color); AFM images (b) neat polyurethane, 2 wt% hybrid 3D nanofiller incorporated PU film (c)

by TSE and (d) through SSAR followed by TSE.

throughout the PU nanocomposites. A more detailed
examination of these spherulites in the PU matrix with
various hybrid 3D nanofillers unveiled distinct differences
in their morphologies. The 2D fillers in TPU gave rise
to lamellar-type nanoscale structures, but during the
formation of nanocomposites through SSAR, both of
these nanoscale building blocks came together to form
micron-sized spherulites. Previous studies have indicated
that the flat surface of graphene fosters better
interaction with the matrix, resulting in a rigid
nanocomposite geometry. In contrast, CNTs embedded
within the polymer matrix exhibit flexibility and establish
point-type contact with the matrix due to their small
junction areas.®® The flexibility of 1D nanofillers within
TPU constrains spherulite growth. However, when CNTs
are integrated into graphene flakes, they act as bridges,
introducing additional rigidity to the TPU. This increased
rigidity catalyzes the formation of globular morphology.
It's worth noting that the spherulites in TPU, originating
from PU nanocomposite films incorporating 2 wt%
hybrid 3D nanofillers via TSE and through SSAR
followed by TSE, exhibit different topological structures.
Furthermore, the size of the spherulites was observed to
decrease in the PU nanocomposite prepared through
SSAR followed by TSE.

986 | RSC Appl. Interfaces, 2024,1, 977-991

4.7. Raman analysis

Fig. 8(a and b) present Raman spectra of both the 3D
nanofiller and the prepared nanocomposites. The Raman
spectrum of the hybrid 3D nanofiller and the
nanocomposites exhibits two distinct features: (i) a G-band at
1582 cm ', corresponding to the E,, symmetry phonon mode
of sp® hybridized carbon atoms and (ii) a D-band at 1346
em™, indicating the presence of defects in the hybrid 3D
nanofiller due to functionalized carbon nanotubes (CNTs)
and graphene.”® These defects arise from specific structural
alterations, primarily involving a shift from sp® to sp®
hybridization in graphene carbon atoms, which occur during
the functionalization process.®!

The intensity ratio (I4/I;) between these two bands in the
hybrid 3D nanofiller was measured at approximately 1.06.
Importantly, these I4/I, ratios remained relatively consistent
across various nanocomposites that contained varying
proportions of hybrid 3D nanofillers mixed into the TPU
matrix. In the Raman spectra of PU, characteristic signals
associated with distinct molecular vibrations were observed,
including bending of C-O-C at 811 cm™", stretching of C-O-
C at 1035 cm™", bending of CH, at 1444 cm 'and stretching
of CH, at 2854 and 2922 cm "% These signals were clearly
visible in the Raman spectra of the neat PU (TPU). However,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Raman spectra of neat thermoplastic polyurethane (TPU, blue color); 2 wt% hybrid 3D nanofiller incorporated TPU by TSE (TPU/3D/TSE/
2.0, red color) and through SSAR followed by TSE (TPU/3D/SSAR-TSE/2.0, dark yellow color); and hybrid 3D nanofiller (3D filler, black color) in the
range 400-2200 cm™ (a), and 2400-3200 cm™ (b). DMA curves for the storage modulus (c) and tand (d) of neat thermoplastic polyurethane (TPU,
blue color); 2 wt% hybrid 3D nanofiller incorporated TPU by TSE (TPU/3D/TSE/2.0, red color) and through SSAR followed by TSE (TPU/3D/SSAR-

TSE/2.0, dark yellow color).

it was noted that the intensity of the signals corresponding
to the stretching of CH, at 2854 and 2922 cm™ (ref. 63)
decreased as the concentration of the hybrid 3D nanofiller
increased in the PU matrix. This reduction in signal
intensity is attributed to the constrained mobility of the
polymer chains in thermoplastic polyurethane (TPU) caused
by the increased presence of the hybrid 3D nanofiller in
the PU matrix. The higher intensity indicates no or less
interaction with the urethane groups of TPU chains and
functional groups of 3D fillers. The reduced intensity
indicates the concentration of FLGs in the TPU
nanocomposites.”” The constrained mobility of the polymer
chains was aroused due to the interactions between
functional groups of hybrid 3D fillers and urethane group
of TPU indicating the exfoliation of FLGs. The higher
exfoliation of FLGs in TPU/3D/SSAR-TSE/2.0 showed highly
reduced permeability of the He gas compared to the TPU/
3D/TSE/2.0 nanocomposite film.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4.8. DMA analysis

Fig. 8(c and d) provide insights into the storage modulus and
glass transition temperature (7,) behavior of different
samples, including neat polyurethane (TPU), polyurethane
nanocomposites with 2  wt% hybrid 3D nanofiller
incorporated by TSE (TPU/3D/TSE/2.0), and hybrid 3D
nanofillers prepared through SSAR followed by TSE (TPU/3D/
SSAR-TSE/2.0). In the sub-zero temperature range, the storage
modulus showed relatively consistent behavior for both neat
PU and PU nanocomposites. A distinct feature was observed
in the tané curve, specifically a peak at around —40 °C for all
samples. This peak indicates the T, of the soft segments of
PU, and its presence was consistent across all samples. The
significant variation in T, was noted in the hard segment
regions of PU, as evident from tand peaks at different
temperatures - neat PU exhibited a T, peak at 38 °C, TPU
nanocomposites TPU/3D/TSE/2.0 and TPU/3D/SSAR-TSE/2.0

RSC Appl. Interfaces, 2024,1, 977-991 | 987
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showed T, peaks at 42 °C and 43 °C, respectively. This
indicates that the incorporation of hybrid 3D nanofillers
primarily influenced the T, of the hard segment regions of
PU. This effect is likely attributed to hydrogen bonding
interactions between the hydroxyl groups of the nanofillers
and the wurethane linkages of PU's hard segments.
Additionally, the tanod values slightly decreased for all
nanocomposites, suggesting increased elasticity or reduced
viscous flow compared to neat PU. This improvement is likely
a result of effective nanofiller dispersion within the PU
matrix, leading to enhanced interactions between the
components.®” In the case of CS4, a modest increase
(approximately 5 °C) in the T, value of hard segments and a
reduction in the tan¢ value were observed. These findings
suggest reduced polymer chain mobility in the
nanocomposites compared to neat PU,***® which could be
advantageous for improving the material's gas barrier
properties.

5. Conclusions

In this research, a combination of SSAR followed by TSE and
direct TSE processes was employed to create polyurethane
(PU) nanocomposite films reinforced with hybrid 3D
nanofillers. The strong hydrogen bonding interactions
between PU and the hybrid 3D nanofillers played a pivotal
role in achieving a high degree of nanofiller dispersion
within the PU matrix, consequently enhancing the gas barrier
properties of the PU nanocomposite films. As the
concentration of few-layer graphene within the hybrid 3D
nanofiller increased, there was a gradual reduction in helium
gas permeability values for the PU nanocomposite films.
However, the experimental results did not conform to any
specific predictive gas permeability model, primarily due to
differences in assumptions and the actual state of hybrid 3D
nanofiller dispersion within the PU matrix at higher loadings
(5 wt%). The 2 wt% hybrid 3D nanofiller-reinforced
polyurethane nanocomposite (TPU/3D/SSAR-TSE/2.0) film
exhibited excellent gas barrier performance, reducing helium
gas permeability by a substantial 63%. At specific
concentrations, particularly up to 2.0 wt% of hybrid 3D
nanofillers, the nanoplatelets exhibited partial exfoliation
and uniform dispersion, leading to a significant reduction in
gas permeability that aligned with the predictions of the
Cussler-random array model for nanofillers with aspect ratios
of 180 and 90. Nevertheless, as the concentration of hybrid
3D nanofillers increased further, the actual gas permeability
values deviated from the predictions of any particular model.
This discrepancy could be attributed to changes in the
dispersion state of hybrid 3D nanofillers within the PU
matrix and the tendency for slight agglomeration at higher
loadings (5 wt%). The evaluation made through ATR-FTIR,
SEM, TEM, XRD, Raman analysis, DMA analysis and AFM
techniques collectively confirmed the improved gas barrier
properties attributed to the presence of hydrogen bonding
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and enhanced interaction between the hybrid 3D nanofiller
and the PU matrix.
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