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Abstract

The assembly of graphene oxide (GO) nanosheets into bioinspired nacre-like nanocomposites is
a potential strategy for the development of robust alternative packaging materials. At sufficiently high
concentrations, the self-assembly of ultralarge GO into liquid crystals (LC) in colloidal suspensions
with alginate biopolymer is observed. Studying freeze-dried partially-cast nanocomposites reveals the
gradual reorientation and merging of these LC domains during evaporation. Evaporation of LC
alginate-GO suspensions yields nanocomposite films with highly ordered layered microstructures, and
displaying excellent mechanical properties, thermal stability, and moisture barrier performance.
Spectroscopic studies and comparison with theoretical models establish the role of hydrogen bonding
interactions between the components, and confirm the parallel alignment of ultralarge GO above 2
wt%, corresponding to the formation of LC domains in aqueous suspension. The insights afforded by
this study can help guide the commercial development of strong, environmentally friendly

biopolymer-GO nanocomposites.



Introduction

Graphene, a two-dimensional arrangement of carbon atoms in a hexagonal lattice, exhibits many
remarkable properties; among them, it is one of the strongest materials yet discovered. Though pristine
graphene is costly and difficult to produce, graphene oxide (GO) is readily produced via chemical
exfoliation of natural graphite. It is possible to restore graphene’s electrical conductivity to GO by a
subsequent reduction step, forming reduced GO (rGO)."* The abundance of hydrophilic functional
groups in GO, including hydroxyls and epoxides on the basal plane and carboxyls on the edge, improve

its dispersibility in aqueous suspension.'”

GO colloidal suspensions at sufficiently high concentration can form ordered liquid crystals
(LC),"*> driven by a net increase in entropy as the reduction in the rotational freedom of adjacent
nanosheets is exchanged for increased translational freedom in the aligned phase (Figure S1).%° Since
this increase in entropy arises from an excluded-volume effect, the critical concentration for such self-
assembly strongly depends on the geometry of the GO. As the lateral size of the nanosheets increases,
their movement is further constrained; therefore, the phase transition is observed at much lower

7 For example, Kim et al. found aqueous

concentrations for nanosheets with high aspect ratios.”
suspensions of GO to form nematic LCs above 0.75 wt% for GO with aspect ratio ~700, and above
0.53 wt% for GO with aspect ratio ~1600,> while Aboutalebi et al. observed an isotropic to nematic
phase transition as low as 0.1 wt% for GO with aspect ratio over 30 000." In fact, with GO of such

high aspect ratios, the entropic increase is such that ordering can be achieved even in non-aqueous

dispersion.'”



Liquid crystalline GO can be used to fabricate self-aligned GO composite films as the formation
1,3,4,8,11

of ordered LCs translates into a highly-ordered layered structure upon evaporation or filtration.

This phenomenon has been exploited to produce nanocomposites of GO or rGO and water-based

8,12 13,14

polymers?, including epoxies;’ polyurethane;*!* chitosan;'*'* polydopamine;'>~'7 and alginate.'®* The
resulting nanocomposites have a structure that resemble that of nacre, a natural composite comprising
calcium carbonate platelets in a biopolymer matrix. This brick-and-mortar structure exhibits
extraordinary strength and toughness, arising from the deflection of cracks in the matrix around the
platelets, the interface between the two phases, and the ability of the polymer matrix to relieve local
stress concentrations around the strong but brittle calcium carbonate.’*?** Lightweight synthetic
nacre-like composites also demonstrate significant robustness and multifunctional properties,'*!”182

even at relatively low GO content, making them attractive commercial alternatives for high density

strong materials such as aluminum and steel.

Furthermore, nacre-inspired layered composites form effective barriers against moisture and gases,
as the unique brick-and-mortar nanostructure presents a tortuous path through the polymer, hindering
vapour diffusion by blocking a direct path of diffusion through the thickness of the film (Figure
§1).1219-2630 This property of nacre-inspired biocomposites makes them attractive for food packaging
and storage, as a more effective and environmentally friendly alternative to currently used multilayer
polymer films, which are difficult to recycle.’’ Such nanocomposites could also prolong the shelf life
of packaged food, thereby mitigating economic losses and ecological impacts associated with food

waste.



Alginate is a natural, water-soluble, and biodegradable polymer extracted from seaweed,
comprising sequences of a-L-guluronic acid and B-D-mannuronic acid repeating units. Its ease of
manufacture and handling, the ample presence of suitable hydrogen bonding sites, and the possibility
to cross-link it with multivalent metal ions that can further enhance mechanical performance and
barrier properties, render it an attractive polymeric matrix for designing biomimetic GO-reinforced
composites. Existing studies of alginate-GO composites focus on compositions with greater than 2 wt%
GO, where dramatic mechanical improvements have been achieved.'®® For example, Ionita et al.
achieved a 392% improvement in Young’s modulus and a 59% improvement in ultimate stress by
loading alginate with 6 wt% GO. However, the mechanical enhancement of composites with GO

content lower than 2—-3 wt% is much more modest.!®?!

We hypothesise that adding alginate to aqueous GO suspensions may increase the critical
concentration for transition to a nematic LC phase due to the increased viscosity of the suspension,
hydrogen bonding interaction with the GO, and intercalation into the galleries between GO sheets.
This would be consistent with observations of GO suspensions with other polymers: Yousefi et al.
observed LC formation in waterborne epoxy-GO mixtures containing between 0.5 and 2 wt% of
ultralarge GO (aspect ratio ~10 000), with a layered structure clearly visible in cast epoxy-rGO
composites at 2 wt%.’ They observed a similar threshold of self-alignment in polyurethane-rGO
composite films containing 2 wt% ultralarge rGO nanosheets®, with further alignment at 5 wt%
rGO." Jalili et al. exploited the high aspect ratio of ultralarge GO to form LCs in a variety of organic
solvents. This enabled the creation of hybrid structures of ultralarge GO and single-walled carbon

nanotubes, which are not dispersible in water.'” Although the composition, assembly environment,



and intended function of the composites produced in their work differ greatly from the present study,
a similar strategy of investigation from the perspective of understanding the entire self-assembly
process of ultralarge GO in the presence of an aqueous polymer matrix is needed to advance this field.
Observing not only the composite properties, but the effect of the aqueous-phase behaviour as a
determinant of these properties will provide useful insight into the rational design and optimization

of biopolymer-GO composite materials in the future.

In this paper, we investigate the processing and properties of alginate-ultralarge GO
nanocomposites, over a broad range of GO weight contents. After a rapid, one-step evaporation casting
process, the LC alginate-GO suspensions self-assemble into layered structures with excellent
mechanical and barrier properties. Using a novel method to directly observe the self-assembly of GO
through the entire assembly process, we demonstrate that GO content is a key parameter in
determining the nanostructure of the composites and therefore their useful properties. Whereas
suspensions with low GO content exhibit no LC order and their evaporation-cast films show a mixture
of aligned and randomly oriented nanosheets, at high GO content, aqueous LCs form and the
evaporation of these suspensions yields densely-layered composite films. The self-assembly of GO
nanosheets above a threshold nanosheet content is also reflected in the mechanical properties of the
composites, where layered films exhibit significantly larger elastic modulus than their counterparts
with less-oriented GO. Finally, we investigate the effect of self-alignment on the barrier properties of

the composite films.



Materials and Methods

Preparation of ultralarge graphene oxide
The processing method for GO nanosheets based on Hummers’ method® is described

9,33,34

elsewhere. Briefly, 0.5 g expanded graphite prepared from graphite flakes (Asbury Carbons) was
added to a round-bottom flask in a water bath maintained at 45°C. 100 mL concentrated sulfuric acid
and 5.0 g potassium permanganate (both Sigma Aldrich) were then added to the reaction vessel, and
the mixture was stirred for 24 h under a cold water reflux. 125 mL of 1:5 hydrogen peroxide (Sigma
Aldrich) to deionised (DI) water solution was slowly added to the mixture and stirred for 30 min.
Finally, the mixture was washed through successive centrifugation with 1 M hydrochloric acid
followed by DI water until the pH was near neutral. After centrifugation, the aqueous suspensions of

GO were diluted to a concentration of 3 mg/mL. A representative SEM micrograph (Figure S2) of

the GO is provided in the Supporting Information.

Preparation of composite films
A 20 mg/mL alginate solution was prepared by dissolving sodium alginate powder (Sigma Aldrich,
A7003) in DI water, and heating to 80°C under constant stirring until the sodium alginate powder

was fully dissolved.
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Figure 1 — Schematic representation of the alginate-GO film processing. Using this method, relatively large and
flexible films can be prepared.

To produce nanocomposite films with different GO contents, different amounts of the 3 mg/mL
GO suspension were mixed with sodium alginate solution under constant stirring. The mixtures were
then placed in a vacuum desiccator for 15 min to remove dissolved air, under constant stirring. Finally,
the mixtures were evaporation cast in glass petri dishes of 100 mm diameter at 50°C and 10% relative
humidity until completely dry. Approximately 24 h of drying was required per 25 mL of liquid volume.
The resulting alginate-GO composite films (Figure 1) were removed by scoring with a razor blade and
heating to 60°C, and stored in closed petri dishes, within the same sealed container and at ambient
temperature, until they could be characterised. The compositions of the prepared GO-alginate

composites are summarised in Table S1.



GO control films could not be formed using the evaporation casting method, so they were
assembled by vacuum filtration. To produce films of ultralarge GO, 3 mg/mL GO suspension was
filtered through a 0.45 um cellulose acetate membrane (GVS Life Sciences) over a vacuum funnel.
The filtered film was then dried in a 50°C oven for 24 h before being separated from the cellulose

acetate membrane.

Preparation of aerogels

Multiple composite suspensions with 6 wt% GO were dispensed into 35 mm glass-bottom petri
dishes and cast under the same conditions as the films. These samples were removed at fixed intervals,
and stored in a -80°C freezer before being freeze-dried. The freeze-dried acrogels were cut using a razor
blade. These samples were observed with a scanning electron microscope (SEM, Hitachi SU3500) to
study microstructural evolution over the course of evaporation, as LC GO suspensions self-assembled

into layered nanocomposites.

Characterization

The mechanical properties of the films were studied using dynamic mechanical analysis (DMA,
TA Instruments Q800), in film tension mode under ambient conditions. A preload of 0.01 N was
applied to 3x15 mm rectangular samples, before they were stretched at a constant strain rate of 10
pm/min until failure. The thickness of each sample was measured using a micrometer, and the strength

and modulus calculated using TA Universal Analysis software.

Thermal analysis was performed using simultaneous thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC) (Mettler Toledo TGA/DSCI). The films were cut or



crumbled into small pieces (-5 mg total sample weight) and heated from 30 to 700°C in an alumina
pan at a ramp rate of 10°C/min, in an inert nitrogen atmosphere. Derivative TGA (DTG) curves were

subsequently generated using Mettler Toledo STARe software.

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR, Perkin Elmer Spectrum
Two) spectra were collected from 400-4000 cm™. Raman spectra were collected from 300-3700 cm®
! at a resolution of 0.5 cm™, using a confocal Raman microscope (Bruker Senterra II) using a 532 nm
laser source at 2 mW power. Polarised optical micrographs (POM, Nikon SMZ1500 with polariser
attachment) were taken by dispensing drops of liquid alginate-GO suspensions onto a glass cover slip.
The cross section of films broken under DMA were studied using SEM. Prior to SEM imaging, the

films and aerogels were coated with a 9 nm layer of gold to avoid charge build-up.

Moisture permeability data were collected using a custom apparatus: small squares of selected
films (0.5, 2, 4, 6, 10, and 15 wt%, in triplicate) were affixed with cyanoacrylate glue to a paper gasket
with a hole punched out using an ISO 838-standard hole punch (measured diameter 6 mm). This
assembly was necessary to avoid film warping that was encountered when films were glued directly to
the narrow rims of the centrifuge tubes. Each of these assemblies were then glued across the top of 15
mL centrifuge tubes (Sarstedt) containing 12 mL DI water, and placed in an oven with temperature
and humidity controlled at 37°C and 40% RH, respectively. The mass of each centrifuge tube was
measured periodically, and the temporal loss of mass via the evaporation of the water within was

recorded.



Results and Discussion

LC formation in alginate-GO aqueous suspensions
Considering the influence of aspect ratio on the formation of GO LCs and the properties of the

3538 we studied the self-assembly behaviour of ultralarge GO with alginate,

resulting nanocomposites,
observing their LC formation in aqueous suspension and the alignment of the nanosheets into layered
structures upon evaporation of the LC suspensions. We also evaluated the mechanical properties and
moisture retention of the cast composites. A variety of thermal analysis, spectrometric, and imaging
techniques were then used to elucidate the factors influencing the alignment of ultralarge GO in

alginate, the understanding of which will help guide the rational design of nacre-like composites for

commercial applications.

The rapid, one-step evaporation casting process illustrated in Figure 1 yielded homogeneous
composite films that appeared smooth and flexible. In preliminary experiments, we observed that
casting smaller volumes of highly-concentrated alginate-GO suspensions resulted in more
homogeneous films than casting larger volumes of relatively dilute solutions with the same total
polymer and GO content. Similarly, using lower-viscosity sodium alginate (Sigma Aldrich, A1112)
also yielded inhomogeneous films, having a mottled ‘tortoiseshell’ appearance. The difference in
quality was particularly pronounced at lower GO content (below 2 wt%; below 4 wt% using low-
viscosity alginate), as the GO tended to separate and agglomerate over the extended casting times
necessary for more dilute suspensions. Kim et al. observed similar phase separation in low-

concentration aqueous GO suspensions below 0.6 wt%, and reported the formation of a dense nematic



phase below an isotropic phase.’ In contrast, our viscous concentrated alginate-GO suspensions were

metastable, remaining uniform over several days, well in excess of the casting time.

Figure 2 — Polarised optical micrographs of alginate-GO suspensions. As GO content increases, birefringent
liquid crystalline domains (light coloured) form. (a) 2 wt% GO, (b) 3 wt% GO, (c) 6 wt% GO, (d) 10 wt% GO, (e)
3 mg/mL GO, (f) higher magnification image of GO.

To illustrate the self-assembly behaviour of ultralarge GO art different concentrations within
alginate, polarised optical micrographs were taken (Figure 2) of selected alginate-GO liquid

suspensions (2, 3, 6, 10 wt% in suspension, and 3 mg/mL GO). Under crossed polarisers, the



isotropic-nematic phase transition manifests as birefringent regions at 3 wt%, which expand through
the entire sample when the GO content is increased to 6%. This concentration is notably higher than
that observed for GO LC formation in water', and for ultralarge GO-epoxy dispersions.” The
formation and expansion of these birefringent regions confirm the self-assembly of GO sheets into a

lyotropic nematic phase.

Structural characterization

To examine the effect of LC formation on the microstructure of the cast films, SEM images were
taken of the fracture cross-sections of alginate-GO nanocomposites (Figure 3). The micrographs
demonstrate that upon evaporation, the ultralarge GO sheets indeed form layered structures within
the alginate matrix. At very low GO content (0.5 and 1 wt%), domains of less-aligned (Figure S3b)
and highly-aligned (Figure 3b) GO are interspersed throughout the polymer matrix. As the GO
content increases to 2%, the highly-aligned layered structure is present throughout the entire sample,
and the layers become markedly more tightly-packed and well-ordered as the GO content further
increases (Figure 3c—e). At 6%, a very dense and uniform layered structure is observed through the
entire cross section, which is clearly visible in the low-magnification SEM (Figure 3a). The
concentration range over which this uniform aligned structure of densely-packed nanosheets appears

corresponds to that at which LC domains emerged in the alginate-GO liquid suspensions (Figure 2).



Figure 3 — Low- (a) and high- (b-e) magnification SEM images of fracture cross-sections. With increasing GO
content, a gradual densification and alignment of GO sheets into a well-ordered layered structure is observed.



To better understand the transformation of alginate-GO LC domains in the aqueous suspension
into layered nacre-like nanocomposite films, the microstructures of the mixtures were studied at
various intervals over the course of the evaporative casting process. Observing the acrogels produced
by freeze-drying partially-cast alginate-GO suspensions provides further insight into the behaviour of
the GO sheets through the casting process. Because of the random 3D orientation of LC domains in
suspension, both the top surface and the cross sections of the samples were studied by SEM (Figure
4). Since the preparation of the cross-sectional samples by cutting with a razor blade may have
deformed the microstructure, the top-down images provide a clearer indication of the LC structure of

the samples taken at the early stages of film formation (0.5-3 h).

Figure 4a provides a low-magnification top-down view of the acrogels. The formation of polymer-
coated GO sheets into many differently-oriented LC domains is strikingly evident in the 1 h and 3 h
samples, similar to those observed in the low-GO cast films. The high-magnification top-down images
in Figure 4b show that as evaporation proceeds, the spacing between the layers in these domains
decreases, and the wisps of alginate (marked with arrows) bridging the sheets become thicker and

denser.

At longer time scales, the LC domains reorient from a random 3D orientation into uniform layers,
and a skin forms on the surface of the samples (Figure 4a, 15 h), making top-down observation difficult.
In cross section (Figure 4c), a similar trend is observed: from 0.5-3 h, the density of the polymer-
coated GO greatly increases; by 15 h, a continuous alginate matrix has formed, with the aligned GO
sheets (Figure 4c, 15 h) visible when they protrude. From these images, the process by which the films’

layered structure develops becomes clear. At sufficient concentration, LC domains form in the



alginate-GO system. As the evaporating water reduces the spacing between layers within these ordered
regions, the discrete domains themselves grow and merge. As a large, ordered structure emerges
throughout the material, the layers finally become oriented in the same plane, normal to the direction
of evaporation, resulting in the uniform self-assembled microstructure observed in the films. High-
magnification top-down observations of cracks in a sample cast for 15 h (Figure 4d) and of a fully-
formed film (Figure 4e) illustrate the merging of alginate and GO sheets at 15 h, filling pores vacated

through evaporation, to form a uniform, solid and non-porous film at 25 h.



Figure 4 — Top down ") and cross-sectional 1 SEM images of freeze-dried alginate-GO aerogels. Low- (a) and
high- magnification (b,c) views show the merging of LC domains, and the densification of layers within those
domains, as evaporation proceeds. Detail (d,e) views show that at long time scales, layers are oriented in the

same plane, normal to the direction of evaporation.



Mechanical properties

Self-alignment of a strong anisotropic nanomaterial such as GO can result in superior mechanical
properties along the direction of alignment in the resulting alginate-GO nanocomposites. Indeed, the
concentration range over which LC formation was observed in suspension, and over which self-aligned
layered structures were observed in the cast films, is consistent with a previous study on mechanical
enhancements in evaporation-cast alginate-GO composites.'® Ionita et al. did not examine composites
with greater than 6 wt% GO, and liquid crystallinity was not mentioned as a possible mechanism of
self-assembly. On the other hand, Chen et al. explored vacuum-filtered, rather than evaporation-cast,
alginate-GO films from 13.5 to 77.4 vol% GO (corresponding to ~25-85 wt% GO) where they
observed increases in ultimate stress and elastic modulus up to 20-25 vol% (-35-40 wt%), which is
a substantially higher GO content than the phase transition concentration threshold observed in our
work (Figures 2 and 3). The difference in assembly method could in part explain the discrepancy: the
self-assembly in the former study' is driven by evaporation and gravity, whereas the addition of
vacuum pressure in the latter study® may have disrupted the self-assembly process of LC phases.
Moreover, the authors'®? do not report the dimensions of GO nanosheets; as the formation of discotic
nematic LCs depends strongly on the geometrical anisotropy of the constituent platelets’*?, this factor

will also significantly impact the self-assembly into mechanically-strong layered nanostructures.

Al
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Figure 5 — Mechanical properties of alginate-GO nanocomposite films. Evolution of elastic modulus (a) and
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Tensile tests of our alginate-GO nanocomposite films demonstrate that the elastic modulus
(Figure 5a) in the low GO content films (up to 2 wt% GO) does not significantly increase in
comparison with that of the neat polymer (3.79 GPa, Table S1). However, from 3 wt% GO upwards,
much greater reinforcement is demonstrated as the GO sheets self-assemble into a uniform layered
structure as observed by SEM. The onset of stiffening again corresponds to the concentrations where
the nematic phase emerged in suspensions of ultralarge GO with alginate. As the GO content reaches
15 wt%, an elastic modulus of 12.59 + 0.19 GPa is achieved, representing a 230% improvement over
the neat alginate. Above this GO concentration, the films become brittle, failing at very low strain
levels, and the elastic modulus of the 25 wt% film is significantly decreased. Working with vacuum-
assembled alginate-GO composites, Chen et al. reported a similar trend of improved elastic modulus
with increased GO content, with a maximum of 6.5 GPa at 25.5 vol% (~-40 wt%) before the
mechanical properties decreased again at very high GO content.?® Casting alginate-GO films with an
additional thermal post-treatment, Ionita et al. also achieved similar enhancements in mechanical

properties, measuring a maximum respective ultimate strength and elastic modulus of 4.18 GPa and

113 MPa (from 0.85 GPa and 71 MPa) at 6 wt% GO, which was the highest GO content evaluated.'®

The maximum measured elastic modulus in this study is among the highest reported for
biopolymer-GO composites at any GO content (Figure 5d), with only one report of a higher modulus
in a vacuum-assembled chitosan composite with a much higher GO content of 90 wt%.'* Compared
to existing alginate-GO composites, the stiffness of our nanocomposites exceeds those previously
achieved in either vacuum-assembled or evaporation-cast films, while maintaining a relatively low GO

content, as a result of the ultralarge size of our GO nanosheets.
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The Halpin-Tsai micromechanical model predicts the elastic modulus of fibre-reinforced
composites.’>* As demonstrated by van Es, the Halpin-Tsai model can be modified to predict the
stiffness of platelet-reinforced composites®?; the use of this corrected model to study GO-reinforced
composites is well-established.'>***® As the model can predict the stiffness of an ideal nanocomposite
with either a randomly dispersed or an aligned anisotropic nanofiller, it is also useful to quantify the
degree of alignment of ultralarge GO in the as-cast composite films by comparing the measured and

predicted moduli.

The Halpin-Tsai model yields the modulus E¢ of a composite with randomly-oriented filler and

the modulus Er of a composite with perfectly aligned filler, respectively, as:

Ec 3 1+&nVe 5 1420,
Be 3 1H&mVe 5 1+20:Ve (1)

Ey 1—n,Vp
(Er/Ey) —1
A Ak A 3
M= B /Ew) + ¢ ~

T = (Er/Ex) + 2

where Er and Ej are the respective Young’s moduli of the filler and matrix; V7 is the volume fraction

of GO in the composite; and € is a shape factor related to the aspect ratio of the filler.

The respective densities of alginate and GO are 1.38 (experimentally determined by casting
alginate solution and measuring the weight and volume of the solid mass) and 2.20 g/cm’.*® The
elastic modulus of alginate was measured to be 3.79 GPa, and the stiffness of GO is reported to be

145.3 N/m.” Finally, van Es’s corrected shape factor £ = 2a/3 — where «a is the aspect ratio of our
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ultralarge GO (10 000) — was used to calculate the predicted elastic moduli of aligned and randomly

dispersed alginate-GO nanocomposites in this work (Figure 5¢).

These calculated moduli show strikingly good agreement when compared against the
experimentally observed values. The gradual alignment of the ultralarge GO into a well-aligned
structure is observed from 2 to 3 wt% GO, as the observed moduli transition between the predictions
for randomly-oriented and unidirectional fillers, corroborating both the SEM microstructural
observations and the observation of LC formation under POM. Above 6 wt% GO, the observed elastic
modulus increases at a lower rate, falling below that predicted by the model for a biphasic aligned
structure; this deviation from the predicted modulus coincides with a measured decrease in toughness
observed between 6 and 10 wt% (Table S1). The Halpin-Tsai model assumes an ideal two-phase
composite, with each filler particle perfectly enveloped by the matrix® leading to perfect bonding
between the two phases. Where the filler-matrix interface has significantly different properties than
cither phase, this assumption fails, with the interface effectively acting as a weakened third phase. This
could occur in the case of weak interfacial bonding that cannot transfer tensile loads that the nanofiller
itself would otherwise support. The presence of defects in the microstructure, such as the inclusion of

moisture or air, would also cause deviation from the ideal two-phase structure.
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SU3500 6.50kV x800 SE

Figure 6 — Low-magnification SEM of fracture (15 wt% GO) taken at oblique angle. Multiple exposures stacked
to provide deep depth of field (see Supporting Information).

The observed improvements in elastic modulus are achieved with minimal decrease in the tensile
strength of the nanocomposites. The ultimate tensile strength (at fracture) of the nanocomposites does
not change significantly below 15 wt% GO, with modest improvements achieved up to 6% (Figure
5b). However, at very high GO content, the films become brittle and eventually the tensile strength
decreases to less than that of the neat polymer. In general, we observed that the toughness of the
composites decreases with increasing GO content, with the 0.5% film being the only exception (Table
S1). As synergistic mechanical enhancement can only be effective when there is an efficient stress
transfer between the GO and alginate, the strength of the interfacial bonding is crucial in determining
the performance of the nanocomposite. Structural defects created during the evaporation process, such
as GO aggregation or entrapment of water in the highly aligned structure, could thus have contributed

to the weakening of the films at very high GO contents.
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A close inspection of the freeze-fractured cross-section of the 15% film (Figure 6) reveals that
cracks propagate through interlayer delamination, and traces of crack deflection are minimal. The
dominant delamination fracture behaviour, indicative of relatively weak interfacial bonding, explains
the decreasing toughness of the nanocomposite films. Considering the thermal and spectroscopic
analyses described below, we conjecture that this reduced interfacial strength is due to intercalation of

moisture into the layered structure formed by the GO, interfering with the alginate-GO bonding.

Compton et al. investigated the effect of moisture content in GO and polymer-GO films
assembled by vacuum filtration.”” The intercalation of water molecules into pristine GO paper was
found to enhance the mechanical performance through the creation of hydrogen bonding networks.
The stiffness of the GO paper increased with water content until the available hydroxyl and epoxy
groups were saturated; additional water above this level severely weakened the materials. However, in
PVA-GO composites, the stiffness continuously improved as water content was reduced, up to the
point where no further dehydration was experimentally achievable. The authors demonstrate that the
intercalated polymer chains in the nanocomposite film participate in hydrogen bonding with the GO
sheets, replacing the role of water in the pristine GO papers. However, they suggest that very small
amounts of moisture, below experimentally achievable levels, could still enhance the mechanical
performance of polymer-GO nanocomposites if water molecules are able to bond with GO functional

groups that are inaccessible to bulkier polymer chains.

Spectroscopic analysis
Spectroscopic analysis can provide more insight into the nature of the physical and/or chemical

interactions that occur between the abundant functional groups on both GO and alginate. The Raman
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spectrum of ultralarge GO presented in Figure S4 shows the D and G bands at ~1350 cm™ and ~1600
cm™ respectively, with the relative peak intensity ratio /p//; of approximately 1.0. The location of the
peaks is consistent with previous observations of GO™!7:2%41-4 with their relative intensity relatively
lower.!*'720 Since the G band is associated with sp? carbon in the basal plane of GO and the D band
is an indication of sp? carbon which arises from edges and defects in the carbon lattice* 444, the low
intensity ratio can be interpreted as an indication of the presence of few defects in, the ultralarge GO

sheets.

The Raman spectra of the alginate-GO composite films show a similar /p//; to the GO itself, with
a mean near 0.90; between the different composite formulations, there is no significant difference in
the positions of the D and G peaks or in their relative intensity (Figure S4, inset). This suggests that
alginate does not significantly alter the structure of ultralarge GO, with primarily non-covalent
interactions such as hydrogen bonding taking place. In contrast, changes in the /p// ratio are expected
when GO sheets participate in stronger covalent bonding with the polymer matrix due to the

formation of sp? domains.?’
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Figure 7 — Representative FTIR spectra of alginate-GO nanocomposite films.

The FTIR spectra in Figure 7 further indicate the nature of the interfacial interactions between
the GO nanosheets and the alginate. The peak assignments are summarised in Table $2.4%52 The
C=0 stretching band at 1740 cm™, and the carboxyl- and epoxide-associated CO stretching bands at
1360 and 1240 cm™ respectively, each show a marked increase in intensity in the composite films. A
characteristic red-shift is visible in the bands attributed to the alginate-associated carboxyl groups at
1600 and 1410 cm™, with the broad OH stretching band also shifting to lower frequencies. This peak
also intensifies and widens with increasing GO content, which is attributed to the increased moisture
content in these composites.”” Overlapping with this water-associated peak, another signal emerges
near 2900 cm™ which is associated with the stretching vibration of CH bonds in the graphene

sheets.’"*? Hence, this signal also strengthens with GO content, before being overwhelmed by the
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stronger water-associated peak in the GO control film. Taken together, the spectra support the
presence of trapped water in the high-GO films, and confirm the occurrence of the anticipated

hydrogen bonding between the two components at oxygen-bearing functional groups.’*>*

Thermal analysis

Thermal analysis of the alginate-GO nanocomposites demonstrates that films with increased GO
content generally exhibit improved thermal stability over the alginate control (Figure 8a), with the
overall rate of degradation decreasing in the region above 200°C where alginate decomposes.” The
addition of up to 6 wt% of GO slightly increases the 25% decomposition temperature (Table 1).
Conversely, from 10 wt% upwards, the initial degradation becomes more rapid and the 25%
decomposition temperature is reduced. The opposite effect is observed for the 50% decomposition
temperature, which decreases in the 6 and 10 wt% films, but drastically increases at higher GO loading

to 20-25°C above that of the neat polymer.

Table 1 — Thermal analysis data

Material 25% deg. (°C)  50% deg. (°C)
Alginate 228.5 343.0
2% 232.3 343.5
6% 230.0 328.6
10% 223.5 329.1
15% 220.4 369.9
25% 189.9 363.7
GO-V 199.9 —

These results can be explained by two phenomena, which are more clearly illustrated by the DTG
curves (Figure 8b). Here, high GO content films show a rightward broadening of the lower primary
degradation peak, initially centred near 240°C. As more GO sheets are introduced into the
nanocomposites, polymer chains intercalate into the densely packed layers and become

constrained,”*® causing an increase in the decomposition onset temperature. Further, the self-aligned
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ultralarge GO sheets themselves form an effective barrier against the diffusion of gases produced as the

polymer degrades, contributing to the rightward shift of the primary degradation peak.
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Figure 8 — (a) Comparison of TGA thermograms: as GO content increases, the degradation rate decreases and
thermal stability is improved. (b) The DTG curves illustrate this effect as the primary peak broadens and splits;
further, a secondary peak appears, associated with trapped water. (c) TGA and (d) DTG curves comparing
evaporation-cast (GO-E) and vacuum-filtered GO films (GO-V) demonstrate the impact of the assembly method
on the moisture intercalation between GO sheets in the nanocomposites.
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The more rapid initial degradation is reflected in the DTG by the emergence of a secondary peak
from 125-200°C above 6 wt% GO; the loss of mass in this region is attributed to evaporation of
trapped water, with the high GO content films trapping more moisture. To substantiate this, and to
buttress the previous indications of trapped water from mechanical and spectroscopic analyses, TGA
was also performed on a crumbled evaporation-cast GO film containing no alginate. There is a stark
contrast between the degradation curves of GO assembled by the two different methods, suggesting
that the more time-consuming vacuum assembly method could be more effective in expelling trapped
moisture. The decomposition of the evaporation-cast GO control film (Figure 8c) closely resembles
those of the cast composite films, with a strong dehydration-associated degradation peak occurring at

lower temperatures (Figure 8d), and greater total mass loss, indicating higher moisture content.

Following these observations, a 6% film was heat-treated at 120°C for 24 h. Though this sample
was too brittle for mechanical analysis, FTIR and TGA were performed and the data compared with
those for the as-prepared films. FTIR (Figure S5) shows a marked decrease in the intensity of the OH
stretching band, as well as a rightward shift. This suggests a large amount of the trapped moisture is
expelled during heat treatment, and the remaining moisture is more tightly constrained in the galleries.
TGA (Figure S6) further illustrates that this moisture was indeed responsible for the mass loss observed
below 200°C in the untreated films. Together, these experiments confirmed the presence of significant

trapped moisture, and the potential of heat treatment to control the moisture content.
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Moisture permeability tests

A major area of interest in the development of synthetic nacre-like composites is their application
in packaging for perishable foods. As the permeability of a polymer film to gases and moisture depends
on the diffusion of molecules through the polymer matrix, the presence of impermeable nanobarriers
increases the length of the diffusion path by redirecting escaping gases around them, increasing the
effective film thickness (Figure S1).°" Thus, thin nacre-like films which present highly tortuous paths
for gas diffusion could effectively replace multi-layer polymers that are currently used for their high

barrier performance.

GO nanosheets, having excellent antibacterial activity and minimal cytotoxicity, have already
attracted interest for food packaging applications.’®” Furthermore, the enhancement of oxygen barrier
properties in homogeneous polymer- and biopolymer-GO films has already been demonstrated. For
example, Kim et al. reported up to 80% reduction in oxygen permeability in PVA-coated PET when
0.3 wt% GO was incorporated, and Unalan et al. reported a similar 79% reduction when 0.3 wt%
GO was added to pullulan biopolymer.’®* Alginate, being food-safe and biodegradable, is an attractive
biopolymer for food packaging; however, its poor water resistance precludes its standalone use in many
such applications.®” Therefore, demonstrating that ultralarge GO can also effectively enhance moisture
resistance of biopolymers such as alginate would further improve the potential of GO in creating

biodegradable single-layer materials suitable for food packaging.
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Figure 9 — Permeability comparison of alginate and alginate-GO nanocomposite films. (*: p < 0.10; **: p <

To evaluate the improvement in barrier performance from the addition of ultralarge GO, a long-
term moisture permeability experiment was conducted. Figure S7 illustrates the loss of water vapour
through the nanocomposite films over one month. The slope of this graph normalised by the area of
the aperture through which moisture could escape represents the measured water vapour transmission

rate, WVTRu. As the WVTRuy is high, it is necessary to correct for the resistance of the stagnant air

5
(6)

where 7 is the correction factor, Py is the saturation vapour pressure of water at the experimental
temperature (therefore multiplied by the relative humidity to represent the partial pressure of water),
and Pcis the partial pressure of water at the boundary of the air layer and the film, calculated according
to the method of Gennadios et al.®" Pcis dependent on the distance of the film to the water surface;
here, since WVTRy remained constant throughout the experiment, a conservative constant gap of 4

cm was assumed. Finally, the relative humidity at the surface of the water was assumed to be 100%



(saturated), and the relative humidity of the air outside the tubes was maintained at 40%. To facilitate

comparison, the corrected WVTRc was further converted to water vapour permeability (WVP), where
p pour p

d (0.04 mm) is the film thickness:

WVTR,

~ Py(4RH) 7

wvp

The permeability data are presented in Figure 9 and tabulated in Table S3. The neat alginate film
is more permeable to moisture than any of the alginate-GO nanocomposites, with a WVP of 5.46
mg/d-cm-atm. This measured WVP agrees well with an earlier report that used the same alginate
source, and measured 5.57 mg/d-cm-atm.®* As the GO content increases, the resistance to moisture
penetration steadily improves, ranging from 5.16 mg/d-cm-atm to 4.79 mg/d-cm-atm as GO content
increased from 0.5 to 15 wt%, representing over 12% improvement over the alginate control. These
results represent a statistically significant enhancement in barrier performance consistent with the
improvements tabulated by Duncan in his 2011 review?!, and corroborate the TGA observations of
improved moisture retention. Hence, ultralarge GO can indeed form effective diffusion barriers,

suggesting a compelling avenue for further development towards effective packaging materials for fresh

foods.

The intercalation of water into the layered composites suggests that some of the evaporating
moisture can also be retained in the films. Thus, the ultralarge GO which reinforces the
nanocomposite can affect the moisture barrier properties by simultaneously containing moisture
within the film and hindering its transport through it. By modifying the assembly process — for

17,23,57

example, crosslinking the alginate , adjusting the GO concentration, or using rGO to further
p g g J g g
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12,58

improve gas and moisture barrier performance'>® — the balance of these properties could be fine-

tuned in future studies for specific applications.

Finally, the relative moisture retention performance of the composite films exhibits an interesting
clustering behaviour: although all of the composite films are significantly less permeable than the
alginate control, those containing 2 wt% GO and lower also have significantly higher permeability
than those with 4% and above. Across 4% to 15%, the permeability of the composites does not differ
significantly (Figure 9). This observation mirrors the observed enhancements of mechanical properties
and thermal stability above a self-assembly threshold of 2%, and again corresponds to the observed

formation of ultralarge GO LC domains in suspension.

Conclusions

The facile, bioinspired assembly of ultralarge GO sheets in alginate was demonstrated using a
one-step evaporation casting method. A novel method was used to observe the alginate-GO system
through the entire casting process. In aqueous suspension with alginate, ultralarge GO self-assembled
into lyotropic nematic LC domains above 2 wt%. Upon evaporation, LC alginate-GO suspensions
yielded dense, highly-ordered layered structures which were directly observed with SEM. However,
low GO suspensions exhibited no LC formation, and their cast films revealed a mixture of aligned and
randomly-oriented domains. The importance of GO content in determining LC formation and the

composite nanostructure was therefore established.

The mechanical properties also reflected the self-assembly of GO. The cast nanocomposite films
with greater than 2 wt% GO content demonstrated remarkable improvements in elastic modulus,

closely matching theoretical models for platelet-reinforced nanocomposites with random and parallel
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orientations. Up to 230% improvement in elastic modulus was achieved at 15 wt% GO (12.59 + 0.19
GPa), representing one of the highest values measured for biopolymer-GO composites. The evolution
of the ultimate strength and toughness of the composite films suggested the inclusion of defects in the

microstructure as GO loading increased.

Spectroscopic studies of the cast films revealed the presence of hydrogen bonding, and the absence
of covalent interactions, between the alginate and the ultralarge GO. Together with thermogravimetric
analysis, these observations shed light on the DMA measurements, suggesting high amounts of water
intercalation into the layered composite microstructure as a result of the evaporation casting process.
TGA also demonstrated the stabilizing effect of the ultralarge GO on the polymer, significantly
delaying its thermal degradation. Finally, the brick-and-mortar structure formed by the ultralarge GO
sheets served as an effective barrier to moisture transport. The simultaneous hindrance of diffusion
through the films and retention of moisture within them presents an attractive opportunity for

designing films fine-tuned for specific packaging requirements.

This investigation observed alginate-GO composites through the entire assembly process,
studying LC formation in suspension and its effects on the structure and performance of the cast
nanocomposites. The enhancement of each of the mechanical, thermal, and barrier performances of
the films was a direct result of the homogeneous, layered microstructure formed only upon the
evaporation of LC alginate-GO dispersions. The insights gained by this study will therefore help guide
the rational design of versatile, robust, and biodegradable nacre-like nanocomposites as this technology

continues to mature.
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Supporting Information

LC formation in ultralarge GO

/_ / LC formation
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moisture diffusion paths
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Figure S1 — LC alignment of highly-anisotropic GO sheets is driven by an excluded-volume effect. As rotational
entropy is further constrained, translational entropy is increased. Cast films with highly-ordered structures form
effective barriers by increasing the tortuosity of the diffusion path through the material.

Ultralarge graphene oxide

SU3500 3.00kV x2.00k SE

Figure S2 — Representative SEM micrograph of ultralarge GO processed using the modified Hummers method,
deposited on a silica substrate. The average aspect ratio of GO nanosheets processed using this method is
approximately 10 000.*
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Supplementary SEM images

10.0kV x3.00k SE

Figure S3 — SEM comparison of (a) highly-aligned and (b) less-aligned domains in AG1.
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Mechanical properties

Table S1 — Comparison of mechanical properties
Ultimate strength* Toughness** (MJ/m?3)

GO weight percent Elastic modulus (GPa)

(MPa)

Alginate 379 + 037 714 +64 6.07 +2.76
0.5% 485 + 0.65 655 +7.1 6.51 +221
1% 416 +1.06 740 +74 571 + 2.80
2% 449 =071 740 +64 445 +1.72
3% 6.31 +0.33 69.4 +12.7 342 +3.24
4% 742 +201 59.3 +16.3 149 +0.30
6% 8.36 +1.04 853 +99 092 +0.76
10% 9.78 +0.70 718 +19.3 034 +0.16
15% 12.59 +0.19 437 +16.0 0.58 +0.39
25% 7.04 +0.82 298 +26 0.36 +0.04

U t o; *At fracture; **Toughness is measured by the area under stress-strain curve.

Raman spectra
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Figure S4 — Representative Raman spectra of alginate-GO nanocomposite films. Inset: average intensity ratio
of observed D and G peaks in Raman spectra.

A28



FTIR spectra assignments

Table S2 — FTIR spectra assignments
Wavenumber (cm?)

Alginate GO Assignment
3266 (broad) 3329 (broad) OH stretch
3050-2850 trapped water
2900 C—H stretch
— 1738 C=0 stretch
— 1611 C=C stretch
1600 — symmetric COO™ stretch
asymmetric COO~
1410 —
stretch
— 1360 C-0O (carboxyl)
— 1240 C-0 (epoxide)
1025 1040 c-0
Effects of thermal annealing
——Annealed
AG8
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber {cm™)

Figure S5 — FTIR comparison of as-prepared film (6 wt% GO) with film annealed at 120°C for 24 h.

Comparing the as-prepared 6% film before and after 24 h heat treatment at 120°C, a marked
rightward shift and decrease is observed in the OH stretching band as trapped moisture is evaporated,

and remaining moisture becomes more constrained. The weakening of the C=0O and C-O stretching
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bands (1740 and 1360 cm™ respectively) suggests that some GO reduction occurred during heat

treatment.
100
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Figure S6 — TGA comparison of as-prepared film (6 wt% GO) with film annealed at 120°C for 24 h. Inset: mass
(red) and temperature profile (grey) during preheating of annealed sample

Several weeks passed before TGA could be performed on the heat-treated film; therefore, a pre-
heating step of 1 h at 120°C, under N, purge, was performed for this sample before performing the
standard 30-700°C ramp experiment. Returning the sample to the original temperature of the heat
treatment would ensure any moisture absorbed during storage was expelled before the experiment, and

better facilitate comparison with the untreated film.

The significant moisture content of the untreated nanocomposites is illustrated upon comparing
the as-prepared 6% film before and after heat treatment. Treatment at 120°C removed the moisture
that was responsible for the loss of mass below ~200°C in the untreated samples. The residual mass is
higher throughout the experiment; however, it is clear that a large amount of the moisture removed

during the initial 24 h treatment was re-absorbed during prolonged storage.

A30



Moisture permeability
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Figure S7 — Loss of water to evaporation over time through alginate-GO barrier films.

Table S3 — Comparison of barrier performance

GO weight percent Permeability (mg/d-cm-atm)

Alginate 5.46
0.5% 5.16
2% 5.09
4% 4.83
6% 495
10% 4.83
15% 479
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Contrast enhancement

Input Levels:

Figure S8 — Demonstration of contrast enhancement, adjusting the output tones with Photoshop to increase
tonal range and improve readability.

The contrast in some SEM images was increased to improve readability by expanding the tonal
range of the image. This was done using the ‘Levels’ tool in Adobe Photoshop. First, the histogram
was used to identify the tones present in the original image. Then, the output sliders were set so that
the edited micrograph’s tonal range spanned from black to white (for example, every grey shade darker

than 12/255 or lighter than 160/255 in Figure S8 is respectively set to black or white).

The following images have been so enhanced:
Figure 3a (6%); 3b; 3c
Figure 4a (1h, 3h); 4b (0.5h, 3h)

The original images are made available in Gallery I.
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Focus stacking

Figure S9 — Demonstration of focus stacking procedure.

The depth of field possible with SEM was insufficient to fully illustrate the fracture interface in
Figure 6. Therefore, multiple exposures of the same scene, with the focus set to different points, were
captured and then merged using Photoshop’s built-in Auto-Align Layers and Auto-Blend Layers tools.

These tools align contents of the separate images, identify the sharpest source image throughout the
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focal range of the scene, and combine these into a single image. Figure S9 illustrates the result, with

each colour representing a different source image. The original images are made available in Gallery

II.
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Gallery of Original Images

Gallery | — contrast-enhancement originals

Figure numbers correspond to those in Chapter II.
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Figure 3¢
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Figure 4a (3h)
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Figue 4b (3h)
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Gallery Il — focus stacking originals
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