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Abstract

Herein, we prepared an integrated ternary bionanocomposite based on polylactic acid (PLA) as a host
polymer and two different forms of carbon fillers, i.e. graphene nanoplatelets (GNPs) and carbon
nanotubes (CNTSs), used simultaneously at extremely low concentrations, relying on the synergistic effect
of CNT and graphene nanoreinforcement and a novel, multi-step procedure to achieve a high level
dispersion. The results indicated that this multi-step approach allows stiffness increments up to +66%,
with simultaneous enhancement of tensile strength (up to +44%), and elongation at break (up to +36%)
with respect to neat PLA, by adding an extremely low content (0.5 wt.%) of a hybrid combination of
CNTs and GNPs. The development of a multistep strategy to achieve molecular level dispersion of
multifunctional nanoparticles integrated in a fully renewable polymer matrix allows the premise of
industrial-scale production of advanced bionanocomposites with outstanding properties at extremely low

loadings.
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1. Introduction

The growing interest towards carbon-based nanomaterials, including carbon nanotubes (CNTSs) and
graphene, mainly relates to their intriguing properties as conductive fillers for the fabrication of
electric/electronic devices, which production volumes dramatically raised in the last recent years [1-7].
On the other hand, the increasing concern for environmental issues responds to the need of developing
eco-sustainable strategies, thus posing some limitations about processing protocols and materials adopted
for the design of the items/devices capable to fulfill different demands [8,9]. One successful strategy can
be the incorporation of conductive fillers within a renewable polymer matrix to create eco-friendly
multifunctional materials [4,10]. Among biopolymers, polylactic acid (PLA) is one of the most
widespread, owing to its unique combination of good mechanical performance and environmental

stability with the possibility to be disintegrated under specific conditions, with demonstrated
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biocompatibility [11,12]. These latter aspects enable its use for the realization of biomedical devices [13—
15]. Several studies focused on the realization of PLA-based materials containing either CNTSs or
graphene derivatives, while only more recently, using a combination of the two fillers is gaining a
significant interest [10,16-28] Previous works highlighted that the synergistic role of these two
nanoparticles lies in their different interaction with cracks at different stages of fracture, since graphene
causes localized mirocracking and crack deviation at the early stages of fracture, while CNTSs ensure the
debonding and fiber bridging mechanisms [29]. The main challenge, however, lies in achieving uniform
and excellent dispersion and matrix-filler interfacial adhesion without adopting long-time consuming nor
expensive protocols [30]. Liquid phase exfoliation of GNP into few-layered graphene can be easily
achieved by using appropriate solvents, capable to interact with sp2domains, such as toluene, N-methyl-
pyrrolidone (NMP), dimethylformamide (DMF), or dimethyl sulfoxide (DMSO) [31]. However, this
technique presents some crucial drawbacks, associated to the limited amounts of graphene that can be
obtained, as well as to the difficulties in solvent removal and for the natural re-stacking of graphene
sheets occurring after solvent evaporation. In order to overcome these issues, we developed a multistep
strategy ensuring both solvent evaporation and excellent dispersion of GNPs throughout the polymer

together with the exfoliation of nanoplatelets into mono- or few-layers graphene sheets.

2. Materials and methods

2.1 Materials

The polymer matrix used in the frame of this work is a sample of a biodegradable PLA 4032D, supplied
by Natureworks (USA), characterized by a low molar content of D-isomer (about 1.5%). It has a specific
gravity of 1.24 g cmt, M,=90000 Da, M,,=180000 Da.
Graphene nanoplatelets (GNPs), trade name xGnP®, Grade C, were supplied by XG Sciences Inc.,
Lansing, MI, USA. Each particle consists of several sheets of graphene with an average thickness of
approximately 2-5 nm, average diameter between 1 and 2 um, and a specific surface area of about 750
m2/g [16,32,33].

2.2 Synthesis and functionalization of CNTs
A pictorial representation of synthesis and functionalization of CNTs, according to our previous works, is
provided in Fig. 1A[1,2]. Briefly, CNTs were synthesized by fluidized bed chemical vapor deposition in a
quartz reactor, involving a y-alumina substrate impregnated with a catalyst (iron) as bed material. The

iron content was 20 wt%. Ethylene was used as carbon source and nitrogen as fluidizing agent. The CNTs



production yield of the process was 500 g-h-tand the catalyst showed a nanotubes selectivity close to
100%, as no amorphous carbon was found in the final product.

The purification process consists in three steps: (i) acid treatment, (ii) washing, and (iii) drying, carried
out in the same device: a three-phase slurry bubble column, which bed motion is ensured by a nitrogen
stream. CNTSs batch size 50-300 g can be treated by this equipment, i.e. a quantity one order of
magnitude higher than those reported in the scientific literature [34,35]. High values of final purity and
reproducible results were achieved in relatively short times (150 min) and at relatively low temperatures
(120-130 °C) by using 70 wt% H,SO, solution. Evaporative crystallization of waste waters allows
recovering aluminum and iron sulfates to be recycled for catalyst preparation. CNTs, having a purity
degree of 99.1% and a I/d ratio equal to 900, underwent a surface oxidation by oxygen-plasma treatment
[1,2]. The plasma reactor used for the surface treatment is a Tucano Gambetti apparatus, equipped with a
high vacuum-pump (Pfeiffer). The cylindrical chamber (diameter=150mm, length=330 mm) has a volume
of approximately 5.5 dm?. The dark shield electrode and the power supply (RF=13.56MHz, 200W) are
placed on top of the chamber. The flow of the air takes place automatically at vacuum level and power
programmed in the recipes with two mass flow-controllers, and it is controlled by a microcomputer. In
this case, air flow was set to 10 sccm, the vacuum level was 2-10-*bar and the vacuum was stabilized for
5 s prior to the process gas inlet. After gas inlet, the pressure in the chamber achieved a value of about 0.5
mbar and the treatment has been then carried out at 120 W for 6 min. The parameters were adjusted in
order to minimize reverse bias. Further details about the choice of these parameters can be found in our
previous works [1,2,36,37].

2.3 Preparation of PLA-GNP masterbatch (PGM)

The schematics of the preparation of PLA-GNP masterbatch (PGM) is depicted in Fig. 1B. GNP (700
mg) underwent chemical exfoliation via sonication in toluene (700 mL) for 4 hours, thereafter the
graphene dispersion was added to a solution containing 6.3 g of PLA dissolved in 200 mL of
dichloromethane/chloroform (90:10), sonicated and then transferred to a rotavapor. This simple strategy
ensures yields of 100% and the total removal of solvents. High-speed rotation allows achieving exfoliated
graphene into mono- or few-layers surrounded by PLA macromolecules. 7 grams of PLA-graphene
masterbatch (PGM) product (containing 10% of graphene) can be collected in less than 30 minutes and
then added (in different proportions) to further fresh polymer and plasma functionalized CNTs for
achieving high performance bionanocomposites by simply melt processing at relatively low rotor speed

(i.e. 64 rpm), thus minimizing the risk of PLA thermo-mechanical degradation. The main goal of this



approach lies in the possibility to rapidly obtain an amount of masterbatch sufficient to prepare different

formulations of high-performance nanocomposites with extremely low filler contents.

2.4 Preparation of nanocomposites
The schematics of the preparative is provided in Fig. 1C. Nanocomposites containing O-CNTs and GNP
were prepared according to two different techniques, namely direct melt mixing (method A) and melt
intercalation of PGM, i.e. multi-step processing (method B).
In the case of A-series samples, PLA, O-CNTs and GNPs were mixed at the solid state and fed to a
Brabender internal mixer in the desired proportions until a constant value of torque was achieved (usually
within 6 minutes). In the case of B-series materials, PGM was added to PLA and O-CNTs in order to
achieve the same formulations of A-series materials. Formulations and operating conditions adopted are
listed in Tab. 1. Note that GNP were used together with CNTSs in different mutual proportions, by
keeping constant the total loading (i.e. 0.5 wt.%).

Tab. 1. Formulation of bionanocomposites

sample code Prepa.ration PLA GNPs O-CNTs T(°C) Rotor T .
technique (wt/wt%o) (wt/wt%o) (wt/wt%b) (rpom)  (min)
C50/G0-A Melt mixing 99.5 0 0.5 190 64 6
C35/G15-A Melt mixing 99.5 0.15 0.35 190 64 6
C25/G25-A  Melt mixing  99.5 0.25 0.25 190 64 6
C15/G35-A Melt mixing 99.5 0.35 0.15 190 64 6
CO0/G50-A Melt mixing 99.5 0.5 0 190 64 6
C35/G15-B  Multi-step 99.5 0.15 0.35 190 64 6
C25/G25-B Multi-step 99.5 0.25 0.25 190 64 6
C15/G35-B Multi-step 99.5 0.35 0.15 190 64 6
C0/G50-B Multi-step 99.5 0.5 0 190 64 6

For each batch, the material collected after melt compounding was rapidly cooled in liquid nitrogen,

ground into pellets and then processed into sheets by compression-molding by using a laboratory press
(Carver, Wabash, IN, USA) at 190 °C and 100 bar for about 2 min. Finally, they were cut into specimens
of appropriate geometry for further characterizations.

2.5 Characterizations



The morphology of nanohybrids was observed by scanning electron microscopy (SEM), carried out in an
ESEM FEI QUANTA 200 microscope on both nanoparticles and nanostructured films. In this latter case,
the samples were attached on an aluminum stub using an adhesive carbon tape and then sputter coated
with gold (Sputtering Scancoat Six, Edwards) for 90 s under argon atmosphere, before imaging, in order
to avoid electrostatic discharge during the tests. TEM measurements were performed by using a JEOL
2100 operating at 200 kV.

AFM measurements were performed by a Multimode V (Veeco Metrology) scanning probe microscope,
equipped with a piezoscanner, at room temperature and under nitrogen atmosphere. More details can be
found elsewnhere [38,39]

X-ray photoelectron spectroscopy (XPS) measurements were collected by using an ESCALAB Mkl (VG
Scientific) spectrometer, equipped with a standard Al Ka excitation source and a 5-channeltron detection
system for spectroscopic analysis. The pass energy was kept constant at 20 eV, and the analyzed area of
the sample was about 5 mm in diameter. Spectroscopic data have been processed by Avantage v.5
software [40].

X-ray diffraction (XRD) analysis was performed by using an Empyrean PANalytical Il diffractometer
with a Cu Ko radiation source (A = 1.5406 A). This analysis was performed to investigate the structure of
GNP and platelet thickness, t, (i.e. the stacked graphene layers into each platelet), which was calculated

according to Scherrer's equation, as follows:

0921 (1)

t= PBcos 6

where A is the wavelength of the X-rays, B is the full width at half maximum (FWHM) of intensity band
centered to 26 maximum [23]. The interlayer distance (Uspacing) 0f GNP was calculated by Bragg’s law:
L @
spacing = 2sin @
With n being an integer equal to 1 [23].
Tensile mechanical measurements were carried out by using a dynamometer (Instron model 3365, High
Wycombe, UK) on rectangular shaped specimens (10x90 mm) cut off from films prepared by
compression-molding as described above. Grip distance and crosshead speed were respectively set to 30
mm and 1 mm-min~'.
3. Results and discussion
Figs. 2A-C provide the salient geometrical features of plasma treated CNTs (O-CNTSs), whose diameter is

~10 nm and the mean length, accurately studied in our previous works, is equal to 1-2 pum. The effect of



plasma treatment on CNTs was evaluated by XPS provided in Fig. 2D. We chose to perform plasma
treatment at low power and time aiming to impart a mild functionalization on defects and amorphous
regions of CNTs while preserving their sp2domains [1,2]. This feature is particularly relevant, since
allows maximizing CNTSs dispersion within the host polymer for enhancing mechanical properties
without affecting electrical performance. The intercalation of PLA macromolecules between graphene
sheets in PGM was assessed by TEM and XRD and shown in Fig. 3 A-C. Pristine GNPs, Fig. 3A, are
organized in micrometric or sub-micrometric aggregates but a closer inspection of surface reveals the
presence of typical sp? pattern of graphenic materials (see inset of Fig. 3 A). By contrast, PGM shows
exfoliated graphene under the form of mono- or few-layered lamellae, as visible in Fig. 3 B. In order to
get some information about thickness and lateral size of GNP, AFM analysis was performed on GNPs
after sonication in toluene and provided in Figs 3 C-D. Each nanoplatelet has a thickness equal to about

1-2 nmand a lateral size ranging around 1-2 pm.

XRD results of GNPs and PGM are provided in Fig. 3E. As regards GNP, it was found a peak at 26=26°
related to (002) plane of stacked lamellae [41-43]. No graphitic peak was detected in PGM, except for a
broad band centered at 26=16°, due to a small amount of y-form crystallites in PLA, which however is
practically amorphous [44].

In a multiphasic system, beyond the nature of its components, morphology plays a key-role on the
ultimate properties. Therefore, morphology of the samples prepared was studied by SEM. Fig. 4 shows a
survey view of the morphology of cryofractured cross-sections for all the systems investigated, useful to
assess filler dispersion. More in detail, the morphology of A-series samples are provided in top panels
(Figs 4A-E), whereas those of B-series samples were reported in bottom panels (Figs 4 F-J), together with
that of PGM as control. Nanocarbons can be easily identified as bright dots (see C50/G0-A in panel A and
PGM, Fig. 4F, which is mainly constituted by GNPs). By examining A-series samples it can be seen that
direct melt mixing is able to disperse CNTs (Fig. 4A) but it does not lead to the disruption of GNPs
aggregates either in ternary (Figs. 4 B-D) or binary samples (Fig. 4E). Furthermore, lack of adhesion and
voids are visible in such structures even at low magnification. As regards B-series samples, reported in
Figs 4 F-J, it can be observed a good dispersion with the absence of micrometric clusters/aggregates.
Detailed micrographs of the nanocomposites surface morphology are provided in Fig. 5 for evaluating the
interfacial adhesion between the matrix and the two fillers. C50/G0-A, Fig. 5A, shows CNTs totally
embedded into the matrix, owing to plasma-treatment. In fact, as already reported, this treatment induces
oxygen-bearing moieties onto the sidewalls of nanotubes and enhance surface roughness via the

introduction of defects in the graphenic lattice [1-4]. CO/G50-A, Fig. 5B, shows a poor adhesion between



GNP particles and PLA, whereas C0/G50-B, Fig. 5C, displays a high level of wettability, with GNP
lamellae totally surrounded by the polymer. This different behaviour could be explained by considering
that sonication and solvent treatment, while inducing GNPs exfoliation, likely increase the surface
roughness of nanoparticles, thus promoting wettability. As a consequence of the different wettability of
untreated and exfoliated GNPs, A-series materials (Figs D-F) all displayed voids symptomatic of scarce
filler-matrix adhesion. It can be also highlighted that number of voids proved to increase with GNP
content. The detailed micrographs showing cross-sections of B-series ternary nanocomposites, Figs G-I,
display PLA-wrapped CNTs and GNP lamellae, symptomatic of a quite strong adhesion, apart from
CNT/GNP ratio.

The salient properties derived from tensile tests, i.e. elastic modulus (E), tensile strength (TS), elongation
at break (EB), are plotted as a function of CNT and GNP concentration and provided in Figs 6 A-C,
respectively. Fig. 6A reports E plotted as a function of formulation, with this latter being expressed both
as CNTs concentration (reported in blue) and GNPs content (in black), being the sum of GNP wt.% and
CNT wt.% equal to 0.5 wt.%, for each sample. As regards the samples prepared by direct melt mixing (A-
series materials), incorporating 0.5 wt.% CNTSs led to a tensile modulus equal to 2.17 GPa, i.e. +45%
when compared to that (1.5 GPa) of neat PLA. At the same loading level, GNPs seem to be unable to
affect this property, which was found to remain much similar (~1.6 GPa) to that of neat PLA (1.5 GPa).
Stiffness of materials containing a combination of CNT and GNP proved to be intermediate between
those achieved with CNT only and GNP only, ranging from 1.55 GPa to 1.73 GPa. The samples prepared
according to Method B showed a different trend since, in this latter case, exfoliated GNPs determined a
strong increase of elastic modulus in C0O/G50-B (2.3 GPa) and the hybrid bi-fillers led to mechanical
properties higher than those of the samples containing single nanofillers, with tensile moduli equal to 2.35

GPa, 2.4 GPa and 2.5 GPa for C35/G15-B, C25/G25-B and C15/G35-B, respectively.

In order to interpret these results, Halpin-Tsai model was used to fit experimental data collected for the
systems containing CNT only and GNP only, and provided in the same figure (see solid line labeled as
Enr) [45-47].

According to this model, in the case of a nanocomposite containing randomly oriented CNT, the tensile

modulus Ec is determined by the following equation:
3 5
Ec =‘§ L + §ET (3)
Where E; and Er are respectively the longitudinal and transverse moduli of the composite.

In this case, E; and Er are given by:
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Where vf and v, are the volume fractions of filler and PLA, 7. and nr are constants given by:
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With E; and E,, being respectively the Young’s moduli of filler and PLA, while &, taking into account the

()

filler aspect ratio, for 1D fillers is equal to:
21 (8)
ECNT =E

while I and d indicate respectively length and diameter of CNTs [27,28].

In the case of nanocomposites containing randomly dispersed GNP, instead, the equation for determining
Ec is slightly different, as follows [17]:

Ec=049E,+ 051 Er (9)

Eqgs (4-7) are still applicable but in this case:

2w (10)

Senp = 3t

With w and t being respectively the lateral size (under the assumption of with=length) and thickness of

nanoparticles [17].

Volume fractions are determined from the weight fractions and the densities of each component. GNP
density was considered being equal to 2.2 g/cm3, as declared by producer, whereas that of CNTs, which
can be regarded as hollow cylinders, was approximated according to eq. (11):

d? - d? (11)

PCNT = PGT

Where pg is the graphite density, while d and d; are outside and inside diameters of CNTSs, respectively.

Under these hypotheses, pcvr~ 1.95 g/cm?, consistently with other reports [48,49].

Em, experimentally measured by tensile tests on neat PLA, was found to be equal to 1.5 GPa, whereas for
E; values, 0.9 TPa for CNTs and 1 TPa for GNP were taken from the scientific literature [50]. Hence, a
crucial factor that can affect the stiffness in a nanocomposite is the filler aspect ratio. It should be noted

that aspect ratio of CNTSs is around 900-1000, whereas for GNPs it may vary up to almost 1000,



depending on the extent of aggregation, exfoliation, and so on. In fact, GNP are constituted by
submicrometric aggregates of platelets having a lateral size of 2-5 pm and a thickness equal to 2-5 nm,
according to the results of morphological analyses and Scherrer equation. Based on this consideration,
using Method B ensures obvious advantages, since the possibility to disperse and exfoliate the aggregates
of GNP into few- or monolayer sheets leads to a more extended interphase. Indeed, it should be
considered that GNP is a pseudo-2D filler, constituted by few-layer graphene sheets aggregated into 3D
clusters. Direct melt mixing was found to be not appropriate for disrupting the aggregates, whereas the
two-step method, with the aid of ultrasonication and solvents, proved to be able to pre-disperse and/or
even to exfoliate the nanoplatelets into mono- or few-layer graphene sheets. This latter feature
dramatically increases the overall interphase volume and the aspect ratio of the nanoparticles, with
positive repercussions on the mechanical performance of the resulting nanocomposites. Therefore,
differently from A-series materials, where no synergetic effect was detected, PLA/GNP/CNT systems
prepared by method B showed mechanical performance higher than those of PLA/GNP and PLA/CNT,
likely due to the formation of a 3D interconnected framework, which somehow increases the
dispersability of the two components throughout the matrix [24]. However, it should be noted that B-
series materials display E values lower than those predicted by Halpin-Tsai (see Ext line in the graph of
Fig. 6A). As regards tensile strength, Fig. 6B, it can be noted that nanocomposites generally displayed TS
values ranging from 50 MPa to 75 MPa, depending on formulation, i.e. generally higher than that of neat
PLA (52 MPa), except for CO/G50-A. Two different trends with the formulation were found depending
on the preparation method. For A-series materials, the highest TS value was displayed by C50/G0-A (60
MPa), whereas C0/G50-A showed the lowest value of this property (50 MPa). Ternary materials
exhibited intermediate TS values, with TS practically showing a monotonic, decreasing trend with GNP
content. B-series materials, instead, followed a different trend. First, for binary nanocomposites, it was
observed that CO/G50-B shows a TS value (70 MPa) higher than C50/G0-A. Moreover, some ternary
materials, i.e. C25/G25-B (TS=73 MPa) and C15/G35-B (TS=75 MPa), displayed values of TS higher
than those shown by binary nanocomposites. Among the parameters influencing TS in a nanocomposite,
the interfacial adhesion between its components plays a key-role [51,52]. It was highlighted that method
B enhances the mutual affinity between PLA and GNP (see again Figs. 4-5), whereas method A caused
lack of adhesion. It should be noted that, however, the presence of hybrid filler brings some benefits even

in A-series materials at low GNP content.



Elongation at break (EB), Fig. 6C, was found to be almost unaffected by the presence of GNP, while a
slight reduction of stretchability was detected in the case of CNTSs. Interestingly, although moderate EB
values were detected in all of the materials, it was generally found that nanocomposites display a
relatively higher stretchability than neat PLA, except for C50/GO0-A. This feature could be due to the
relatively low amount of filler and/or to the small fillers size. Notably, B-series samples displayed the
highest values of this property.

The synergetic effect of CNT and graphene (or GNP) on the properties of PLA-based hanocomposites can

be conveniently elucidated by using equation (1) [53]:

Synergistic efficiency = [2Pnyp, — (Pent + Po)l/(Pent+ P6)]  (12)

where Pcyr, P and Ppy, represent the generic property measured for PLA loaded with CNTs, graphene
and a hybrid combination of graphene and CNTSs, respectively.

This parameter is of great importance for investigating the eventual changes of the tailored properties
upon changing the graphene to CNTSs ratio, thus optimizing processing and formulation for the
achievement of certain targets. The synergistic effect of the two fillers on stiffening, strengthening and
stretchability of PLA is provided in Figs 6D-F, respectively. Of course, in the case of synergy, the
synergistic efficiency has positive values (see green-filled area in the plots), whereas it assumes negative
values in the case of destructive interference (red-filled area). Of course, this parameter is equal to zero in
the absence of interactions. As one can see, the simultaneous use of CNT and GNP determines a
synergistic efficiency in stiffness (Fig. 6D) only when B method is adopted. In fact, due to the
aforementioned dispersion issues, method A is likely inadequate to disrupt GNP aggregates, thus leading
to a decrease of filler aspect ratio and interphase volume. Hybrid loading of GNP and CNT leads to a
synergy in strengthening effect (Fig. 6E) apart from the preparation technique, although B-materials
display a higher synergetic effect of bi-filler combination. As regards stretchability, Fig. 6F, B-materials
led to synergy efficiency ranging from 15% to 20%, depending on formulation, whereas A-method results
in destructive interference or no synergy. It can be noted that the highest synergetic effects were
recognized in C15/G35-B for all of the properties tested. Fig. 7 reports further details of the cross-
sections of C0/G50-A (A), C0/G50-B (B), C50/G0-A (C), C35/G15-B (D), C25/G25-B (E) and
C15/G35-B (F) after tensile tests, useful to describe interphase features of such samples and to explain the
high synergetic effects detected in B-series samples. The influence of preparation method on the PLA-

GNP adhesion can be assessed by observing SEM micrographs of C0/G50-A (panel A), C0/G50-B (panel



B). CO/G50-A exhibits micrometric GNP clusters, poorly adhered to PLA. By contrast, C0/G50-B shows
few-layered GNP lamellae strongly bonded to the matrix. Fig. 7C demonstrates that, differently from
GNPs, O-CNTs exhibit a strong adhesion to PLA when directly melt mixed. B-series ternary samples
display a rough surface, symptomatic of a good stress transfer and no pull-out was detected. Furthermore,
those containing a higher content of CNTs (C35/G15-B, Fig. 7D, and C25/G25-B, Fig. 7E) displayed
bridging phenomena. Examining the cross-section after tensile failure of C15/G35-B, Fig. 7F, which
showed the best mechanical performance, it was possible to detect a 3D hybrid network totally
surrounded by PLA.

4. Conclusion
Ternary nanohybrids based on PLA, CNTs and graphene (either in its exfoliated form or stacked into
nanoplatelets) were succesfully prepared, aiming at gathering some green and biological features of PLA
with the unique electrical and mechanical properties of the nanofillers into a multifunctional device. A
novel, multi-step fabrication procedure was implemented to achieve a molecular-level dispersion, thus
relying on the synergistic effect of the two fillers on some ultimate properties. The synergy efficiency of
bi-filler loading on stiffness, strengthening and toughening of the ternary materials was measured and
correlated to preparative method and formulation, as well as to the structural features of resulting
materials. With respect to direct melt mixing, the multi-step preparative gave rise to materials displaying
higher mechanical performance, presumably due to a more uniform dispersion/exfoliation of nanofillers,
with a consequent increase of GNP aspect ratio that determined an increased volume of interphase. Based
on similar considerations, the hybrid network constituted by 1D and 2D fillers results in stiffening and
strengthening effects higher than those achieved by using CNTs only or graphene only. In conclusion,
biocompatible, renewable, eco-friendly materials providing exceptional mechanical, thermal, and
electrical properties were successfully fabricated by a novel multi-step procedure. The excellent
performance observed with adding only 0.5 wt% of bi-filler enables the possibility to provide PLA with
some additional properties of enormous interest without compromising other peculiar features of the
polymer, such as biodegradability, biocompatibility, renewability and density.
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Fig. 1. Route followed to prepare ternary bionanocomposites
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Fig. 2. A) TEM micrograph of O-CNTs highlighting the defects imparted by plasma-treatment; B-C)
detailed TEM analysis of sidewalls and tip of individually dispersed O-CNTs; D) O1s XPS (and C/O ratio
calculated by elemental analysis) before and after plasma treatment.



12.5 nm D

10.0 2 4
E Height profile
80 ]
60 _ i
E o] e
4.0 P g t~2 nm
20
0.0 23
IIIIII!IIIIIIIIIIIIIIIIIIIIII‘
0.0 0.5 1.0 1.5
_2.0 X [|-1m]
E
4500
——GNP
1 002 -— PGM
4000 -
3500 -
i dypacing=0.334 nm
—~ 3000 +
[%2]
a -
£ 2500
> ]
2 2000
()
b —4 2 £X Mono or few-layered graphene:
E 1500 — V PLA noodiffracteion p::k: frapnene
1000
500
0 ¥ T y T ¥ T ¥ T ¥ T ! T y 1
10 15 20 25 30 35 40 45

26 (deg)

Fig. 3. Characterization of GNP and PGM: A) TEM micrograph of GNP submicrometric aggregates
(inset: graphenic nanopattern); B) exfoliated GNP into mono or few-layered lamellae in PGM; C-D)
AFM analysis together with height profile; E) XRD patterns of GNP and PGM to further confirm the
exfoliation of GNP into few-layered graphene sheets.
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Fig. 5. Detailed SEM micrographs of nanocomposites prepared. Scale bar=5 um
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Fig. 6. Elastic modulus (A), tensile strength (B), elongation at break (C) together with synergetic
efficiency in stiffening (D), strengthening (E) and stretchability (F) as a function of CNT and graphene

content.



Fig. 7. Detailed SEM micrographs at various magnitudes describing interphase of C0/G50-A (A),
C0/G50-B (B), C50/G0-A (C), C35/G15-B (D), C25/G25-B (E) and C15/G35-B (F).



