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Abstract. Remarkable mechanical reinforcement of chitosan films using graphene is extremely important to greatly widen
the practical application of chitosan (CS) in many fields, but there still exist challenges to regulating graphene-CS interactions
for both enhanced strength and toughness. In this work, we functionalized graphene oxide (GO) with carboxyl (G-COOH)
and amino groups (G-NH;), and investigated the effects of interfacial interactions on the mechanical properties of
graphene/CS composite films in detail. We found that the G-NH,/CS composites exhibited the most remarkable reinforcement
in both tensile strength and toughness than the GO/CS and G-COOH/CS composites, even different from a theoretical pre-
diction on graphene-CS interactions. Such remarkable reinforcement is mainly attributed to the moderate graphene-CS in-
teraction, uniform dispersion, and high alignment of G-NH; in CS films.
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1. Introduction modification have been developed to improve the
Chitosan (CS) is one of the most abundant natural mechanical performance of CS films [10-12], but
macromolecules on the earth [1-3], and it has been  these chemical synthesis processes are rather com-
widely used as a multi-functional film in the fields of  plicated and time-consuming [13]. By contrast, di-
food packaging, water treatment, and biomedical ma-  rectly adding nanofillers into the CS matrix has been
terials because of its good biocompatibility, bacterial — proved to be an effective method for mechanical re-
resistance, adsorption capability, and biological inforcement in a simple way [14, 15].

degradability [4—7]. However, CS films generally pos-  For the achievement of remarkable mechanical re-
sess unsatisfactory mechanical strength due to weak inforcement, high-level dispersion and strong nano-
intermolecular interactions, which cannot meet grad-  filler-CS interactions are two critical influencing fac-
ually-increasing requirements of high strength and  tors [14]. It has been reported that nanofillers such as
toughness for high-performance films such as medical  clay, montmorillonite, zeolite, and carbon nanotubes
bandages, wound dressing, and packaging materials (CNTs) can be used to effectively improve the me-
[8, 9]. Recently, many methods of chemical cross- chanical strength of CS matrix, but there still exist
linkage, graft copolymerization, and functionalized = some problems of poor dispersion, severe aggregation,
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or entanglement of CNTs, resulting in unsatisfactory
mechanical reinforcement [16, 17]. Graphene pos-
sesses unique two-dimensional graphitic structures,
excellent mechanical performance, low density, and
large diameter/thickness ratio, making it much easier
to be well dispersed throughout the matrix than the
entangled CNTs [18-20]. In addition, graphene can
be further chemically modified to graft various chem-
ical functional groups for forming good compatibility
and strong interfacial interactions with CS [21, 22].
Graphene oxide (GO), as one derivative of graphene,
possesses plenty of oxygen-containing functional
groups to form strong interactions with CS through
electrostatic attraction and hydrogen bonding [23,
24], greatly improving tensile strength and Young’s
modulus of CS films. Furthermore, grafting func-
tional groups onto GO can effectively regulate inter-
facial interactions between graphene and CS for de-
sired mechanical reinforcement [23, 25, 26]. Huang
et al. [27] have prepared tea polyphenol-modified
GO (TPG) and obtained TPG/CS composite films
with improved mechanical strength due to homoge-
neous dispersion and strong interfacial interactions.
In addition, trimethyl silane, phosphoric acid, and
sulfonic acid have been grafted onto GO surfaces to
increase the mechanical strength of CS films [28,
29]. On the other hand, graphene orientation, similar
to biomimetic nacre structures, is also beneficial to
realizing enhancement in both tensile strength and
toughness of CS films [30, 31]. Although mechanical
reinforcement of graphene/CS composites has been
widely investigated, the intrinsic reinforcement mech-
anism based on graphene-CS interactions has not
been clearly demonstrated. Zhang et al. [25] have
theoretically calculated interaction energy between
functionalized graphene (FG) and CS and reported
that carboxyl groups of FG were much more benefi-
cial to forming strong interfacial interactions with
CS for remarkable reinforcement than hydroxyl and
amino groups. It is worth pointing out that the ulti-
mate mechanical properties of graphene/CS compos-
ites depend on not only the graphene-CS interactions
but also the microstructures of composites. There still
exist challenges to regulate graphene-CS interactions
and microstructures for the high tensile strength and
toughness of graphene/CS composites.

This work aims to fabricate high-performance
graphene/CS composite films with high strength and
toughness. It is the first time to clearly clarify inter-
facial interactions between functionalized graphene
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(FG) and CS and to build a relationship of interfacial
interactions with microstructures and ultimate me-
chanical properties for the fabrication of high-per-
formance composites. We used GO as a precursor
and prepared functionalized graphene with carboxyl
groups (G-COOH) or amino groups (G-NH,). Dis-
persion stability and rheological behavior of FG/CS
solutions were measured to evaluate FG-CS interac-
tions. The FG/CS composite films were fabricated
using a solution-casting method, and their micro-
structures and mechanical properties were investi-
gated in detail to establish a relationship between
FG-CS interactions with mechanical reinforcement.
We found that the G-COOH could form the strongest
interactions with CS than the GO and G-NH, as the-
oretical prediction, but the G-NH,/CS composites
exhibited the highest tensile strength and toughness
among all the composites. It reveals that the interfa-
cial interaction plays an important role in greatly in-
fluencing the dispersion stability of FG/CS solutions,
but the ultimate performance of FG/CS composites
strongly depends on the microstructure and FG align-
ment. Comprehensive consideration of both interfa-
cial interactions and resultant microstructures is ex-
tremely essential to designing and fabricating high-
performance graphene/CS composite films with en-
hanced strength and toughness.

2. Experimental

2.1. Materials

Chitosan (CS, deacetylation degree of 88%, M, =
8000-20000) was obtained from Sinopharm Chem-
ical Reagent Co. Ltd in China. Graphene oxide (GO)
was purchased from Sixth Element Materials Tech-
nology Co. Ltd. (Changzhou, China), and its layer
numbers and lateral size were less than 10 graphitic
layers and 5—15 um, respectively. The GO possessed
plenty of oxygen-containing functional groups, show-
ing good aqueous dispersibility and high chemical
activity. Analytic reagents of 65% nitric acid, 98%
sulfuric acid, ethylenediamine (EDA), dimethylfor-
mamide (DMF), and glacial acetic acid were pur-
chased from Sinopharm Chemical Reagent Co. Ltd.
in China.

2.2. Synthesis of functionalized graphene

GO was used as a precursor to prepare functional-
ized graphene with carboxyl or amino groups. Car-
boxyl-functionalized graphene (G-COOH) was pre-
pared as follows [32]: GO of 100 mg was weighed
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and poured into a 40 ml mixed acid solution of
HNO;3; and H,SO4 (volume ratio of 1:3). The GO-
containing suspension was heated up to 80°C and
refluxed for 8 h. With the increment of carboxyl
groups, the GO was further chemically oxidized into
G-COOH. Thereafter, the obtained suspension was
diluted and repeatedly washed with deionized water
to remove residuals. After being freeze-dried at
—55°C for 24 h, G-COOH nanosheets were prepared.
As for the preparation of amino-functionalized
graphene (G-NH;), 80 mg GO was put into 40 ml
DMF and ultrasonically treated for 30 min, then
1.5 ml EDA was added to chemically react with GO
in a sealed vessel at 80°C for 8 h. The EDA could
react with GO through nucleophilic substitution and
amidation reaction, consequently introducing amino
groups onto GO and obtaining G-NH; [33]. There-
after, the G-NH;,-containing suspension was vacu-
um-filtrated and repeatedly washed out with deion-
ized water for the removal of residuals. After freeze-
drying at —55°C for 24 h, G-NH; nanosheets were
obtained.

2.3. Fabrication of FG/CS composite films

The GO, G-COOH, and G-NH, were weighed re-
spectively and dispersed ultrasonically in deionized
water to prepare 2 mg/ml FG suspensions. The ob-
tained suspensions were poured into 2 wt% chitosan
solutions which were prepared by dissolving chi-
tosan into 1 vol% acetic acid solutions. The mixtures
were mechanically stirred for 4 h to obtain a homo-
geneous dispersion of FG. Thereafter, the FG/CS
mixtures were cast into plastic Petri dishes and dried
in an oven at 37 °C for 48 h. As a result, FG/CS com-
posite films with 1.5 wt% FG loadings and 0.06 mm
thickness were obtained.

2.4. Characterization

Fourier transform infrared (FT-IR) and X-ray pho-
toelectron (XPS) spectra of samples were recorded
on Bruker Tensor 27 (Germany) and Escalab 250
(Thermo Scientific, USA), respectively for analyz-
ing functional groups and elemental compositions.
Raman spectra were measured to evaluate the struc-
tural integrity of samples by using Jobin Yvon
LabRam HR800 (Horiba, France). An X-ray diffrac-
tometer (XRD, D/max 2400 with Cu K, radiation,
Japan) was used to characterize the crystalline struc-
tures of the samples. Optical microscopic images of
FG/CS solutions were observed using Nikon Eclipse
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LV100ND (Japan) at room temperature for evalua-
tion of dispersion stability. Surface charges of FG in
aqueous and CS solutions were measured using a
Zeta potential analyzer (Malvern Zetasizer Nano-
7590, UK). Particle size distribution of the FG and
FG/CS clusters in aqueous solutions was measured
using a laser particle size analyzer (Malvern Master-
sizer 2000, UK). Microstructures of FG/CS compos-
ite films were observed using a scanning electron mi-
croscope (SEM, NavoSEM430, FEI, USA) at 10 kV.

2.5. Performance testing

The rheological behavior of FG/CS solutions was
measured using a Pin’s viscometer and a rotational
rheometer (Haake Mars 1, USA) equipped with a
cone-partitioned plate fixture at shear rates ranging
from 0.1 to 10 s™!. Thermogravimetric analysis (TGA)
was conducted on Netzsch STA-499C (Germany) at
a heating rate of 10°C/min from 30 to 700°C in an
argon atmosphere to evaluate the effect of FG-CS in-
teractions on the thermal stability of composites. Me-
chanical properties of composite films were measured
with a dynamic mechanical analyzer (DMA Q800, TA
Instrument, USA) in a tensile mode at a force-loading
speed of 1 N/min at room temperature, and the spec-
imen size was 40 mm x 3 mm % 0.06 mm.

3. Results and discussion
3.1. Preparation and characterization of
functionalized graphene

Functionalized graphene with carboxyl or amino
groups was prepared using GO as a precursor. The
preparation mechanism and chemical compositions
of the GO, G-COOH, and G-NH, were shown in
Figure 1. As shown in Figure 1a, the GO prepared by
Hummers’ method possesses numerous hydroxyl,
epoxy, and carboxyl groups, and they can be easily
modified into various functionalized graphene [34].
In this work, the G-COOH was prepared by chemi-
cally oxidizing GO with increased contents of car-
boxyl groups [35], and the G-NH, was obtained
through nucleophilic substitution and amidation re-
action between GO and EDA [33]. These above-men-
tioned reactions are mild and easily operated without
severely destroying graphitic structures of GO, and
all the FG show a similar particle size distribution in
Figure 1b. The changes in functional groups before
and after modification can be confirmed from FT-IR
analysis (see Figure 1c). The GO shows characteristic
peaks at 1720, 1230, and 1050 cm™!, corresponding
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Figure 1. (a) Preparation schematic of functionalized graphene with carboxyl and amino groups. (b) Particle size distribution,
(c) FT-IR spectra, (d) Raman spectra, (¢) XRD patterns, and (f-h) C1s XPS spectra of the GO, G-COOH, and G-NHo,.

to stretching vibrations of C=0 from COOH, C—OH,
and C—O-C, respectively [36, 37]. The G-COOH ex-
hibits an enhanced relative intensity at 1720 cm™!
and a weakened vibration peak at 1230 cm™!, reveal-
ing that the C—OH was chemically oxidized into
COOH [36]. For the G-NH,, its characteristic peaks
at 1720 and 1050 cm™' were weakened with in-
creased intensities at 1564 and 1230 cm™, implying
that the amino groups were covalently grafted onto
GO nanosheets [33].

Microstructures of the FG were determined by
Raman and XRD (see Figures 1d—1e). It can be seen
that all the FG show Raman characteristic peaks with
D and G bands at 1351 and 1594 cm™', and similar
XRD diffraction peaks at about 11°, implying that the
chemical modification has not severely destroyed the
graphitic structures of graphene. We can still find
slight changes in the intensity ratio of the D band to
G band (/p/Ig) due to the introduction of edge defects

93

during modification [38]. In addition, slight shifts of
the diffraction peak towards low degree after modi-
fication indicate enlarged lamellar spacing from
lamellar repulsion and steric hindrance caused by
carboxyl and amino groups [39]. Figures 1f—1h show
XPS spectra of FG for the characterization of chem-
ical compositions. The increased intensities of the
O-C=0 peak at 288.6 eV for G-COOH and the C-N
peak at 285.8 eV for G-NH, also confirm the pres-
ence of carboxyl and amino groups [37], which is con-
sistent with the FT-IR analysis. Therefore, the func-
tionalized graphene with carboxyl or amino groups
was obtained by chemical modification without se-
verely destroying the microstructure of graphene.

3.2. Dispersion of FG in CS solutions

These FG with various functional groups can form
different interactions with CS, greatly influencing
the dispersion of FG in CS solutions. Figure 2 shows
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dispersion stability, surface charge (zeta potential),
and size distribution of FG/CS solutions. It can be
seen from Figure 2a that the GO, G-COOH, and
G-NH; show distinct dispersion stability in CS so-
lutions after 12 h settlement. The G-COOH exhibits
the poorest stability in the CS solution accompanied
by obvious aggregation, while the GO and G-NH,
show satisfactory dispersion stability. Such phenom-
ena can also be observed from optical microscopic
images in Figures 2b—2e. We can see several aggre-
gations of large-size clusters in the G-COOH/CS so-
lution, followed by the GO/CS solution. By contrast,
the G-NH, shows homogenous dispersion in the CS
solution without apparent aggregation. Notably, all
these FG possess nearly the same particle size and
distribution shown in Figure 1b, but they exhibit dis-
tinct aggregation and particle sizes in CS solutions,
which is closely associated with interfacial interac-
tions of FG with CS.

GO/CS -COOH/CS
— —— e
] & .
T

G-NH,/CS

G-COOH/CS
G-NH,/CS

Zeta potential [mV]

Solution
f) 9)

We measured the Zeta potentials of the CS, FG, and
FG/CS solutions for elucidation of the surface charges
and FG-CS interactions (see Figure 2f). We can see
that the CS exhibits a typical positive-charge charac-
teristic with a Zeta potential of 66.6 mV due to amine
protonation of CS in weak acid conditions [40]. The
GO and G-COOH show negative surface charges
with Zeta potentials of —40.9 and —54.8 mV in the
presence of carboxyl groups respectively, while the
G-NHj; exhibits typical positive surface charges with
a 14.2 mV potential. These diverse surface charges of
FG can form distinct interactions with positive-charge
CS. First of all, the G-COOH possesses plenty of car-
boxyl groups and exhibits much more negative
charges than the GO, and it can form stronger inter-
actions with CS through electrostatic attraction. By
contrast, the G-NH, shows the same positive charges
with CS, and its interactions with CS are much lower
than that of the G-COOH and GO. Notably, we can
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Figure 2. (a) Dispersion stability of FG/CS solutions. Optical micrographs of the (b) CS, (¢) GO/CS, (d) G-=COOH/CS, (¢) G-
NH,/CS solutions. (f) Zeta potentials of the FG and FG/CS solutions. (g) Schematic of surface charges of FG in
CS solutions. (h) Particle size distribution of the CS and FG/CS solutions.
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see in Figure 2f that all the FG/CS solutions exhibit
nearly the same potential of about 67 mV as the CS
solution, implying that the FG surfaces were covered
with positive-charge CS. It is because the FG possess-
es high surface energy and spontaneously adsorb CS
onto its surfaces for charge balance, as shown in
Figure 2g, resulting in the formation of CS-coated FG
clusters and resultant positive Zeta potentials.

We further measured the particle size distribution of
FG/CS solutions using a laser particle size analyzer
(see Figure 2h). It can be seen clearly that the
G-COOH/CS exhibits the largest average particle size
of about 700 um, much higher than that for the GO/
CS and G-NH,/CS. The G-COOH possesses plenty
of negative surface charges, and it can form extreme-
ly strong interactions with CS and adsorb much more
CS onto G-COOH surfaces, resulting in the forma-
tion of large-size GOOH/CS clusters, severe aggre-
gation, and poor dispersion stability (see Figure 2d).
Compared with the G-COOH/CS solution, the GO/CS
solution exhibits a smaller cluster size and better dis-
persion stability due to the weaker interactions. For
the G-NH, with positive surface charges, it can form
the weakest interactions with CS, consequently re-
sulting in the smallest size of clusters and the best
dispersion stability. Therefore, the FG with various
functional groups can form distinct interactions with
CS, strongly influencing the aggregation and disper-
sion stability of FG/CS solutions.

3.3. Rheological behavior of FG/CS solutions

We measured the rheological behavior of FG/CS so-
lutions to investigate the effect of FG-CS interac-
tions on solution viscosity, as shown in Figure 3. It
can be seen from Figure 3a that all the FG/CS solu-
tions exhibit higher dynamic viscosity than the CS
solution, indicating that the presence of FG can re-
sult in increased viscosity by hindering the motion
of CS chains to some extent. Among all the FG/CS
solutions, the G-NH,/CS solution exhibits the lowest
viscosity, followed by the G-COOH and GO/CS so-
lutions. Such the same tendency can also be observed
from kinematic viscosity measured using Pin’s vis-
cometers (see Figure 3b). The viscosity of fluid gen-
erally reflects the resistance to gradual deformation
by shear or tensile stress, which is closely associated
with inter-molecular friction and interactions be-
tween particles [8]. Figure 3c illustrates the FG-CS
interactions and FG aggregation (FG/CS cluster) in
CS solutions. As mentioned above, the GO and
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G-COOH with negative charges can form strong
electrostatic attractions with the CS and result in the
formation of large-size clusters, consequently caus-
ing increased friction resistance and high viscosity.
By contrast, the G-NH; with positive charges pos-
sesses moderate interactions with CS, and they can
form small-size G-NH,/CS clusters, resulting in de-
creased resistance and low viscosity for high disper-
sion stability. Therefore, the rheological behavior of
FG/CS solutions strongly depends on the FG-CS in-
teraction, friction resistance, and cluster size. The
low viscosity of G-NH,/CS solutions is beneficial to
realizing homogenous dispersion and high orienta-
tion of the G-NH; in the CS matrix for remarkable
mechanical reinforcement.

3.4. Fabrication and microstructures of
FG/CS composite films

The FG/CS composite films were prepared using the
solution-casting technique, and their SEM images
are shown in Figure 4. In comparison with smooth
fracture surfaces of the CS film, the FG/CS compos-
ites exhibit coarse and rough surfaces, and some FG
aggregation can be observed. Among all the com-
posites, the G-COOH/CS composites show the most
severe aggregation in Figure 4c, mainly attributed to
the large size of G-COOH/CS clusters and inhomo-
geneous dispersion. By contrast, the GO/CS and
G-NH,/CS composites show homogenous disper-
sion due to their small-size clusters and slight aggre-
gation. Notably, we can see highly-aligned G-NH,
in CS matrix along in-plane directions (see Figure 4d),
which is closely associated with the high motion
ability of the small-size clusters. During the fabrica-
tion of composite films, the G-NH; can be easily dis-
persed and aligned along the in-plane direction under
interlaminar shearing forces. Such alignment of
G-NH,; in CS matrix is beneficial to improving both
strength and toughness of composite films.

3.5. Interfacial interactions and thermal
stability of FG/CS composites

Interfacial interactions between FG and CS in com-
posite films were characterized using FT-IR and
Raman techniques, as shown in Figure 5. It can be seen
from Figure 5a that the CS films show typical char-
acteristic peaks at 1630, 1402, and 1560 cm™', corre-
sponding to vibrations of the C=0 from amide [, C-N
from amide III, and the N—H bending, respectively
[41]. After adding GO into CS films, the adsorption
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Figure 3. Viscosity of FG/CS solutions measured using (a) rotational rheometer and (b) Pin’s viscometer. (¢) Schematics of
interaction and aggregation of the GO/CS, G-COOH/CS, and G-NH,/CS solutions.

bands for C=0 and C—N shift to 1635 and 1397 cm ™',
respectively, more susceptible to that for N-H,
which is consistent with that reported in the literature
[41, 42]. These shifts of characteristic peaks are main-
ly attributed to the graphene-CS interactions through
hydrogen bonds and electrostatic attractions. In our
work, the G-COOH/CS composites exhibit the largest
shift, followed by the GO/CS and G-NH,/CS, indi-
cating that the G-COOH can form stronger interac-
tions with CS than the GO and G-NH,. Such strong
interactions can also be confirmed through Raman
analysis shown in Figure 5b. The G-COOH/CS
composites exhibit the /p//g value of 1.05, higher
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than 0.97 for the corresponding G-COOH shown in
Figure 1d. Such increased values imply additional
defects caused by electrostatic attractions with CS
[43]. In our work, the G-COOH/CS composites ex-
hibit the largest /p/Ig increment than the GO/CS and
G-NH,/CS composites, revealing that the G-COOH
can form the strongest interactions with CS, fol-
lowed by the GO and G-NH,.

The thermal stability of the FG/CS composites was
investigated and shown in Figures 5c—5d. It can be
seen that all the FG/CS composites exhibit higher
thermal stability than the CS because the presence of
FG can effectively hinder the motion of CS chains at
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G-COOH/CS

G-NH,/CS

Figure 4. SEM images of (a) the CS, (b) GO/CS, (¢) G-COOH/CS, and (d) G-NH,/CS composite films.

elevated temperatures. Among all the FG/CS com-
posites, the GO/CS and G-COOH/CS composites
show higher thermal stability than the G-NH,/CS
composites because of their stronger interactions with
CS. Notably, the GO/CS composites show much
higher stability than the G-COOH/CS composites, al-
though the GO possesses weaker interactions with
CS than the G-COOH. It is mainly attributed to the
better dispersion of GO in CS matrix (see Figure 4),
effectively restricting CS chain motions and resulting
in high thermal stability of composites [41]. There-
fore, the FG/CS composites exhibit improved thermal
stability of CS, which is closely associated with
strong interfacial interactions.

3.6. Mechanical properties of FG/CS
composite films

Tensile properties of the FG/CS composites were

measured to evaluate the reinforcing effect of the FG

with various functional groups, as shown in Figure 6.
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It can be seen from Figure 6a that the G-NH,/CS and
GO/CS composites exhibit much higher tensile
strength and elastic modulus (slopes of the initial lin-
ear region) than the CS, indicating that the presence
of FG can significantly enhance the mechanical prop-
erties of CS films. As shown in Figure 6b, the tensile
strength of the G-NH,/CS and GO/CS composites is
up to 81.8 and 75.8 MPa, respectively, increasing by
24.7 and 15.5% in comparison with 65.6 MPa for the
CS films. It is notable that the G-COOH/CS com-
posites show even lower tensile strength than the CS
films despite the extremely strong interactions be-
tween G-COOH and CS, which is mainly attributed
to the poor dispersion of the large-size clusters
shown in Figure 4c. In comparison with satisfactory
dispersion of the GO and G-NHj; in the CS matrix,
the G-COOH is prone to severely aggregate with CS
through excessive interactions and form large-size
clusters, consequently resulting in poor dispersion
and unsatisfactory reinforcement.
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Figure 5. (a) FT-IR and (b) Raman spectra, and (¢, d) thermogravimetric curves of FG/CS composite films.

We further compared the elongation at break and
tensile toughness of FG/CS composites. It can be
seen from Figures 6¢—6d that the G-NH,/CS com-
posites exhibit the maximum elongation at break
(22.4%) and highest tensile toughness (16.2 MJ/m?)
among all the composites. It means that the presence
of G-NH, can increase not only the tensile strength
but also the tensile toughness of CS. Such remarkable
reinforcement is mainly attributed to the uniform
dispersion and highly-aligned structure along tensile
directions. It has been reported that the alignment of
graphene is beneficial to effectively transferring stress
and dissipating fracture energy through interfacial
friction slipping [31], consequently resulting in en-
hanced strength and toughness of composites. In our
work, the G-NH, possesses moderate interactions
with CS and forms small-size G-NH,/CS clusters, and
it is much easier to be well dispersed and form high-
ly-aligned structures during the fabrication process.
Such high alignment of G-NH; plays an important
role in greatly improving the tensile strength and
toughness of composites. By contrast, the G-COOH/
CS and GO/CS composites exhibit even lower elon-
gation at break and tensile toughness than the CS
films in spite of their strong FG-CS interactions,
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mainly attributed to the unsatisfactory dispersion and
random orientation. Therefore, the mechanical rein-
forcement of FG/CS composites depends on not only
the strong interfacial interactions but also the uni-
form dispersion and aligned microstructures.

We further compared the mechanical reinforcement
in our work with that of other graphene/CS com-
posites reported in the literature. It has been report-
ed that graphene can increase tensile strength and
elastic modulus of CS, but sacrifice the tensile
toughness with reduced elongation at break by 30,
55, 71, 11, and 10% for GO/CS [27], tea polyphe-
nols-GO/CS [44], sulphonated graphene/CS [28],
RGO/CS [45], trimethyl silane-GO/CS [29], respec-
tively. In our work, the G-COOH/CS and GO/CS
composites also show reduced toughness and elon-
gation at break than the CS films, consistent with
that reported in the literature. It is worth pointing
out that the 1.5 wt% G-NH,/CS composites exhibit
remarkable reinforcement in both the tensile strength
and toughness, respectively increasing by 24.7 and
37.3% in comparison with the CS films. Such re-
markable enhancement is mainly attributed to the
uniform dispersion and high alignment of G-NH; in
CS matrix.
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Figure 6.

composite films.

3.7. Mechanism on improved strength and
toughness of FG/CS composites

Figure 7 illustrates the reinforcing mechanism of
FG/CS composites. It reveals that the FG with vari-
ous functional groups can form distinct FG-CS in-
teractions and diverse-size FG/CS clusters, greatly
influencing the mechanical strength and toughness
of composites. We can see from Figure 7a that the
G-COOH can form the strongest interactions with
CS as the theoretical prediction but causes severe ag-
gregation, poor dispersion, and decreased mechani-
cal performance (see Figure 7b). For the GO/CS com-
posites, their GO-CS interactions are lower than that
of the G-COOH/CS composites, and the GO can be
well dispersed throughout the CS matrix, resulting
in increased tensile strength (see Figure 7b). Notably,
the GO/CS composites still exhibit lower elongation
at break, and tensile toughness than the CS, which
is because the medium-size GO/CS clusters are still
rather difficult to be highly aligned in high-viscosity
GO/CS solutions during fabrication. As a result, the
random orientation of GO in the CS matrix improves
the tensile strength of CS by sacrificing the tensile
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toughness, which is consistent with that reported in
the literature [8, 27, 44].

As for the G-NH,/CS composites, the G-NH; can
form moderate interactions with CS through hydro-
gen bonds [46], and it can be uniformly dispersed in
the CS solution without obvious aggregation. The
small-size G-NH,/CS clusters can be easily aligned
in the CS matrix during the fabrication of composite
films (see Figure 7a). Such alignment of the G-NH,
plays an important role in greatly increasing the
pulling force of graphene out of the matrix and dis-
sipating fracture energy [31, 47]. Therefore, the
G-NH,/CS composites exhibit remarkable enhance-
ment in tensile strength and toughness, which is
mainly attributed to the moderate interfacial interac-
tion, small-size cluster, and high alignment of
G-NH, in CS matrix. As mentioned above, theoret-
ical calculation predicted that carboxyl groups could
form much stronger interfacial interactions with CS
than the hydroxyl and amino groups for remarkable
mechanical reinforcement [25]. But, in our work, the
G-COOH/CS composites exhibit the lowest tensile
strength and toughness among all the composites. It
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Figure 7. (a) Schematic of FG aggregation based on FG-CS interactions, and (b) the resultant mechanical reinforcement in
tensile strength and toughness of FG/CS composites.

indicates that the mechanical reinforcement of
graphene/CS composites depends on not only the
graphene-CS interactions but also the dispersion sta-
bility, rheological behavior, microstructure, and align-
ment of graphene in the CS matrix. Notably, some in-
fluencing factors, such as molecular weight, deacety-
lation degree, preparation condition, and crystallinity
degrees, should be comprehensively considered for
the fabrication of high-performance graphene/CS
composite films.

4. Conclusions

In this work, the interfacial interactions between CS
and functionalized graphene of GO, G-COOH, and
G-NH; were investigated to clarify the effect of
FG-CS interactions on the mechanical properties of
FG/CS composite films. The chemical compositions,
dispersion stability, theological behavior, microstruc-
ture, thermal stability, tensile strength and toughness
of composites were measured in detail. Although
theoretical calculation predicted that the G-COOH
could form extremely strong interactions with CS for

remarkable mechanical reinforcement, we found that
the excessive interactions could inevitably result in
severe G-COOH aggregation in solutions, inhomo-
geneous dispersion, and decreased mechanical per-
formance of composites. By contrast, the G-NH,/CS
composites exhibit remarkable enhancement in both
tensile strength and toughness, which is mainly at-
tributed to the moderate interaction, uniform disper-
sion, and highly-aligned structures. By virtue of their
high strength and toughness, the G-NH,/CS compos-
ites show great potential to be used as high-perfor-
mance films in the field of packaging and biomedical
materials.
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