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Abstract: In the present study, silane-functionalized graphene (f-graphene)-reinforced
chitosan nanocomposite films exhibiting enhanced mechanical properties have been
prepared by the solution casting method. These nanocomposite films were characterized by
X-ray diffraction, Raman spectroscopy and thermogravimetric analysis. In order to
investigate the effect of silane functionalization, tensile tests were performed on original,
oxidized and silane-functionalized graphene-reinforced chitosan nanocomposite films.
Tensile results show that silane functionalization groups offer a substantial increase in the
interfacial adhesion between filler and host matrix. This result is also confirmed by the
surface morphology of the fracture surface in scanning electron microscope analysis.
Qualitative analysis using Raman and Fourier transform infrared spectroscopy revealed the
existence of Si—O—-Si and Si—O—C bonds in the silanized composite. Thermal analysis of
the samples shows that the material is stable up till 250 °C and maintains its thermal
stability all throughout the process until it starts degrading after 510 °C. Atomic force
microscopy reveals that the material is well exfoliated after the oxidation of graphene and
also displays the existence of 3—6 layers of exfoliated graphene sheets. X-ray photoelectron
spectroscopy studies also reveal the existence of silicon in the single state and quantify the
sample to be approximately around 4% (+0.5%) of the total atomic weight.
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1. Introduction

Petrochemical-based polymers are used in many applications in industrial fields due to their various
advantages [1-3]. However, when they are disposed of after long-term use, there can be serious
environmental problems due to their non-biodegradable, toxic effects and activity. Therefore, many
studies have been carried out to develop an ecofriendly, natural polymer, which is highly biodegradable
and possesses nontoxic characteristics [4-6]. As part of the present study, the existing petrochemical
polymers should be replaceable in the near future by the use of natural polymers, such as starch,
cellulose and chitosan, which show promising results based on their chemical reactivity, stability,
degradability, zero toxicity and ecofriendly qualities, which in the future, may provide a potential
solution and applications for various petro-chemical and biomedical industries. Henceforth, based on the
above properties, biopolymers in the near future may act as replacements for toxic petro-polymers.

Chitosan is a linear polysaccharide composed of randomly-distributed p-(1-4)-linked D-glucosamine
and N-acetyl-D-glucosamine units. It is obtained from chitin, the second most abundant natural
polymer on Earth [7]. Since its discovery, it has been investigated extensively over several decades for
its use and application in separation membranes, coating materials, hemostatic agents, water treatment
and others. It possesses a number of interesting properties, including biocompatibility, biodegradability
and solubility in aqueous media [8—11]. In recent years, chitosan has been considered an ideal
candidate for use as a matrix material for solid ion-conducting composites [12]. In addition, this
natural polymer is one of the most environmentally-compatible, biodegradable material available,
which also helps in mitigating several environmental problems. However, its mechanical and electrical
properties are inferior to those of commercial polymers, and it requires mixing with reinforcing
materials to enhance its material properties. For these reasons, several recent studies have been
reported by researchers for effectively improving the physical and mechanical properties of chitosan
by using a blend of organic-inorganic composites through the incorporation of fillers, such as clays,
hydroxyapatite and metal nanoparticles [13—18].

On the other hand, carbon nanotubes (CNTs) are considered to be an ideal reinforcing agent for
polymer matrices, because of their unique structure and properties [19-21]. However, a portion of the
metal catalyst used during the CNT fabrication process may be included within the nanotubes. As a
result, the residual metal catalyst in the nanotubes makes it difficult to improve the properties of the
composite and its behavior as an effective natural filler or as a resourceful bio-compatible material
used for various biomedical applications [22-25]. On the contrary, a metal-free material, such as
graphene, is considered a promising reinforcing candidate for the fabrication of polymer composites.

Graphene, a single layer of carbon atoms in a closely-packed honeycomb, two-dimensional lattice,
has the potential to be a resourceful filler to improve the physical and mechanical properties of the
polymer matrices [26—33]. In addition, graphene has shown better performance as a reinforcing
material than carbon nanotubes due to its characteristic layer structure and good dispersion within the
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polymer matrices compared to carbon nanotubes. However, graphene has two major problems as a
reinforcing material within the polymer matrices. The first problem is the dispersion of graphene
within the polymer matrices. The second is the poor interfacial adhesion between graphene and the
matrices. Recently, several studies have been made to overcome these problems. For example,
Lee et al. [34] proposed a physical method, which is a cryogenic milling process of graphene powder,
as a preferred method for enhancing the dispersion in polymer matrices. This result shows that the
cryogenic milling process is an effective way to increase the dispersion of graphene in polymer
matrices. In spite of this, the long runs of the cryogenic milling process cause the destruction of the
graphitic structures of graphene. Moreover, cryogenic milling does not provide nor improve any
interfacial reactivity between the graphene and polymer matrices. For these reasons, the use of
chemical reduction or oxidation processes, like Hummer’s method [35], is employed for not only
increasing the surface interfacial reactivity, but also helping in the isolation of nanoscale layers of
graphene without damaging it. Kathi and Rhee [36] and Ma et al. [37] proposed several advantages of
the silanization of carbon nanotubes. The functionalization of carbon nanotubes using organo-silane is an
effective way to increase the interfacial reactivity between carbon nanotubes and polymer matrices
without any damage. Consequently, we consider applying a similar approach of silane functionalization
for graphene that is expected to enhance the interfacial reactivity between graphene and the host matrix.

Henceforth, in the present study, we used 3-aminopropyltriethoxysilane (3-APTES) as a silane
coupling agent to functionalize graphene. The main objective was to investigate the effect of the silane
functionalization of graphene on the tensile behavior of graphene-chitosan nanocomposite films.
In order to confirm the effect of the silane functionalization of graphene, we compared the mechanical
behavior and fracture surface morphology of graphene/chitosan nanocomposite films by using a
universal testing machine (UTM) and scanning electron microscopy (SEM), respectively.

2. Experimental Section
2.1. Reagents

Raw commercial graphene powder (Grade AO-3) was used in this study, which was purchased from
Graphene Supermarket (Calverton, NY, USA) and was synthesized using a catalytic chemical vapor
deposition (CVD) process. The plates have an average thickness of 12 nm and a purity above 99%.
Chitosan (average molecular weight = 350,000 g-mol!, degree of de-acetylation 75%-85% and
viscosity > 20 cp, 1 wt% in 1% acetic acid at 20 °C) was purchased from Sigma-Aldrich (Yongin-si,
Korea). 3-aminopropyltriethoxysilane (3-APTES) with 99% purity (Sigma-Aldrich) was used as the
silane functionalization agent. The chemical oxidation of the graphene was done by using reagents, like
nitric acid, sulfuric acid and distilled water. Acetic acid was used to dissolve chitosan in distilled water.

2.2. Oxidation of Graphene

Three grams of graphene were dispersed in the mixture of 225 mL of sulfuric acid and 75 mL of
nitric acid in a 50-mL beaker. The mixture was stirred for twelve hours at 35 °C and sonicated for 1 h.
The mixture was then washed with distilled water and acetone until the pH reached 6-7.
After washing, the resultant mixture was filtered through a 0.2-um cellulose acetate filter paper.
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This resulted in the formation of oxidized graphene (o-graphene), which was then dried at 80 °C
overnight in an oven.

2.3. Silanization of Graphene with 3-Aminopropyltriethoxysilane (3-APTES)

One gram of the o-graphene was dispersed in a 4% silane solution consisting of 3-APTES in
distilled water, which was then added to 300 mL of an ethanol:water (95:5 vol/vol) solution.
The mixture was continuously stirred at 70 °C for 2 h. The resulting functionalized graphene
(f-graphene) was obtained by filtration using distilled water and acetone followed by drying at 90 °C
for 12 h. A corresponding flow chart depicts the stepwise synthesis of the silane-functionalized
graphene in Figure 1.
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Figure 1. Process flow chart of silane functionalization.
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2.4. Preparation of Chitosan/Graphene Nanocomposite Films

Zero-point-zero one grams of graphene (raw graphene, o-graphene, f-graphene) were dispersed
individually in 100 mL of distilled water by ultrasonication for 1 h in an ultrasonic bath.
After sonication, 0.99 g of chitosan and 1 mL of acetic acid were added, and the individual mixtures
were stirred for 2 h in a magnetic stirrer to dissolve chitosan, followed by 30 min of ultrasonication.
The mixtures were then degassed for 5 min to remove bubbles, and the solutions were poured onto a
Teflon glass plate mold and kept at 60 °C under vacuum for 12 h. The dried chitosan-1 wt% graphene
nanocomposite thin films of an average thickness of 0.05 mm were carefully removed from the Teflon
mold. The schematic representation of the fabrication process of chitosan/graphene nanocomposite

0
80%
™

Chitosan
R = H,N(CH,); I I

films is given in Figure 2.

Adding Acetic Acid (1 ml) Mixing at 25 °C, 300 rpm, 2h

Mixed Solution

Casting Solution Method

Curing in vacuum at 60 °C, 12 h

GR/CS film

Figure 2. Schematic illustration depicting fabrication process of graphene/chitosan
nanocomposite film.
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3. Characterization

Tensile tests of raw and modified graphene/chitosan nanocomposite films were performed
according to ASTM D882 using a universal testing machine (UTM) (Instron 8841, Norwood, MA,
USA). At least five specimens were tested for each case to ensure the reliability of the test results.
The tensile strength, modulus and elongation at break of each film sample were measured. Specimens
of 10 mm in width were prepared for the test. The initial gauge length and cross-head speed were set at
50 mm and 0.5 mm/min, respectively. XRD (X-ray diffraction) patterns of raw and modified graphene
samples were recorded with a Rigaku Rotaflex, Tokyo, Japan (RU-200B) X-ray diffractometer using
Cu Ko radiation (A = 1.540 A) with a Ni filter. Raman analyses of the raw and modified graphene were
carried out using a Jasco Raman spectrometer, Tokyo, Japan equipped with a charge-coupled device
CCD detector at a wavelength of 100 to 3200 cm™'. The thermal stability of the sample was carried out
using a thermogravimetric analyzer (Q5000 IR/SDT Q600-TA-Instrument, Seoul, Korea) programmed
at a heating rate of 5 °C/min in the presence of air. The surface morphology and failure surfaces of the
chitosan/graphene nanocomposite films were studied by a scanning electron microscope (SEM)
(Stereoscan 440, Leica Cambridge, Wetzlar, Germany). Fourier transform infrared spectroscopy
(FTIR) was carried out using a PerkinElmer Frontier and Spectrum Two FTIR spectrophotometer
(Waltham, MA, USA) between the ranges of 4000400 cm™!. Atomic force microscopy was carried
out using a Veeco (D3100) (Plainview, NY, USA) AFM Instrument. A very small amount of sample
was crushed, and just a minute speck of particle was added into 5 mL of ethanol solution and sonicated
for 6 h. The sonicated solution was further diluted; later, a pre-cleaned strip of silicon wafer was
immersed into the dilute solution for a fraction of a second and was removed for further drying.
The AFM images were obtained in non-contact mode. X-ray photoelectron spectroscopy (XPS: K-alpha
Thermo Electron, Waltham, MA, USA) was utilized to further quantify and detect the elemental
composition of the sample in detail. The characterization using XPS was carried out by making a
concentrated slurry of the sample in ethanol. The slurry was then deposited on clean Si-wafer
(ultrasonicated) using a sterile Pasteur pipette. The coating was then allowed to dry at 80 °C in a
vacuum oven for 2 h.

4. Results and Discussions
4.1. Tensile Characteristics of Graphene/Chitosan Nanocomposite Films

Figure 3 shows typical tensile stress-strain curves of graphene (GR/CS), o-graphene (o-GR/CS) and
f-graphene/chitosan (f-GR/CS) nanocomposite films, in which the stress linearly increases with
increasing strain before reaching the maximum stress for all composite films. The tensile strength and
elastic modulus of the silane-functionalized composite film were compared to those of the unmodified
and oxidized composite films to investigate the effect of silane functionalization of graphene on the
tensile properties of graphene/chitosan nanocomposite film. The elastic modulus was determined by
measuring the slope at the linear region of the stress-strain curves [34].
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Figure 3. Comparison of stress-strain curves in tensile tests among graphene (GR/CS),
o-graphene (0-GR/CS) and f-graphene/chitosan (f-GR/CS) composite films. GR = Graphene;
CS = chitosan; o = oxidized; f = functionalized.

Figure 4 represents the change in tensile strength and elastic modulus of graphene, o-graphene
and f-graphene/chitosan nanocomposite films. The tensile strength and elastic modulus of the
silane-functionalized composite film are 11.4% and 16.6%, 2.0% and 5.7% greater than those of
the unmodified graphene and oxidized graphene composites, respectively. The elongation at break of
the silane-functionalized composite film was found to be 34.8% and 32.2% greater than those of
unmodified graphene and oxidized graphene composites, respectively. These results were obtained by
calculating the “mean of the sum” values. Standard errors were calculated using the uncorrected
sample’s standard deviation. The details of the mechanical strengths calculated for the samples with
their standard errors are listed out in Table 1. The area, calculated from the region under the
stress-strain curves in Figure 3, of silane-functionalized composite film is around 1.7-times higher than
that of the unmodified composite film. This result means that silane functionalization of graphene has
an effect on increasing the toughness of graphene/chitosan nanocomposite film. Synergistically, silane
functionalization of graphene increases the resistance to fracture when receiving external forces,
because silane as a coupling agent provides higher and close interfacial reactivity between chitosan
and chitosan or chitosan and graphene moieties/particles.

Table 2 lists out the statistical analysis carried out on the mechanical properties of the composite
samples. As observed from the data, it is clear that the samples are almost uniform with respect to the
dispersion of graphene within the chitosan matrix. The change/error in the data is less than 5% (4.2%
approximately), which is a standard and acceptable parameter in the mechanical studies. This also
helps in understanding the mechanical dynamics as observed in the slight increase in the tensile and
elastic modulus of the composites, namely GR/CS; 0o-GR/CS and f-GR/CS, respectively.
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Figure 4. Comparison of the tensile strength and elastic modulus among GR/CS,
0-GR/CS and f-GR/CS composite films.

Table 1. Comparison of the tensile properties among graphene, o-graphene and

f-graphene/chitosan composite films with averaged best value results.

534

Young’s modulus

Ultimate tensile strength

Elongation at break

Sample type (GPa) (MPa) %)
GR/CS 0.70 (+£0.021) 81.73 (£1.43) 2.50 (+0.32)
0-GR/CS 0.78 (£0.017) 89.43 (£1.22) 2.55 (x0.29)
f-GR/CS 0.83 (+£0.016) 91.01 (+1.19) 3.37 (£0.31)
Note: Standard error is denoted within the brackets.
Table 2. Statistical analysis of the composite mechanical property.
Sample: GR/CS Tensile Stress (Mpa) Young’s Modulus (Gpa) Strain%
No. 1 84.3212 0.7521 1.6675
No. 2 81.1147 0.6817 3.3212
No. 3 76.0059 0.6632 3.3342
No. 4 82.061 0.6335 2.4225
No. 5 85.1472 0.7695 1.7751
MEAN 81.73 0.7 2.5041
SD 3.213877695 0.052260961 0.720377337
SE 1.437289799 0.023371812 0.322162539
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Table 2. Cont.

Sample 0-GR/CS Tensile Stress (Mpa) Young’s Modulus (Gpa) Strain%

No. 1 86.1145 0.7721 1.9871
No. 2 87.1152 0.7879 2.6664
No. 3 92.0775 0.8441 1.8891
No. 4 88.7138 0.7675 2.5484
No. 5 93.1145 0.7345 3.6875
MEAN 89.4271 0.78122 2.5557
SD 2.736732949 0.035924053 0.642018775
SE 1.223904182 0.016065725 0.287119525
Sample f-GR/CS Tensile Stress (Mpa) Young’s Modulus (Gpa) Strain%
No. 1 89.1475 0.8723 2.7784
No. 2 91.05 0.8615 2.9785
No. 3 95.7785 0.7824 4.2978
No. 4 87.9612 0.8351 2.6958
No. 5 91.1158 0.7972 4.0975
MEAN 91.0106 0.8297 3.3696
SD 2.665163101 0.035067649 0.685255681
SE 1.191897173 0.015682729 0.306455657
Notes: Mean = arithmetic average of a set of values, or distribution; SD = standard deviation;

SE = standard error.

4.2. X-ray Diffraction

Figure 5 shows the diffractogram obtained from the composite samples. From the figure, it is
evident that the crystalline structure of the graphene is still intact with shifts in the intensity and its
position. The sample (a) also shows the presence of small amorphous bump before 25° (20 angle).
This phase is attributed to the presence of chitosan particles with possible masked dispersion along
with the graphene particles. Similarly, the sample (b) also shows a low intensity amorphous bump
before 25°; the position shift and low height of the intensity shows the effect of oxidation in the sample
where much of the amorphous phase carbon is contributed from the oxidation of the chitosan during
the acid and thermal treatment of the sample. Further, after oxidation and functionalization, we can
observe a more pronounced amorphous phase between the 26 angles of 10°-25°. These mixed phased
high intensity peaks are attributed to the presence of amorphous silica and carbon present within the
composite sample (c), which is contributed by chitosan and 3-APTES, respectively. The presence of
silica crystals within the sample confirms the successful functionalization of the oxidized sample with
APTES. Table 3 shows the details of the Akl values as identified using the International Centre for
Diffraction Data (ICDD) database of the samples.
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Figure 5. XRD patterns of GR/CS, o-GR/CS and f-GR/CS composite films. PDS #C
represents the ICDD Powder Diffraction Standards (PDS) card numbers in the form of
Powder Diffraction File (PDF) for the presence of carbon.

Table 3. XRD details of sample peaks as indexed in ICDD JCPDF cards.
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Sample Name 20 Value hkl System Lattice JCPDF No. Mineral Phase
26.618 002 Hexagonal Primitive 25-0284 Graphite
(a) GR/-CS 29.500 123  Orthorhombic NA 39-1894 Chitosan
54.73 004  Hexagonal Primitive 25-0284 Graphite
26.609 002 Hexagonal Primitive 25-0284 Graphite
(b) 0-GR/CS 29.414 123  Orthorhombic NA 39-1894 Chitosan
54721 004  Hexagonal Primitive 25-0284 Graphite
11.667 040  Monoclinic End centered 89-7499 Si0»
13.602 101 Orthorhombic NA 39-1894 Chitosan
21.100 200 Orthorhombic NA 39-1894 Chitosan
(c) f-GR/CS 26.637 002 Hexagonal Primitive 25-0284 Graphite
29.453 123  Orthorhombic NA 39-1894 Chitosan
57.403 318 Rhombohedral Rhombo-central 89-0735 Si0O,
60.700 704 Rhombohedral Rhombo-central  89-0735 Si0O»
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4.3. Raman Spectroscopy

Raman spectrums of the composite samples are depicted in Figure 6. The spectrums show the

!. The shape and intensity implies that the graphene is

characteristic 2D’ graphene peak at 2722 cm™
multilayered, with defects arising due to the introduction of chitosan and APTES (for the functionalized
graphene-chitosan composite). The characteristic D-band and G-band peaks of graphene in the
composite are visible between the Raman wavenumbers of 1355-1370 and 1580-1585 cm™!,
respectively. Furthermore, the shift in the position and the intensity of the peaks also provides insight
into the effect of functionalization. The spectrum also shows several instances of decreased intensities
in each band upon the oxidation and functionalization process [38—40]. These changes can also be
observed within the D and G bands of the graphene. Secondly, all of the samples have also shown the
fingerprint zones of chitosan and APTES at several positions on the spectrum. The presence of
Si—O-Si and Si-O—C bands at 1144 and 1110 cm™! confirms the presence of APTES and also
demonstrates the inter-linkages occurring between the Si—O and C moieties of both graphene and

chitosan, respectively [41-45].
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Figure 6. Raman spectrums of GR/CS, 0-GR/CS and f~-GR/CS composite films.
4.4. Scanning Electron Microscope (SEM) Analysis

The SEM images of the composite are shown in Figure 7 with their respective low and higher
magnifications. The image is taken using a Z-axis tilt mode within the SEM. This process enables the
viewer to visualize a top sectional view along with the internal morphology of the specimen. The images
are labeled accordingly to create a visualization of the top, middle and lower surfaces of the sample.
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The focus in view is the cut surface (fractured surface) obtained during the stress analysis. Figure 7a,b
represents high and low magnification of the graphene-chitosan sample. Figure 7c,d represents the
oxidized graphene—chitosan sample, and Figure 7e,f represent the 3-APTES-functionalized
graphene-chitosan sample. From Figure 7a,b, we can observe that the surface of the composite is quite
rough and uneven, with outgrowths of graphene-chitosan particles. The middle section shows the cut
surface of the composite as analyzed for its tensile property. We can observe that the internal flaky
structures of the composite are facing a single direction due to the effect of tearing. Furthermore,
one can observe the presence of sheets of graphene embedded within the waxy-looking chitosan.
The arrangement of the graphene flakes and the chitosan matrix mimics the brick wall structure similar
to that found in nacre shell. Due to the unidirectional stress, the formation of cracks develops in a
straight axis and propagates through the weaker sections of this layered structure, causing the tear.
Since graphene is a layered material, which is adhered to the chitosan moieties through weak van der
Waals forces, it loses its integrity during enormous stress, thereby causing the rupture within the layers
and initiation of delamination and tearing. The presence of a large torn-up graphene sheet in Figure 7b
is an indication of delamination and tearing, causing the rupture within the sample.

Similarly, Figure 7c,d represent high and low magnifications of the oxidized composite of
graphene-chitosan, respectively. One can observe the presence of a highly rugged top surface of
composite caused by the effect of acid/thermal oxidation. The presence of small voids (holes/patches)
within the sample is an important finding, which also helps in understanding the behavior of the
sample during mechanical testing. These holes are presumed to be caused due to the acid and thermal
activity on the composite and also may be attributed to the escape of the internal and loosely-bound
gaseous material. These holes may also help with the increase in the cohesive attraction forces and also
strengthen the adhesion properties of the foreign material into its periphery due to the presence of
dangling bonds. This will also help improve the prospective mechanical properties of the composite.

Figure 7e,f represent the high and low magnification images of the 3-APTES-functionalized
graphene-chitosan sample. The image shows the clean, even and a smooth surface of the composite.
This may arise due to the precise uniform mixing of 3-APTES with chitosan and graphene, thus
stabilizing and uniformly dispersing the particles along with the texture. It should be noted that the
amount of 3-APTES determines the texture co-efficient of the sample. As observed, the
functionalization of the graphene-chitosan composite is successfully achieved. From the image, one
can also observe that the holes produced during the oxidation process have been almost covered
completely by the addition of APTES within the matrix. The appearance of the wavy pattern is a clear
indication of the continuous uniform mixing. The highest value (in comparison with previous samples)
in the tensile strength for this sample showed that, due to effective mixing, the silica within the APTES
is contributing as a bridging agent, thus interlinking and interacting with the free surface bonds
between the graphene—chitosan linkages. This interaction also increases the adhesion between the
interlinking layers of graphene-chitosan with APTES, thus making the composite highly stronger,
thereby improving its overall mechanical capabilities, as observed in our case.
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Figure 7. SEM images of the fractured zone of (a,b) GR/CS; (e,d) o-GR/CS and
(e,f) -GR/CS composite films.

Based on the SEM-EDXA (energy dispersive X-ray analysis) investigations of both powder and
film samples (Figure 8), we can infer that the oxidation process has successfully exfoliated the
graphene layers and has exposed their surface for chemical functionalization. The image shows the
respective powder and film samples with their EDAX. Figure 8a represents only the powdered
graphene structure; Figure 8b represents film samples made from both graphene and chitosan along
with the EDAX of the sample. Figure 8c represents only oxidized graphene (o-graphene);
Figure 8d represents the film fabricated using chitosan and O-graphene; Figure 8e represents only
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3-APTES-functionalized graphene (f-graphene) flakes. Figure 8f depicts the composite film fabricated
using chitosan and the f-graphene with EDAX. The elemental analysis as shown on Figure 8b,f
confirms the presence of silicon (Si) and oxygen (O) for the f-graphene case. The scan detected
approximately 2.5 atm% of Si, which is very much in close agreement with the amount reported from
our TGA results. The images also show the different morphology of the film surface as discussed in
the earlier SEM Figure 7.

Powdered Samples Film Samples with EDAX
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Figure 8. SEM-EDAX of powdered composite and the film. (a,b) GR/CS; (¢,d) o-GR/CS
and (e.f) f-GR/CS composite films.

4.5. Thermal Analysis

Thermal analysis of the sample was carried out to assess the stability of the material at higher
temperatures and to understand its degradation behavior during extreme physical conditions in a
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thermal application if used in any form. The thermographs are shown in Figure 9. From the figure, it is
evident that the material is extremely stable until 250 °C, which is later followed by step-wise weight
loss of the sample owing to the degradation of chitosan at the initial stages. The initial drop in weight
before 150 °C is majorly attributed to the removal of moisture, carboxylic and hydroxyl groups from
chitosan; from there onwards, the complete degradation starts, owing to 50% of the weight loss of the
sample. On further heating to ~260 °C, the organic moieties of the saccharide rings get completely
denatured [17,18]. The presence of strong exothermic peaks arising around 500—-600 °C for all of the
samples is attributed to the degradation of pyranose rings to form lower fatty acids. On further heating
above 700 °C, the weight loss of almost 97% reflects the degeneration of the graphene
structure [17,18]. The 3% ash residue for the functionalized sample is attributed to the presence of
Si02 formed due to the degradation of existing APTES molecule. On comparing the Thermo
Gravimetric (TG) results of composites, one can observe a steady shift in the position of the
exothermic peaks. This thermal shift is generally due to the existence of several cross-linkages
occurring within the composite, which also includes the functionalized sample. As is observed from
the functionalized composite thermogram, these cross-linkages have increased the thermal capacity
and elasticity of the material, additionally, due to the presence of Si—~O-Si and Si—O—-C linkages,
thereby enhancing the tensile strength and modulus, as observed from the tensile results, respectively.
In summary, we infer that the graphene-chitosan material was successfully functionalized using an
organo silane as a coupling agent.
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Figure 9. Thermographs of GR/CS, o-GR/CS and f-GR/CS composite films.
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4.6. FTIR Spectroscopy

FTIR analysis was carried out using a PerkinElmer Frontier and Spectrum Two FTIR
spectrophotometer. Very small amounts of the precursor nanomaterials were mixed and powdered with
KBr to a very fine consistency. The powdered mixture was then transferred for making pellets and
later analyzed between the wavelength ranges of 4000400 cm™'. Figure 10a shows the spectrums of
chitosan, graphene and the silane-functionalized graphene, respectively labelled with their prominent
peaks, as identified using the corresponding literature. From the spectrum, it is clear that the graphene
surface was completely oxidized and modified after functionalization. The emergence of peaks from
700 to 1200 cm™' shows the presence of the vibration of silane moieties arising due to Si-O-Si and
Si—O—C stretching vibrations. Apart from these, the changes in the peak position and the increase in
the intensity of the carbon basal plane arising due to the stretching of the carbonyl and phenolic
attachments in the form of (C=0), (C=C), (O-H), (C-0O) and the methyl (~CH2) backbone imply that
the surface treatment and functionalization of graphene was successful. Table 4 lists out the

assignment of peaks along with their peak position of the respective spectrums in detail for a much
more clear understanding.
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Table 4. FTIR assignments of chitosan, graphene and functionalized graphene.

Chemical  Peak position (cm™) Assignment Reference
Stretching of C—-O from: C—O—H; symmetric and
900 . . [46]
asymmetric stretch from C-O-C bridge
1075 Saccharide structure of chitosan and C-O stretching [47,48]
Saccharide structure of chitosan and anti-symmetric
1157 . . [47,48]
stretching from C—O-C bridge

1316 Acetyl Groups [49]

Chitosan 1378 Amide III/C-H bending and stretching [50]
1590 Amine (NH,) band bending vibration [51]
1650 Carboxamide O=C-NHR [51]
2849 (CH3) anti-symmetric and symmetric stretching vibrations [48]
2925 (CH3) anti-symmetric and symmetric stretching vibrations [48]
3450 —OH/—NH; stretching [51]
3743 —OH/-NHj stretching [51]
1105 C-O stretching [52]
1231 C—OH stretching [52]
1258 C-0 asymmetric stretching [53]
1647 C=C ring stretching [54]
1712 C=O0 stretching arising from carbonyl and carboxylic groups [52]

Graphene
2855 —CH2 [54]
2920 —CH2 [54]
3445 —OH stretching [52]
3738 —OH stretching [52]
3866 —OH stretching [52]
720 Si—O-Si [55]
1060 Si—O-Si [52]
1111 Si—-O-C [52]
1172 Si—O-Si [55]
1229 C—OH stretching [52]
1400 6(O-H) basal plane CO-H [53]
1465 v(C=C), 6(0-H), v(C-0O) [53]

f-Graphene 1634 C=C ring stretching [54]
1707 C=0 stretching from carbonyl and carboxylic groups [52]
1743 v(C=0) [53]
2850 —CH2 [54]
2920 —CH2 [54]
3434 —OH stretching [52]
3748 —OH stretching [52]
3856 —OH stretching [52]

4.7. Atomic Force Microscopy

The AFM image of the precursor materials are shown in Figure 10b—d, which represents graphene,
o-graphene and f-graphene, respectively. All of these samples are devoid of chitosan. From the image
(Figure 10b), we can observe the large layered mass of spherical particles, which are composed of
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several layers of graphene. The cross-sectional analysis of the smallest sample based on the contour
shows an overall diameter of 315 nm with a vertical height of 26 nm. This implies that the material is
composed of several graphene layers (~20-25). Upon oxidative treatment of the same sample, one can
observe exfoliated graphene structures (Figure 10c) with a vertical height of 3—4 nm, which implies
that the particle in focus is composed of the minimum layers of exfoliated and oxidized graphene
(3—6 layers approximately). As one can also observe, the flat layered structure is clear and in the
unwrapped (folding) state. Similarly, the f-graphene image (Figure 10d) shows a much smaller
structure with a similar dimension surrounded by several other bright spherical particles, assumed to
be the exfoliated f-graphene islands. The sectional analysis of the f-graphene particle shows that the
material is well exfoliated with few contour readings, being just lower than the oxidized particle.
Furthermore, this implies that the silane must have been incorporated on the surface of these open
layers, thereby functionalizing the graphene. This surface activity between APTES and graphene can
also be observed in the FTIR spectrums, which show the emergence of Si—O-Si peaks at 720, 1060
and 1172 cm™".

4.8. X-ray Photoelectron Spectroscopy

The elemental compositions of the samples were carried out using a K-Alpha XPS unit (Thermo
Electron). The obtained results of all of the samples’ core survey and individual peak analysis are
displayed in Figure 11. As observed from the graph, the peaks display their respective compositions
with variable intensities of the elements in the core-level survey (Figure 11a). As for the case of
f-graphene, the existence of Si-2p, C-1s and O-1s implies that the graphene surface was successfully
oxidized and silanized using 3-APTES as a coupling agent. Moreover, the presence of C-1s and O-1s
in the graphene sample shows that the surface oxidation using strong acids not only clears the surface
of the loosely-bound gaseous moieties, but also removes the other impurities from the surface. Acid
treatment to some extent also allows the graphene layers to get exfoliated due to the depreciation of
ionic attraction and dehydration of hydroxyl and hydrogen atoms between the layers, which later, due
to the effect of energetic waves (during ultra-sonication), are cleaved to 2-5 layers [56].
The separation of layers is also initiated by the acid molecules occupying the inter-lamellar space;
this process is also observed in our SEM and Raman results and is in good agreement with [56]. As a
standard measure, a pure, cleaned, ultrasonicated silicon wafer was analyzed as a blank in order to
evaluate the type of oxidation of silicon present within the sample; this may also help us with
evaluating the weight percentage of “Si” in our sample. On further analysis, the individual elemental
analyses for C-1s, O-1s and Si-2p for all of the samples are displayed in Figure 11b—f, along with the
spectral resolution of Si-2p, respectively. The existence of C-1s binding energy (BE) values of 284.21,
284.24 and 284.02 eV for graphene, f-graphene and bare Si-wafer denotes the presence of sp2
hybridized C=C/C—C bonds. This type of bond is highly prevalent in several nano carbons, including
graphene and reduced graphene [57]. The presence of a carbon peak in Si-wafer is attributed to the
impurities obtained during the cleaning of the wafer in ethanol and also the adsorption of organic
moieties within the XPS instrument during the scanning procedure. A relatively higher intensity of the
O-1s peak is observed (Figure 11c) for bare Si-wafer at 531.7¢eV, attributed to the formation of the Si-O
bond resulting due to the oxidation of the wafer caused during the cleaning procedure. The formation
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of the Si—O and C=0 bond for the case of F-graphene is also observed at the binding energy of
532 eV [57,58]. This combination of bonds also supports the formation of the Si-O—-C and Si—O-Si
interface within our sample, as reported earlier in the Raman section. The peak at 531.5 eV is attributed
to the C=0 moieties of graphene or graphene oxide in general [59]. The scan (Figure 11d) also reveals
the distinct Si-2p peaks for F-graphene and Si-wafer. The wafer peak displays the standard
representation of the Si-2p peak, which is attributed to the presence of elemental silicon (Si’) at 98.75 eV
along with the characteristic of Si—O bonds [60,61] within the same binding energy. Similarly, a small
bump between 101 and 104 eV is generally attributed to the formation of SiO2 during the oxidative
treatment on the wafer. The existence of these two peaks in the wafer has often been found and
reported by several researchers [61]. Similarly, the absence of a strong elemental peak position in
f-graphene shows that the silicon within the sample exists in its oxidized state of SiOx (SiO or SiOz).
The only dominant peak in F-graphene is found at a binding energy level of 102.61 eV, which is
attributed to the Si—O bond [61], thus confirming the successful functionalization of the oxidized
graphene using silane. The atomic percentage of the Si-2p is around 4% (+£0.5%), which is found to be
very close to the amount calculated during thermogravimetric analysis. A further analysis of the Si-2p
using Gaussian peak fitting has revealed that the peak of f-graphene (Figure 11e) is a single derivative
with all of the background and residue converging at a single peak point of 102.61 eV, which
corresponds to the SiOx peak system; whereas the peak fitting results of wafer (Figure 11f) show the
presence of a composite peak system with a small satellite peak observed at 99.38 eV. This peak
corresponds to the presence of the pure elemental silicon (Si’) layer. However, it has been reported that
more often, the Si® with the SiO2 layer significantly gives such a splitting at this BE value [62],
which is a signature characteristic of wafer oxidation.
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Figure 11. X-ray photoelectron spectroscopy results of graphene, f-graphene and bare
Si-wafer (cleaned): (a) complete core survey of samples; (b) C-1s spectra of raw graphene,
f-graphene and bare Si-wafer samples; (¢) O-1s spectra; (d) Si-2p spectra; (e) peak fitting
of the Si-2p spectra of f-graphene; (f) peak fitting of the Si-2p spectra of standard, cleaned,
bare Si-wafer. cps = counts per second.

5. Conclusions

A successful silanization process was demonstrated, which showed improved the tensile and
modulus properties over the raw and oxidized graphene-chitosan samples. Tensile tests were carried
out on raw, oxidized and silane-functionalized graphene-reinforced chitosan nanocomposite films to
infer the strength and modulus of the silane-functionalized composite film, which steadily increased by
11.4% and 16.6% respectively, which is far greater than the unmodified cases. Furthermore,
the toughness of the silane-functionalized composite film was increased 1.7-times that of the
unmodified case, as reported. These results show that silane functionalization groups offer increased
interfacial reactivity between fillers and matrix. The same is also confirmed by SEM analysis. XRD

analysis shows that the chitosan and graphene crystals are intermingled, resulting in a mixed pattern of
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peaks and Miller indices. The peaks are heterogeneous in nature, which depicts the presence of both
crystalline phases of graphene and the amorphous phase of chitosan in the composite. Apart from
these, the presence of amorphous silica (from silane) crystals confirms its contribution within the
composite as a functionalization moiety, thus resulting in successful functionalization of particles
within the host-matrix layers. The Raman spectrum also provided much deeper insights into the quality
of the sample. The presence of chitosan and silica moieties along with graphene showed that, due to
the effective oxidation, the presence of dangling bonds resulted in the capture/attraction of silane
particles, thereby resulting in the formation of continuous linkages. These linkages additionally
provide higher adhesion between the layers, making the composite even stronger. Similarly, the
morphological analysis using SEM shows that the material surface changes after functionalization and
also exhibits a typical brick wall structure (nacre like), thus implying the existence of cross-linkages
within chitosan-graphene and also silane particles. Moreover the composite also shows clear and good
dispersion between all of the particles of chitosan-graphene and silane; in a few images, one can also
understand that the material is well coated with the chitosan, making the bonds even stronger, which
directly helps with improving the physico-mechanical properties of the composites. Samples also exhibit
excellent thermal stability and demonstrate that the nature of the composite is highly stable under
extreme conditions, even up to 500 °C. Infrared spectroscopy revealed that surface of the f-graphene
material is treated successfully with the presence of moieties/bonds of Si—O-Si and Si—O-C.
As confirmed earlier with Raman analysis, this explains the formation of linkages within the
composite. Furthermore, the topographical analysis carried out by AFM reveals that the graphene
surface is successfully oxidized, and the presence of exfoliated sheets with a vertical height of 3—4 nm
depicts that the oxidized graphene may be a stack of just 3—6 layers, whereas the f-graphene shows
several small, contoured graphene particles along with the dispersed, oxidized silane particles across
the background. Much insight was provided by XPS for the chemical quantification, which showed
that the material is composed of nearly 4% (+0.5%) atomic weight of silicon, which shows that a very
small amount of silane was washed away during the washing process and the remainder was
successfully incorporated onto the surface, due to the activity of the open bonds available within the
oxidized surface, thereby creating strong adhesion between the silane, graphene and chitosan particles
when the composite was fabricated. Thus, in this work, an easy method has been developed to
functionalize graphene with a silane agent and to study the effect in the improvement of the
composite’s tensile behavior.
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