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Abstract: In this study, graphitic carbon nitride (g-CsN4) as a novel filler was used for fabricating
epoxy nanocomposites. The static mechanical, dynamic thermal-mechanical properties and
thermostability of as-prepared g-CsNs/epoxy nanocomposites were significantly ameliorated
compared with that of the pure epoxy matrix. The tensile modulus and flexural modulus of g-
CsNs/epoxy nanocomposites increased by 31.81% and 28.28%, respectively. Meanwhile, the tensile
and flexural strength was also improved by 16.02% and 12.67%, respectively. The g-CsNs/epoxy
nanocomposites exhibited an increased storage modulus and glass transition temperature. The
markedly improved mechanical and viscoelasticity properties were attributed to the stronger
interfacial interaction caused by enlarged contact area and increased chemical bonding, and
enhanced mechanical interlocking on the interface. The loss factor of epoxy nanocomposites also
raised by 40% due to the comprehensive effect of frication caused by the relative slip between
nanosheets, micro-constrained layer damping structure and the reversible cycle of breakage and re-
established of the hydrogen bond. Meanwhile, the 10% weightlessness temperature (Tiiria), semi
weightlessness temperature (Tuy) of g-CsN4/epoxy nanocomposites have increased by about 15 °C
and 14 °C, respectively.

Keywords: g-CsNs; epoxy nanocomposites; mechanical properties; thermal properties; particle-
reinforcement

1. Introduction

Epoxy resin as an excellent matrix material was used widely in the field of aerospace, automobile
and architecture. However, some properties of epoxy resin are far from satisfactory at present [1-4].
Therefore, various fillers such as graphene [5], carbon nanotubes [6], clay minerals [7,8] and
polymeric particles [9] were used to ameliorate epoxy matrix. Among them, the two-dimensional
(2D) nanosheets as a novel nanomaterial have attracted tremendous attention. Due to the ultimate
two-dimensional anisotropy, nanoscale thickness and other unique properties [10-13], the two-
dimensional (2D) nanosheets have exhibited excellent application potential in the areas of electronic
[14], sensors [15], energy storage [16] and polymer reinforcement. A typical approach to fabricate
nanocomposites reinforced with two-dimensional (2D) nanosheets is to employ intercalation
chemistry of layered materials such as graphite, clay minerals and layered double hydroxides, etc.
[7]. The clay minerals as an outstanding 2D materials have been widely used for the enhanced
mechanical properties of materials due to their uniquely layered structure [17-20]. Similarly,
graphene also has attracted the focus of the scientific community since the advent in 2004 [21] because
of the unique structure and excellent properties. A great number of studies on the enhanced physical

Polymers 2020, 12, 76; doi:10.3390/polym12010076 www.mdpi.com/journal/polymers



Polymers 2020, 12, 76 20f 15

properties and improved functionalities of graphene have also been conducted and showed
significant improvement [22-25].

Recently, graphitic carbon nitride (g-CsNs) as a polymeric semiconductor with graphite-like
structure has attracted extensive attention of researchers all over the world owing to its low-cost and
good chemical stability. CsN4 is a carbon-nitrogen compound that has been discovered [26] and
concerned for a long time. It has several kinds of allotropes, among which graphite-like carbon nitride
(g-C3N4) is the most stable one at room temperature and atmospheric pressure. Allotropes of other
structural forms are stable only at high temperatures, which are hard to prepare and difficult to study.
Wang et. al. [27] proposed that g-CsN4 could be used as a metal-free photocatalyst to decompose
water to produce hydrogen under visible light, which has triggered an upsurge in the research of
carbon nitride in the field of photocatalysis. The 2D monolayer of g-CsNu exhibited a considerable
specific surface area and abundant residual functional groups (-NH: or -NH). These groups can act
as active sites for the formation of strong interface bonding or grafting other functional groups to
improve its compatibility with polymer matrices. All these characteristics confirmed that the
enormous potential of g-CsNs as an ideal reinforcement for the high-performance composites with
excellent mechanical properties. Shi et al. [28] investigated the influence of g-CsNs nanosheets on
thermal stability and mechanical properties of sodium alginate films. The initial thermal degradation
temperature increased by 29.1 °C and the tensile modulus remarkably increased from 60 to 3540 MPa
after adding 6 wt.% g-CsN: into the matrix. Furthermore, Shi et al. [29] studied the thermal and
mechanical properties of g-CsNs/polypropylene nanocomposite in the following research. The initial
and half thermal degradation temperature was raised by 14.6 °C and 27.7 °C, respectively. The
storage modulus was also increased from 2445 MPa to 2783 MPa. Sareshkeh et al. [30] focused on the
mechanical and thermal properties of g-CsNu reinforced epoxy-vinyl resin. The presence of g-CsNa
increased to the tensile strength and Izod-impact strength by 49.2% and 25.37%, respectively, and
promoted the Ty (glass transition temperature) and IDT (initial decomposition temperature) by 6.46%
and 12.05%, respectively. The interlaminar shear strength and interfacial shear strength of composite
laminates were increased from 51.84 to 72.09 MPa and 44.62 to 73.41 MPa, respectively. Although the
remarkable progress in g-CsN4 reinforced composites have been achieved, the potential of g-CsNa in
the design and fabrication of high-performance and functional composites still remain to be further
explored and utilized.

Motivated by the above discussion, epoxy nanocomposites reinforced with g-CsNs was
prepared. The static mechanical and dynamic thermomechanical properties of g-CsNs/epoxy
nanocomposites were investigated. The thermogravimetric performance was also studied. As far as
we know, there is no relevant research on g-CsN4 reinforced epoxy nanocomposites.

2. Materials and Methods

2.1. Materials

Urea (A. R.) was purchased from Aladdin (Shanghai, China). Epoxy resin (HT-723A) and curing
agent (HT-723B) were supplied by Wells Advanced Materials Co., Ltd. (Shanghai, China).

2.2. Preparation of g-C3N4

The preparation process of g-CsNs and epoxy nanocomposites is shown in Figure 1. The g-CsNa
were prepared through the thermal decomposition of urea. In a typical synthesis process (Figure 1),
a proper amount of urea power was placed into a 100 mL ceramic crucible with lid. The crucible was
heated at 550 °C for 2 h (heated rate: 20 °C/min) in a tubular furnace and then cooled naturally with
furnace. The as-prepared g-CsN4 was ground into fine powder for the subsequent procedure.

2.3. Preparation of Epoxy Nanocomposites

The preparation of epoxy nanocomposites is also shown in Figure 1. A certain proportion of g-
CsNa4 powder (0.0 wt.%, 0.5 wt.%, 1.0 wt.%, 1.5 wt.%, 3.0 wt.%, 4.0 wt.% and 5.0 wt.%) was added into
epoxy resin and mixed by a high-speed shear dispersion homogenizer at 10,000 rpm for 20 min, and
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then the curing agent was mixed into the above suspension at a mass ratio of 30:100. The mixture was
casted into a steel mold for curing after defoaming treatment. A typical curing procedure was as
follows: 35 °C for 30 min, 50 °C for 120 min and then 120 °C for 180 min. According to the content of
g-CsNs in an epoxy matrix, the as-prepared g-CsNs/epoxy nanocomposites were labeled as EP-
CN0.0/0.5/1.0/1.5/3.0/4.0/5.0, respectively.

2.4. Characterizations and Measurements

The crystal structure of g-CsNs, epoxy and nanocomposites were characterized by X-ray
diffraction (XRD, Ultima IV with Cu-Ko radiation, Rigaku D/max-rB, Tokyo, Japan). The surface
functional groups of g-CsN4 were investigated by flourier transform infrared spectroscopy (FTIR,
VERTEX70, Bruker, Mannheim, Germany). The morphologies of g-CsNi was observed using
transmission electron microscopy (TEM, JEOL 2010, JEOL, Tokyo, Japan) and scanning electron
microscope (SEM, Nova NanoSEM450, FEI, Hillsboro, OR, USA). The specific surface area (SSA) and
pore size distribution of g-CsNs were tested by nitrogen physisorption apparatus (Nova Station C,
Quantachorme, Boynton Beach, FL, USA).
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Figure 1. Schematic representation of synthesis of g-CsNs using urea as a precursor and fabrication of

g-CsNas/epoxy nanocomposites.

The static mechanical properties (tensile and flexural) of g-CsNs/epoxy nanocomposite was
measured using a universal testing machine (Exceed 45, MTS, Shenzhen, China) with a high-precision
load cell with self-identification function (TEDS). According to the tensile standard of ASTM D638, a
dumbbell-shaped specimen was selected, with a total length of 165 mm, a width of 13 mm at the
middle, 19 mm at both ends, a gauge length of 50 mm and a thickness of 3.2 mm. The standard of
ASTM D790 was applied for the flexural test. At least five valid data were obtained from seven
samples in each group. The fracture surfaces of the tensile test samples were investigated by SEM.

Dynamic thermal mechanical behavior was investigated by a dynamic thermomechanical
analyzer (DMA Q800, TA, New Castle, PA, USA) at a fixed frequency of 1 Hz and a temperature
range from 25 to 180 °C with a heating rate of 3 °C/min. Three points bending mode was chosen and
the samples were machined with dimensions of 60 mm x 10 mm. The linear viscoelastic region was
probed by amplitude scanning and the amplitude of 15 pm was determined. The loss factor was also
measured by DMA at the mode of temperature step multi frequency scanning in a temperature range
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of 25-35 °C with multiple excitation frequencies. Considering to expand the test range as much as
possible without resonance, these frequencies, 1/5/10/15/20/25/30 Hz, were chosen.

Thermogravimetry (TG) analysis of nanocomposites was carried out on a DSC/TGA
simultaneous thermal analyzer (DSC1, METTLER TOLEDO, Zurich, Switzerland) from 50 to 750 °C
at a heating rate of 10 °C/min.

3. Results and Discussion

3.1. Morphology and Structure Characterization of g-CsN4

Two typical diffraction peaks can be observed in the XRD spectra of g-CsN4, as shown in Figure
2a. The diffraction peak at 13.38° is attributed to in-plane (100) ordering of tri-s-triazine units with an
interlayer distance of 0.670 nm, while the diffraction peak at 27.54° normally corresponds to the
interlayer stacking of conjugated aromatic structures (002). The peak of (002) can be indexed to the
graphitic materials, which corresponds well to the interlayer distance (0.325 nm) of g-CsN4[31,32].

The FTIR analysis of g-CsN4is shown in Figure 2b. The formation of g-CsNs with the tri-s-triazine
building units is confirmed. The absorption peak at 812 cm™ is attributed to the out-of-plane bending
vibration characteristic of heptazine rings and the characteristic mode of the triazine units of g-CsNa
[33]. The weak peak at 2137 cm™ is assigned to the C=N triple bonds [34]. Due to the incomplete
condensation, there are more or less undeleted amino groups in g-CsNi prepared by thermal
condensation polymerization. The absorption peaks in the range of 1650-890 cm™ represent the
typical stretching vibration modes of heptazine-derived repeating units and connected units of
C-N(-C)-C (full condensation) or C-NH-C (partial condensation) [35]. The broad band in the range
of 3500-3000 cm™ is attributed to the stretching mode of the O-H bond and the vibration mode of the
N-H bond [36].
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Figure 2. Spectra of g-CsNa: (a) X-ray Diffraction (XRD); (b) Fourier Transform Infrared Spectrometer
(FT-IR).
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The microscopic morphology of as-obtained g-CsNs powder was investigated by TEM and SEM,
as shown in Figure 3. It is clear that the power is composed of numerous two-dimension sheet
structures with irregular edge and slight curls (Figure 3a). The ultrafine nanosheets with several tens
of nanometers in size are observed by TEM (Figure 3b). The exhibited morphology demonstrates that
the pure phase and ultrathin g-CsNs nanosheets were obtained in our experiment.

Figure 3. Micrograph of g-CsNa: (a) scanning electron microscope (SEM); (b) transmission electron
microscopy (TEM).

The ideal g-CsNs is a perfect planar lattice structure formed only by the sp? hybridization of C
and N atoms. However, a certain degree of curling deformation may occur in the plane of g-CsNsdue
to the repulsion between N atoms [37] and stress release. Moreover, there are numerous mesopores
of several tens of nanometers in size on the nanosheet, which is related to the precursors used in the
preparation [38,39]. The intermediate products of g-CsNs were synthesized with the pyrolysis of urea
and a large amount of ammonia and steam were released, which contributed to the expansion of the
stacked-layer and promoted the graphitization of g-CsNs, thus making the thickness of the single-
layer thinner and promoting the formation of nano-lamellar porous morphology. The N2 adsorption
isotherms and pore size distribution of g-CsNs are shown in Figure 4. The specific surface area and
pore size distribution were calculated by multi-point BET and BJH method, respectively. The results
show that the g-CsN4 has a considerable specific surface area (97 m?/g) and pore volume (0.45 cm?/g).
In addition, the pore size and distribution analysis confirm that micropores and mesopores are both
existed on the g-CsNs surface and micropores have a dominant position on pore structure of g-CsNa.
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Figure 4. The N2 adsorption and desorption isotherms (a) and pore size distribution and pore volume
of g-CsNg; (b) adsorption; (c) desorption.

3.2. Dispersion of g-C3N

The state of fillers in the cured matrix greatly affects the properties of the nanocomposites. The
XRD technique is a crucial method for determining the exfoliation degree of graphene in the studies
of graphene reinforced polymer composites and the disappearance of stack peaks always indicates a
uniformly dispersion [5]. The XRD patterns of epoxy and g-CsNs/epoxy nanocomposites are shown
in Figure 5. Here, a characterized peak of g-CsNu centered at 26.6° appears in the XRD spectra of
epoxy nanocomposites when g-CsNu loading is no less than 3 wt.% which indicates that the larger
loading of g-CsNi (23 wt.%) led to incomplete exfoliation in our experiments. Compared with
graphene, the dispersion of g-CsNs in epoxy resin has certain advantages in terms of surface
functional groups. The layers of g-CsN4 are bound by a hydrogen bond and Van der Waals force. In
the dispersion process, epoxy resin permeated into the interlayer and the nanosheets were fully
encapsulated by epoxy under shear stress. As shown in Figure 6, the residual functional groups
(-NHz or -NH) on g-CsNi can react with the epoxy groups of the matrices, which impels the
intercalation of epoxy into the interlamination and then promotes the dispersion of g-CsNs in epoxy
matrix.
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Figure 5. X-ray Diffraction (XRD) patterns of the epoxy and g-CsNs/epoxy nanocomposites.
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Figure 6. Schematic representation of the interaction between g-CsNa and the epoxy resin.

3.3. Static Mechanical Properties

The tensile and flexural properties of pure epoxy and g-CsNs/epoxy nanocomposites are
depicted in Figure 7. Compared to pure epoxy, the tensile modulus of nanocomposites is observably
enhanced by adding g-CsN4. The maximum growth of the tensile modulus (from 2466 + 64 to 3250 *
64 MPa, 31.81%) was obtained from EP-CN4.0. Meanwhile, the flexural modulus of g-CsNs/epoxy
nanocomposites also exhibits an increasing trend (raised from 2628 + 48 to 3361 + 37 MPa) with the
increased loading of g-CsNs. EP-CN5.0 achieves the strongest value of flexural modulus (3361 + 37
MPa) with an increased rate of 28.28%. The markedly enhanced tensile and flexural modulus of
nanocomposites can be attributed to the good interfacial bonding between g-CsN4 nanosheets and
epoxy. As displayed in Figure 6, the residual functional groups (-NH: or -NH) on g-CsN4 contributes
to the formation of stronger interfacial interaction between g-CsN4 and epoxy. In addition, the curly
structure and the large specific surface area of the g-CsNs nanosheet also enhance the mechanical
interlocking effect with the matrix.
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Figure 7. Tensile and flexural properties of neat epoxy and g-CsNs/epoxy nanocomposites with
different filler loadings: (a) tensile modulus; (b) tensile strength; (c) flexural modulus; (d) flexural
strength.

The increasing of the tensile strength (16.02%) and flexural strength (12.67%) of nanocomposites
are not obvious enough as a modulus, and a considerable number of particle enhancement
nanocomposites presented similar results. The fracture morphology of epoxy nanocomposites after
the tensile test was investigated using SEM. The fracture section of epoxy is a relatively smooth
surface with wave morphology (Figure 8a) while the nanocomposites exhibit rougher fracture
morphology. As shown in Figure 8b, these rough surfaces consist of numerous small faceted features.
The formation of homogeneous morphology is ascribed to the physical barrier effect of g-CsNa
originated from the good interfacial adhesion between g-CsNi and the epoxy matrix [40]. The
direction of the crack propagation was forced to change when encountering the stiff g-CsN4, thus
resulting in more consumption of the energy and toughening of the matrix. The quantity of deviated
cracks depends on the number of particles the crack encountered and this point can be confirmed by
the refinement of the surface grain reflected in Figure 8b,c. Atlow loading, g-CsN4nanosheets existed
in a state of island-like with good interface condition in the matrix. The agglomerates appeared with
further increasing of g-CsNs and the agglomeration and homogeneous distribution of g-CsNs were
coexistent in the matrix of EP-CN3.0 and the “islands” are marked by the white dotted circle in Figure
9a, which also confirm the previous analysis of the XRD pattern. The more detailed observation of
the agglomerate is presented in Figure 9b. The surface of g-CsN4 is completely infiltrated by epoxy
and the laminated structure of g-CsNa sheets are clearly exhibited on the surface. Although there are
some gaps (marked by white arrows), the agglomerate is still completely infiltrated by the matrix,
exhibiting good bonding with the matrix (marked by black arrows). Nevertheless, as the increased
loading promotes the formation of more strong interfacial interaction, it also leads to poor dispersion
of the g-CsNa. The existence of excessive g-CsNu results in the formation of large-size agglomerates
and the reduction of crack deviation efficiency. The agglomerates with layered structure dramatically
reduce the specific surface area and wettability of g-CsNs thus the mechanical properties of
nanocomposites decrease. On the whole, the enhancement of g-CsNi is comparable to that of
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graphene [5], but a larger loading of g-CsNs would be required to achieve the same enhancement
effect.

Figure 9. (a) Distribution and interface quality of g-CsN4 in the matrix of EP-CN3.0; (b) The interface
quality of g-CsNa in the matrix of EP-CN3.0 in high resolution.

3.4. Dynamic Thermal Mechanical Properties

The storage modulus plots for pure epoxy and g-CsNs/epoxy nanocomposites are shown in
Figure 10a. One can recognize that the g-CsNs/epoxy nanocomposites exhibit an increased storage
modulus at the glassy state region due to the reinforcing effect of the g-CsNs nanosheets, compared
to pure epoxy. The storage modulus of EP-CN5.0 is 2892 MPa at 30 °C 1 Hz while that of epoxy is
2754 MPa. The effect of loading on the enhancement is similar to that of static bending test, but the
storage modulus of nanocomposites decreases significantly with the increase of temperature, which
is mainly determined by the matrix material used in our experiment [41]. Figure 10b shows the loss
factor plot for neat epoxy and epoxy composites containing g-CsNi. Ty is associated with the
fundamental changes in polymer chain dynamics, thermal stability and many other critical
applications [42,43]. Generally, the presence of the nanoparticle has both positive and negative effects
on Ty [44]. Nano-scale particles would hinder the movement of matrix molecular matrix chains, but
can also limit the number of functional groups in the local vicinity; thus, leading to the
disproportionality of the local functional groups between the nanoparticles and the matrix and the
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disruption of the matrix network near the surface of the nanoparticles (Figure 11a). The T; of EP-
CN1.0 and EP-CN1.5 both increases about 8 °C in comparison to that of the epoxy matrix. It is also
worth noting that when the loading is more than 3 wt.%, as the loading increases, the enhancing effect
on Ty weakens. It can be seen from Figure 10b that, in addition to EP-CN5.0, the T; of the other several
kinds of addition configuration have all been improved to varying degrees which is attributed to the
restriction effect of strong attractive interactions formed by the reaction between residual functional
groups (-NH:2 or -NH) of g-CsNs+ and epoxy group on the motion of epoxy molecular chain. In
addition, the functional groups carried by g-CsNi remedy the disproportionality of local functional
group and played a role in repairing local grids, as shown in Figure 11b. The restrictive effect of the
mechanical interlocking originated from the curling structure of nanosheets on the movement of the
polymer matrix molecule chain cannot be neglected either. The geometric constraints of the
nanocomposites on the mobility of the molecules of the polymer were also verified in carbon-
nanoparticles (CNTs, GO et al.) reinforced epoxy composites by simulation and experiment [45,46].
However, the T, value of EP-CN5.0 with an excessive amount of g-CsNu is 3 °C below that of pure
epoxy due to the deterioration of dispersion, reduction of interfacial area and formation of fillers-rich
or poor regions [2,47].
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Figure 10. Dynamic mechanical properties of neat epoxy and g-CsNs/epoxy nanocomposites (EP-
CN1.0, EP-CN3.0, EP-CN5.0): (a) storage modulus; (b) loss factor.

chemical bonding

nanoparticle surface anosheet surface(g-C3N4)

Figure 11. Schematic Representation: (a) the disruption of the matrix network near the surface; (b) the
retarding of the mobility of the epoxy molecular chain due to strong attractive interactions.

The loss factor characterizes the damping properties of materials. In our experiments, the loss
factors were also investigated in the mode of step temperature multi-frequency scanning and the
influence of temperature on loss factor can be neglected in the test range. As shown in Figure 12, the
loss factors of the nanocomposites increase significantly with the increased g-CsN4 loading and the
maximum value is obtained at 3 wt.% loading. The loss factor of EP-CN3.0 under the excitation
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frequency of 1 Hz at 30 °C increased from 0.035 to 0.049. It is generally believed that the energy
dissipation originated from interfacial friction is the main reason for the enhancement of damping
properties of nanocomposites. However, the strong interfacial interaction between g-CsNa and matrix
means the critical interfacial shear strength could be relatively high and the interfacial slip is not easy
to occur. Nevertheless, the loss factor of nanocomposites has been significantly improved, which
indicates the existence of other forms of energy dissipation. Moreover, it is possible that the increased
loss factors are related to the multiscale laminated structure of g-CsNs. The multiscale nanoparticles
exhibited both fully dispersed and insufficiently dispersed states in the matrix. In the state of fully
dispersed, most of the particles existed in the form of non-oriented single nanosheet, while in the
state of insufficiently dispersed the existence of stacked structures in the matrix can be divided into
three situations, as shown in Figure 13: (a) the original structure had not been changed at all; (b) the
interlayer interface had been partially separated; (c) the interlayer interface had been completely
separated, but the stacking structure is still maintained. In the case of b and c, the micro-constrained
layer damping structure was formed by epoxy matrix entered into the separated layers and energy
dissipation was realized by shear deformation of the matrix entering the interlayer. In situation a, the
friction caused by the relative slip between nanosheets is the principal source of energy dissipation.
The study of Shi [28] indicated that there were a large number of hydrogen bonds between layers of
g-CsNa. Therefore, in addition to interfacial friction, the reversible cycle of breakage and re-
established of hydrogen bond (Figure 5) between layers could also generate energy dissipation. On
the whole, we believed that the damping enhancement of g-CsN4 reinforced epoxy nanocomposites
may be the result of a combination of above energy dissipation modes. Another point worth noting
is the peculiar change with a loading of 5 wt.% which might be related to the gradual deterioration
of the interface between agglomerates and matrix. As the dimension of the agglomerates became
larger, they were more difficult to be fully infiltrated, then more defects such as voids in the inner
part of the agglomerates and gaps in the interface were formed in the nanocomposites, which had
been proved to have a positive effect on energy dissipation. In addition, the loss factor of
nanocomposites increases with frequency, which is in accordance with the established relationship
between the frequency and loss factor [48].
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Figure 12. Loss factor of neat epoxy and g-CsNas/epoxy nanocomposites with different frequencies at
30 °C by the method of temperature step multi-frequency scanning.



Polymers 2020, 12, 76 12 of 15

g-CsN4 epoxy micro-constrained layer
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"-_._‘_________._./
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Figure 13. The schematic diagram of the possible existence form of stacked structures in the matrix in
the state of insufficiently dispersed state: (a) the original structure had not been changed at all; (b) the
interlayer interface had been partially separated; (c) the interlayer interface had been completely
separated, but the stacking structure is still maintained.

3.5. Thermal Stability

The effect of g-CsNs on the thermal stability of the epoxy was studied by TGA. The gravimetric
thermograms of epoxy and g-CsNs/epoxy nanocomposites are shown in Figure 14. The 10%
weightlessness temperature (Tiniia) and semi weightlessness temperature (Thay) are generally regarded
as an index of the thermal stability. As displayed in Figure 14, Tiutis and Tuir of g-CsNas/epoxy
nanocomposites increased by about 15 °C and 14 °C, respectively. This is possibly due to the addition
of g-CsNs has a hindrance to the decomposition of epoxy resin. Similar results were found in
graphene and nano-clay reinforced nanocomposites [49]. The so-called “tortuous path” effect of
fillers was considered to be the main reason for the improved thermal stability. The decrease in
permeability due to the addition of g-CsN4 delayed the permeation of oxygen and the escape of
volatile degradation products and also char formation [50].

100 Neat epoxy
——EP-CN1.0
——EP-CN3.0
801 ——EP-CN5.0

Weight (%)

T y T ' T ! T ! T v T v T
100 200 300 400 500 600 700
Temperature (°C)

Figure 14. Gravimetric thermograms (TG) of the epoxy and g-CsNs/epoxy nanocomposites.

4. Conclusions

Here, the g-CsNa reinforced epoxy nanocomposites were prepared and characterized. In our
experiment, when the loading was less than 3 wt.%, g-CsNa can obtain excellent dispersion in epoxy.
Results indicated that the static mechanical, dynamic thermal-mechanical and thermal stability
properties of g-CsNs/epoxy nanocomposites had been significantly improved. Compared to neat
epoxy, the tensile modulus and flexural modulus of g-CsNa reinforced epoxy matrix increased by
31.81% with a loading of 4 wt.% and 28.28% with a loading of 5 wt.%, respectively. However, the
maximum values of tensile and flexural strengths were achieved at smaller additions (1-1.5 wt.%). In
terms of the magnitude of the enhancement, the enhancement effect of g-CsN4 on strength was
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relatively weak. The loss factor of nanocomposites (3 wt.%) under the excitation frequency of 1 Hz at
30 °C increased from 0.035 to 0.049. Meanwhile, the T; of nanocomposites (1 wt.% and 1.5 wt.%)
increased about 8 °C in comparison to that of epoxy matrix and Tiira and Tui increased by about 15
°C and 14 °C, respectively. The structural characteristics of graphite-type carbon nitride, such as
multi-scale lamination structure, large specific surface area and naturally carried amino groups,
played an excellent role in promoting the dispersion of nanoparticles and strengthening epoxy
matrix. The g-CsNs as a novel filler for fabricating epoxy nanocomposites is not only feasible but also
excellent. The strategy developed in this study could provide a new avenue for the fabrication of
high-performance composites. In the follow-up study, we will do more in-depth research on the effect
of g-CsNs4 on the friction properties of the epoxy matrix, the effect of the existing form of staking
structure in the matrix on the properties of nanocomposites, and the relationship between energy
dissipation of hydrogen bond in the interlayer and temperature.

Author Contributions: Conceptualization—T.W., B.S., and L.W.; Data Curation—T.W.; Formal Analysis—T.W.,
B.S., and L.W,; Funding Acquisition—L.W. and B.S.; Investigation—T.W. and B.S.; Methodology —L.W.; Project
Administration—B.S. and L.W.; Resources—B.S., and L.W.; Validation—B.S. and L.W.; Visualization—T.W.;
Supervision—L.W.; Writing —Original Draft Preparation—T.W.; Writing—Review & Editing—B.S. and L.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant number
51603115) and Development Program of Shandong Province, China (grant number 2017GGX20142).

Acknowledgments: This work is supported by Physical-Chemical Materials Analytical & Testing Center of
Shandong University at Weihai.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rafiee, M.A,; Rafiee, ]J.; Wang, Z.; Song, H.; Yu, Z.; Koratkar, N. Enhanced mechanical properties of
nanocomposites at low graphene content. ACS Nano 2009, 3, 3884-3890.

2. Tang, L.C; Zhang, H.; Han, . H.; Wu, X.P.; Zhang, Z. Fracture mechanisms of epoxy filled with ozone
functionalized multi-wall carbon nanotubes. Compos. Sci. Technol. 2012, 72, 7-13.

3. Song, S.H.; Park, K.H.; Kim, B.H.; Choi, Y.W.; Jun, G.H,; Lee, D.].; Kong, B.S.; Paik, K.W.; Jeon, S. Enhanced
thermal conductivity of epoxy-graphene Composites by using non-oxidized graphene flakes with non-
covalent functionalization. Adv. Mater. 2013, 25, 732-737.

4.  Korayem, A.H.; Barati, M.R.; Simon, G.P.; Zhao, X.L.; Duan, W.H. Reinforcing brittle and ductile epoxy
matrices using carbon nanotubes masterbatch. Compos. Part 2014, 61, 126-133.

5. Ahmadi-Moghadam, B.; Sharafimasooleh, M.; Shadlou, S.; Taheri, F. Effect of functionalization of graphene
nanoplatelets on the mechanical response of graphene/epoxy composites. Mater. Des. 2015, 66, 142-149.

6. Zhou, Y.; Pervin, F.; Lewis, L.; Jeelani, S. Fabrication and characterization of carbon/epoxy composites
mixed with multi-walled carbon nanotubes. Mater. Sci. Eng. 2008, 475, 157-165.

7.  Zeng, QH.,; Yu, AB,; Lu, G.QM., Paul, D.R. Clay-based polymer nanocomposites: Research and
commercial development. |. Nanosci. Nanotechnol. 2005, 5, 1574-1592.

8.  Podsiadlo, P.; Kaushik, A.K.; Arruda, E.M.; Waas, A.M.; Shim, B.S.; Xu, J.; Nandivada, H.; Pumplin, B.G,;
Lahann, J.; Ramamoorthy, A. Ultrastrong and stiff layered polymer nanocomposites. Science 2007, 318, 80—
83.

9.  Zhao, Y.; Chen, Z; Liu, Y,; Xiao, H.; Feng, Q.; Fu, S. Simultaneously enhanced cryogenic tensile strength
and fracture toughness of epoxy resins by carboxylic nitrile-butadiene nano-rubber. Compos. Part Appl. Sci.
Manuf. 2013, 55, 178-187.

10. Coleman, J.N.; Lotya, M.; O'Neill, A.; Bergin, S.D.; King, P.].; Khan, U.; Young, K.; Gaucher, A.; De, S.;
Smith, R.J.; et al. Two-dimensional nanosheets produced by liquid exfoliation of layered materials. Sciernce
2011, 331, 568-571.

11.  Yang, S.; Feng, X.; Wang, X.; Miillen, K. Graphene-based carbon nitride nanosheets as efficient metal-free
electrocatalysts for oxygen reduction reactions. Angew. Chem. Int. Ed. 2011, 50, 5339-5343.

12. Niu, P.; Zhang, L.; Liu, G.; Cheng, H. Graphene-like carbon nitride nanosheets for improved photocatalytic
activities. Adv. Funct. Mater. 2012, 22, 4763-4770.



Polymers 2020, 12, 76 14 of 15

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yang, S.; Feng, X.; Wang, L.; Tang, K.; Maier, J.; Miillen, K. Graphene-based nanosheets with a sandwich
structure. Angew. Chem. Int. Ed. 2010, 49, 4795-4799.

Novoselov, K.S,; Jiang, Z.; Zhang, Y.; Morozov, S.V.; Stormer, H.L.; Zeitler, U.; Maan, J.C.; Boebinger, G.S.;
Kim, P.; Geim, A.K. Room-temperature quantum hall effect in graphene. Science 2007, 315, 1379.
Casiraghi, C.; Pisana, S.; Novoselov, K.S.; Geim, A K.; Ferrari, A.C. Raman fingerprint of charged impurities
in graphene. Appl. Phys. Lett. 2007, 91, 183, d0i:10.1063/1.2818692.

Yang, S.; Feng, X.; Miillen, K. Sandwich-like, Graphene-based titania nanosheets with high surface area for
fast lithium storage. Adv. Mater. 2011, 23, 3575-3579.

Masaya, K. The discovery of polymer-clay hybrids. J. Polym. Sci. Part Polym. Chem. 2004, 42, 819-824.
Alexandre, M.; Dubois, P. Polymer-layered silicate nanocomposites: Preparation, properties and uses of a
new class of materials. Mater. Sci. Eng. 2000, 28, 1-63.

Sinha Ray, S.; Okamoto, M. New polylactide/layered silicate nanocomposites, 6. Macromol. Mater. Eng. 2003,
288, 936-944.

Yasmin, A.; Luo, J.J; Abot, J.L; Daniel, .M. Mechanical and thermal behavior of clay/epoxy
nanocomposites. Compos. Sci. Technol. 2006, 66, 2415-2422.

Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, 1.V.; Firsov,
A.A. Electric field effect in atomically thin carbon films. Science 2004, 306, 666—669.

King, J.A.; Klimek, D.R; Miskioglu, I; Odegard, G.M. Mechanical properties of graphene
nanoplatelet/epoxy composites. J. Compos. Mater. 2014, 49, 659—-668.

Chatterjee, S.; Wang, ] W.; Kuo, W.S,; Tai, N.H.; Salzmann, C.; Li, W.L.; Hollertz, R.; Niiesch, F.A.; Chu,
B.T.T. Mechanical reinforcement and thermal conductivity in expanded graphene nanoplatelets reinforced
epoxy composites. Chem. Phys. Lett. 2012, 531, 6-10.

Zhang, H.; Zheng, W.; Yan, Q.; Yang, Y.; Wang, ].; Lu, Z.; Ji, G.; Yu, Z. Electrically conductive polyethylene
terephthalate/graphene nanocomposites prepared by melt compounding. Polymer 2010, 51, 1191-1196.

Li, J; Sham, M. Kim, ], Marom, G. Morphology and properties of uv/ozone treated graphite
nanoplatelet/epoxy nanocomposites. Compos. Sci. Technol. 2007, 67, 296-305.

Zhang, J.; Zhang, M.; Lin, L.; Wang, X. Sol Processing of Conjugated Carbon Nitride Powders for Thin-Film
Fabrication. Angew. Chem. Int. Ed. 2015, 54, 6297-6301.

Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Carlsson, ].M.; Domen, K.; Antonietti, M. A Metal-
Free Polymeric Photocatalyst for Hydrogen Production From Water Under Visible Light. Nat. Mater. 2008,
8, 76-80.

Shi, Y.; Jiang, S.; Zhou, K.; Bao, C.; Yu, B,; Qian, X.; Wang, B.; Hong, N.; Wen, P.; Gui, Z,; et al. Influence of
g-c3n4 nanosheets on thermal stability and mechanical Properties of biopolymer electrolyte nanocomposite
films: A novel investigation. ACS Appl. Mater. Interface 2013, 6, 429-437.

Shi, Y.; Gui, Z.; Yu, B.; Yuen, RK.K,; Wang, B.; Hu, Y. Graphite-like carbon nitride and functionalized
layered double hydroxide filled polypropylene-grafted maleic anhydride nanocomposites: Comparison in
flame retardancy, and thermal, mechanical and uv-shielding properties. Compos. Part 2015, 79, 277-284.
Tarighati Sareshkeh, A.; Seyed Dorraji, M.S.; Rasoulifard, M.H. The role of g-CsN4 as nanofiller in
improvement of mechanical, thermal, and x-band wave absorption properties of epoxy vinyl ester coating.
Prog. Org. Coat. 2018, 125, 472-480.

Gao, D; Xu, Q.; Zhang, J.; Yang, Z; Si, M.; Yan, Z.; Xue, D. Defect-related ferromagnetism in ultrathin
metal-free g-CsNs nanosheets. Nanoscale 2014, 6, 2577, doi:10.1039/C3NR04743A.

Dong, F.; Wu, L.; Sun, Y.; Fu, M.; Wu, Z,; Lee, S.C. Efficient synthesis of polymeric g-c3n4 layered materials
as novel efficient visible light driven photocatalysts. |. Mater. Chem. 2011, 21, 15171,
doi:10.1039/C1JM12844B.

Zhao, Y.; Liu, Z.; Chu, W.; Song, L.; Zhang, Z.; Yu, D,; Tian, Y.; Xie, S.; Sun, L. Large-scale synthesis of
nitrogen-rich carbon nitride microfibers by using graphitic carbon nitride as precursor. Adv. Mater. 2008,
20, 1777-1781.

Chen, H.; Yang, F.; Hu, R.; Zhang, M.; Ren, B.; Gong, X.; Ma, |.; Jiang, B.; Chen, Q.; Zheng, J. A comparative
study of the mechanical properties of hybrid double-network hydrogels in swollen and as-prepared states.
J. Mater. Chem. 2016, 4, 5814-5824.

Liu, J.; Zhang, T.; Wang, Z.; Dawson, G.; Chen, W. Simple pyrolysis of urea into graphitic Carbon nitride
with recyclable adsorption and photocatalytic activity. ]J. Mater. Chem. 2011, 21, 14398,
doi:10.1039/C1JM12620B.



Polymers 2020, 12, 76 15 of 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Sager, R.J.; Klein, P.J.; Lagoudas, D.C.; Zhang, Q.; Liu, J.; Dai, L.; Baur, ].W. Effect of carbon nanotubes on
the interfacial shear strength of T650 carbon fiber in an epoxy matrix. Compos. Sci. Technol. 2009, 69, 898—
904.

Thomas, A.; Fischer, A.; Goettmann, F.; Antonietti, M.; Miiller, J.; Schlégl, R.; Carlsson, J.M. Graphitic
carbon nitride materials: Variation of structure and morphology and their use as metal-free catalysts. J.
Mater. Chem. 2008, 18, 4893, doi:10.1039/B800274F.

Martin, D.J.; Qiu, K.; Shevlin, S.A.; Handoko, A.D.; Chen, X.; Guo, Z.; Tang, ]J. Highly efficient
photocatalytic H2 evolution from water using visible light and structure-controlled graphitic carbon nitride.
Angew. Chem. Int. Ed. 2014, 53, 9240-9245.

Su, Q.; Sun, J.; Wang, J.; Yang, Z.; Cheng, W.; Zhang, S. Urea-derived graphitic carbon nitride as an efficient
heterogeneous catalyst for COz conversion into cyclic carbonates. Catal. Sci. Technol. 2014, 4, 1556-1562.
Naebe, M.; Wang, J.; Amini, A.; Khayyam, H.; Hameed, N.; Li, L.H.; Chen, Y.; Fox, B. Mechanical property
and structure of covalent functionalised graphene/epoxy nanocomposites. Sci. Rep. 2014, 4, 4375,
doi:10.1038/srep04375.

Pandey, A K,; Singh, K.; Kar, K.K. Thermo-Mechanical Properties of Graphite-Reinforced High-Density
Polyethylene Composites and Its Structure-Property Corelationship. ]. Compos. Mater. 2016, 51, 1769-1782.
Pandey, A K.; Kumar, R.; Kachhavah, V.; Kar, K.K. Mechanical and Thermal Behaviours of Graphite Flake
Reinforced Acrylonitrile Butadiene Styrene Composites and their Correlation with Entanglement Density,
Adhesion, Reinforcement and C Factor. RSC Adv. 2016, 6, 50559-50571.

Pandey, AK,; Pal, T.; Sharma, R.; Kar, KK. Study of Matrix-Filler Interaction through Correlations
Between Structural and Viscoelastic Properties of Carbonous-Filler/Polymer-Matrix Composites. J. Appl.
Polym. Sci. 2019, 137, 48660.

Shen, J.; Huang, W.; Wu, L.; Hu, Y.; Ye, M. The reinforcement role of different amino-functionalized multi-
walled carbon nanotubes in epoxy nanocomposites. Compos. Sci. Technol. 2007, 67, 3041-3050.

Smith, G.D.; Bedrov, D.; Li, L.; Byutner, O. A molecular dynamics simulation study of the viscoelastic
properties of polymer nanocomposites. J. Chem. Phys. 2002, 117, 9478-9489.

Fang, M.; Wang, K.; Lu, H.; Yang, Y.; Nutt, S. Covalent polymer functionalization of graphene nanosheets
and mechanical properties of composites. J. Mater. Chem. 2009, 19, 7098, doi:10.1039/B908220D.

Tang, L.C.; Wan, Y.J.; Yan, D.; Pei, Y.B.; Zhao, L.; Li, Y.B.; Wu, L.B,; Jiang, J.X.; Lai, G.Q. The effect of
graphene dispersion on the mechanical properties of graphene/epoxy composites. Carbon 2013, 60, 16-27.
And, M.M.; Winey, K.I. Polymer nanocomposites containing carbon nanotubes. Macromolecules 2006, 39,
543-545.

Wang, X.; Hu, Y.; Song, L.; Yang, H.; Xing, W.; Lu, H. In situ polymerization of graphene nanosheets and
polyurethane with enhanced mechanical and thermal properties. J. Mater. Chem. 2011, 21, 4222,
doi:10.1039/COJM03710A.

Villar-Rodil, S.; Paredes, ].I; Martinez-Alonso, A.; Tascén, ].M.D. Preparation of graphene dispersions and
graphene-polymer composites in organic media. . Mater. Chem. 2009, 19, 3591, doi:10.1039/B904935E.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



