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Single component nanofiller has shown some limitations in its performance, which can be overcome by hybrid nanofillers with
two different components. In this work, montmorillonite (MMT)/graphene oxide (GO) hybrid nanofillers were formed by self-
assembly and then incorporated into the polyacrylonitrile (PAN) nanofibers by electrospinning process. X-ray diffraction (XRD),
atomic forcemicroscopy (AFM), and transmission electronmicroscopy (TEM) were utilized to analyze the structures ofMMT/GO
hybrid nanofillers. And the effects of MMT/GO hybrid nanofillers on themorphology, thermal stability, andmechanical properties
of PAN/MMT/GO composite nanofibrous membrane were examined by scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), and tensile test machine, respectively. The incorporation of MMT/GO hybrid nanofillers into PAN nanofibers
showed a noticeable increase up to 30∘C for the onset decomposition temperature and 1.32 times larger tensile strength than the pure
PAN, indicating that the hybrid nanofiller is a promising candidate in improving thermal and mechanical properties of polymers.

1. Introduction

Among all the layer-structured materials, montmorillonite
(MMT) and graphene oxide (GO) are most widely studied.
MMT, a layered aluminosilicate mineral, consists of an octa-
hedral gibbsite layer sandwiched between two tetrahedral
silicate layers [1]. It has been well explored for its potential
application as nanofillers for improving the mechanical and
thermal properties of the guest polymers [2–4]. However, it
was found that while MMT can increase the tensile strength
and Young’s modulus of the host polymer, the elongation at
break was considerably decreased [5, 6].

Meanwhile, GO and nanoscale graphene platelet (NGP)
are another emerging class of nanomaterials. In 2008, Jang
and Zhamu [7] predicted that NGP’s application as a
nanofiller in a composite material was imminent. The pre-
diction was based on detailed discussion of earlier processes,
current developments, and some physical constants required
by the nanofiller. The later publications proved his foresight.
Since 2009, GO and NPG have been widely investigated
as nanofillers for various polymers. It has been found that

they can greatly enhance mechanical properties at very low
content [8–10]. Due to the intrinsic hydrophilic property of
GO, the polymers that can be reinforced by GO are very
limited.

In view of this, self-assembly of the two different layered
solids (MMTandGO) to formhybrid nanofillers inwhich the
two different layers are interactional would be a promising
way to solve this problem. The fabrication of MMT/GO
or MMT/graphene composites has been reported [1, 11].
However, all the processes were accomplished in aqueous
solution. As is known, most polymers can only be dissolved
in organic solvents instead of water. So it is important to
study the self-assembly behavior of MMT and GO in organic
solvent system.

Recent works have shown some striking synergies in
binary system of carbon nanotubes (CNTs)/GO hybrid
nanofillers [12, 13]. As far as we are concerned, MMT/GO
hybrid nanofillers used in polymer matrix have not been
investigated yet. In this work, organicallymodifiedMMTwas
used as stabilizer for GO in DMF solvent. The MMT/GO
hybrids prepared by self-assembly were investigated, and
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their potential application as nanofiller was evaluated by
being incorporated into electrospun PAN nanofibers.

2. Materials and Methods

2.1. Materials. The hexadecyl trimethyl ammonium bromide
(CTAB) modified MMT was supplied by Zhejiang Fenghong
Clay Chemicals Co., Ltd. (Zhejiang, China). The cation
exchange capacity (CEC) of this MMT is 97mequiv./100 g of
clay.GOwas purchased fromXFNano, Inc. (Nanjing, China).
PAN (Mw = 50,000 gmol−1) was obtained from Shangyu Wu
&Yue Economic and Trade Co., Ltd. (Zhejiang, China). N,N-
dimethylformamide (DMF) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals
were used without further purification.

2.2. Preparation and Characterization of the MMT/GO
Hybrids. In this process, MMT and GO nanoparticles were
separately dispersed in DMF before blending (Figure 1 inset).
Four MMT/DMF suspensions were obtained by adding
certain amount of MMT into 10mL DMF. After repeated
magnetic stirring and sonication for about 3 h, the uniform
dispersions were obtained. As is seen in Figure 1 inset (a–d),
from left to right, they represent 150mg, 135mg, 120mg, and
105mgMMT nanoparticles dispersed in 10mL DMF, respec-
tively. Meanwhile, three GO (15mg, 30mg, and 45mg)/DMF
(10mL) suspensions (corresponding to Figure 1 insets b, c,
and d) were prepared in the same way. Then, the MMT
and GO solutions were mixed together by magnetic stirring
accompanied with sonication to obtain a total amount of
solute at 150mg with different weight ratios of MMT/GO
as 10 : 0, 9 : 1, 8 : 2, and 7 : 3, as is shown in Figure 1 insets
(a + 10mL DMF, b + b, c + c, and d + d). The as-
prepared MMT/GO hybrid solutions were left there for
further experiments.

The X-ray diffraction (XRD) experiments were employed
here to investigate the “d space,” which is the distance
between the two adjacent layers of MMT, which is helpful in
understanding the self-assembly behavior betweenMMTand
GO inDMF.TheMMT/GOhybrids in the solid form forXRD
tests were obtained by vacuum filtration, repeated washing,
vacuum drying at 65∘C, and grinding. The experiments were
carried out in a Philips MPD-18801 diffractometer using Cu
K𝛼 (𝜆 = 0.15406 nm) radiation and a fixed power source
(40 kV, 40mA).

Atomic force microscopy (AFM) (Benyuan CSPM 4000)
was used in this work to observe the surface morphology and
phase homogeneity of the MMT/GO hybrids. The samples
were prepared by applying one droplet of the MMT/GO
hybrid solution to the surface of a freshly peeled mica
and drying in oven under 40∘C. All the AFM images were
obtained in the tapping mode.

A Hitachi H-7500 transmission electron microscope
(TEM) was used here to further examine the assembly
behavior of the MMT/GO hybrids. The MMT/GO hybrids
with the weight ratio of 8 : 2 were chosen for this study. One
droplet of the hybrid solution was applied to the surface
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Figure 1: XRD patterns of MMT and GO and their hybrids
assembled in DMF with different weight ratio; the inset shows the
digital photographs of MMT (a–d, a: 150mg, b: 135mg, c: 120mg,
and d: 105mg) and GO (b–d, b: 15mg, c: 30mg, and d: 45mg)
dispersions in DMF (10mL) and the blend of these two.The samples
were left still for 24 h before capturing pictures.

of the grid and dried under infrared lamp. The experiments
were operated under the voltage of 80 kV.

2.3. Preparation and Characterization of PAN/MMT-GO
Composite Electrospinning Solution and Electrospun Nanofi-
brous Membrane. The electrospinning solutions were pre-
pared by adding 3 g PAN powders into the as-prepared
MMT/GOhybridDMF solution andmagnetically stirring for
about 24 h until homogeneous solution formed. The viscos-
ity (NDJ-79), conductivity (DDS-11C), and surface tension
(QBZY) of the electrospinning solutions were measured.

Then, the solutions were electrospun at a positive voltage
of 15 kv with a working distance of 15 cm and a flow rate
of 0.5mL/h. The morphology of the electrospun nanofibers
was characterized by scanning electron microscope (SEM)
(Quanta 200, Holland FEI Company). The samples were
sputter-coated with a thin layer of Au nanoparticles to
reduce the charging effects. The SEM images were analyzed
by Adobe Acrobat 7.0 Professional software to measure
the fiber diameter, and 100 individual measurements were
made on each sample to determine the mean diameter and
standard deviation. The as-prepared electrospun composite
nanofibers from solutions with different MMT/GO weight
ratio were denoted as PAN/MMT-GO-1 (MMT :GO = 9 : 1),
PAN/MMT-GO-2 (MMT :GO = 8 : 2), and PAN/MMT-GO-
3 (MMT :GO = 7 : 3).

2.4. Thermal and Mechanical Properties of the PAN/MMT-
GO Composite Nanofibers. Thermal properties were evalu-
ated by the thermogravimetric analyses (TGA). They were
carried out on a TGA-Q5000 thermoanalyzer instrument in
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Figure 2: Tapping mode topography of the MMT and MMT/GO complexes: (a) MMT, (b) MMT :GO = 9 : 1, (c) MMT :GO = 8 : 2, and (d)
MMT :GO = 7 : 3.

the range of 50–700∘C with the heating rate of 10∘C/min
under nitrogen flow. The samples were measured in a sealed
aluminium pan with an initial mass of about 6mg.

Mechanical testing was performed using a uniaxial
testing machine (INSTRON1185) with crosshead speed of
10mm/min and gauge length of 5 cm. The samples were
prepared in strip shape with dimensions of 10 cm (length) ×
1 cm (width). The thicknesses of the samples were measured
using a DUALSCOPE MPO digital micrometer having a
precision of 1 𝜇m, and 10 different points for each specimen
were measured to get an average thickness. At least five
specimens were tested for each sample.

3. Results and Discussion

3.1. Structure and Morphology. According to some clay sci-
entists, an assembly of layers can be referred to as a “particle”
and an assembly of particles as an “aggregate” [14]. And these
so-calledMMT aggregates have three different spaces, that is,
interlayer space, interparticle space, and interaggregate space
[15]. These definitions also apply to GO, which has similar
layered structures as MMT. And the interaction between
MMT and GO can be well illustrated by tracking the changes
of these three spaces before and after the self-assembly.

3.1.1. XRD Analysis of MMT/GO Hybrids. Figure 1 inset
shows the digital photographs of MMT and GO hybrids.
It can be seen that, for pure GO hybrids, their dispersions
in DMF were not stable. After 24 h standing, GO nanolay-
ers formed agglomerated structure and precipitated at the
bottom of the bottle, while MMT, which was organically
modified by CTAB, formed stable colloidal dispersions of
solvated, anisotropic two-dimensional nanolayers in DMF.
After blending the two dispersions by magnetic stirring

and sonication, they could be reassembled to form interlay-
ered composites. As expected, organically modified MMT
nanoplatelets showed good capability in stabilizing GO in
organic solvent.

In Figure 1, the XRD patterns of pristine MMT, GO,
and their composites at different weight ratios are presented.
For pristine MMT, a sharp characteristic diffraction peak
exhibited at 2𝜃 ≈ 6.919∘ was clearly presented, which
was assigned to the basal spacing of (001) reflection. After
blending with GO, the characteristic peak still remained but
only slightly shifted to lower angle (as seen in Table 1), and
its shape became broader with decreased intensity, indicating
that the effects between MMT and GO did not change the
original layered structure of MMT. Besides, the peak left
shift implied that the gallery height was slightly increased
(as shown in Table 1), which was attributed to the DMF
intercalation [16, 17].

The pattern of pristine GO showed the (001) reflection
peak at 2𝜃 ≈ 8.981∘. For the complexes, only when the
weight ratio of GO reached 30%, a small peak with relatively
low intensity could be seen in the XRD pattern. The peak
showed a slightly right shift, indicating a decreased d(001)
spacing. As is known, no diffraction peak can be shown by the
completely exfoliated GO, which means only the GO stacked
together forming an ordered structure may contribute to the
characteristic peak which appeared on the XRD pattern. The
stacked GO nanoplatelets lost their interstratified water [18]
during sonication in DMF which has been proved to have
less affinity to GO than water [19], resulting in a decreased
interlayer spacing.

3.1.2. Surface Morphology and Phase Uniformity. Figure 2
and Table 1 show the surface topography and the derived
information of MMT and MMT/GO blends, respectively.
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Figure 3: Phase contrast images of the MMT and MMT/GO complexes: (a) MMT, (b) MMT :GO = 9 : 1, (c) MMT :GO = 8 : 2, and (d)
MMT :GO = 7 : 3.

Table 1: Physical properties of the nanoaggregates derived from XRD and AFM.

Composition

XRD AFM topography image

2𝜃
(∘)

d-spacing
(Å)

Average height
(nm)

Average dimension of the
first population
length × width

(nm)

Average dimension of the
second population
length × width

(nm)

Surface roughness
average
(nm)

MMT 6.919 12.7655 116 507.81 × 156.25 71.09 × 30.88 10.1
MMT/GO 9 : 1 6.362 13.8816 242 585.94 × 176.05 146.81 × 56.94 25.6
MMT/GO 8 : 2 6.581 13.4204 242 762.72 × 157.47 206.01 × 48.83 26.7
MMT/GO 7 : 3 6.521 13.5423 238 722.72 × 156.25 323.59 × 107.42 31.5

As is shown in Figure 2, MMT and MMT/GO aggregates
with different particle size and irregular shape were randomly
distributed on top of the mica. It is known that the thickness
of one single MMT sheet is approximately 1.2 nm [20],
while the average height of those MMT aggregates shown

in Figure 2(a) was as much as 116 nm (Table 1, calculated
by Imager 4.60), indicating high agglomeration of MMT
layers in DMF. With the addition of GO, the average height,
the fractal dimension including two populations [20], and
surface roughness of the hybrids were increased tomore than
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Figure 4: Proposed mechanism for the self-assembly effect of MMT and GO in DMF.

two times of the pristine MMT, whose result is consistent
with the conclusion that the surface heterogeneity of a solid
can contribute significantly to the fractal dimension [15].The
increase in surface roughness might lead to better adhesion
with the polymer matrix.

According to some earlier published work [21, 22], the
darker phase contrast indicated higher viscous/attractive
force over the sample surfaces due to aggregated condensed
matter, while the brighter phase contrast was seen when
the tip penetrated a less viscous regime. The phase contrast
images of MMT andMMT/GO complexes shown in Figure 3
are, respectively, corresponding to the topography images of
the same sample illustrated in Figure 2. Significant effect on
the phase morphology of MMT was observed upon addition
of GO. The phase in the pure MMT was homogeneous,
except a few bright areas caused by the sharp and high
edges [23]. However, large phase shifts and phase variation
were observed in the case of MMT/GO hybrids. The overall
phase images became brighter than that of the pure MMT,
indicating that a surface with higher rigidity was formed in
this self-assembly process. This might be attributed to the
more compact structure of MMT/GO hybrids, which will be
further explained in the following section.

3.1.3. The Self-Assembly Behavior of MMT and GO in DMF.
Herein, we propose a possible mechanism which is partially
supported by TEM images to explain the effects between

MMT and GO in the mutual-assisted dispersion, as shown
in Figure 4. Intercalation, wrapping, and hydrogen bonding
are considered as the main factors leading to self-assembly
of MMT and GO in DMF. Intercalation behavior has also
been proved by Kong and his coworkers [24], and similar
TEM image has been provided in their work. But it needs to
be further explained that this intercalation took place only
in the interparticle space and interaggregate space. Based
on the XRD analysis, the MMT in MMT/GO hybrids still
well maintained its ordered layer structure. And the gallery
height (0.2–0.4 nm) was far smaller than the thickness of GO
(about 1 nm) [25], so it is impossible for GO to be intercalated
into the interlayer structure. Hydrogen bonding has been
proposed and explained by Zhang and his coworkers [11].
According to their work, the carboxyl groups on the GO
sheets and the hydroxyl groups on the MMT nanoplatelets
may form effective hydrogen-bonding interactions. Besides,
the wrapping effect was also confirmed here by the TEM
observations. These three types of physical interactions
between GO and MMT nanoplatelets led to the formation of
more compact MMT/GO hybrids in DMF, thus achieving a
stable dispersion of GO sheets in DMF.

3.2. The Properties of the Electrospinning Solutions and
the Morphology of the Resultant Electrospun Composite
Nanofibers. As is known, the properties of the electro-
spinning solution including viscosity, surface tension, and
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Figure 5: SEM images and diameter histogram distribution chart of PAN, PAN/MMT, and PAN/MMT-GO composite nanofibers: (a and a)
0 wt. % MMT, (b and b) 5 wt. % MMT, (c and c) 5 wt. % MMT/GO, MMT :GO = 9 : 1, (d and d) 5 wt. % MMT/GO, MMT :GO = 8 : 2, and
(e and e) 5 wt. % MMT/GO, MMT :GO = 7 : 3.
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Table 2: The properties of electrospinning solution.

Viscosity
(mPa⋅s)

Conductivity
(𝜇S/cm)

Surface tension
(mN/m)

PAN 162 ± 1.41 67.40 ± 0.10 27.277 ± 1.11

PAN/MMT 700.33 ± 1.70 61.50 ± 0.10 32.028 ± 0.26

PAN/MMT-GO-1 909.33 ± 1.53 65.10 ± 0.80 31.058 ± 0.11
PAN/MMT-GO-2 865 ± 3.26 70.40 ± 1.10 32.514 ± 1.22
PAN/MMT-GO-3 851.67 ± 1.15 76.45 ± 0.05 30.876 ± 0.80

conductivity affect the diameter of the resultant fibers. And it
has been well proved that the decrease of surface tension and
viscosity or the increase of solution conductivity favors the
formation of thinner electrospun fibers [26]. As is presented
in Table 2, upon the addition of nanofillers, the viscosity
and surface tension were increased, while the conductivity
decreased first and then increased, indicating a general trend
of getting thicker fibers which is in correspondence with the
mean diameter of the electrospun fibers shown in Figure 5
(a–e).

The structures of the electrospun pure PAN and PAN
composite nanofibers with different nanofillers were investi-
gated by SEM. As is shown in Figure 5, themorphology of the
electrospun composite nanofibers was also slightly affected
by the addition of nanofillers. Some beaded structures could
be observed in the composite nanofibers, which can be
attributed to some large aggregates incorporated inside the
PAN nanofibers. This inference can be further confirmed by
TEM observation.

The distribution of MMT/GO hybrid nanofillers in PAN
nanofibers was investigated by HRTEM (Figure 6). Two
populations of nanofillers exist in the PAN matrix, which
is consistent with the observation from AFM topography
images. Some MMT-rich nanofillers (“a” area) showed a
stripe structure, which were well incorporated and oriented
in the fiber axial direction. This was due to the higher
draw ratio that imparted a larger stress on the fiber as it
was being formed during the electrospinning process and
gave rise to a proper alignment of the two-dimensional
nanofillers along the fiber axis. However, some nanofillers
(“b” area and “c” area) are just randomly distributed within
the PAN matrix with cross-sectional orientation. This might
be assigned to the GO-rich nanofiller, in which MMT was
wrapped and cannot move freely to align along the fiber
axis. Besides, with MMT/GO as nanofiller, the surface of the
composite nanofibers became rough and irregular, which was
in accordance with the results of SEM observations.

3.3. Thermal Properties of PAN Nanofibers with and without
Nanofillers. The thermal stability of the pure PAN nanofibers
and PAN composite nanofibers with different nanofillers
is shown in Figure 7. Under pyrolytic conditions, PAN
nanofibers with and without nanofillers degraded in two
steps; more specifically, from 300 to 400∘C was considered
stage I while from 400 to 500∘C was stage II. Compared with
pure PAN nanofibers, the onset thermal decomposition tem-
perature was respectively increased from ∼300∘C (pure PAN)

b

a

c

Figure 6: HRTEM images of PAN/MMT-GO-2.

to∼315∘C (PAN/MMT) and∼330∘C (PAN/MMT-GO-2), as is
shown in Figures 7(a) and 7(b).This noticeable improvement
in the decomposition temperature by MMT/GO composites
could not be achieved by single MMT or GO nanoplatelet,
according to the existing reports [27, 28]. The phenomenon
might be ascribed to some synergistic effects of MMT and
GO, whose layered structures may act as cross-bonding
points and contribute to a stronger interaction between
polymer chains and hybrid nanofillers, resulting in a highly
enhanced thermal stability [28].

As is shown in Figure 7(c), a sharp weight loss was
observed in stage I, which was due to the formation of
the ring compounds among –CN groups. The nanofillers
especially the hybrid ones had significant contribution to
the decomposition of the composite nanofibers in this stage.
While, in stage II during which further removal of nitrogen
and building a better carbon backbone occurred, a rela-
tively slower decomposition was observed. In general, the
incorporation of MMT/GO composites changed the thermal
behavior of the polymer host.

3.4. Mechanical Properties. Themechanical properties of the
electrospun PAN nanofibers with and without nanofillers
were investigated by the tensile stress-strain testing method
and the results are given in Table 3. All the nanofillers
enhanced the strength of PAN to various extents. With the
addition of onlyMMT, the ultimate tensile strength increased
by only 10.7%, while, for MMT/GO composite nanofillers
with the weight ratio as 9 : 1, it increased by 32%, which was
the highest among the hybrid nanofillers investigated here.
With the further increase of GO ratio, the tensile strength
was slightly decreased, probably due to the aggregation of the
two different nanoplatelets and forming large particles that
could not be uniformly distributed within the PAN matrix.
As for the result of elongation at break, a general trend of
decrease was observed, indicating a loss of elasticity after
the incorporation of the nanofillers. This result is consistent
with some published works [5, 6, 13]. Generally, compared
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Figure 7: Thermogravimetric curves (a) and corresponding derivative curves (c) of PAN, PAN/MMT, and PAN/MMT-GO-2; (b) is a
magnified image of selected area of (a).

with MMT, the hybrid MMT/GO nanofiller showed better
performance in reinforcement.

4. Conclusion

In summary, MMT/GO composite nanofillers were success-
fully prepared and well stabilized in DMF solution by self-
assembly behavior which can be further divided into three
effects, that is, intercalation between the interparticle space
and interaggregate space, wrapping, and hydrogen bond.The
inference was examined by XRD, AFM, and TEM. Then,
the composite nanofillers were well incorporated into the
PAN matrix by electrospinning technique. Compared with
MMT, the MMT/GO composite nanofillers showed better

Table 3: Mechanical properties of PAN with and without
nanofillers.

Tensile strength
(MPa)

Elongation at break
(%)

PAN 6.06 ± 0.82 75.26 ± 6.06

PAN/MMT 6.71 ± 1.28 26.61 ± 4.69

PAN/MMT-GO-1 8.00 ± 1.06 38.50 ± 5.14

PAN/MMT-GO-2 7.86 ± 0.57 39.10 ± 4.54

PAN/MMT-GO-3 7.55 ± 1.40 39.43 ± 6.00

thermal andmechanical properties. Besides, the morphology
of the electrospun PAN nanofibers with MMT/GO used as
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nanofillers was also desirable. So,MMT/GOhybrid nanofiller
is an attractive candidate for thermal stability improvement
and mechanical reinforcement material.
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