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Preface to ”Advanced Polymer Nanocomposites”

Polymer nanocomposites currently attract high levels of industrial interest in various scientific

areas in the field of nanomaterials, because they can improve the performance of polymeric matrices

and inorganic nanomaterials, such as enhancing light/magnetic behaviors, electrical/thermal

conductivity, toughness, stiffness, and mechanical strength. Inorganic quantum dots/nanoparticles,

nanorods/nanotubes, and 2D materials (such as graphene-based nanosheets) can be used to decorate

the polymer matrix through chemical synthesis or physical blending to improve its performance.

Thus, how to fabricate a homogeneous dispersion of fillers in the polymer matrix is a crucial technique

in the nanomaterials field. This Special Issue, entitled “Advanced Polymer Nanocomposites”, collects

high-level original and review papers, focused on scientific discussions and practical applications in

the field of functional polymer nanocomposites, including (a) optoelectronic materials (papers 1–6),

(b) biomedical materials (papers 7–12), and (c) other functional polymer nanocomposites (papers

13–18). We hope that this Special Issue will promote academic exchanges, and identify and respond

to tremendous challenges to disseminate research in this developing field.

Ting-Yu Liu and Yu-Wei Cheng

Editors
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Abstract: In this study, we designed a three-dimensional structure of electrically conductive adhesives
(ECAs) by adding three different kinds of nano filler, including BN, TiO2, and Al2O3 particles, into a
few-layered graphene (FLG)/polymer composite to avoid FLG aggregation. Three different lateral
sizes of FLG (FLG3, FLG8, and FLG20) were obtained from graphite (G3, G8, and G20) by a green,
facile, low-cost, and scalable jet cavitation process. The corresponding characterizations, such as
Raman spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), and
transmission electron microscopy (TEM), verified the successful preparation of graphene flakes. Based
on the results of four-point probe measurements, FLG20 demonstrated the lowest sheet resistance
value of ~0.021 Ω/�. The optimized ECAs’ composition was a 60% solid content of FLG20 with the
addition 2 wt.% of Al2O3. The sheet resistance value was as low as 51.8 Ω/�, which was a reduction
of 73% compared to that of pristine FLG/polymer. These results indicate that this method not only
paves the way for the cheaper and safer production of graphene, but also holds great potential for
applications in energy-related technologies.

Keywords: graphene; electrically conductive adhesive; fillers; TiO2; Al2O3; BN; resins

1. Introduction

The electronic industry is currently one of the most diversified industries. Electronic products can
be seen everywhere in daily life, since the new generation of electronic products emphasizes the needs of
personalization and portability [1,2]. Among the recent advances in electronic packaging technologies,
electrically conductive adhesives (ECAs) have attracted most researchers’ attention. The characteristics
of ECAs are that they are environmentally friendly, bendable, have a high workability, and are simple to
apply [3–10]. In ECAs, the electrically conducive fillers play a significant role in improving conductivity
and strength. Different kinds of electrically conductive fillers, such as silver [11–13], copper [14,15],
carbon black, carbon nanotubes, graphite, and graphene [16–21], have been widely reported. In
recent years, carbon-based electrically conductive filler applications in ECAs have been universal
because the cost of these materials is lower than that of metal fillers and they demonstrate a much
better stability. Among these carbon-based materials, graphene has drawn much attention due to its
exceptionally high crystallinity and electronic quality, and these features mean that graphene has high
mechanical properties (>1060 GPa), high electrical conductivity (104 S/m), high thermal conductivity
(~3000 W/m K), and a light weight [22–24]. These unique thermal, mechanical, optical, and electrical
properties are better than those of other carbon materials, so this material has been widely used
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in energy storage materials, lithium ion battery materials, solar cells, super capacitors, and other
applications [25–28].

There are a lot of approaches for preparing graphene-based materials, such as chemical
reduction [29], pyrolytic graphite [30], Hummers method [31], and jet cavitation [32,33]. Nevertheless,
strong acids, organic solvents, and oxidants are always used in an environmentally unfriendly way
during the production process. Therefore, in our study, we propose a jet cavitation-assisted green
process to synthesize few-layered graphene (FLG). This method is facile, low cost, green, and scalable
to the production of few-layered graphene. Therefore, in the first part of our study, we used FLGs to
construct an electrically conductive network in a polymer matrix to increase the electrical conductivity
properties of ECAs.

The dispersion of FLGs in a polymer matrix is another important issue. In order to avoid
the aggregation of FLGs in a polymer, nano-sized fillers are required to fill spaces between FLGs
and the polymer matrix. He et al. [6] investigated graphene/MnO2 composite networks as flexible
supercapacitor electrodes, lowering the electrical conductivity of the graphene/MnO2 composite due to
the increase of MnO2 with its low electronic conductivity of 10−5~10−6 S/cm [34]. Pu et al. investigated
the application of N-GNSs (N-doped graphene nanosheets) in Ag-filled ECAs to reduce the resistivity
with lower Ag loading ratios, and showed that adding merely 1 wt.% of N-GNSs can convert a
non-conducting 30 wt.% Ag-filled polymer resin into an ECA with a resistivity of 4.4 × 10−2 Ω-cm [7].
Peng et al. advanced the weight ratio of SGNs to silver flakes to 20:80 (%), and the resistivity reached
the lowest value of 2.37 × 10−4 Ω cm [35]. Ghaleb et al. demonstrated the effect of GNP (Graphene
nanoplates) loading (0.05–1 vol%) on the tensile and electrical properties of GNP/epoxy thin-film
composites, and the electrical conductivity of the 0.1 vol% GNP thin film increased from 4.32 × 10−7

to 1.02 × 10−3 S/m [36]. The above’s cost is higher and CNTs also agglomerate easily. In order to
overcome the possible drawback of graphene aggregation, we used alumina (Al2O3), titanium dioxide
(TiO2), and hexagonal boron nitride (BN) in a graphene/polymer composite. Alumina is abundant
in the world and it is low cost, exhibiting characteristics of anti-oxidation, corrosion resistance, and
chemical and thermal stability. It not only prevents carbon from being oxidized in the air, but also
has a high stability when combined with materials and polymers [37]. Titanium dioxide seemed to
be desirable when investigating the electrical properties of semiconducting crystals [38]. In terms of
boron nitride, during the conduction process, the efficiency of the electronic product is lowered due
to the heat release, so our study investigated the thermal conductivity of boron nitride. These fillers
would effectively prevent graphene agglomeration and significantly reduce the cost [39,40].

In our study, we firstly synthesized three different sizes of FLGs by a low-temperature ultra-high
pressure continuous homemade flow cell disrupter. Secondly, we incorporated Al2O3, TiO2, and BN
particles into the matrix resin to prepare ECAs in order to prevent FLG stacking. The corresponding
characterizations, such as Raman spectroscopy, scanning electron microscopy (SEM), atomic force
microscopy (AFM), and transmission electron microscopy (TEM), as four-point probe measurements
of FLG and FLG/polymer and FLG/fillers/polymer composites, were carried out in this research.

2. Experimental Section

2.1. Preparation of Few-Layered Graphene (FLG)

First, three different lateral sizes of graphite, including KS-6 (Timcal®, d50 = 3 µm, namely G3),
8 µm graphite (KNANO®, d50 = 8 µm, namely G8)), and KS-44 (Timcal®, d50 = 20 µm, namely
G20)), were dispersed in 500 mL of deionized (DI) water by sonication for 15 min (about solid
content 5 wt.%). After dispersing them sufficiently, the solution was transferred into the tank of the
low-temperature ultra-high pressure continuous homemade flow cell disrupter (LTHPD). As part of
the work in designing the LTHPD, the suspension was poured into the device and the process was
operated three times at each pressure (800, 1200, and 1500 bar). Therefore, the process was conducted
nine times in total. Then, the graphite was separated by cavitation effects with different pressures.

2
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The course operated in a circulation cooling water bath, which kept the temperature at 14–16 ◦C The
whole exfoliated experiment was carried out in room conditions. The suspension of graphene was
vacuum-filtered to obtain graphene cake and was transferred to an oven at a temperature of 40 ◦C for
24 h. Finally, the cake of FLG was milled into powder with a grinder.

2.2. Preparation of Electrically Conductive Adhesives (ECAs)

The ECAs were mainly composed of a resin matrix, FLG, and nano fillers (Al2O3, TiO2, and BN).
First, A-polymer and B-polymer were mixed at the mass ratio of 1:1. Then, ethyl acetate was added to
the resin drop by drop over 30 min, with stirring. The graphene and filler samples were added to the
resin with various mass ratios, such as 95:5, 90:10, and 85:15, and the total mass fraction was 50%. After
stirring for 24 h, the graphene/filler composite was dispersed into the resin. The slurry was coated on
the PET (Polyethylene terephthalate) and cured at 150 ◦C for 2 h in the oven. Finally, the FLG/nano
filler content was increased to 55% and 60% in order to improve the ECAs’ efficacy.

2.3. Characterizations

The morphologies of the sample were analyzed using scanning electron microscopy (SEM)
by Hitachi S-4100 (Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM)
JEOL-JEM2000FXII. The height profile of the as-synthesized few-layer graphene was measured by
using atomic force microscopy (AFM, Bruker Dimension Icon, Berlin, Germany). Raman spectra were
measured by a micro Raman spectroscopy system (Hsinchu, Taiwan), with a laser frequency of 532 nm
as the excitation source. The electrical conductivities of the graphene adhesives were measured using a
resistivity meter (KeithLink TG2, Shenzhen, China) with a four-point probe.

3. Results and Discussion

The morphologies of graphite and FLG were observed by SEM (Figure S1a–d in Supplementary
Materials). Figure 1a,c,e present the different size graphite images of G3, G8, and G20, which were
arranged two-dimensional material and comprised of micron-sized stackable sheet structures, and
the lateral sizes of G3, G8, and G20 were in the range of 3–5, 8–10, and 20–22 µm, respectively. These
were thus larger and had a greater thickness than FLG. Both FLGs were efficiently exfoliated to form
separated thin sheets, as shown in Figure 1b,d,f, demonstrating that FLG3, FLG8, and FLG20 were
obtained by LTHPD, respectively, and the lateral sizes were in the range of 2–3, 5–8, and 17–20 µm.
In comparison, FLG was composed of thinner sheets and smaller sizes than graphite.

We used atomic force microscopy (AFM) to characterize the thickness and surface morphology of
as-synthesized FLGs. Figure 2a,c,e depict the AFM images of FLG3, FLG8, and FLG20. Figure 2b,d,f
show the thickness which was measured from the height profile of the AFM image, and the average
thickness was about 15, 3, and 2 nm, respectively. Since the lateral size of FLG3 was small, the effect of
being stripped was poor, and the inverted thickness did not decrease significantly. However, this is
consistent with the data reported in the literature, indicating that the thickness of graphene sheets was
about 2–4 nm, so FLG8 and FLG20 were high-quality few-layered graphene.
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Figure 2. Atomic force microscopy (AFM) images of (a) FLG3, (c) FLG8, and (e) FLG20. Distribution 
of the thickness of (b) FLG3, (d) FLG8, and (f) FLG20 calculated from the obtained AFM analysis. 

Figure 3 (a), (b), and (c) show the XRD patterns of graphite and FLG. The XRD patterns of 
graphite indicated the presence of two peaks at 25.0° and 43.5°, which corresponded to the inter-layer 
spacing of graphite d002 and the d101 reflection of the carbon atoms, respectively. Additionally, after 
exfoliating, the intensities of the diffraction peaks present a slight decrease in the few-layered 
graphene. The average crystallite size of G3, G8, and G20 was about 200,168, and 240 Å, respectively. 
However, the few-layered graphene obtained by LTHPD exhibited a slight decrease in crystallite 
sizes because the process wrecked the crystallinity. In Figure 3 (d), the picture shows a comparison 
of powder before and after manufacturing by LTHPD. The FLG produced by LTHPD was fluffier 
than that of graphite, so using this feature to prepare ECAs can reduce the amount of graphite and 
increase the conductive path to improve the conductivity. 
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the thickness of (b) FLG3, (d) FLG8, and (f) FLG20 calculated from the obtained AFM analysis.
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Figure 3a–c show the XRD patterns of graphite and FLG. The XRD patterns of graphite indicated
the presence of two peaks at 25.0◦ and 43.5◦, which corresponded to the inter-layer spacing of graphite
d002 and the d101 reflection of the carbon atoms, respectively. Additionally, after exfoliating, the
intensities of the diffraction peaks present a slight decrease in the few-layered graphene. The average
crystallite size of G3, G8, and G20 was about 200,168, and 240 Å, respectively. However, the few-layered
graphene obtained by LTHPD exhibited a slight decrease in crystallite sizes because the process
wrecked the crystallinity. In Figure 3d, the picture shows a comparison of powder before and after
manufacturing by LTHPD. The FLG produced by LTHPD was fluffier than that of graphite, so using
this feature to prepare ECAs can reduce the amount of graphite and increase the conductive path to
improve the conductivity.
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comparison of those of powder before and after manufacturing by a low-temperature ultra-high
pressure continuous homemade flow cell disrupter (LTHPD).

Figure 4a–c show the Raman spectra of graphite and FLG. The main features in the Raman spectra
of carbons are the so-called G and D peaks, which lie at around 1560 and 1360 cm−1, respectively, for
visible excitation. The G peak is due to the doubly degenerate zone center E2g mode, while the D peak
is a breathing mode of κ-point phonons of A1g symmetry [41]. The intensity ratio (ID/IG) of the D peak
to G peak of the G3, G8, and G20 was about 0.226, 0.198, and 0.11, respectively. However, for FLG3,
FLG8, and FLG20 which were obtained by LTHPD, the ID/IG was 0.231, 0.206, and 0.14, separately.
The ID/IG ratio increased because the stripping process created defects. The results of graphite and FLG
for testing the four-point probe are shown in Figure 4d. The sheet resistance of FLG was higher than
that of graphite because the defects of FLG were increased; however, FLG was bulkier for graphite,
which was beneficial for manufacturing the ECAs. The sheet resistance of FLG20 was lower than that
of FLG. Therefore, we used FLG20 as the foremost material to export and apply to ECAs.
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sheet resistance of graphite and FLG.

The morphology of FLG20 were observed by TEM and HRTEM. Figure 5a shows that FLG20
appeared as a micro-size transparent sheet structure with a smooth surface and wrinkled pattern on
the edge, which was typical of graphene. An HRTEM analysis of folding at the edges of sheets gave
the number of layers by direct visualization as Figure 5b, and it was clear that the number of layers of
FLG20 was about 7~10 layers.Polymers 2019, 10, x FOR PEER REVIEW  7 of 12 
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Figure 5. (a) Transmission electron microscopy (TEM) image of FLG20 and (b) high-resolution
transmission electron microscopy (HRTEM) image of FLG20.

Figure 6a–c show SEM images of BN, TiO2, and Al2O3, respectively. The morphology of BN was
two-dimensional and its lateral size was in the range of 30–50 nm, as shown in Figure 6a. TiO2 and

6



Polymers 2019, 11, 1713

Al2O3 are granular materials, and had particle sizes of 20–30 and 10–15 nm, respectively (Figure 6b,c).
In the study, we used these nanoparticles as nano fillers in ECAS, with the purpose of preventing
the agglomeration of graphene lamellae and propping up the graphene to form a three-dimensional
structure to increase conductive channels. The XRD patterns of BN, TiO2, and Al2O3 are shown in
Figure 6d–f. All these diffraction peaks match well with the standard values and are in agreement
with the hexagonal structure of the Bragg positions in ICSD-241875, ICSD-9852, and ICSD-66559,
respectively. In Figure 6d, the XRD patterns had a peak at 23.5◦, showing that the type of TiO2 was
retile, and the Al2O3 was γ-phase Al2O3, as shown in Figure 6f.
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Figure 6. SEM images of (a) boron nitride (BN), (b) titanium dioxide (TiO2), and (c) alumina (Al2O3);
XRD patterns of (d) BN, (e) TiO2, and (f) Al2O3.

Figure 7a–c and Table S1 compare the sheet resistance of ECAs with G20 and FLG20 for different
nano filler mass ratios. The blank EACs manufactured by G20 and FLG20 had a sheet resistance of
192 Ω/� and 190 Ω/�, respectively. When the mass ratio of nano fillers to G20 increased, the sheet
resistance of ECAs increased; however, the mass ratio of nano fillers to FLG20 increased, and the
sheet resistance of ECAs decreased first and then increased. This result shows that FLG20 had better
consequences because FLG20 was fluffier, so it generated a continuous conductive pathway easily.
When the mass ratio was 95:5 (FLG20/nano fillers), all the sheet resistances reached a minimum value
of 135 Ω/�, 156 Ω/�, and 85.7 Ω/�, respectively, which were 20%~56% lower than the blank. This result
can be explained by the fact that the content of nano fillers was too high, so the nano fillers could
not disperse raggedly, resulting in an increase in the sheet resistance. The effect of FLG20/Al2O3 was
the best, so we continued to explore the ratios of 99:1, 98:2, 97:3, and 96:4, as shown in Figure 7c.
When 2 wt.% Al2O3 was added, the sheet resistance reached a minimum value of 79.3 Ω/�, which
was 60% lower than the blank. With the FLG20 to Al2O3 mass ratio of 98:2, Al2O3 prevented the
agglomeration of FLG20 and propped it up to form more electrically conductive networks. As shown
in Figure 7d, we increased the solid content to 55% and 60%, and the sheet resistance reduced from
79.3 Ω/� to 51.8 Ω/�, which was a reduction of 73% compared to without adding any nano fillers. This
result shows that increasing the solid content obviously decreased the sheet resistance.
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of (a) BN, (b) TiO2, and (c) Al2O3. (d) Different FLG20/Al2O3 solid contents.

The FLG20/Al2O3 composite also exhibits a great flexibility and mechanical strength after being
coated on flexible plastic sheets. The electrical resistance of the FLG20/Al2O3 thin film on the PET film
was revealed by the bending test. As shown in Figure 8a, there was a fairly small amount of variation
after thousands of bending cycles, with an R/R0 value retention value of 98%. This great mechanical
strength makes the FLG20/Al2O3 a great conductive adhesive for flexible electronic applications.
For demonstration, two pieces of printed FLG20/Al2O3 thin films on the PET film were connected to
an LED. As shown in Figure 8c, the PET film with slight curvature could remain bright, showing that
the EACs had a flexible property.

Figure 9 is a schematic diagram of the situation before and after adding nano fillers. In Figure 9a,
since graphene is a two-dimensional material, a large number of graphene may generate much
restacking without adding nano fillers, causing the electrical conductivity to decrease. Therefore,
adding different kinds of nano fillers to prevent the agglomeration of graphene lamellae and prop up
the graphene to form a three-dimensional structure to increase the conductive channels is beneficial for
decreasing the resistance, as shown in Figure 9b. In the study, adding nano fillers to graphene sheets
could effectively reduce the resistance value.
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4. Conclusions

We succeeded in delaminating artificial graphite and natural graphite by jet cavitation to prepare
few-layered graphene (FLG3, FLG8, and FLG20). The structure and morphology of few-layered
graphene had a two-dimensional structure and few-layered graphene was composed of thinner sheets
and smaller sizes than graphite. We used G20 and FLG20 as the foremost material to apply to ECAs with
different nano fillers (BN, TiO2, and Al2O3) to prevent graphene stacking and generate a continuous
conductive pathway. The results indicated that the solid content was 60% and the best condition was
adding 2 wt.% Al2O3, for which the sheet resistance value was 51.8 Ω/�. The electrically conductive
resin remained nearly the same after one thousand bending cycles. These results indicate that the
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formulated FLG/Al2O3/polymer composite adhesives have a great potential in conductive adhesives
for flexible display applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/10/1713/s1,
Figure S1: SEM images of (a) KS-6, (b) 8 µm, (c) MoKS-6, (d) Mo8 µm, (e) BN and (f) TiO2, Figure S2: Raman
spectra of (a) KS-6, (b) 8 µm, (c) MoKS-6 and (d) Mo8 µm, Figure S3: Sheet resistance of MoKS-6, Mo8 µm and
MoKS-44, Figure S4: KS-44 and MoKS-44 composite with various content (a) BN and (b) TiO2, Table S1: KS-44 and
MoKS-44 composite with various content BN and TiO2.
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Abstract: Flexible wearable pressure sensors have received extensive attention in recent years because
of the promising application potentials in health management, humanoid robots, and human machine
interfaces. Among the many sensory performances, the high sensitivity is an essential requirement for
the practical use of flexible sensors. Therefore, numerous research studies are devoted to improving
the sensitivity of the flexible pressure sensors. The fiber assemblies are recognized as an ideal substrate
for a highly sensitive piezoresistive sensor because its three-dimensional porous structure can be easily
compressed and can provide high interconnection possibilities of the conductive component. Moreover,
it is expected to achieve high sensitivity by raising the porosity of the fiber assemblies. In this paper,
the three-dimensional reduced graphene oxide/polyolefin elastomer (RGO/POE) nanofiber composite
aerogels were prepared by chemical reducing the graphene oxide (GO)/POE nanofiber composite
aerogels, which were obtained by freeze drying the mixture of the GO aqueous solution and the POE
nanofiber suspension. It was found that the volumetric shrinkage of thermoplastic POE nanofibers
during the reduction process enhanced the compression mechanical strength of the composite aerogel,
while decreasing its sensitivity. Therefore, the composite aerogels with varying POE nanofiber usage
were prepared to balance the sensitivity and working pressure range. The results indicated that
the composite aerogel with POE nanofiber/RGO proportion of 3:3 was the optimal sample, which
exhibits high sensitivity (ca. 223 kPa−1) and working pressure ranging from 0 to 17.7 kPa. In addition,
the composite aerogel showed strong stability when it is either compressed with different frequencies
or reversibly compressed and released 5000 times.

Keywords: wearable pressure sensor; piezoresistive sensor; fiber assembly; nanofiber aerogel;
reduced graphene oxide

1. Introduction

Flexible wearable pressure sensors have received extensive attention in recent years because of
their benefits such as integratability, their lightweight nature, and their portability [1–7]. Compared
to the capacitive, piezoelectric, and triboelectric sensors, piezoresistive sensors were widely applied
in health management, humanoid robots, human machinery, and artificial intelligence due to their
simple structure and easily collectable signal [8–14]. However, the low sensitivity still restricts
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the practical applications of the piezoresistive sensors. Recently, many structures were designed
and constructed to improve the device performance including sensitivity and the working pressure
range. Among them, fiber assemblies were considered as ideal substrates that can help improve the
sensitivities due to their remarkable deformation ability [15–21]. When the external pressure was
loaded, the porous structures constructed by the stacking fibers present larger deformation when
compared to solid materials, which resulted in greater growth of the contacting areas of the conductive
components. The increasing interconnection of the conductive components formed more effective
conductive networks, which improves the sensitivity of the piezoresistive sensors. In addition, research
indicates that a higher porosity of the porous substrates will further strengthen the sensitivity of the
piezoresistive sensors [13,22].

Nanofiber aerogels, which were obtained by removing the solvent component from the nanofiber
suspension in a supercritical state, possess the highest porosity (>80%) among the fiber assemblies.
The randomly distributed POE nanofibers with a high length-diameter ratio would lead to hierarchical
self-entanglement and would help form a three-dimensional nanofiber-based network [23,24]. Moreover,
the ultra-high specific surface area (>500 m2/g) of the nanofiber aerogel provides the structural basis
for the interconnection of conductive components under compression. Therefore, a highly sensitive
piezoresistive sensor can be expected by using the nanofiber aerogels as the flexible substrate. However,
traditional aerogels always show narrow weak compression strength and low structural stability under
revised external pressure [25–27]. Their internal structure will be easily destroyed under excessive
external pressure. As a result, the working pressure range and the operational stability of the nanofiber
aerogels-based piezoresistive sensor are generally difficult to meet the requirements of practical
use. Literature [28] indicates that the aero carbon materials can enhance the mechanical property
by forming the hierarchical three-dimensional structure. Therefore, designing and constructing a
three-dimensional carbon material/nanofiber composite aerogel might be an effective solution to achieve
ultra-high sensitivity, a wide working pressure range, and excellent cycle stability simultaneously for
flexible piezo-resistive sensors.

In the present research, the three-dimensional RGO/POE nanofiber composite aerogels were
prepared by chemically reducing the GO/POE nanofiber composite aerogels, which were obtained by
freeze drying the mixture of the GO aqueous solution and the POE nanofiber suspension. The RGO/POE
nanofiber proportions were adjusted to improve the sensing performance of the composite aerogels.
It was found that the volumetric shrinkage of thermoplastic POE nanofibers during the reduction
process enhances the compression strength of the composite aerogels while decreasing the sensitivity
slightly. Therefore, the sensitivity and working pressure range of the composite aerogel were balanced
by adjusting the additional amount of the POE nanofibers. The results indicate that the composite
aerogel with POE nanofiber/RGO proportion of 3:3 was the optimal sample, which exhibits high
sensitivity (ca. 223 kPa−1), wide working pressure range (0–17.7 kPa), and strong stability either
compressed with different frequencies or reversibly compressed and released for 5000 times.

2. Materials and Methods

Polyolefin elastomer (POE) and cellulose acetate butyrate (CAB. Butyrate content 35–39%) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA), Dow Chemical Company (Midland, MI, USA)
and Acros Chemical Co. Ltd., Geel, Belgium, respectively. Tertiary butanol, acetone, concentrated
sulfuric acid, potassium permanganate, and hydrochloric acid were from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. The dispersing agent was supplied by Lubrizol (Lake County, OH, USA).
Deionized water is self-made in the laboratory. All the chemicals are used without further purification.
The micro morphologies were observed by JSM-6510LV (JEOL, Tokyo, Japan). The chemical structures
were measured via FTIR mechine of Tensor 27 (Bruck, Karlsruhe, Germany) The resistances of the
aerogels were measured via the 15b+ multimeter (Fluke, Washington, USA). The I-t characteristics of
the pressure sensors were collected through ST600L motorized dynamic resistance station (Shente,
Shanghai, China)
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The POE nanofibers were prepared by extraction removal of the CAB from the POE/CAB composite
fiber obtained sea island method. Previous studies reported the detailed method [7,29–32]. Then,
the POE nanofibers were dispersed in tertiary butanol-water and the dispersing agent under high
speed (10,000 r/m) shearing. The dispersing agent marked with Lubrizol 27,000 was used to help the
uniform dispersion process of the POE nanofiber with a 10% mass proportion. The suspension was
purified via a filter with a diameter of 150 µm to remove the aggregations. The photographs of the
obtained POE nanofiber were presented in Figure S1, which indicates the good uniformity.

The GO aqueous solution was prepared using a modified Hummer’s method. The concentration
using GO aqueous solution was 5 mg/mL. As shown in Figure 1, the prepared POE nanofiber suspension
and the GO aqueous solution were directly mixed together by continuously stirring, according to a
GO/POE nanofiber proportion of 6:0, 5:1, 4:2, 3:3, 2:4, and 0:6, respectively. After 5 min of ultrasonic
treatment, the mixtures were transferred to a low temperature freezer (−38 ◦C) for 8 h. The GO/POE
nanofiber aerogels were obtained after the mixtures were freeze dried for more than 24 h.

Figure 1. The illustration schematic of the preparation of the RGO/POE nanofiber composite aerogels.

A total of 10 mL of hydrazine hydrate aqueous solution was added to the bottom of the beaker.
The obtained GO/POE nanofiber aerogels were placed on a suspension bracket hanging in the baker.
Then the beaker was placed in an oven at 90 ◦C for 100 min after the beaker was sealed. The RGO/POE
nanofiber aerogels were obtained after they were placed in a fume hood for more than 6 h.

3. Results and Discussions

The photographs of the prepared aerogels with a different proportion of the POE nanofiber/RGO
were shown in Figure 2. As shown, the aerogel containing GO could favorably maintain the cylindrical
shape after demolding, and it showed the same maple color as the pure GO aqueous solution. After air
phase reduction by a hydrazine vapor, the reduced aerogels were all converted to a black color.
The aerogel had a volume retraction during the reduction process. The shape retention rate of the
aerogel during the reduction process was shown in Table S1. The aerogel with more POE content
resulted in the lower shape retention rate. The lowest shape retention rate at only 14.91% appeared
on the aerogel with a POE nanofiber/GO proportion of 5:1. This was caused by the softening and
heat-induced shrinkage of the POE nanofibers under the high temperature (90 ◦C) during the reduction
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process. The shrinkage during this process may contribute to the physical crosslinking between the
softening POE nanofibers, which helps improve the structural stability of the aerogels. The volume of
the pure RGO aerogel reached 140.48% of the GO aerogel. This might be caused by the straightening of
curled GO after undergoing a reduction. However, it can be easily observed that the pure GO aerogel
had lamellar structures and the flake graphene is prone to chipping and slag. The lamellar structure
easily collapsed under pressure.

Figure 2. The photographs of the composite aerogels with POE nanofiber/GO proportion of (a) 6:0,
(b) 5:1, (c) 4:2, (d) 3:3, (e) 2:4, and (f) 0:6. The inserted images were the photographs of corresponding
aerogels after being reduced.

The microstructure of the prepared aerogel was observed by scanning electron fiber microscopy
(SEM). Figure 3 presented the SEM of pure POE nanofiber aerogel, pure RGO aerogel, GO/POE
nanofibers aerogel, and RGO/POE nanofibers aerogel (POE: GO = 3:3). As observed, the pure POE
nanofiber aerogel was composed of fluffy nanofibers, which were randomly distributed. In the pure
RGO aerogel, the stacking structure of reduced RGO sheets with wrinkles on the surfaces can be
easily observed. There is no nanofiber support between the sheets, which may result in the collapsing
structure of the pure RGO aerogels. For the composite aerogels of GO/POE and RGO/POE nanofiber
aerogels, the uniform porous structures were constructed since the graphene and the fibers were
intertwined. As can be seen, the GO layer was extremely thin in GO/POE nanofiber aerogels, which
made it look like a semi-transparent substance. After undergoing a reduction, the pore size decreased
and the structure became compact, which may be induced by the volumetric shrinkage during the
reduction process.

Figure 4 showed the density of the aerogel material before and after reduction and the compressive
stress and strain curves of the aerogels after undergoing a reduction. It can be seen from Figure 4a that
the density of the GO/POE nanofiber aerogel before reduction was relatively low, which distributed
between 11.1–15.1 mg/cm3. The density of the pure RGO aerogel decreased from 11.8 to 8.4 mg/cm3 after
undergoing a reduction. For the RGO/POE nanofiber composite aerogels, the density increased to some
degree. The aerogels with more POE nanofibers content exhibited a greater density increase. Among
them, the highest density reached 95.9 mg/cm3. It is mainly related to the volumetric shrinkage during
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the reduction process. Since the aerogel before a reduction is easily collapsed and the compression
test cannot be performed, Figure 4b only showed the compressive stress and strain diagram of the
aerogel after undergoing a reduction. It can be seen that the compressive stress of aerogel increased
very slowly in the low strain region but enhanced rapidly in the high strain region. This may be due
to the high porosity of the aerogel, which requires a large amount of strain space to squeeze out the
internal air. In addition, compared with the aerogels with different RGO/POE proportions, the aerogels
with more POE nanofiber content have higher stress at the same strain, which represents stronger
compression strength. This may be caused by the higher density and solid content that induced more
force units during compression in aerogels with more POE nanofibers content, which makes it easier to
generate greater stress.

Figure 3. The SEM images of aerogels comprised of (a) pure POE nanofibers, (b) pure RGO, (c) GO/POE
nanofibers, and (d) RGO/POE nanofibers.

Figure 4. (a) The density of the prepared aerogels before and after a reduction, (b) the compression
stress and strain curve of the prepared aerogels with different POE nanofiber/RGO proportions.
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Figure 5 presented the XRD spectra of the prepared aerogel materials of pure GO and RGO. It can
be seen that the peak of pure GO and RGO appeared at 9.92◦ and 24.10◦, which means that the spacing
of graphene sheets is 0.891 nm and 0.368 nm, respectively. Since the POE is partially crystallized, which
acted as the physical crosslinking section, the POE exhibits several characteristic peaks. As shown,
the peak position of pure POE appeared at 19.81◦, 20.93◦, 30.72◦, and 41.64◦. When the GO is added
into the aerogel, the peak position of GO blue shifted (2θ = 8.50◦), which suggested that the addition
of POE leads to a larger spacing of the GO layer. The space reached 1.02 nm from 0.891 nm, which
indicates that the POE nanofiber was uniformly mixed. In the RGO/POE nanofiber aerogel, the peak
(2θ = 24.10◦) is the same as pure RGO. Therefore, the mixing of POE and GO forms an impedance
effect on the GO graphitization process, which results in undiminished RGO layer spacing.

Figure 5. XRD spectrum of the prepared aerogels composed by GO, RGO, and POE nanofiber, GO/POE,
and an RGO/POE nanofiber composite aerogel.

The FTIR of the prepared aerogel before and after a reduction were measured in Figure 6.
The absorption peaks at 3300, 1718, 1625, 1230, and 1066 cm−1 represent the free hydroxyl bonds,
carbon-oxygen double bonds, and epoxy groups on the carbonyl group, respectively. The absorptions
were complex in the 1300 cm−1 to 400−1 region, which may include the carbon-oxygen stretching
vibration, stretching resonance of carbon-sulfur bonds, and skeleton vibration. The absorption peaks
of POE mainly at 2914, 2834, 1463, 1102, and 713 cm−1 represented the stretching resonance of the
single bond in the methylene group and the in-plane and out-of-plane bending resonance absorption
peaks of carbon-hydrogen bonds, respectively. It is noticeable that, with the decrease of GO content,
the peak intensity of GO significantly decreased, while the absorption peak of POE gradually appeared.
Moreover, even when the mixed ratio of POE and GO reached 5:1, the characteristic absorption peaks of
POE were still weak. It can be inferred that the two-dimensional GO uniformly encapsulated the POE
nanofibers, which makes it difficult to obtain the absorption peak of POE by using the measurement
method of surface reflection. From Figure 6b, only extremely weak characteristic absorption peaks
at 3729, 3630, 2328, and 1213 cm−1 remained after the reduction while most of the other absorption
peaks disappeared. It suggested that there were rare free hydroxyl groups and a small amount of triple
bonds or cumulative double bonds, which indicates a higher degree of reduction. Moreover, the few
active groups mean the relatively stable chemical properties of the composite aerogels, which may
make it stronger in the anti-interference ability in practical uses.
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Figure 6. The FT-IR spectrums of the prepared aerogels with different POE nanofiber/RGO proportions
(a) before and (b) after undergoing a reduction.

The electrical resistance and relative current changes under different pressures of the RGO/POE
nanofiber aerogels with a different RGO/POE proportion were measured and the results were shown
in Figure 7. Because of the low solid content of the aerogels, the conductive RGO sheets were difficult
to interconnect into an effective conductive network. Therefore, the aerogels exhibited very high
electrical resistance of ca. 107–108 Ω (Figure 7a). The electrical resistance of the aerogel decreased
when the amount of RGO increased. The aerogel with the POE/RGO proportion of 5:1 reached the
highest electrical resistance of ca. 110.7 MΩ while the pure RGO aerogel shows the lowest resistance of
ca. 16.2 MΩ. Figure 7b presented the ∆I/I0 versus pressure curves of aerogels with different RGO/POE
nanofiber proportions. As shown, the obtained aerogel samples all exhibited an increasing relative
current change (∆I/I0) when exposed to raising external pressures. The more RGO usage led to a
higher ∆I/I0 value but narrower working pressure ranges, which were determined by varying inner
conductive networks and compression mechanical properties. Aerogels with more RGO usage present
higher possibilities to form extra interconnections of conductive RGO sheets. Meanwhile, the aerogel
with the higher RGO amount possess a lower density and smaller stress under the same compression
deformation, according to the results in Figure 4.

Figure 7. (a) The electrical resistance and (b) the relative current change curves under different pressures
of the prepared composite aerogels with different POE nanofiber/RGO proportions.
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The sensitivities of the aerogels were calculated via the definition equation of S = ∂(∆I/I0)/∂p.
The results were shown in Figure 8a. As can be observed, the prepared aerogel exhibits high sensitivities in
the low-pressure region (<5 kPa) and the peaks appeared at the pressure region of 0.5 to 1.0 kPa. The pure
RGO aerogel showed the highest sensitivity of 391 kPa−1 at a pressure of ca. 0.8 kPa. The highest sensitivity
of each aerogel decreased as the RGO usage reduced. The aerogel with POE/RGO proportion of 5:1
exhibited the lowest sensitivity of ca. 83 kPa−1. The RGO/POE nanofiber composite aerogels exhibited
different working pressure ranges, which was displayed in Figure 8b. As presented, the RGO/POE
nanofiber composite aerogels with more POE content possess a larger working pressure range.
The aerogel with POE/RGO proportion of 5:1 shows the widest working pressure range of 0–26.5 kPa
while the narrowest was from 0–1.2 kPa when the POE/RGO proportion was 2:4. This correlated with
the compression mechanical properties of the composite aerogels with different RGO/POE proportions.
Taking the sensitivity and working pressure range into consideration, the composite aerogel with the
RGO/POE nanofiber was selected as the optimal samples due to the high sensitivity of ca. 223 kPa−1

and a wide working pressure range of 0–17.7 kPa. The optimal sample was applied for the following
stability testing.

Figure 8. (a) The sensitivities and (b) the working pressure ranges of the prepared composite aerogels
with different POE nanofiber/RGO proportions.

The stability of the composite aerogel with POE/RGO proportion of 3:3 was tested by reversibly
applying and removing the compression strain with various frequencies. Due to the high moving
speed of the indenter during the stability test, especially in the cycle stability test, the inertia causes a
separation of the electrode and the aerogel while the indenter is on the highest point. This phenomenon
leads to an inaccurate stability result. Therefore, the compression strain region of 10% to 50% was
selected instead of a region between 0% to 50%. The results were presented in Figure 9a. The different
compression and releasing periods of 3.2 s, 1.6 s, 1.2 s, and 0.8 s were implemented, respectively.
As shown, the signal outputs were regularly arranged upward peaks. The shapes and the values of
the signal outputs were almost the same under different compression frequencies, which indicated
the good stability of the composite aerogel sensor. In addition, the composite aerogel sensor was
repeatedly compressed and released under the strain from 10% to 50% for about 5000 times and the
signal output was presented in Figure 9b. As observed, the shapes of the signal outputs remain the
same from the beginning to the end of the test. During the 5000 times testing, only the values of the
peak tops fluctuate slightly, which suggested good cycling stability of the composite aerogel. Moreover,
the compression stress and strain curves under different compressing frequencies and different cycles
during the 5000 times cycling tests were displayed in Figure 10a,b. It can be found that only a small
amount of stress drawdowns occurred in different frequency compression tests and cycling tests.
This further proves the compressive mechanical stability of the RGO/POE nanofiber composite aerogel,
which may result in physical crosslinking by the softening of the POE nanofibers during the reduction
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process. Figure 11 presented several screenshots of the compression and releasing process from a
cycling testing video, which suggested that there is no irreversible deformation and almost no reply
hysteresis during the whole compressing and releasing process.

Figure 9. The stability of the prepared composite aerogel with POE nanofiber/RGO proportions of 3:3
under (a) dynamic pressure with a different frequency and (b) reversible compression and releasing for
about 5000 times.

Figure 10. The relative compression stress and strain curve of the prepared sensor under (a) a different
compression frequency and (b) a 5000 times cycling test.

Figure 11. The digital camera photographs of the (a) compressing and (b) releasing process of the
prepared aerogels.
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4. Conclusions

In summary, the three-dimensional composite aerogels were prepared with one-dimensional POE
nanofibers and two-dimensional RGO sheets. The RGO/POE nanofiber proportions were adjusted to
improve the sensing performance of the composite aerogels. The results suggest that the proportions
show great impact on volume shrinkage during reduction, compression mechanical behavior, sensitivity,
and a working pressure range of the composite aerogels. The aerogels with more POE nanofiber content
exhibit lower volume retention, larger stress under the same compression strain, lower sensitivity,
and a wider working pressure range. Taking the sensitivity and the working pressure range into
consideration, the composite aerogel with POE nanofiber/RGO proportion of 3:3 was selected as the
optimal sample, which exhibits high sensitivity (ca. 223 kPa−1) and a wide working pressure range
(0–17.7 kPa). It also showed excellent operational stability either compressed with different frequencies
or reversibly compressed and released for 5000 times.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/11/1883/s1,
Figure S1: The photographs of the uniform POE nanofiber suspension obtained from different observing angles,
Table S1: The volume retention of the prepared GO/POE nanofiber aerogels after reduction.

Author Contributions: Conceptualization, D.W., G.S. and M.L.; methodology, W.Z.; software, X.D.; validation,
H.J., L.Y. and Y.C.; formal analysis, W.Z.; investigation, W.Z. and X.D.; resources, D.W. and G.S.; data curation,
X.D.; writing—original draft preparation, W.Z.; writing—review and editing, A.Y.; visualization, M.L.; supervision,
D.W. and G.S.; project administration, W.Z.; funding acquisition, D.W., M.L., and Y.C.

Funding: We acknowledge funding support from the National Natural Science Foundation of China (Grant No.
51873165, 51873166, 51603155), Science and Technology Innovation Projects of Hubei Province (2017AHB065),
and central guidance for local science and technology development projects (2018ZYYD057).

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

References

1. Chang, H.; Kim, S.; Jin, S.; Lee, S.W.; Yang, G.T.; Lee, K.Y.; Yi, H. Ultrasensitive and Highly Stable Resistive
Pressure Sensors with Biomaterial-Incorporated Interfacial Layers for Wearable Health-Monitoring and
Human-Machine Interfaces. ACS Appl. Mater. Interfaces 2017, 10, 1067–1076. [CrossRef] [PubMed]

2. Chen, Z.; Wang, Z.; Li, X.; Lin, Y.; Luo, N.; Long, M.; Zhao, N.; Xu, J.B. Flexible Piezoelectric-Induced
Pressure Sensors for Static Measurements Based on Nanowires/Graphene Heterostructures. ACS Nano 2017,
11, 4507–4513. [CrossRef] [PubMed]

3. Hong-Bin, Y.; Jin, G.; Chang-Feng, W.; Xu, W.; Wei, H.; Zhi-Jun, Z.; Yong, N.; Shu-Hong, Y. Pressure sensors:
A flexible and highly pressure-sensitive graphene-polyurethane sponge based on fractured microstructure
design. Adv. Mater. 2013, 25, 6691.

4. Lee, J.H.; Yoon, H.J.; Kim, T.Y.; Gupta, M.K.; Lee, J.H.; Seung, W.; Ryu, H.; Kim, S.W. Energy Harvesting:
Micropatterned P(VDF-TrFE) Film-Based Piezoelectric Nanogenerators for Highly Sensitive Self-Powered
Pressure Sensors. Adv. Funct. Mater. 2015, 25, 3276. [CrossRef]

5. Shu, W.; Bi, H.; Zhou, Y.; Xiao, X.; Shi, S.; Yin, K.; Sun, L. Graphene oxide as high-performance dielectric
materials for capacitive pressure sensors. Carbon 2017, 114, 209–216.

6. Zang, Y.; Zhang, F.; Di, C.A.; Zhu, D. Advances of flexible pressure sensors toward artificial intelligence and
health care applications. Mater. Horiz. 2015, 2, 25–59. [CrossRef]

7. Zhong, W.; Liu, C.; Liu, Q.; Piao, L.; Jiang, H.; Wang, W.; Liu, K.; Li, M.; Sun, G.; Wang, D. Ultrasensitive
Wearable Pressure Sensors Assembled by Surface-Patterned Polyolefin Elastomer Nanofiber Membrane
Interpenetrated with Silver Nanowires. ACS Appl. Mater. Interfaces 2018, 10, 42706–42714. [CrossRef]

8. Atalay, O.; Atalay, A.; Gafford, J.; Walsh, C. A Highly Sensitive Capacitive-Based Soft Pressure Sensor Based
on a Conductive Fabric and a Microporous Dielectric Layer. Adv. Mater. Technol. 2018, 3, 1700237. [CrossRef]

9. Bandari, N.M.; Ahmadi, R.; Hooshiar, A.; Dargahi, J.; Packirisamy, M. Hybrid piezoresistive-optical tactile
sensor for simultaneous measurement of tissue stiffness and detection of tissue discontinuity in robot-assisted
minimally invasive surgery. J. Biomed. Opt. 2017, 22, 077002. [CrossRef]

22



Polymers 2019, 11, 1883

10. Dong, N.; Jiang, W.; Ye, G.; Wang, K.; Lei, Y.; Shi, Y.; Chen, B.; Luo, F.; Liu, H. Graphene-elastomer
nanocomposites based flexible piezoresistive sensors for strain and pressure detection. Mater. Res. Bull. 2018,
102, 92–99.

11. He, X.; Liu, Q.; Zhong, W.; Chen, J.; Sun, D.; Jiang, H.; Liu, K.; Wang, W.; Wang, Y.; Lu, Z. Strategy of
Constructing Light-Weight and Highly Compressible Graphene-Based Aerogels with an Ordered Unique
Configuration for Wearable Piezoresistive Sensors. ACS Appl. Mater. Interfaces 2019, 11, 19350–19362.
[CrossRef] [PubMed]

12. Liu, W.; Liu, N.; Yue, Y.; Rao, J.; Cheng, F.; Su, J.; Liu, Z.; Gao, Y. Piezoresistive Pressure Sensor Based on
Synergistical Innerconnect Polyvinyl Alcohol Nanowires/Wrinkled Graphene Film. Small 2018, 14, 1704149.
[CrossRef] [PubMed]

13. Zhao, T.; Li, T.; Chen, L.; Yuan, L.; Li, X.; Zhang, J. Highly Sensitive Flexible Piezoresistive Pressure
Sensor Developed Using Biomimetically Textured Porous Materials. ACS Appl. Mater. Interfaces 2019, 11,
29466–29473. [CrossRef] [PubMed]

14. Zhong, W.; Ding, X.; Li, W.; Shen, C.; Yadav, A.; Chen, Y.; Bao, M.; Jiang, H.; Wang, D. Facile Fabrication
of Conductive Graphene/Polyurethane Foam Composite and Its Application on Flexible Piezo-Resistive
Sensors. Polymers 2019, 11, 1289. [CrossRef]

15. Atalay, O.; Kennon, W.R.; Husain, M.D. Textile-Based Weft Knitted Strain Sensors: Effect of Fabric Parameters
on Sensor Properties. Sensors 2013, 13, 11114–11127. [CrossRef]

16. Chang, K.; Li, M.; Zhong, W.; Wu, Y.; Luo, M.; Chen, Y.; Liu, Q.; Liu, K.; Wang, Y.; Lu, Z. A novel, stretchable,
silver-coated polyolefin elastomer nanofiber membrane for strain sensor applications. J. Appl. Polym. Sci.
2019, 136, 47928. [CrossRef]

17. Cheng, Y.; Wang, R.; Zhai, H.; Sun, J. Stretchable electronic skin based on silver nanowire composite
fiber electrodes for sensing pressure, proximity, and multidirectional strain. Nanoscale 2017, 9, 3834–3842.
[CrossRef]

18. Gao, R.D.; Yang, J.Z.; Fa-Zhou, L.I. Compressibility of variation cashmere fiber assemblies. Wool Text. J. 2011,
39, 39–41.

19. Gao, J.; Pan, N.; Yu, W. Compression behavior evaluation of single down fiber and down fiber assemblies.
J. Text. Inst. Proc. Abstr. 2010, 101, 253–260. [CrossRef]

20. Wei, Z.; Lin, S.; Qiao, L.; Song, C.; Fei, W.; Xiao, T. Fiber-based wearable electronics: A review of materials,
fabrication, devices, and applications. Adv. Mater. 2014, 26, 5310.

21. Liu, K.; Zhou, Z.; Yan, X.; Meng, X.; Tang, H.; Qu, K.; Gao, Y.; Li, Y.; Yu, J.; Li, L. Polyaniline Nanofiber
Wrapped Fabric for High Performance Flexible Pressure Sensors. Polymers 2019, 11, 1120. [CrossRef]
[PubMed]

22. Zhao, Z.; Li, B.; Xu, L.; Qiao, Y.; Wang, F.; Xia, Q.; Lu, Z. A sandwich-structured piezoresistive sensor with
electrospun nanofiber mats as supporting, sensing, and packaging layers. Polymers 2018, 10, 575. [CrossRef]
[PubMed]

23. Schütt, F.; Signetti, S.; Krüger, H.; Röder, S.; Smazna, D.; Kaps, S.; Gorb, S.; Mishra, Y.K.; Pugno, N.;
Adelung, R. Hierarchical self-entangled carbon nanotube tube networks. Nat. Commun. 2017, 8, 1215.
[CrossRef] [PubMed]

24. Rasch, F.; Schütt, F.; Saure, L.M.; Kaps, S.; Strobel, J.; Polonskyi, O.; Nia, A.; Lohe, M.; Mishra, Y.K.; Faupel, F.;
et al. Wet-Chemical Assembly of 2D Nanomaterials into Lightweight, Microtube-Shaped, and Macroscopic
3D Networks. ACS Appl. Mater. Interfaces 2019. [CrossRef] [PubMed]

25. Maleki, H.; Durães, L.; Portugal, A. An overview on silica aerogels synthesis and different mechanical
reinforcing strategies. J. Non-Cryst. Solids 2014, 385, 55–74. [CrossRef]

26. Madyan, O.A.; Fan, M.; Feo, L.; Hui, D. Enhancing mechanical properties of clay aerogel composites:
An overview. Compos. Part B Eng. 2016, 98, 314–329. [CrossRef]

27. Meador, M.A.B.; Fabrizio, E.F.; Ilhan, F.; Dass, A.; Zhang, G.; Vassilaras, P.; Johnston, J.C.; Leventis, N.
Cross-linking amine-modified silica aerogels with epoxies: Mechanically strong lightweight porous materials.
Chem. Mater. 2005, 17, 1085–1098. [CrossRef]

28. Mecklenburg, M.; Schuchardt, A.; Mishra, Y.K.; Kaps, S.; Adelung, R.; Lotnyk, A.; Kienle, L.; Schulte, K.
Aerographite: Ultra lightweight, flexible nanowall, carbon microtube material with outstanding mechanical
performance. Adv. Mater. 2012, 24, 3486–3490. [CrossRef]

23



Polymers 2019, 11, 1883

29. Li, F.; Wang, D.; Liu, Q.; Wang, B.; Zhong, W.; Li, M.; Liu, K.; Lu, Z.; Jiang, H.; Zhao, Q. The construction of
rod-like polypyrrole network on hard magnetic porous textile anodes for microbial fuel cells with ultra-high
output power density. J. Power Sources 2019, 412, 514–519. [CrossRef]

30. Wang, Y.; Zhou, Z.; Qing, X.; Zhong, W.; Liu, Q.; Wang, W.; Li, M.; Liu, K.; Wang, D. Ion sensors based
on novel fiber organic electrochemical transistors for lead ion detection. Anal. Bioanal. Chem. 2016, 408,
5779–5787. [CrossRef]

31. Zhong, W.; Liu, C.; Xiang, C.; Jin, Y.; Li, M.; Liu, K.; Liu, Q.; Wang, Y.; Sun, G.; Wang, D. Continuously
producible ultrasensitive wearable strain sensor assembled with three-dimensional interpenetrating Ag
nanowires/polyolefin elastomer nanofibrous composite yarn. ACS Appl. Mater. Interfaces 2017, 9, 42058–42066.
[CrossRef] [PubMed]

32. Zhong, W.; Liu, Q.; Wu, Y.; Wang, Y.; Qing, X.; Li, M.; Liu, K.; Wang, W.; Wang, D. A nanofiber based
artificial electronic skin with high pressure sensitivity and 3D conformability. Nanoscale 2016, 8, 12105–12112.
[CrossRef] [PubMed]

© 2019 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/).

24



polymers

Article

The Electrochemical Oxidation of Hydroquinone
and Catechol through a Novel Poly-geminal
Dicationic Ionic Liquid (PGDIL)–TiO2 Composite
Film Electrode

Yanni Guo 1 , Deliang He 1,*, Aomei Xie 2, Wei Qu 1, Yining Tang 1, Lei Zhou 1 and Rilong Zhu 1,*
1 State key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry

and Chemical Engineering, Hunan University, Applied Chemistry, Changsha 410082, China;
gyn0303@hnu.edu.cn (Y.G.); qw779470790@163.com (W.Q.); yiningt@163.com (Y.T.);
zl3139552204@hnu.edu.cn (L.Z.)

2 College of Marxism, Jishou University, Jishou 416000, China; xieaomei@163.com
* Correspondence: delianghe@163.com (D.H.); zrlden@hnu.edu.cn (R.Z.)

Received: 17 October 2019; Accepted: 15 November 2019; Published: 19 November 2019

Abstract: A novel poly-geminal dicationic ionic liquid (PGDIL)-TiO2/Au composite film electrode
was successfully prepared by electrochemical polymerization of 1,4-bis(3-(m-aminobenzyl)
imidazol-1-yl)butane bis(hexafluorinephosphate) containing polymerizable anilino groups in
the electrolyte containing nano-TiO2. The basic properties of PGDIL–TiO2/Au composite films
were studied by SEM, cyclic voltammetry, electrochemical impedance spectroscopy, and differential
pulse voltammetry. The SEM results revealed that the PGDIL–TiO2 powder has a more uniform
and smaller particle size than the PGDIL. The cyclic voltammetry results showed that the catalytic effect
on electrochemical oxidation of hydroquinone and catechol of the PGDIL–TiO2 electrode is the best,
yet the Rct of PGDIL–TiO2 electrode is higher than that of PGDIL and TiO2 electrode, which is caused
by the synergistic effect between TiO2 and PGDIL. The PGDIL–TiO2/Au composite electrode presents
a good enhancement effect on the reversible electrochemical oxidation of hydroquinone and catechol,
and differential pulse voltammetry tests of the hydroquinone and catechol in a certain concentration
range revealed that the PGDIL–TiO2/Au electrode enables a high sensitivity to the differentiation
and detection of hydroquinone and catechol. Furthermore, the electrochemical catalytic mechanism
of the PGDIL–TiO2/Au electrode was studied. It was found that the recombination of TiO2 improved
the reversibility and activity of the PGDIL–TiO2/Au electrode for the electrocatalytic reaction of HQ
and CC. The PGDIL–TiO2/Au electrode is also expected to be used for catalytic oxidation and detection
of other organic pollutants containing –OH groups.

Keywords: nano-TiO2; poly-geminal dicationic ionic liquid; hydroquinone; catechol

1. Introduction

Poly ionic liquids (PILs) are a kind of functional polymer material that contain at least one ion center
in a polymer chain and a repeating unit similar to a common ionic liquid (IL) structure; they combine
the properties of polymers and ionic liquids, and show are in the foreground of applications for ionic
conductors, adsorption and separation, dispersants, and catalysts [1–4]. Therefore, the research on
the preparation and performance of PILs has aroused wide interest and concern in recent years [5,6].

The dicationic ionic liquids (DILs) are considered to be a combination of three structural moieties:
(1) cationic head groups; (2) a linkage chain (also called a spacer); and (3) counter anions. DILs can be
classified as either homoanionic or heteroanionic, which can further be categorized as symmetrical or
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asymmetrical. Homoanionic dicationic ionic liquids are typical DILs that consist of a dication and two
identical anions. Symmetrical or geminal dicationic ILs (GDILs) can be synthesized by joining two of
the same cations, such as imidazolium or pyrrolidinium, and may contain a cyclic or aliphatic chain via
either a rigid or a flexible spacer. A common spacer is an alkyl chain [7,8]. Armstrong et al. [9] studied
the relationship between the structure and properties of DILs by synthesizing 39 imidazolium-based
and pyrrolidinium-based DILs. The head groups were linked with an alkyl chain (from three to 12
carbons long), and hence reacted with four different traditional anions. The thermal stability of these ILs
was found to be in the range of−4 to > 400 ◦C, which is greater than that of most traditional monocationic
ILs. GDILs have more unique physical and chemical properties and solvation characteristics, and can
be used as separation materials [10], surfactants [11], and catalyst candidates [12,13], although they
have not yet been studied heavily [14,15]. The same is true of poly-GDILs (PGDILs).

As is known, nano-TiO2 has better chemical properties and photon characteristics due to its good
absorbability and lower electron/hole recombining rate, and can be used as a new kind of electrical
catalyst material [16–18]. There have been many reports on the application of nano-TiO2 composite
polymers in the electrocatalysis of organic materials [19], including a study by the present research
group [20]. Aniline is a kind of monomer that is easy to polymerize. Polyaniline is an important
conductive polymer [21–23] that can be used as anode or cathode material with electrocatalytic function
due to its excellent electrical and electrochemical properties [24]. The combination of polyaniline
and nano-TiO2 can not only effectively inhibit the agglomeration of TiO2 nanoparticles, but also improve
the physical and chemical properties of composites, and may be widely applied in the electrochemical
catalysis field [20,25,26].

Hydroquinone (HQ) and catechol (CC) are important phenolic compounds that are widely used
as basic raw materials in the organic chemical, agriculture, and medicine industries, among others [27].
They are typical and important electro-active molecules in fundamental electrochemical research.
Therefore, it is of great significance to establish a high-sensitivity detection method for HQ and CC in
the fields of environmental monitoring and food inspection. Moreover, the chemical structures
and the physicochemical properties of HQ and CC are very similar, and they are, therefore,
difficult to distinguish [28]. Current methods for the determination of HQ and CC include
fluorescence [29], the electrochemical method [30], the photometric method [31], and high-performance
liquid chromatography [32]. The electrochemical method is highly valued because of its versatility,
simple operation, easy automation, and environmental compatibility. In electro-catalytic reactions, in
which an electrode is an electrical catalyst, different electrode materials can change the electrochemical
reaction rate by different magnitudes, so new and efficient catalytic electrode materials have always
been a focus of related research.

The present research group previously successfully synthesized 1,4-bis(3-(m-aminobenzyl)
imidazol-1-yl)butane bis(hexafluorinephosphate) ([C4(m-ABIM)2][PF6]2), which is a novel GDIL
containing anilino groups, and poly-[C4(m-ABIM)2][PF6]2 (PGDIL) with a polyaniline-like structure
was prepared by electro-polymerization [33]. In this study, a novel PGDIL–TiO2 composite was
prepared via electrodeposition on an Au electrode surface, and the electrochemical redox behaviors
of HQ and CC were respectively investigated via the cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) methods. It was expected that the PGDIL–TiO2 composite film would have
the advantages of both PGDIL and TiO2.

2. Experimental

2.1. Main Reagents and Instrumentation

The primary reagents used in the experiments, [C4(m-ABIM)2][PF6]2 ([33]), sodium dihydrogen
phosphate, disodium hydrogen phosphate, potassium chloride, hydroquinone, and anatase nano-TiO2

powder (10–25 nm), were of analytical grade, and were used as received. The water used in
the experiment was double distilled water.
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The instruments used in the experiments were an automatic double distilled water
distillation apparatus D1810C (Shanghai Asia-Pacific Glass instrument Company, Shanghai, China);
a heat-collecting, constant temperature magnetic heating stirrer CJJ 78-1 (Zhengzhou Greatwall
Scientific Industrial and Trade Co., Ltd., Zhengzhou, China); a rotary evaporator R.1002 (Zhengzhou
Greatwall Scientific Industrial and Trade Co., Ltd., Zhengzhou, China); an ultrasonic cleaner SK5200HP
(Shanghai Kudos Ultrasonic instrument Co., Ltd., Shanghai, China); an infrared spectrophotometer
TJ270-30 (A) (Tianjin Jinwei Electronic Instrument Co., Ltd., Tianjin, China ); and an electrochemical
workstation IviumStat (Ivium Technologies BV, Eindhoven, Netherlands).

2.2. Synthesis of Poly-[C4(m-ABIM)2][PF6]2–TiO2 Composite Film

An electrochemical tri-electrode system was introduced for electropolymerization.
An Au electrode, platinum wire, and Ag/AgCl electrode were used as the working electrode, counter
electrode, and reference electrode, respectively. Prior to the surface modification, Au electrodes were
separately polished by alumina particles with diameters of 1, 0.3, and 0.05 µm to obtain mirror-like
surfaces. After successive sonication in ethanol and double distilled water successively for 10 minutes
(5 minutes each), the polished electrodes were rinsed with water and then dried with an air blower.
All electrochemical experiments were carried out at room temperature under a nitrogen atmosphere.

A 0.5 mg/mL TiO2 uniform suspension solution (prepared via the ultrasonic dispersion of
10 mg nano-TiO2 power in 20 mL anhydrous ethanol containing 5 wt % nafion) was mixed with
an equal volume of 0.05 mol/L acetonitrile solution of GDIL (containing 0.1 mol/L sodium perchlorate)
via ultrasonic agitation. Then, the Au electrode as the working electrode was placed in this mixture to
prepare the PGDIL–TiO2 composite film by means of chronoamperometric polymerization at a constant
potential of 1.1 V for 300 s. As control subjects, PGDIL film without TiO2 was also prepared in the same
chronoamperometric polymerization conditions, and TiO2 film was prepared by dropping 10 µL
0.5 mg/mL TiO2 uniform suspension solution onto the bare gold electrode.

Chronoamperometry is an important diagnostic technique for the initial stage of
electro-crystallization [34]. Figure 1 sows a current transient (CTT) recorded during the polymerization
process of GDIL-TiO2 at 1.1 V. The electropolymerization process should be hardly affected by other
reactions. The CTT can be divided into three regions, which is consistent with the aggregation
polymerization process of GDIL [33]. In the first region (t < 2 s), the decrease in oxidation current is
related to charging of the double layer due to the specific adsorption of GDIL on the Au electrode.
The second region (2 s < t < 21 s) corresponds to the increase in the oxidation current up to a maximum,
which is typical of nucleation and growth processes. The third region (t > 21 s) corresponds to the decrease
in the oxidation current, which is typical of a diffusion-controlled process. An analysis of the CTT was
performed by fitting the experimental data to a dimensionless theoretical curve for crystal nucleation
and diffusion-controlled growth in three dimensions (3D), as proposed by Scharifker and Hills [35].
The instantaneous and progressive theoretical transients are given by Equations (1) and (2), respectively:

i2

i2m
=

1.9542
t/tm

{1 − exp[ − 1.2564(t/tm)]}2 (1)

i2

i2m
=

1.2254
t/tm

{
1− exp[−2.3367(t/tm)

2]
}2

(2)

where im and tm represent the maximum current density and its corresponding time, respectively.
The experimental data were fitted as shown in the inset of Figure 1. The instantaneous nucleation

is dominant at the oxidant peak potential in the electropolymerization of GDIL-TiO2, because
the experimental curve conforms to the theoretical curve of the instantaneous nucleation model.
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Figure 1. Current versus time transient during the potentiostatic electropolymerization of geminal
dicationic ionic liquid (GDIL)–TiO2 at a potential of 1.1 V. Inset: comparison of the experiment curve
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2.3. Electrochemical Performance Tests

All electrochemical treatments were conducted at room temperature. in 0.1 mol/L KCl containing
K3[Fe(CN)6]/K4[Fe(CN)6] (5.0 × 10−3 mol/L each). Electrochemical impedance spectra (EIS) were tested
in the frequency range between 100,000 and 0.01 Hz at an alternating current voltage amplitude of 5 mV.
Cyclic voltammetry (CV) measurements were performed at a scan rate of 0.05 V/s in the scanning
range of −0.2–0.6 V.

The electrochemical behaviors of HQ and CC on the PGDIL–TiO2/Au, PGDIL/Au, TiO2/Au,
and Au electrodes were preliminarily investigated by CV and differential pulse voltammetry (DPV)
methods, respectively. Platinum wire and Ag/AgCl electrode were used as the counter electrode
and reference electrode, respectively. The buffer solutions used in all electrochemical experiments
were pH = 7 NaH2PO4–Na2HPO4 (PBS). For continuous determination, the HQ and CC adsorbed on
the electrode surface could be removed by CV for 10 cycles at a 0.05 V/s scan rate in the buffer solution.

3. Results and Discussion

3.1. Polymerization Mechanism of PGDIL–TiO2 Electrode

The CV curves of GDIL–TiO2 on the Au electrode are presented in Figure 2. In the first scan
process, the apparent oxidation peak g could be found at the anode 1.0 V, and was induced by
oxidation of the anilino-groups of GDIL to a cation radical. The reduction peak g’ of the cation radical
appeared in the process of the back sweep cathode, and decreased with the scanning. This indicates
that with the continuation of the reaction, the cation radical generated was continuously consumed,
and the polymerization generated PGDIL. The current of the redox peak f–f’, which is the redox
peak pair for the formation of a chain-type polymer reaction, increased with the polymerization,
and finally stabilized. The CV curves of GDIL on the Au electrodes also have the appearance of this
redox peak pair, which proves that f–f’ peak is the redox peak pair of polymerization. However,
the polymerization process of GDIL on the Au electrode did not contain this reduction peak of the cation
radical. It is possible that the cationic base generated was more active and reacted immediately; this is
also illustrated by the peak current response of GDOL on the Au electrode, which is significantly
greater than the peak current response of GDIL–TiO2. It can be seen that the electropolymerization
mechanism of GDIL–TiO2 and GDIL were the same, but the polymerization rate of GDIL–TiO2 was
slower than that of GDIL [33].
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3.2. SEM Characterization of PGDIL–TiO2 and PGDIL

The PGDIL–TiO2 film formed on the surface of the Au electrode was scraped down and dissolved
in anhydrous ethanol. The ultrasonic shock made it disperse evenly and then remain stationary.
The clear droplets were absorbed into the copper sheet after treatment.

Figure 3 shows the scanning electron micrograph of the PGDIL–TiO2 powder. As shown in
the images, the PGDIL–TiO2 powder was composed of homogeneous, stacked, spherical particles,
which is similar in shape to the PGDIL powder. Additionally, the PGDIL–TiO2 powder had
a more uniform and smaller particle size than the PGDIL [33]. This is because, at the beginning
of electropolymerization, TiO2 nanoparticles adsorbed on the surface of Au electrode had a good
promoting effect on the electropolymerization of GDIL with anilino groups because its O-vacancy can
adsorb GDIL molecules, which forms the core of polymerization. The growth process of PGDIL–TiO2

particles was slow and uniform, and the resulting particles were smaller, and the film layer was thicker,
than that of PGDIL. This is consistent with the CV results.
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3.3. EIS Characterization of PGIL–TiO2/Au, TiO2/Au, and Bare Au Electrode

The conductivity of the electrode can be judged by the redox reaction of potassium ferricyanide
solution on the electrode. The stronger the conductivity of the electrode, the stronger the redox reaction
of potassium ferricyanide, and the greater the redox current value, and vice versa. Figure 4a presents
the cyclic voltammetry curves of the PGDIL–TiO2/Au, PGDIL/Au, TiO2/Au, and Au electrodes in
5 mmol/L Fe(CN)6

3−/4− solution containing 0.1 mmol/L KCl. From largest to smallest, the redox peak
current values were Au > PGDIL > TiO2 > PGDIL–TiO2 [36].
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3−/4− with 0.1 mol L−1 KCl as the electrolyte.
The illustration equivalent circuit.

Electrochemical impedance spectroscopy (EIS) can be used to characterize the surface electron
transfer of different modified electrodes. In the resulting graph of the data (Figure 4b), the linear part
indicates a diffusion-controlled process at low frequency, and the semicircle part is consistent with
the electron transfer resistance at a high frequency; together, they make up the EIS results in a typical
Nyquist plot. The diameter of the arc represents the charge-transfer resistance (Rct) on the surface of
the electrode. The impedance is mainly composed of film resistance, ion transmission resistance in
the film, and double layer capacitance at the interface between the film and the solution, which formed
a large capacitive arc. It can be seen from Figure 4b that the conductivity of each electrode from
smallest to largest was PGDIL–TiO2 < TiO2 < PGDIL < Au. Although the conductivity of PGDIL
was inferior to that of the metal Au, it was superior to that of TiO2, which may be related to the low
electrical conductivity of the polyaniline-like material itself. In addition, it is also possible that
the PGIL film with a positive charge adsorbed part of the Fe(CN)6

3−/4−, resulting in the generation of
an electrostatic repulsion between the surface of the electrode material and the ions in the bulk solution;
thus, there was not a significant difference in concentration between the electrode surface and the bulk
solution, which prevented the reaction of Fe(CN)6

3−/4 on the electrode surface [37]. The conductivity
of PGDIL–TiO2 was worse than that of TiO2 and PGDIL because it included not only the resistance of
TiO2, but the resistance of PGDIL. In the low frequency region, the PGDIL–TiO2 composites presented
a straight line close to 45◦, and the length of the Warburg curve was smaller than that of the PGDIL,
which demonstrates that the electrolyte ions had a better rapid diffusion and transfer ability, and lower
interfacial resistance.

3.4. CVs of HQ and CC on Different Modified Electrodes

The CV results of 0.1 mmol/L HQ and 0.05 mmol/L CC on different modified electrodes are shown
in Figure 5. The related electrochemical parameters are listed in Table 1. HQ and CC are composed
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of one benzene ring and two hydroxyl groups, but the CVs are slightly different due to the different
hydroxyl positions. The charge density of p-hydroxyl group in benzene ring is higher than that in
ortho-position, and is the lowest in meso-position. Because of the higher charge density, the anodic peak
potential (Epa) of HQ is lower than that of CC. On the contrary, the lower the charge density, the easier
it can be reduced, so the reduction peak potential (Epc) of CC is higher than that of HQ [38].

Table 1. Electrochemical parameters of CC and HQ on different modified electrodes.

Electrode PGIL-TiO2/Au PGIL/Au TiO2/Au Au

E/V vs
Ag/AgCl Epa Epc ∆Ep Epa Epc ∆Ep Epa Epc ∆Ep Epa Epc ∆Ep

HQ 0.070 0.030 0.040 0.165 0.065 0.100 >0.225 −0.005 >0.23 >0.175 <−0.05 >0.23
CC 0.235 0.205 0.03 0.249 0.175 0.074 0.234 0.140 0.094 0.244 0.195 0.049

It is demonstrated by the CV results that there was no significant redox peak current response to
either HQ (Figure 5a) or CC (Figure 5b) on the Au electrode, whereas a pair of obvious redox
peaks appeared on the CVs of the PGDIL–TiO2/Au electrode of both HQ (Figure 5a) and CC
(Figure 5b) solutions. The peak potential difference (∆Ep) between the anodic and cathodic peaks
on the PGDIL–TiO2/Au electrode was smaller than that for the PGDIL/Au and TiO2/Au electrodes
(Table 1), indicating that the reversibility of the electrochemical reaction was improved. We propose that
the electrochemical processes of HQ and CC on the PGDIL–TiO2/Au electrode were quasi-reversible
because the cathodic current (Ipc) and anodic peak current (Ipa) were near equal. On the other
hand, the peak currents were much higher compared with those on the PGDIL/Au and TiO2/Au
electrodes. HQ exhibited a peak current of 1.533 µA on the PGDIL–TiO2/Au electrode, which is 1.66
times higher than that on the PGDIL/Au electrode (0.926 µA). In contrast, the peak current of CC on
the PGDIL–TiO2/Au electrode was 1.771 µA, exhibiting an increase of 1.62 times that on the PGDIL/Au
electrode (1.090 µA). The increasing current signals and minimization of over potentials confirms that
the PGDIL–TiO2/Au electrode has high electrocatalytic activity for electrochemical oxidation of CC
and HQ.
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The scan rate was 0.1 V/s.

According to the characteristics of a reversible electrode reaction [39], at 25 ◦C,

∆Ep(mV)= 22.5RT/nF = 59/n(mV) (3)

The electron transfer number n of the electrochemical reaction can be obtained from the formula.
It can be determined that the reaction processes of HQ and CC on the PGDIL–TiO2/Au electrode are
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two electron-involved quasi-reversible reactions. According to the experimental results, the possible
electrocatalytic redox mechanism of HQ and CC can be inferred from the relevant literature [40].

As shown in Scheme 1, the structure of PGDIL is a mixture of benzenoid and quinoid units [33].
In the electrocatalytic oxidation system, due to the polyaniline-like structure in the structure of
the PGDIL–TiO2 electrode, the imino nitrogen atoms (–N=) in the conjugated quinoid moieties of
polyaniline-like structure will interact with the hydroxyl groups (–OH) in HQ or CC through hydrogen
bonds, accelerating the oxidation of HQ or CC [41,42]. First, CC in the solution was absorbed on
the surface of the PGDIL–TiO2 electrode and formed two hydrogen bonds with the two hydrogen atoms
of imino on the polyaniline-like structure. Then, two single electron transition processes occurred.
As shown in Scheme 1, the reacting center itself is based on the hydrogen bonds, or, better yet, a hydrogen
bridge that regulates the redox state of quinone (catechol or intermediate product) on the PGDIL–TiO2

electrode. The phenolic hydroxyl groups of HQ or CC can be easily adsorbed on the O-vacancy of
the TiO2-anatase surface to form an adsorption structure, and, the H atoms on the phenolic hydroxyl
group can be easily moved to the O atom surface at the adjacent position via hydrogen transfer. Finally,
the corresponding benzodiquinone was formed. This may also explain why, although its catalytic
ability was better, the Rct value of the TiO2/Au electrode was higher than that of PGDIL (as shown
in Figures 4 and 5) [43,44]. In addition, there is a certain synergistic effect between TiO2 and PGDIL.
Due to the electrocatalytic reaction, the quinoid units of PGDIL became benzenoid units and lost their
oxidative activity, while the lone pair electrons on the N atom (–

..
NH–) in benzenoid units occupied

the O-vacancy of TiO2 to be restored by dehydrogenation to form quinoid units again. Therefore,
the PGDIL–TiO2/Au electrode has higher electrocatalytic activity for electrochemical oxidation of CC
and HQ than the PGDIL/Au and TiO2/Au electrode.

Cyclic voltammetry at different scan rates (0.01–0.09 V/s) was employed to further study
the conduction characteristics of HQ and CC on the PGDIL–TiO2/Au composite film modified
electrode in 0.1 mmol/L HQ and 0.05 mmol/L CC. As shown in Figure 6a, with the increase of scan
rate, the anodic peak currents of HQ and CC increased, and as the anodic peak potential shifted
positively, the reduction peak currents increased, and the reduction peak potential shifted negatively;
these findings further prove that the redox reactions of HQ and CC are quasi-reversible processes.
Both the anodic peak current value (Ipa) and the cathodic peak current value (Ipc) are linearly related
to υ1/2 (Figure 6b,c) under the given conditions. These results indicated that the electrode reactions of
CC and HQ on PGDIL–TiO2/Au were typical diffusion-controlled process.

As presented in Figure 6d, the anodic peak potential (Epa) and the cathodic peak potential (Epc)
of HQ and CC are linearly related to lnυwhen the ∆Ep value of HQ is greater than 32 mV, and when
the ∆Ep of CC is greater than 30 mV, it is in accordance with the Laviron equation [45]:

Epc = Eθ +
RT
αnF

In
RTκs

αnF
− RT
αnF

ln ν (4)

Epa = Eθ +
RT

(1−α)nF
In

RTκs

(1−α)nF
+

RT
(1−α)nF

ln v (5)

where Epc is the cathodic peak potential, Epa is the anodic peak potential, Eθ is the standard electrode
potential, α is the electron transfer coefficient, n is the electron transfer number, ks is the standard
heterogeneous reaction rate constant, R is the gas constant, T is the thermodynamic temperature, and F
is the faraday constant.

By the slope of the Epa–lnυ curve, αHQ = 0.5826 and αCC = 0.5909 can be obtained.
According to the Randles–Sevcik formula [46] for a quasi-reversible reaction controlled by diffusion:

Ipa = 2.69 × 105 n3/2 A D1/2 C0 υ1/2 (6)
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where D is the reactant diffusion coefficient (cm2/s), A is the electroactive surface area (cm2), n is
the electron transfer number, υ is the scan rate (V/s), C0 is the reactant concentration (mol/cm3), and Ipa

is the anodic peak current (A).Polymers 2019, 11, x FOR PEER REVIEW 9 of 18 
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With a concentration of 1 mmol/L K3Fe(CN)6 as the model material (diffusion coefficient
D = 7.6 × 10−6cm2/s, n = 1), the relationship between the anodic peak current (Ipa) and scan rates
(v) is Ipa= 1.09 × 10−5 + 0.7959 × 10−4 υ1/2, and the slope is 0.7959 × 10−4 = 2.69 × 105 n3/2AD1/2C0.
The electroactive surface area of modified electrode can be concluded to be A = 0.1073 cm2. By the linear
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relationship of the anodic peak current (Ipa) and scan rates (v) on the modified electrode Ipa,HQ

(µA) = 0.4469 + 4.892 υ1/2 and according to the Randles–Sevcik formula, there is a straight slope
4.892 × 10−6 = 2.69 × 105 n3/2AD1/2C0 (n = 2, A = 0.1073 cm2, C0 = 0.1 mmol/L). The diffusivity of
HQ in pH = 7 phosphate buffer solution can be obtained as D = 3.591 × 10−7 cm2/s. Similarly, Ipa,CC

(µA) = 0.5529 + 5.646 υ1/2, and the diffusion coefficient of CC in pH = 7 phosphate buffer solution can
be determined as 1.913 × 10−6 cm2/s.
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The CV curves of 0.1 mmol/L HQ and 0.05 mmol/L CC on the PGDIL–TiO2/Au composite
film electrode at different temperatures were tested experimentally, and the relationship between
the obtained oxidation peak current (Ipa) and the square root of scan rate (v1/2) is shown in Figure 7.
The values of the diffusion coefficients of HQ and CC (DHQ and DCC, respectively) at different
temperatures were calculated according to the diffusion coefficient formula (Table 2). It can be found
from the table that both the DHQ and DCC increased with the increase of temperature, possibly because
the increase of temperature led to the increase of kinetic energy of HQ and CC and the decrease of
the viscosity of the solution medium, which is beneficial to diffusion.

According to Arrhenius equation [47], the relationship between temperature and diffusion
coefficient is in accordance with Equation (7),

D = D0e−ED/RT (7)
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where D is the diffusion coefficient when the temperature is T (cm2/s), and D0 is the empirical
parameter. The formula can be obtained by logarithmic transformation of the formula; i.e., there is
a linear relationship between lnD and 1/T.

ln D = ln D0 − ED/RT (8)
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Table 2. Diffusion coefficients of HQ and CC at different temperatures.

HQ

T (◦C) 25 30 35 40 45

k × 10−6 4.892 6.467 7.840 8.794 9.521
r 0.9964 0.9982 0.9992 0.9987 0.9984

D × 10−7 (cm2/s) 3.591 6.171 8.923 11.05 12.75

CC

k × 10−6 5.646 6.674 7.245 8.272 9.172
r 0.9945 0.9964 0.9955 0.9986 0.9990

D × 10−6 (cm2/s) 1.913 2.629 3.569 3.910 4.731

According to the data of DHQ and temperature in Table 2, the fitting equation is lnDHQ = 5.2187 −
5941/T (As shown in Figure 8a). As can be seen from Equation (8), the slope of the fitting line is −ED/R.
Therefore, the diffusion activation energy of HQ is ED,HQ = 49393 J/mol = 49.39 kJ/mol. Similarly,
the diffusion activation energy of CC is ED,CC = 34935 J/mol = 34.935 kJ/mol (as shown in Figure 8b).
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3.5. DPV Analyses of HQ and CC on Different Modified Electrodes

The electrochemical behaviors of the PGDIL–TiO2/Au, PGDIL /Au, TiO2/Au, and Au electrodes in
the buffer solution containing 0.1 mmol/L HQ and 0.05 mmol/L CC were studied by differential pulse
voltammetry (DPV) to investigate the practicability of the PGDIL–TiO2/Au electrode. As shown in
Figure 9, there was no peak current response in the blank buffer solution in the range of −0.1–0.4 V,
which indicates that the buffer solution can be used as the base solution for the electrocatalytic reaction
of HQ and CC without impure peak interferences. There was no difference between the anodic peaks
of HQ and CC on the bare gold electrode; only a small and wide anodic peak could be observed.
The PGDIL/Au and TiO2/Au electrodes exhibited respective anodic peaks, but their response sensitivity
was low, their current was small, and the two peaks were indistinct, so it was difficult to distinguish
them. However, there were two completely separated and responsive anodic peaks of HQ and CC
on the PGDIL–TiO2/Au electrode. The anodic peak potentials were 0.18 and 0.3 V, which correspond
to the oxidation reactions of HQ and CC, respectively. The anodic peak currents of HQ and CC on
the PGDIL–TiO2/Au modified electrode were 3.22 and 3.42 µA, respectively, and are much higher than
those of the PGDIL /Au and TiO2/Au electrodes. The results demonstrate that the PGDIL–TiO2/Au
electrode can effectively improve the electrochemical behaviors of HQ and CC. The anodic peaks
of HQ and CC can be completely separated into two sensitive anodic peaks. The peak-to-peak
potential difference was 0.12 V, which is slightly higher than the potential reported in the work by [48].
It, therefore, provides a new electrode material for the simultaneous determination of HQ and CC.Polymers 2019, 11, x FOR PEER REVIEW 13 of 18 
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Figure 9. DPV results of 0.1 mmol/L HQ and 0.05 mol/L CC on the PGDIL–TiO2/Au, PGDIL/Au,
TiO2/Au, and Au in pH = 7 PBS at a scan rate of 0.1 V/s.

The effects of pH on the electrochemical behaviors of HQ and CC were studied by DPVs. As shown
in Figure 10, in the range of pH = 5–9, the anodic peaks of HQ and CC were completely separated.
The anodic peak currents increased with the decrease of pH value, and reached the maximum value
at pH = 7.0.

The oxidation peak potentials (Ep) of HQ and CC were negatively shifted with the increase of pH
values (Figure 10c), and presented good linear relationship with slopes of 0.0556 and 0.059, respectively
(Ep,HQ = 0.4678–0.0556 pH, r2 = 0.9985; Ep,CC = 0.605–0.059 pH, r2 = 0.9924). These values are close to
the Nernst theoretical value, indicating that H+ entered into the electrode reaction, and the number of
protons was equal to the number of electrons in the reaction [49]. According to the above conclusion,
the number of electron transfers for both HQ and CC during electrochemical oxidation was two, so
the redox reactions of HQ and CC were two-electron and two-proton transfer processes, which is
consistent with the existing literature [40]. In total, 0.1 mol/L PBS (pH = 7.0) was selected as the support
electrolyte for the detection of HQ and CC to obtain high sensitivity and selectivity.
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Figure 10. (a) DPV results of 0.1 mmol/L HQ and 0.05 mmol/L CC on the PGDIL–TiO2/Au electrode
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The selective and simultaneous determination of HQ and CC were performed on
the PGDIL–TiO2/Au electrode at pH = 7 using DPV. The selective determinations of HQ and CC
were carried out by changing the concentration of each isomer separately. Figure 11a,b presents
the variations of HQ and CC concentrations in the range of 1–100 µmol/L and 2–100 µmol/L. The results
show that the oxidation peak currents are related to the increase of HQ concentration, while the peak
currents of CC remain basically unchanged (as shown in Figure 11a). Similarly, the peak currents
of CC increased with the increase of the concentration, whereas the peak currents of HQ remained
basically unchanged (as shown in Figure 10b). The peak current also had a good linear relationship.
The regression equations were Ip,HQ (µA) = 2.380 + 0.009804 CHQ (µmol/L) and Ip,CC (µA) = 2.380 +

0.009804 CCC (µmol/L), respectively. The detection limits (LODs) for HQ and CC were estimated to be
0.23 µmol/L and 0.41 µmol/L (S/N = 3), respectively.

Figure 12a displays the DPV results of the binary mixture of CC and HQ at various concentrations.
The composition of the binary mixture of CC and HQ is shown in Table 3. The results show two
well-defined and separated oxidation peaks for CC and HQ with their respective concentrations
as displayed in calibration plots (insets in Figure 12b,c). The regression equations for HQ, and CC
are Ip, HQ (µA) = 3.413 + 0.008152 CHQ (µmol/L) (r2 = 0.9929), and Ip, CC (µA) = 2.368 + 0.02179 CCC

(µmol/L) (r2 = 0.9952), respectively. The LODs for HQ and CC were estimated to be 0.17 µmol/L
and 0.25 µmol/L, respectively. Therefore, the sensitive and simultaneous determination of HQ and CC
are favored without valid interference between them. Thus, the PGDIL–TiO2/Au modified electrode is
a competitive candidate in simultaneous determination of dihydroxybenzene isomers compared with
other modified electrodes [50].
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Table 3. The composition of the binary mixture of CC and HQ.

Binary Mixture Concentration of HQ
(mmol/L) Concentration of CC (mmol/L)

1 0.02 0.01
2 0.04 0.02
3 0.06 0.03
4 0.08 0.04
5 0.10 0.05
6 0.12 0.06
7 0.14 0.07
8 0.16 0.08
9 0.18 0.09
10 0.20 0.10
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4. Conclusions

A novel poly-geminal dicationic ionic liquid-TiO2 (PGDIL)-TiO2/Au composite electrode was
synthesized via the electrochemical polymerization of 1,4-bis(3-(m-aminobenzyl)imidazol-1-yl)butane
bis(hexafluorinephosphate) in an electrolyte containing nano-TiO2. The SEM results showed that
the morphologies of the PGDIL and PGDIL–TiO2 powder are similar. Additionally, the PGDIL–TiO2

powder has a more uniform and smaller particle size than the PGDIL because the O-vacancies of TiO2

can adsorb GDIL molecules to form the core of polymerization, and thus, the polymerization process can
be carried out smoothly and slowly. EIS results revealed that the Rct value of the PGDIL–TiO2 electrode
is higher than those of the PGDIL and TiO2 electrodes, but its catalytic effect on HQ and CC is the best
due to the synergistic effect between TiO2 and PGDIL. Furthermore, the DPV method was used to study
the simultaneous qualitative and quantitative determination of HQ and CC at the PGDIL–TiO2/Au
electrode. The results showed that the peak current of each component in the mixture had almost
non-interference during electrochemical selectivity determination, and the peak current values were
linearly related to their concentrations. The equation for HQ is Ip, HQ (µA) = 3.413 + 0.008152 CHQ

(µmol/L), and that for CC is Ip, CC (µA) = 2.368 + 0.02179 CCC (µmol/L). The PGDIL–TiO2/Au electrode
can be used for simultaneous qualitative and quantitative electrochemical determination of HQ and CC
in wastewater by the DPV tests. The PGDIL–TiO2/Au electrode is also expected to be used for catalytic
oxidation and detection of other organic pollutants containing –OH groups. Further experiments
and studies are required to determine whether there are other synergistic effects between TiO2

and PGDIL.
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Abstract: High-transparency soluble polyimide with COOH and fluorine functional groups and
TiO2-SiO2 composite inorganic nanoparticles with high dielectric constants were synthesized in
this study. The polyimide and inorganic composite nanoparticles were further applied in the
preparation of organic-inorganic hybrid high dielectric materials as the gate dielectric for a stretchable
transistor. The optimal ratio of organic and inorganic components in the hybrid films was investigated.
In addition, Jeffamine D2000 and polyurethane were added to the gate dielectric to improve
the tensile properties of the organic thin film transistor (OTFT) device. PffBT4T-2OD was used
as the semiconductor layer material and indium gallium liquid alloy as the upper electrode.
Electrical property analysis demonstrated that the mobility could reach 0.242 cm2·V−1·s−1 at an
inorganic content of 30 wt.%, and the switching current ratio was 9.04 × 103. After Jeffamine D2000
and polyurethane additives were added, the mobility and switching current could be increased
to 0.817 cm2·V−1·s−1 and 4.27 × 105 for Jeffamine D2000 and 0.562 cm2·V−1·s−1 and 2.04 × 105

for polyurethane, respectively. Additives also improved the respective mechanical properties.
The stretching test indicated that the addition of polyurethane allowed the OTFT device to be
stretched to 50%, and the electrical properties could be maintained after stretching 150 cycles.

Keywords: soluble polyimide; polyurethane; Jeffamine; organic-inorganic hybrid film; Stretchable
transistor

1. Introduction

Stretchable electronic components have attracted much research interest due to their considerable
potential in biomedical instruments, smart skins, displays, and battery devices [1–3]. From 2010 to 2020,
thin film transistors have been made predominantly from inorganic materials. The main reason for this
is that the carrier mobility values of organic materials are too low compared with those of inorganic
materials [4]. Because the performance of an organic thin film transistor (OTFT) [5,6] has not been able
to reach the same performance of inorganic transistor, researchers have continued to study the use of
various semiconductor materials [7–11] to improve their carrier mobility. In addition, the plastic soft
board-based OTFTs can also be used on flexible substrates [12–15]. The rise of plastic substrates [16–18]
has necessitated some flexural quality measurements and novel processing methods, such as stretching
and coating, to increase the flexibility and mobility of components [19,20]. A roll-to-roll process that
can be fabricated on a flexible substrate in a low-temperature environment could support future
commercial development [21].

Hybrid materials [22–24] are organic-inorganic polymer blends that are molecularly mixed and
blended through van der Waals forces, hydrogen bonds, ionic bonds, or covalent bonds, thus overcoming
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the phase separation that can usually be observed in traditional materials. These hybrid materials have
the advantages of organic and inorganic materials, providing excellent material properties, including
thermal, mechanical, optical, and electrical properties. To achieve a good nanoscale dispersion of
organic-inorganic materials, the sol-gel method is the most commonly used method because it is flexible
and materials prepared with the sol-gel method have high thermal stability and optical transparency.

This study used spin coating to replace the traditional vaporization for the fabrication of thin
film transistors. Polyimide [25–27] was used for the preparation of OTFT due to its good thermal
stability, chemical resistance, and mechanical properties. As practical applications continue to advance,
the requirements for thermal and mechanical properties are becoming more and more demanding,
so inorganic materials are often used to enhance the relevant properties. The most common inorganic
materials are SiO2 and TiO2, which can be prepared using tetraethoxysilane (TEOS) and titanium
butoxide, respectively. The use of inorganic composite material TiO2-SiO2 has also been featured in
the literature [28,29]. Such an organic-inorganic hybrid film [30] was applied in OTFT as a dielectric
film. The donor material, PffBT4T-2OD [31], was also used to replace the traditional pentacene [32] as
a semiconductor layer in organic photovoltaic devices. However, PffBT4T-2OD has not been applied to
OTFTs in other research.

Electronic products increasingly require the properties of flexibility and stretchability [33–37].
Therefore, some suitable polymers have been added to these advanced electronic products [38,39],
such as Jeffamine D2000 [40] and polyurethane [41]. Another approach to enhance flexibility and
stretchability is to connect the sidechain of the semiconductor layer material with an elastic polymer,
such as poly(butyl acrylate)(PBA) or 2,6-pyridine dicarboxamide (PDCA). After this modification,
the researchers expected that the device could retain its original performance after being subjected
to stretching many cycles. The chemical structures of the polyimide-TiO2-SiO2, Jeffamine D2000,
and polyurethane as well as the structural diagrams for the OTFT device and the experimental
stretching directions are shown in Figure 1. Tensile properties depend on the ratio of TiO2-SiO2 and
whether Jeffamine D2000 or polyurethane is added. The addition ratio of TiO2-SiO2 ranges from
A0–A40 in the order of 0 wt.% to 40 wt.%, B0-B40 when Jeffamine D2000 is added, and C0–C40 when
polyurethane is added.
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2. Experimental Section

In this study, a stretchable OTFT was fabricated using Elastomer Tape 3M tape as the stretchable
substrate and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Sigma Aldrich,
Darmstadt, Germany) as the lower electrode. TiO2-SiO2 inorganic nanoparticles and a soluble
polyimide with COOH and a fluorine atom functional group were used to prepare the dielectric layer.
The COOH on polyimide could be hydrolyzed and condensed with TiO2-SiO2 to form a dense network
structure, and the size of the CF group in PI molecule is quite big, which can cause an increase of
free volume and a reduction of the interaction between the molecular chains, so as to increase the
solubility and transparency for the prepared polyimide-TiO2-SiO2 hybrid films. The film was used as
an OTFT gate dielectric. In addition, soluble polyimide overcame the problem of the high temperature
dehydration cyclization of thermal polymerization and was applicable to a stretchable OTFT device.
In addition, Jeffamine D2000 and polyurethane could be used as additives to increase the tensile
properties without the original electrical properties being affected.

2.1. Preparation of Dielectric Gate Dielectric

Briefly, the 4,4-oxydiphthalic anhydride (97%, Sigma Aldrich, Darmstadt, Germany) and the
2,2-bis(3-amino-4-hydroxyphenyl) hexafluoropropane (98%, Matrix Scientific, Columbia, SC, USA) in a
three-necked flask were dissolved in the n-methyl-2-pyrrolidone (NMP, 99.9%, TEDIA, USA) with 1:1
molar ratio and mixed uniformly. After the further addition of isoquinoline (95%, Tokyo Chemical
Industry) in a nitrogen atmosphere for 5 h, a yellow-brown solution was obtained, which was poly
(amic acid) (PAA). The PAA was placed in an oil bath at 150 ◦C for 18 h. The polyimide solution
obtained was placed in a water: methanol (98%, Mallinckrodt Baker, Phillipsburg, KS, USA) (1:3)
mixed solvent to produce the precipitate. The filtrated precipitate was placed in a vacuum oven and
dried at 60 ◦C for 2 days to obtain a soluble polyimide powder containing COOH and a fluorine
functional group. Tetraethyl orthosilicate (TEOS, Sigma Aldrich, Darmstadt, Germany) was dissolved
in ethanol (99.5%, Acros Organics, NJ, USA) added to an aqueous solution of nitric acid, and stirred for
30 min. Simultaneously, titanium(IV) butoxide (Ti(OBu)4, Sigma Aldrich, Darmstadt, Germany) was
dissolved in 2-methyl-2,4-pentanediol (98%, Alfa Aesar, MA, USA) solvent, stirred for 30 min. The two
aforementioned solutions were mixed and stirred for sol-gel reaction for 30 min, and the solvent was
then removed with a rotary evaporator and finally placed in an oven to obtain the TiO2-SiO2 inorganic
nanoparticles. The polyimide dissolved in N,N-Dimethylacetamide (DMAc, 99.8%, TEDIA, USA)
and the TiO2-SiO2 nanoparticles dispersed in butanol solvent were mixed and stirred for 30 min to
prepare three series of hybrid materials, namely polyimide-TiO2-SiO2, polyimide-TiO2-SiO2:D2000,
and polyimide-TiO-SiO2:PU.To prepare the polyimide-TiO2-SiO2 hybrid material, the different ratios
of SiO2-TiO2 (0, 10, 20, 30, and 40 wt.%) were mixed with polyimide and stirred for 1 h to obtain the
PI-TiO2-SiO2 precursor solution represented by AX (X = weight percentage of SiO2-TiO2 in hybrid
material). For preparation of the polyimide-TiO2-SiO2:D2000 and polyimide-TiO2-SiO2: PU hybrid
material, the preparation procedure was the same as for polyimide-SiO2-TiO2. The only difference was
that the polymer (Jeffamine D2000, Alfa Aesar, Massachusetts, USA) or polyurethane, (Sigma Aldrich,
Darmstadt, Germany) was dropped gradually into the polyimide solution before the mixing
with TiO2-SiO2 inorganic nanoparticles. The polyimide-TiO2-SiO2:D2000 and polyimide-TiO2-SiO2:
PU hybrid materials were represented by BX and CX, respectively, where X was the weight proportion
of SiO2-TiO2 in the hybrid material.

2.2. OTFT Device Preparation

First, the elastomer tape was attached to the glass and subjected to plasma treatment for 3 min
to clean the tape surface. PEDOT:PSS was then spin coated on the elastomer tape and annealed at
100 ◦C for 30 min. The solution of polyimide-SiO2-TiO2 (or polyimide-SiO2-TiO2:Jeffamine D2000 or
polyimide-TiO2-SiO2:polyurethane) was spin coated onto PEDOT:PSS elastomer tape at 2000 rpm/20 s.
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The coated wafer was placed on a hot plate and thermally polymerized through stepwise heating.
The baking process was performed at 60, 80, and 100 ◦C for 10 min and then, finally, at a temperature
of 120 ◦C for 10 min. Three series of hybrid dielectric films, namely AX, BX, and CX, were obtained.
The poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3”’-di(2-octyldodecyl)-2,2’,5’,2”,5”,2”’-
quaterthiophen-5,5”’-diyl) (PffBT4T-2OD, Sigma Aldrich) as the active layer was then spin coated onto
the dielectric layer on a hot plate and heated at 90 ◦C for 5 min as an annealing process. The upper
electrode (source and drain) EGaIn (99.99%, Alfa Aesar, MA, USA) was dropped onto the lower
electrode and the PffBT4T-2OD surface, respectively, to fabricate the OTFT device. The device structure
is shown in Figure 1.

2.3. Characterization

The thermal properties of the prepared hybrids were assessed using a thermogravimetric analysis
(TGA, TA Instruments, Q50) and differential scanning calorimeter analysis (DSC, TA Instruments,
Q20/RSC90) at heating rates of 20 ◦C and 10 ◦C/min, respectively. The transmittances of the hybrid films
coated on the quartz substrates were collected using an ultraviolet-visible spectrum (UV-Vis, Jasco,
V-650). The morphologies of the thin films were observed with a high-resolution transmission electron
microscope (HR-TEM, JEOL, JEM-2100), a scanning electron microscope (SEM, Hitachi, H-2400), and an
atomic force microscope (AFM, Veeco, DI 3100). The thicknesses of the hybrid thin films were analyzed
with a microfigure measuring instrument (Surface Profiler, α-step, ET-4000, Kosaka Laboratory Ltd.).
For the metal-insulator-metal (MIM) structure analysis, 0.6-mm diameter Al electrodes were deposited
directly onto the gate dielectric films through shadow masking. MIM direct current measurements and
OTFT measurements were performed in ambient conditions using a probe station interface with an
Agilent E4980A precision LCR meter (10 kHz to 1 MHz) and an Agilent B1500A semiconductor device
parameter analyzer.

3. Results and Discussion

Figure 1 shows the chemical structures of the polyimide-TiO2-SiO2 composite dielectric material,
Jeffamine D2000, and polyurethane additives and the schematic for the OTFT device structure and
the tensile direction. The OTFT devices exhibit tensile properties that depend on the addition ratio of
TiO2-SiO2 inorganic nanoparticles and the presence or absence of Jeffamine D2000 or polyurethane
additives. The addition ratio of TiO2-SiO2 inorganic nanoparticles ranges from 0 wt.% to 40 wt.%;
the cases with those ratio values are denoted by A0–A40, B0–B40, and C0–C40, respectively, indicate
the addition of Jeffamine D2000 and polyurethane additives in the order of 0 wt.% to 40 wt.%.

3.1. Analysis of Optical and Thermal Properties

All of the prepared hybrid films have optical transmittances greater than 90% with the film
thickness about 200 nm. Figure 2a shows the UV-vis spectra of the optical transmittance of A0, A30,
B30, and C30 hybrid thin films in the visible light region of 400–700 nm, the optical transmittance is
greater than 90%. This result shows that the composite dielectric film has good transparency (as listed
in Table 1). Supplementary Figure S1 shows the TEM image of inorganic TiO2-SiO2 nanoparticles.
It shows that the size of the particles of the as-prepared TiO2-SiO2 is about 30–40 nm with a spherical
morphology. When the particle size is less than 50 nm, light scattering can be negligible [42]. Moreover,
Supplementary Figure S2 shows the optical transmittance of A0, A30, B30, and C30 films as the
dielectric layer of OTFTs device in the visible light region of 400–700 nm. This indicates that the
optical transmittances of all samples are greater than 75%. The thermal properties of the prepared
polyimide-TiO2-SiO2 composite dielectric films were analyzed by thermogravimetric analysis (TGA).
Figure 2b shows the TGA curves undertaken in a nitrogen atmosphere. It reveals that the decomposition
temperature (Td) of A0, A30, B30, and C30 hybrid thin films are 418, 450, 461, and 443 ◦C, respectively.
The relative parameters for thermal properties are listed in Table 1. This indicates that the thermal
decomposition temperature increases with the content of TiO2-SiO2 nanoparticles due to the formation
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of chemical bonding between polyimide and TiO2-SiO2, which can restrict the polyimide chain reaction,
and the Td and thermal stability for the hybrid films thus increases as TiO2-SiO2 content increases [22].
In addition, the addition of Jeffamine D2000 and polyurethane also increase the Td from 426 ◦C to
477 ◦C for B0–B40 and 405 ◦C to 454 ◦C for C0–C40. The increase in Td for B0–B40 is due to the hydrogen
bonding between the N atom in the Jeffamine D2000 and the composite dielectric material. However,
the polyurethane is a softer polymer, so the Td of B0–B40 is expected to be lower than that for the other
two series of hybrid films. However, the Td for all of hybrid films nonetheless exceed 400 ◦C, indicating
good thermal stability. In addition, none of the hybrid films exhibit weight loss at temperatures lower
than 300 ◦C, and the residual quantity of A0–A40 increased with increasing quantities of TiO2-SiO2

added when the temperature increased to 900 ◦C. At 900 ◦C most of the polyimide has completely
decomposed, and the remaining residual quantity is an inorganic oxide forming a cross-linked stable
network. This result demonstrates that inorganic TiO2-SiO2 nanoparticles have been successfully
incorporated into organic materials. Figure 2c shows the differential scanning calorimeter analysis
(DSC) measured in a nitrogen atmosphere. It reveals that the glass transition temperatures (Tg) of A0
(PI), B0 (PI:D2000), and C0 (PI:PU) are 266 ◦C, 286 ◦C, and 270 ◦C, respectively. In addition, no Tg

point of all samples can be observed in Figure 2c in the temperature range of 25–350 ◦C, showing the
Tg of all hybrid materials (PI/TiO2-SiO2) prepared in this study exceeds 350 ◦C (as listed in Table 1).
It is known that the inorganic TiO2-SiO2 nanoparticles can be uniformly distributed in the polyimide
matrix, and form a crosslinking structure between the polyimide and nanoparticles, which restricts
the chain motion and strengthens the polyimide strength, thereby causing an increase in Tg and Td.
The results of thermal analysis suggest that all of the hybrid films prepared in this study exhibit good
heat resistance and no phase separation between the polyimide and TiO2-SiO2 nanoparticles [43].
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Figure 2. (a) UV-vis spectra of the optical transmittance, (b)TGA curves, and (c) DSC curves of hybrid
thin films.
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Table 1. Summary of properties of the prepared dielectric hybrid film.

No. H (nm) a Ra (nm) b Ra/h (%) Td (◦C) Tg (◦C) T (%)

A0 215 0.44 0.20 418 266

>90%
A10 200 0.56 0.28 427 -
A20 215 0.61 0.28 431 -
A30 220 0.65 0.29 450 -
A40 210 0.75 0.35 461 -

B0 200 0.31 0.15 426 286

>90%
B10 210 0.35 0.17 431 -
B20 220 0.41 0.19 440 -
B30 215 0.57 0.27 461 -
B40 215 0.64 0.29 477 -

C0 220 0.43 0.19 405 270

>90%
C10 210 0.49 0.23 419 -
C20 220 0.53 0.24 432 -
C30 215 0.60 0.28 443 -
C40 210 0.69 0.33 454 -

a Thickness of the prepared thin film. b Ra is the average roughness of the prepared thin films, respectively.

3.2. Analysis of Stretching Properties

Figure 3 shows the optical microscopy images of (a) A0, B0, and C0 and of (b) A30, B30, and C30
thin films subject to various strain levels. Figure 3a shows that bare polyimide film generates cracks
when subjected to a stretching ratio of 30%, and numerous cracks and wrinkles are produced when
the stretching ratio reaches 50%. The B0 film exhibits only wrinkles under the stretching ratio of 30%,
but numerous cracks are also present as the stretching ratio increases to 50%. Compared with the
result for A0, the addition of Jeffamine D2000 (B0) is seen to improve the film’s stretchability. For the
C0, the film shows no cracks or wrinkles subject to stretching ratios of 30% and 50%. The results
reveal that the addition of polyurethane is more effective than the addition of Jeffamine D2000 for
improving the tensile properties of the thin films in the absence of inorganic particles in the polyimide
matrix. Moreover, the effect of nanoparticles TiO2-SiO2 on the tensile properties is seen in Figure 3b.
Adding TiO2-SiO2 is seen to cause the tensile properties of the A30 films to decrease obviously because
more cracks are observed for a stretching ratio of 30%. For the case of B30 films, wrinkles continue
to be generated at a stretching ratio of 30%, but no cracks are observed. The C30 films’ stretchability
is optimal at the stretching ratios of 30% and 50%. No cracks or wrinkles are observed on the C30
films. Therefore, from the optical microscopy diagram of these dielectric hybrid films, the addition
of Jeffamine D2000 and polyurethane polymers is seen to increase the film stretchability and the
addition of polyurethane produces tensile properties superior to those obtained from the addition of
Jeffamine D2000.
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Figure 3. Optical microscopy images of (a) A0, B0, and C0 and of (b) A30, B30, and C30 thin films
subject to various strain levels.
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3.3. Analysis of Surface Morphology and Surface Energy

The surface flatness of the hybrid dielectric film s was measured using an atomic force microscope
(AFM). The AFM result demonstrates that the surface roughness (Ra) of the three series of A0–A40,
B0–B40, and C0–C40 are 0.44–0.75, 0.31–0.64, and 0.43–0.69 nm, respectively. Ra increases with the
increase in TiO2-SiO2 content. However, all hybrid dielectric films were produced without pinholes,
and the surface flatness (the ratio of Ra to film thickness, Ra/h) for all hybrid films was less than
0.35% (Table 1), indicating that all prepared hybrid dielectric films in this study had a good surface
flatness. In the previous studies, it has been confirmed that, when the ratio of surface roughness
to thickness is less than 0.5%, the material has a good flatness. The prepared dielectric thin film in
this study has a better surface flatness than those of studies in literature [39,42,43]. According to the
aforementioned results, the three series of hybrid dielectric films have good light transmission, thermal
stability, and surface flatness, and no phase separation was observed. Therefore, the prepared hybrid
dielectric films can be effectively applied as the gate dielectric materials for the OTFT application.

Typically, thin films show a light scattering behavior due to the surfaces roughness. An innovative
hybrid thin film with a lower-than-usual surface roughness can reduce the light loss on the waveguide
surface. This result also confirms the potential for the use of polyimide-TiO2-SiO2 hybrid material
in OTFT as the dielectric film. The surface flatness of the dielectric layer greatly influences the
characteristics of the OTFT. When the dielectric layer has a low surface roughness, it effectively reduces
the leakage current of OTFT and promotes the order growth of crystals in the active layer. Figure 4
shows the AFM images of the semiconductor layer (BffBT4T-2OD) coated on the various dielectric
composite films, namely A0, B0, C0, A30, B30, and C30. This indicates that island-like aggregation was
produced from the BffBT4T-2OD on the semiconductor layer (A30) after the addition of the inorganic
nanoparticles, and the degree of aggregation became more obvious after the addition of the Jeffamine
D2000 (B30) and polyurethane (C30). These dense aggregates of BffBT4T-2OD can help to increase
the tensile properties of these composite films and the stretchability of OTFT [41]. BffBT4T-2OD
is hydrophobic in nature, and we observed B30 to have lower surface energy (42.07 mJ·m−2) than
A30 and C30 did, which enables the growth of BffBT4T-2OD. As the adding ratio of the TiO2-SiO2

nanoparticles increases, the size of BffBT4T-2OD crystal grains in the semiconductor layer also increases,
resulting in better characteristics for the OTFT. This may be related to the affinity of the dielectric
surface for BffBT4T-2OD. As the TiO2-SiO2 content increases from 0% (A0) to 30 wt.% (A30), the surface
energy of the dielectric layer decreases, which causes the grain size of BffBT4T-2OD in semiconductor
layer to increase. The well-connected domain of the A30 provides an efficient channel for charge
transport and increases the charge carrier density at the interface between dielectric and semiconductor,
which can prevent the charge defects from occurring at the interface and improve the performance of
the OTFTs [38–40].

The contact angles of the gate dielectric films were measured using deionized water and
diiodomethane as the test drops, respectively, due to their different polarities. The surface energies of
the polyimide-TiO2-SiO2 hybrid films could then be calculated from the values of the contact angles
obtained from water and diiodomethane drops, respectively. The results are listed in Table 2. If the
surface of a hybrid film has a small water contact angle, this indicates that the surface is hydrophilic
and has a large surface energy. Conversely, a large water contact angle indicates that the surface is
hydrophobic and has a low surface energy. As shown in Table 2, whether water or diiodomethane
is used as the test drop, the contact angles for the hybrid films (A, B, and C) increase first and then
decrease with the addition of inorganic particles. For A0–A40 hybrid films, the water contact angles
increase from 79.78 for A0 to 83.99 for A30 and then decrease to 78.30 for A40.
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Table 2. Summary of dielectric constant and surface energy for various hybrid dielectric films.

No.
Dielectric Constant [-] Water Contact

Angle [o]
Diidomethane

Contact Angle [o]
Surface Energy

[mJ·m−2]1 kHz 10 kHz 100 kHz 1 MHz

A0 4.53 4.49 4.43 4.10 79.78 35.39 51.02
A10 5.78 5.20 4.86 4.27 80.26 42.65 47.66
A20 6.93 6.30 6.11 5.02 80.76 43.09 45.73
A30 7.24 7.08 6.75 6.35 83.99 50.53 44.17
A40 9.51 8.88 7.47 6.53 78.30 29.23 52.33

B0 4.47 4.44 4.41 4.07 78.46 39.10 48.74
B10 5.57 5.11 4.72 4.03 80.44 45.49 45.97
B20 6.03 6.02 5.98 5.00 81.17 51.38 44.68
B30 7.14 7.01 6.72 5.98 84.91 51.83 42.07
B40 8.58 7.96 7.20 6.31 76.12 37.04 51.37

C0 4.22 4.10 4.01 3.98 77.38 39.24 49.47
C10 5.44 5.07 4.69 4.00 78.60 46.55 47.20
C20 5.99 5.79 5.69 5.12 78.80 51.27 44.70
C30 6.91 6.83 6.59 5.45 82.00 51.38 43.34
C40 7.87 7.78 7.01 6.29 74.49 38.22 51.02

The increase in water contact angle is mainly due to the change in surface roughness of hybrid films.
In addition, the PI/SiO2-TiO2 hybrid films in this study have a polarizable and weakly hydrophobic
surface, resulting in this dielectric layer having a low surface energy. This is a very important property
for wetting of the latter deposited organic semiconductor layer, and can improve the performance of
the device [44]. Therefore, when 30 wt.% of TiO2-SiO2 was added, the surface energy of the hybrid
film was lowered from 51.02 mJ·m−2 (A0) to 44.17 mJ·m−2 (A30), indicating that the addition of high
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dielectric TiO2-SiO2 in a low dielectric PI matrix can change the surface roughness of the PI/TiO2-SiO2

hybrid film, which in turn affects the surface energy of the hybrid film. In addition, due to the inherent
hydrophobic nature of the polymer, the addition of Jeffamine D2000 and polyurethane additives can
produce a highly hydrophobic surface, which further reduces the surface energy. The results show that
the lowest surface energy obtained from B30 is 42.07 mJ·m−2 [31]. Typically, dielectric surfaces with
low surface energy can provide a venue for the growth of organic semiconductor chains.

3.4. Analysis of Electrical Properties

The result of volumetric capacity measurement shows that the capacitance (at 1 kHz–1 MHz)
increases as the TiO2-SiO2 ratio increases, and the relationship is linear. At lower frequencies,
the capacitance may increase slightly due to the increased response time available for polarization.
The dielectric constant (k) is evaluated using the following equation:

C =
kε0A

d
(1)

where C is the measured capacitance, ε0 is the vacuum dielectric constant, A is the area of the capacitor,
and d is the thickness of the dielectric layer. As shown in Table 2, the dielectric constants obtained
at 1 kHz were 4.53 for A0, 9.51 for A40, 4.47 for B0, 8.58 for B40, 4.22 for A0, and 7.87 for A40.
When a higher concentration of TiO2-SiO2 was used in a film’s fabrication, its dielectric constant was
higher. Moreover, the electrical data of OTFTs fabricated by various hybrid dielectrics are shown
in Table 3. The results show that the values of mobility (µ) and switch current ratio (on-off current
ratios, Ion-Ioff) increase with increasing the TiO2-SiO2 content. Moreover, the leakage current density
(LCD) measured at −2 MV·cm−1 also increases as the content of TiO2-SiO2 nanoparticles increases.
Figure S3. shows the transfer curves of OTFTs prepared by different dielectric materials, A0, A30,
B30, and C30. This indicates that the mobility and Ion/Ioff of the device prepared by the polyimide
dielectric layer without TiO2-SiO2 nanoparticles (A0) are 0.0181 cm2·V−1·s−1 and 1.13× 103, respectively.
When the PI/TiO2-SiO2 hybrid material (A30) was used as a dielectric layer, the mobility and Ion/Ioff

of device increased to 0.242 cm2·V−1·s−1 and 9.04 × 103. When adding Jeffamine D2000 (B30) and
polyurethane (C30) additives into the dielectric layer, the mobility and Ion/Ioff were further increased to
0.817 cm2·V−1·s−1 and 4.27 × 105 for B30 and 0.562 cm2·V−1·s−1 and 2.04 × 105 for C30, respectively,
which shows that the proper amount of TiO2-SiO2 nanoparticles and additives can effectively improve
the device performance. The larger the Ion/Ioff ratio, the better the switch characteristics of OTFTs. It is
known that high-k dielectric layer could cause a low operation voltage and low power consumption.
The LCD value is related to the thickness of the hybrid dielectric layer and the pinholes density,
because the chemical bonding between the inorganic and polyimide can make the dielectric layer
structure more dense, and the high-k dielectric can improve the capacitive coupling effect between
the gate and active channel layer, which can increase the driving current and reduce the operating
voltage. In addition, the surface morphology of the dielectric layer affects the structure of the deposited
organic semiconductor layer, which in turn affects the performance of the device. A smooth and
pinhole-free surface of dielectric layer is important for the interfacial connection during the deposition
of organic semiconductor layers, because a smooth interface reduces the charge scattering sites in
the channel. Reducing the current leakage from the dielectric interface has a great influence on the
electrical performance of the OTFTs. For high-performance OTFTs, the gate dielectric should have a
low LCD and a high-k, which can provide greater surface charge accumulation and simultaneously
reduce the operating voltage. It should be noted that the thickness of the dielectric layer must be
carefully controlled to minimize the current leakage without greatly reducing the capacitance [44].
An increase in the LCD value means that the effect of the insulating layer is reduced. As shown in
Table 3, the LCD values of all dielectric layers were less than 10−8 A·cm−2. Therefore, these hybrid
dielectric layers are suitable for OTFT applications. The gate-current behavior is usually similar to
the capacitor leakage current. In this work, we used a metal-insulator-metal capacitor to study the
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dielectric leakage current. Moreover, as the surface energy decreases, the particle size and alignment of
the semiconductor layer become denser, and the carrier mobility of the OTFT increases. Namely, more
hydrophobic material increases the carrier mobility of the OTFT. Therefore, the increase in inorganic
content helps to form a good organic polymer film, reducing the structural defects in the film and
increasing compactness, thus improving carrier mobility. However, the device mobility decreases
when the TiO2-SiO2 content is more than 30 wt.%, which may be attributed to the coarser surface and
the aggregation of the TiO2-SiO2 particles, disturbing the formation of BffBT4T-2OD crystal structure
in the semiconductor layer. Supplementary Figure S4 shows the output characteristics of the OTFTs
using (a) (A0), (b) A30, (c) B30 and (d) C30 as the dielectric layer, respectively. The threshold voltages
(Vt) of OTFTs based on hybrid films are small, so only a small gate voltage is needed to turn on the
gate. Surface polarization may result in smaller threshold voltages, which can lead to the filling defects
of local carrier. Most of the Vt displacement is affected by three factors, which are the charge defect
trapping, surface polarization, and ions. In this study, the variation of Vt displacement might be
attributed to the addition of different proportions of inorganic nanoparticles at the interface between
the dielectric and the semiconductor layers [45,46].

Table 3. The electrical data of OTFTs fabricated by various hybrid dielectrics.

No LCD [A·cm−2] (at −2 MV·cm−1) Vt [V] µ [cm2·V−1·s−1] ION/IOFF [-]

A0 7.5 × 10−10 −2.1 1.81 × 10−2 1.13 × 103

A10 1.5 × 10−9 4.1 7.01 × 10−2 3.24 × 103

A20 2.7 × 10−9 −2.3 1.21 × 10−1 5.57 × 103

A30 4.8 × 10−9 −7.3 2.42 × 10−1 9.04 × 103

A40 7.7 × 10−9 3.2 1.07 × 10−2 1.16 × 103

B0 6.3 × 10−10 3.3 5.04 × 10−2 1.51 × 104

B10 8.6 × 10−10 −1.5 2.09 × 10−1 2.24 × 104

B20 1.7 × 10−9 3.9 4.23 × 10−1 3.01 × 104

B30 2.5 × 10−9 −8.1 8.17 × 10−1 4.27 × 105

B40 5.8 × 10−9 2.2 5.51 × 10−1 8.50 × 104

C0 5.9 × 10−10 4.6 4.81 × 10−2 8.13 × 103

C10 7.7 × 10−10 2.4 1.89 × 10−1 1.24 × 104

C20 1.6 × 10−9 −2.6 3.21 × 10−1 2.57 × 104

C30 3.4 × 10−9 3.8 5.62 × 10−1 2.04 × 105

C40 8.5 × 10−9 2.2 2.07 × 10−1 2.16 × 104

Figure 5a shows the mobility values of A0, B0,C0, A30, B30, and C30 at various strain values.
These results prove that devices with Jeffamine D2000 (B0, B30) and polyurethane (C0, C30) as additives
can be stretched to 20% and 50%, respectively. Figure 5b shows the mobility of A0, B0, C0, A30, B30,
and C30 at various stretch cycles, indicating that the devices with Jeffamine D2000 (B0, B30) and
polyurethane (C0, C30) as additives can be stretched up to 150. The aforementioned results show
that the devices with polyurethane additive can achieve superior stretching properties of 50% for
stretching 150 cycles. The mobility has almost no change, which is because the polyurethane additive is
a softer chain polymer. AFM analysis revealed that the hybrid films with polyurethane always exhibit
a denser and more concentrated film structure that is advantageous for the stretching propertes of the
stretchable devices. In addition, the devices with Jeffamine D2000 can also achieve a good stretching
properties of 50% for stretching 150 cycles. Although the mobility is reduced by approximately 10%.
However, the A0 and A30 samples without added any additives have a significant problem in that the
mobility decreases sharply and does not have stretchability.
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Figure 5. (a) mobility of the strained percentage, (b) the strained cycles and (c) leakage characteristics
of hybrid thin films.

Finally, we applied three series of dielectric materials (A, B, C) in the OTFT device as gate
materials. Table 3 summarizes the electrical characteristics of these OTFTs, including the LCD, mobility,
and Ion-Ioff. As mentioned, the electrical properties of the fabricated OTFT devices are identical to
those obtained using AFM and surface energy. In the upstretched case, the LCD becomes larger
with the increase in the content of TiO2-SiO2 inorganic nanoparticles, but the LCD value is less than
10−8 A·cm−2 (−2 MV·cm−1) (Figure 5c). The addition of Jeffamine D2000 and polyurethane additives
reduces the LCD values. The mobility and Ion-Ioff of the dielectric layers of pure polyimide without
inorganic nanoparticles and polymer additives (A0, B0, and C0) are 1.81 × 10−2 cm2·V−1·s−1 and
1.13 × 103 for A0, 5.04 × 10−2 cm2·V−1·s−1 and 1.51 × 104 for B0, and 4.81 × 10−2 cm2·V−1·s−1 and
8.13× 103 for C0, respectively. The mobility and Ion-Ioff increase obviously with the content of TiO2-SiO2

inorganic nanoparticles. The mobility and Ion-Ioff of A30 hybrid film reach 2.42 × 10−1 cm2·V−1·s−1

and 9.04 × 103, respectively. Moreover, after the addition of Jeffamine D2000 (B30) and polyurethane
(C30), the mobility and Ion-Ioff improve to 8.17 × 10−1 cm2·V−1·s−1 and 4.27 × 105, respectively, for B30
and to 5.62 × 10−1 cm2·V−1·s−1 and 2.04 × 105, respectively, for C30. However, when the content
of SiO2-TiO2 increases to 40 wt.% (A40, B40, and C40), the mobility and switching current ratio
decrease to 1.07 × 10−2 cm2·V−1·s−1 and 1.16 × 103, respectively, for A40 and to 5.51 × 10−1 cm2·V−1·s−1,
and 8.50 × 104, respectively, for B40, and to 2.07 × 10−1 cm2·V−1·s−1 and 2.16 × 103, respectively, for C40.

The decreases in mobility and switching current ratio are attributed to the phase separation of the
mixed solution when the content of inorganic particles of TiO2-SiO2 is too high. The results show that
the use of TiO2-SiO2 inorganic nanoparticles and Jeffamine D2000 and polyurethane additives can
improve the mobility and Ion-Ioff. However, when the content of TiO2-SiO2 inorganic nanoparticles
reaches 40 wt.%, precipitation and subsequent phase separation occurs in the precursor solution,
resulting in poor film properties and thus poor electrical properties for A40, B40, and C40 samples.
Therefore, the optimal mass ratio of polyimide and TiO2-SiO2 inorganic nanoparticles is 70:30 wt.%.
The aforementioned results demonstrate that the content of TiO2-SiO2 nanoparticles exert an obvious
influence on the electrical performance of OTFTs. In summary, the mobility and current-switching ratio
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of B30- and C30-based OTFT after being stretched 150 cycles at 50% of strain are 0.29 cm2·V−1·s−1 and
8.17 × 104 for B30-based OTFT and 0.38 cm2·V−1·s−1 and 1.34 × 105 for C30-based OTFT, respectively,
which is higher than those obtained from other hybrid dielectrics-based devices. These results show
that Jeffamine D2000 additives (B30) and polyurethane additives (C30) improve the properties of
stretchable OTFE devices, of which C30 exerts the better effect. This result is consistent with the optical
microscopy result of the tensile test for the hybrid dielectric films.

4. Conclusion

In this study, we successfully synthesized a series of hybrid dielectric films using
polyimide and SiO2-TiO2 nanoparticles without polymer additives, namely polyimide-TiO2-SiO2,
polyimide-TiO2-SiO2:D2000, and polyimide-TiO2-SiO2:PU. Pffbt4t-2OD was used in the semiconductor
layer. The addition of Jeffamine D2000 (D2000) and polyurethane (PU) as additives was observed to
increase the tensile properties without affecting the original electrical properties. The results suggest
that the C30-based OTFT achieves the best tensile effect of 50% train after 150 cycles subject to the 10%
mobility reduction because the polyurethane polymers are softer and can provide a denser and more
concentrated film structure, which facilitates the stretching of the device. Through the adjustment of the
ratios of various TiO2-SiO2 inorganic nanoparticles, the dielectric constant of the hybrid material can
be adjusted, thereby significantly improving the dielectric properties of the dielectric layer. The device
properties (mobility and threshold voltage) and film properties (dielectric constant, surface morphology,
and hydrophilic hydrophobicity) exhibit a strong correlation to the proportion of TiO2-SiO2 inorganic
nanoparticles. This study shows that the prepared hybrid films can be customized according to the
requirements for practical applications. In addition, our PI-hybrid material has the advantage of
transparency, high thermal stability, and environmental safety. The addition of Jeffamine D2000 and
polyurethane can increase tensile properties without affecting the original electrical properties and
widen the applicability of OTFT devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1058/s1,
Figure S1: The TEM image of inorganic TiO2-SiO2 nanoparticles; Figure S2: The optical transmittance of A0, A30,
B30, and C30 films as the dielectric layer of OTFTs device; Figure S3: The transfer curves of OTFTs prepared by
different dielectric layer materials, A0, A30, B30, and C30; Figure S4: The output characteristics of the OTFTs
prepared by different dielectric layer materials: (a) A0, (b) A30, (c) B30, and (d) C30.
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Abstract: The polymerizable reduced graphene oxide (mRGO) grafted styrene–acrylonitrile
copolymer composites were prepared via free radical polymerization. The graphene oxide
(GO) and reduced graphene oxide (rGO) was reacted with 3-(tri-methoxysilyl)propylmethacrylate
(MPS) and used as monomer to graft styrene and acrylonitrile on its surface. The successful
modification and reduction of GO was confirmed using Fourier transform infrared spectroscopy
(FT-IR), thermogravimetric analyzer (TGA), Raman and X-ray diffraction (XRD). The mRGO
was prepared using chemical and solvothermal reduction methods. The effect of the reduction
method on the composite properties and nanosheet distribution in the polymer matrix was studied.
The thermal stability, electrical conductivity and morphology of nanocomposites were studied.
The electrical conductivity of the obtained nanocomposite was very high at 0.7 S/m. This facile free
radical polymerization provides a convenient route to achieve excellent dispersion and electrically
conductive polymers.

Keywords: polymerizable reduced graphene oxide; in situ polymerization; electrical conductivity;
dispersion of 2D nanosheets

1. Introduction

Graphene oxide (GO) is one of the most promising fillers for nanocomposites, due to its
unique electrical, mechanical, optical and thermal properties [1–5]. GO sheets have been thoroughly
investigated due to their good dispersity and possible post-functionalization. Because of they are
easily reduced, they provide tunability of electrical conductivity [6,7].

The reduction of GO offers the potential to produce few-layered graphene sheets, i.e., reduced GO
(rGO), in high amounts. It also offers the possibility to process advanced graphene-based materials,
consisting of various oxygen containing functional groups and for any application concerning
conductive polymer composites [8–10]. There are several reduction processes used to prepare rGO,
including chemical reduction, solvothermal reduction, electrochemical reduction, thermal reduction
and the use of surfactants or stabilizers. Among these, chemical reduction (especially with hydrazine)
and solvothermal reduction are among the most effective and convenient approaches for preparing
processable colloidal suspensions required for a broad field of applications [11–13].

Because rGO has high thermal and electrical conductivity and rapid transfer is possible between
the effectively contacted rGO lamellae, the conductivity of nanocomposites can be significantly
improved [14,15]. Therefore, the relative content of rGO within nanocomposites must be increased to
form a continuous phase. Unfortunately, aggregation of rGO can easily occur with increasing rGO
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content. In earlier studies, solution blending, melt mixing and in situ polymerization have been used
to produce these polymer/rGO composites [16–19]. In situ polymerization is commonly performed by
mixing the filler in the presence of monomers, followed by subsequent polymerization. Upon this
method, it is possible to obtain uniformly dispersed polymer/rGO nanocomposites.

In recent years, the grafting of GO sheets with polymer was studied for well-dispersed GO in
polymer matrix. Yao et al. [20] grafted polyacrylonitrile using free radical polymerization on gamma
irradiation. Yang et al. [21] prepared polystyrene/rGO nanocomposites with radical polymerization,
the obtained nanocomposites were enhanced thermal stability on a uniform dispersion of rGO with
polymer matrix. Voylov et al. [22] reported that poly(sodium 4-vinylbenzenesulfonate) obtained
via RAFT had a controlled molecular weight with a very narrow polydispersity. Sánchez et al. [23]
prepared rGO grafted with relatively short chains of poly(n-butyl methacrylate) for electrical field
grading materials on high-voltage direct-current applications.

Such in situ polymerization and grafting polymerization methods provides the good dispersion
and compatibility of rGO in polymer matrix, and thus excellent thermal, mechanical and electrical
properties of the nanocomposites. Researches of polymeric nanocomposite using various monomers
were reported, however few studies gave been done on GO-grafted radical copolymerization of styrene
and acrylonitrile. Styrene–acrylonitrile copolymer (SAN) is especially tough and resistant to chemicals,
it used a broad range of industries including the food, construction and electrical engineering.

In this work, we demonstrate an alternating approach for the growth of polymers from the surface
of GO by covalently attaching polymerizable acrylate monomer and reducing them using reducing
agents and solvothermal methods. GO was functionalized with 3-(trimethoxysilyl)propyl methacrylate
(MPS), and subsequently, this polymerizable mGO was reduced using chemical and solvothermal
reduction to prepare the modified reduced graphene oxides (mRGOs). The grafting of graphene
with styrene–acrylonitrile copolymers was performed via conventional radical polymerization in the
presence of mRGOs. The effects of each reduction method on the electrical conductivity, thermal
stability and mechanical properties of the nanocomposites were examined.

2. Experimental

2.1. Materials

Expanded graphite (Timcal Graphite & Carbon, Paris, France, <100 µm, 99.9%), sulfuric acid
(H2SO4, Duksan Chemical Co., Ansan, Korea, H2SO4, ≥95%), hydrochloric acid (HCl, Duksan Chemical
Co., Ansan, Korea, HCl, 37%), hydrogen peroxide (H2O2, Duksan Chemical Co., Ansan, Korea, H2O2,
28%), sodium nitrate (Daejung Co., Seoul, Korea), potassium permanganate (Sigma-Aldrich, St. Louis,
MO, USA, >99.0%), hydrazine monohydrate (Junsei, Tokyo, Japan, >98.0%), 3-(trimethoxysilyl)propyl
methacrylate (MPS, TCI, Tokyo, Japan, >98.0%), dimethyl formamide (DMF, Duksan Chemical Co.,
Ansan, Korea, 99.9%) and 1-methyl-2-pyrrolidinone (NMP, Daejung Co., Seoul, Korea, 99.5%) were
used without further purification. Styrene (Junsei, Tokyo, Japan, >99.5%) and acrylonitrile (Junsei,
Tokyo, Japan, >99.0%) were purified by stirring with calcium hydride and distilling under reduced
pressure. Azobisisobutyronitrile (AIBN, Sigma-Aldrich, St. Louis, MO, USA, 98%) was recrystallized
from ethanol.

2.2. Synthesis of Graphene Oxide, Modified GO and Reduced mGO

GO was prepared from expanded graphite following Hummers oxidation method [24,25].
The polymerizable modified GO (mGO) was prepared as follows; GO (1 g) was dispersed in DMF
(200 mL) via ultrasonication for 12 h and subsequently, MPS (20 mmol) in DMF was added to this
dispersion, in a dropwise manner for 0.5 h. The mixture was stirred for 24 h at 60 ◦C to allow the
formation of covalent linkage between the hydroxyl groups on GO and the silyl group. Subsequently,
methanol (100 mL) was added to remove any unreacted MPS. Therefore, it was washed sequentially
with methanol and DMF.
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The mRGOs are produced via two different methods of reduction; chemical (mRGO1) and
solvothermal (mRGO2) reduction methods, which are detailed as follows [26,27]. The chemical
reduction was carried out by adding hydrazine monohydrate (1 mL) to the mGO suspension,
which was stirred at 70 ◦C for 24 h. The color of suspension was observed to change from brown
to black, indicating that the reduction of mGO had occurred. The reaction mixture was filtered and
washed repeatedly with DMF to remove any excess, unbound hydrazine. A suspension of mRGO1
was finally obtained via ultrasonication in DMF (200 mL).

For the solvothermal reduction method, a suspension of GO (1 g) in DMF (200 mL) was heated
to 180 ◦C and refluxed for 24 h. It was subsequently filtered and washed with DMF several times.
The rGO (1 g) was re-dispersed in DMF (200 mL) via ultrasonication for 12 h and MPS (20 mmol) was
subsequently added dropwise 0.5 h. The resulting mixture was stirred for 24 h at 60 ◦C to facilitate the
occurrence of silylation. Subsequently, 100 mL of methanol was added to remove any residual silane
molecules. The product was washed sequentially with methanol and DMF. The suspension of mRGO2
was finally obtained via ultrasonication in DMF (200 mL). The reaction procedure was illustrated in
Scheme 1.

Scheme 1. Schematic of the preparation of mGO, rGO, mRGO1 and mRGO2.

2.3. In situ Copolymerization of Styrene and Acrylonitrile

Radical polymerization was conducted in a 500 mL glass reactor equipped with a magnetic stir
bar. The reactor was back-filled three times with nitrogen and charged with styrene, acrylonitrile,
mGO, mRGO1 and mRGO2. The mixture was heated to 80 ◦C and AIBN was added and subsequently,
it was stirred under nitrogen for 24 h.

After the polymerization was complete, the mixture was poured into an excess of methanol to
precipitate the polymer. The grayish powder was filtered, washed with methanol and dried overnight
at 60 ◦C under vacuum.

The grafting ratio was determined by Soxhlet extraction. The molecular weight, thermal stability
and electrical conductivity of the obtained copolymer were used without extraction.

2.4. Characterizations

The chemical structures of GO, mGO and mRGOs were examined using Fourier transform infrared
(FT-IR) spectroscopy (Jasco 4100, Tokyo, Japan) and Raman spectroscopy (Nicolet Almega XR, Thermo
Scientific, Waltham, MA, USA).

The X-ray diffraction (XRD) patterns were obtained using Philips X-Pert PRO MRD diffractometer
(Malvern Panalytical Ltd., Malvern, UK) equipped with Cu-Kα radiation.
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The thermal stability was tested at 20 ◦C/min from 30 to 800 ◦C under nitrogen atmosphere using
a Setaram Labsys evo thermogravimetric analyzer (TGA, Setaram Instrumentation, Paris, France).

The electrical conductivity was measured by the four-point probe method using a Keithley
2400 semiconducting characterization system (Kiethiley, Cleveland, OH, U.S.) at 25 ◦C. The volume
conductivities of the polymer and copolymers with resistance higher than 107 Ω were measured using
CHI 660E electrochemistry workstation (CH Instruments, Inc., Beijing, China).

The molecular weight of the obtained polymer and copolymers were determined by using an
Ubbelohde viscometer (Sigma-Aldrich Co., St. Louis, MO, USA) in tetrahydrofurane at 24 ◦C.

The morphologies of the GO, mRGOs and the fractured surfaces of nanocomposites were
characterized by a field-emission scanning electron microscope (FE-SEM, JSM-6380LV, Joel,
Tokyo, Japan).

3. Results and Discussion

3.1. Characterization of mGO and mRGOs

GO was synthesized from graphite using Hummers’ method. MPS was used to modify GO to yield
MPS-modified GO (mGO), which was subsequently reduced via chemical reduction with hydrazine
(mRGO1). GO was also reduced via solvothermal reduction using DMF followed by silylation with
MPS (mRGO2).

As shown in Figure 1, FT-IR spectroscopy was used to confirm the structures of GO, mGO and
mRGOs and the formation of covalent bonds between the components. The GO exhibited peaks at
1040 cm−1, 1610 cm−1, 1720 cm−1 and 3300 cm−1 corresponding to the C–O, C=C, C=O and –OH groups,
respectively, confirming that it contains a variety of oxygen-containing functional groups. For MPS
modified materials, methylene C–H stretching peak appeared at 2920 cm−1 and 2850 cm−1, methyl
C–H deformation peak at 1465 cm−1 and Si–O–C stretching peak at 1130 cm−1, also confirming that
MPS was successfully introduced on the surface of GO. After the modification of GO with MPS and
its reduction, the –OH stretching at 3300 cm−1 disappeared and the characteristic bands at 1300 cm−1

(C–Si stretching) and 1030 cm-1 (Si–O–C stretching) of the mGO appeared [28].

Figure 1. Fourier transform infrared (FT-IR) spectroscopy spectra of graphene oxide (GO), polymerizable
modified GO (mGO), chemical (mRGO1) and solvothermal (mRGO2) reduction methods.

Raman spectroscopy and XRD were performed to determine the ordered and disordered
carbonaceous materials and the results are shown in Figure S1 and S2, respectively. The D/G
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band intensity ratio (ID/IG) of mRGO1 and mRGO2 were 1.37 and 1.13, respectively, which were higher
than that of GO (0.98). It indicated that the number of aromatic domains increased after the reduction
step (in Figure S1) [29]. After the modification of GO with MPS, the diffraction angle in XRD patterns
(in Figure S2) decreased from 11.3◦ to 10.4◦, corresponding to an increase in the interlayer spacing from
0.78 to 0.85 nm. However, these peaks disappeared after the reduction of mGO. These phenomena
indicate that MPS is bonded on the surface of GO successfully and is capable of enlarging the interlayer
distance between GO sheets. For mRGO1 and mRGO2, a new broad peak can be observed at 22◦–24◦,
which are close to that of pristine graphene nanosheet (25◦) [30]. The results of Raman spectroscopy
and XRD as shown in observation of FT-IR, MPS was successfully introduced on the surface of GO and
the chemical and solvothermal method effectively reduced GO.

To observe the morphologies and layers of the obtained GO, rGO, mGO and mRGO, SEM was
performed, and the images shown in Figure S3.

Optical observation is a direct way to see the dispersion of mRGOs. Figure 2 shows the dispersion
states for mRGOs just sonication, after 18 h, 48 h and 144 h, respectively. All mRGOs showed good
dispersion in DMF after just sonication. However, after 18 h, GO and mGO started to precipitate and
after 144 h, they showed significant precipitation in DMF. The dispersion of mRGO1 and mRGO2 in
the DMF did not precipitate even after 144 h from sonication, which attributed to the exfoliation of
mRGO1 and mRGO2 layers.

Figure 2. Colloidal suspensions of GO, mGO, mRGO2 and mRGO1 (a) just after sonication, (b) 18 h, (c)
48 h and (d) 144 h after sonication.

The thermal stability of GO, mGO and mRGOs was measured using TGA in a nitrogen atmosphere
as shown in Figure 3. The GO had lower thermal stability than mGO and mRGOs and exhibited three
distinct weight loss steps. The first step is the weight loss until 150 ◦C, and was caused by the residual
evaporation of water (approximately 10%); the second step was from 150 to 300 ◦C (approximately
34%) and was attributed to the decomposition of labile oxygen-containing groups such as carboxylic,
anhydride or lactone groups forming CO, CO2 and steam; the third step above 300 ◦C (approximately
16%) was related to the pyrolysis of the carbon skeleton of GO [31]. Functionalizing the surface of GO
with MPS and subsequent reduction processes caused the weight loss of approximately 12 wt % for
mGO, 12 wt % for mRGO1 and 5 wt % for mRGO2 over 150–300 ◦C, mainly attributed to the removal
of oxygen-containing functional groups. Further, mRGOs also exhibited higher char yields, 70 wt %
for mRGO1 and 80 wt % for mRGO2. The solvothermally reduced GO (mRGO2) showed similar
characteristics, but with lower amount of weight loss, compared to that of mRGO1. This could be
explained by a smaller amount of oxygen functional groups in the surface.
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Figure 3. Thermogravimetric analyzer (TGA) thermograms of GO, mGO and mRGOs.

The electrical conductivity of mGO and mRGOs was measured using a four-point probe method;
the results are shown in Figure 4. The reduction process increased the conductivity up to 9.8 × 103 S/m
owing to the restored π-conjugated system in the mRGO film. Several factors are influenced by the
electrical conductivity of graphene derivatives such as the amounts of defects, reduction atmosphere,
film thickness and residual oxidation [32–34]. The electrical conductivities of mRGO1 and mGRO2
were 7.6 × 103 S/m and 9.8 × 103 S/m, respectively. The reduction methods did not significantly affect
the conductivity, however, mRGO2 has a slightly higher electrical conductivity than mRGO1 because
mRGO1 contains more oxygen functional groups in surface as observed in the TGA analysis.

Figure 4. Electrical conductivity of mGO, mRGO1 and mRGO2.
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3.2. Preparation of SAN/rGO Nanocomposites via in situ Radical Polymerization

Table 1 presents the results of the copolymerization of styrene and acrylonitrile in the absence or
presence of mRGO initiated by AIBN. The grafted copolymer was named SAN–mGO, SAN–mRGO1
and SAN–mRGO2 for the obtained copolymer using mGO, mRGO1 and mRGO2, respectively.

Table 1. Results of the in situ copolymerization of styrene and arylonitrile.

Sample
Monomer feed
Ratio (mol%)

(Styrene/Acrylonitrile)

mrGO feed
(wt %)

Composition (a) (mol%) mRGO
Contents (wt %) Mv

(b)
Styrene Acrylonitrile

SAN 70/30 – 69 31 – 58,000

SAN–mGO 70/30 1.5 68 32 3.7 80,000
3.0 71 29 5.3 70,000

SAN–mRGO1 70/30 1.5 72 28 3.3 66,000
3.0 74 26 7.0 54,000

SAN–mRGO3 70/30

0.5 72 28 1.8 52,000
1.0 73 27 3.0 60,000
2.5 74 26 4.7 50,000
5.0 72 28 16.0 77,000

(a) Copolymers composition measured using FT-IR spectroscopy; (b) calculated from the experimental intrinsic
viscosities ([η], THF at 24 ◦C, according to the [η] = k(Mv)a with k = 21.5 × 103 mL g−1 and a = 0.68. Polymerization
conditions: [Monomer] = 8.7 × 10−1 mol/L, [AIBN]/[Monomer] = 1.5 × 10−3, DMF= 100 mL, 80 ◦C, 24 h.

With the introduction of mRGOs, the conversion of the monomer decreased slightly and the
mRGOs contents was varied between 3.3 wt % to 16.0 wt %. The concentration of mRGO and molecular
weight of the copolymers did not affect the monomer conversion. The molecular weight was in the
range of 5.0 × 104 to 8.0 × 104 g/mol.

The compositions of styrene and acrylonitrile were calculated using a calibration curve, obtained
via FT-IR spectroscopy. The absorbance of the C=N stretching vibrational peak (2250 cm−1) and the
aromatic C=C stretching vibrational peak (1450 cm−1) are characteristic of acrylonitrile and styrene,
respectively. The calibration curve was obtained from the intensity ratio (I2250/I1450) of the mixture of
polyacrylonitrile and polystyrene. The comonomer composition of the copolymers was calculated
using the obtained calibration curve. (see Figure S4) The mole fraction of styrene in the copolymer was
in the range of 68–74 mol%.

In order to measure the grafting efficiency, the nanocomposites obtained by free-radical
polymerization was extracted as methyl ethyl ketone (MEK) using a Soxhlet apparatus [35]. Most of
the copolymer that was grafted on mGO and mRGO was extracted only 5–6 wt %, while more than
98 wt % of copolymers without mGO and mRGO was extracted. Although there is a limit to calculating
grafting efficiency with simple extraction, the obtained grafted copolymer was used to measure thermal
stability and electrical conductivity because the extraction amount was only about 5 wt %.

The effect of the mRGOs on the thermal stability of the obtained styrene–acrylonitrile copolymers
was examined using TGA in a nitrogen atmosphere.

TGA thermograms of SAN, SAN–mGO, SAN–mRGO1 and SAN–mRGO2 with different m(R)GOs
contents are shown in Figure 5. The degradation temperature at 5% and 10% weight loss (Td5% and
Td10%) and the char yields are summarized in Table 2.
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Figure 5. TGA curves of styrene–acrylonitrile copolymer (SAN), and grafted mGO, mRGO1 and
mRGO2 copolymers (SAN–mGO, SAN–mRGO1 and SAN–mRGO2) at various contents of mRGOs.

Table 2. Thermal stabilities of SAN, SAN–mGO, SAN–mRGO1 and SAN–mRGO2 at various contents
of mRGOs.

m(R)GOs Contents
(wt %)

Weight Loss
(5 wt %, Td5%

◦C)
Weight Loss

(10 wt %, Td10%
◦C)

Char Yield
(wt %)

SAN - 357.5 379.2 0.0

SAN–mGO 5.3 377.2 390.0 3.8

SAN–mRGO1
1.5 379.2 390.8 1.9
3.3 379.0 391.6 4.5
12.1 384.2 396.1 20.4

SAN–mRGO2 1.8 381.0 393.7 2.2
SAN–mRGO2 3.0 382.0 394.3 3.4
SAN–mRGO2 4.7 386.3 397.2 5.0
SAN–mRGO2 16.0 383.0 397.4 25.0

The weight loss curves exhibited a one-step degradation process and shifted slightly to higher
temperatures with the introduction of mGO and mRGOs. The degradation temperatures of grafted
nanocomposites (Td5%) are higher than that of neat copolymer. For 1.8, 3.0 wt % and 4.7 wt % mRGO2
contained SAN–mRGO2 nanocomposites, the Td5% of composites was 23.5, 24.5 and 28.8 ◦C higher
than that of SAN copolymer. In case of SAN–mRGO1, the Td5% of composites increased by more than
20 ◦C with introduction of mRGO1. A distinct increase in thermal stability was due to mRGO being
well-dispersed in the copolymer matrix. The improvement in thermal stability can be attributed to
the delays the escape of volatile degradation products and thus slows down the initial degradation
step [36]. The char yield of grafted nanocomposites was slightly higher than the amount of mRGO.
The case of SAN-mGRO2 containing 16 wt % of mRGO2 was 25 wt %. The thermal stability of the
obtained nanocomposites was almost same values even with mRGO1, which the loading amount of
the MPS is twice as much as mGRO2. These results are not due to MPS modification, but to the high
heat capacity and thermal conductivity of mRGO nanosheets, which can form the heat-resistant layers
that act as mass transfer barriers [37].
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The SAN–mRGO2 nanocomposites have excellent thermal stability, which can be attributed
to good interfacial interactions between mRGO2 and SAN. From the SEM image of SAN–mRGO2,
the well-dispersed status of mRGO2 in copolymer matrix with little aggregation, suggesting good
adhesion between the fillers and matrix (Figure 7). Due to the interfacial interaction between mRGO2
and copolymer, the char was easy to form on the surface of mRGO sheets, which resulted in the high
char yield of nanocomposites [38].

Superior electrical conductivity is the most important feature of graphene. It is well known that
good dispersion of fillers is important for polymer nanocomposites to form a conducting network
within the polymer matrix [39]. Polymer/graphene nanocomposites generally exhibit a nonlinear
increase in electrical conductivity as a function of the filler concentration. At a certain filler loading
fraction, which is known as the percolation threshold, the fillers form a network leading to a sudden rise
in the electrical conductivity of the composites [40,41]. Patole et al. [42] prepared polystyrene/graphene
films, containing 3.0 wt % graphene with a conductivity of 4.5 × 10–5 S/m. Tripathi et al. [43] also
observed that the conductivity of in situ polymerized polymethylmethacrylate/rGO nanocomposites at
2.0 wt % loading of rGO was 9.9 × 10–5 S/cm.

Figure 6 shows the electrical conductivity of SAN–mGO, SAN–mRGO1 and SAN–mRGO2 as a
function of mRGO concentrations. The electrical conductivity of SAN–mRGO1 and SAN–mRGO2
composites increased significantly, demonstrating a sharp transition from an electrical insulator to
conductor with low percolation thresholds of 1.9 wt % for SAN–mRGO1 and 1.8 wt % for SAN–mRGO2.
The electrical conductivity of SAN–mRGO1 significantly increased by five orders of magnitude with
the increases in the concentration of mRGO1 from 1.9 wt % to 3.3 wt %, with a value of 7.5 × 10–3 S/m.
In the case of SAN–mRGO2, the electrical conductivity significantly increased from 9.3 × 10–9 to
1.2 × 10–2 S/m by increasing the mRGO2 concentration from 1.8 wt % to 4.0 wt %. The electrical
conductivity was 0.7 S/m at 7.0 wt % of mRGO1. When mGRO1 and mRGO2 were used, the maximum
electrical conductivity and a percolation threshold of the obtained nanocomposites were similar values.
These results suggested that the degree of reduction of mGO was more important than the reduction
methods. To compare with mGRO2, SAN/rGO nanocomposite was prepared through melting mixing
of SAN and rGO, the rGO was reduced by solvothermal method. The electrical conductivity of
SAN/rGO nanocomposite was 4.5 × 10–3 S/m, which the concentration of 3.0 wt % rGO. The electrical
conductivity of SAN/rGO was much low than that of SAN–mRGO2 at the same amount of nanosheets.
The restacking of layers occurred when the unmodified GO was reduced, which did not effectively
disperse in the polymer matrix. (in Figure S3 and Figure 7)

The conductivity of SAN–mRGO1 and SAN–mRGO2 starts to become saturated at approximately
7.0 wt % with the value of 0.7 S/m, which indicates that the electrical conductivity of the composites
increased significantly once the conductive networks of rGO were formed above a certain critical
concentration of rGO in the matrix [44]. Although the electrical properties of mRGOs are not comparable
to those of pristine graphene owing to structural defects, there are still many advantages of mRGO for
various important applications.

Figure 7 shows SEM images of the fracture surfaces of SAN/rGO and SAN–mRGO2 composites.
When the rGO content was 3.1 wt %, the corresponding fracture was uneven however, the rGO sheets
were obvious aggregation. In SAN–mRGO2, the mRGO2 sheets were randomly distributed within
the SAN matrix even if high content mRGO2 was incorporated. SAN-mGRO2 was observed with
only a few layers, but SAN/rGO composite was shown the aggregation of rGO sheets. In case of rGO,
restacking occurred during chemical reduction process, however, mRGO2 is thought to have been
effectively dispersed without agglomeration occurring due to surface modification of MPS.
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Figure 6. Electrical conductivity of SAN–mGO, SAN–mRGO1 and SAN–mRGO2 at various contents
of mRGOs.

Figure 7. SEM images of (a) SAN/rGO (3.0 wt % rGO) and (b) SAN–mRGO2 (3.0 wt % mRGO2).

4. Conclusions

The polymerizable reduced graphene oxide, MPS modified reduced graphene oxides (mRGO)
were obtained via the chemical and solvothermal reduction of GO. The structure of mRGOs was
confirmed using FT-IR, Raman spectroscopy and XRD. The electrical conductivity of the mRGOs was
approximately 1.0 × 104 S/m, which corresponds to half of the theoretical electrical conductivity of
graphene (1.0 × 107 S/m).

The grafting of rGO with styrene–acrylonitrile copolymers was prepared via in situ radical
polymerization in the presence of mRGOs. The thermal stability and electrical properties of the
obtained rGO-grafted copolymers (SAN–mRGOs) were investigated. The degradation temperatures of
grafted nanocomposites (Td5%) are higher than that of neat copolymer. The Td5% of nanocomposites
increased by more than 20 ◦C with introduction of mRGOs. A distinct increase in thermal stability
was due to mRGO being well-dispersed in the copolymer matrix. The electrical conductivity of
SAN–mRGO significantly increased from 9.3 × 10−9 to 0.7 S/m by increasing the mRGO2 concentration
from 1.8 wt % to 7.0 wt %. The improved electrical and thermal properties are due to good dispersion
and interfacial adhesion between graphene and the polymer matrix. When mGRO1 and mRGO2 were
used, the thermal degradation temperature and the maximum electrical conductivity of the obtained
nanocomposites were similar values. These results suggested that the degree of reduction of mGO
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was more important than the reduction methods. The radical polymerization process using mRGOs
is a promising tool for the preparation of well-dispersed mRGOs within the polymer matrix. It is
anticipated that this work will achieve a convenient route to achieving enhanced interfacial interaction.
A distinctive and innovative strategy for the covalent functionalization of graphene derivatives has
therefore been explored, which may widen the application of 2D nanosheet-based nanocomposites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/6/1221/s1,
Figure S1: Raman spectra of GO, mGO, mRGO1 and mRGO2, Figure S2: XRD patterns of GO, mGO, mRGO1 and
mRGO2, Figure S3: SEM images of (a) GO, (b) rGO, (c) mGO, and (d) mRGO2, Figure S4: Relationship between
absorbance ratio and styrene contents of styrene-acrylonitrile copolymers.
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Abstract: A high-performance carbon felt electrode for all-vanadium redox flow battery (VRFB)
systems is prepared via low-temperature atmospheric pressure plasma treatment in air to improve
the hydrophilicity and surface area of bare carbon felt of polyacrylonitrile and increase the contact
potential between vanadium ions, so as to reduce the overpotential generated by the electrochemical
reaction gap. Brunauer-Emmett-Teller (BET) surface area of the modified carbon felt is, significantly,
five times higher than that of the pristine felt. The modified carbon felt exhibits higher energy
efficiency (EE) and voltage efficiency (VE) in a single cell VRFB test at the constant current density
of 160 mA cm−2, and also maintains good performance at low temperatures. Moreover, the cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analysis results show that
the resistance between electrolyte and carbon felt electrode decreased. As a result, owing to the
increased reactivity of the vanadium ion on the treated carbon felt, the efficiency of the VRFB with
the plasma-modified carbon felt is much higher and demonstrates better capacity under a 100-cycle
constant current charge-discharge test.

Keywords: vanadium redox flow battery; carbon felt; atmospheric plasma; polyacrylonitrile

1. Introduction

The vanadium redox flow battery (VRFB) is a proven technology that has a number of key and
promising advantages, which give it much promise as the future of energy storage systems with a
good charge–discharge property, its long lifecycle, as well as being nonflammable and easily scalable
with grid-scale potential [1–3]. The VRFB system consists of an energy management system (EMS)
to control the power in and out, a battery management system (BMS) of two electrolyte tanks with
V2+/V3+ and VO2+/VO2

+ redox species in sulfuric or other acidic solutions with both negative and
positive electrodes, and at least two pumps, as well as a battery stack where the key battery reaction
takes place. The electrolyte is pumped into the stack and separated by the ion exchange membrane
and fills the reaction area [4–6]. The electrode in the battery is used to conduct the electrons, provide
the charge transfer platform, and make good contact with the electrolyte. For the VRFB system, the
ideal electrode should have some essential properties, such as having good chemical stability in strong
acid and redox reactions, good hydrophilicity, and lower electrochemical resistance [7–12], in order to
obtain a reliable product that has higher voltage efficiency, charge capacity, and a longer lifecycle.

The electrode of VRFB often uses carbon materials such as carbon or graphite felt, paper, and
cloth, which have excellent electronic conductivity and strong acid resistance because of their material
composition [13,14]. The physical flexibility of the carbon material electrode can be compressed in the

73



Polymers 2020, 12, 1372

narrow electrode flow space and the good electronic properties mentioned above contribute to the low
IR-drop (the voltage drop due to energy losses in a resistor) of the battery and the successful running
of the battery during long operation cycles. Despite the graphite-based carbon electrodes having a
number of benefits, there are still some drawbacks, including a highly hydrophobic surface and poor
reaction surface area. The hydrophobic surface leads to poor contact with the vanadium ions in the
aqua phase electrolyte, and the low reaction surface area limits the electron transfer efficiency between
the electrode and the reaction species in the electrolyte [9], which can lead to an obvious decrease in
voltage efficiency (VE), energy efficiency (EE), and capacity of the VRFB in operational conditions. It
is possible to improve the performance and efficiency of the VRFB by increasing the surface water
affinity or the surface area. Surface modifications to make the carbon material surface hydrophilic can
be achieved by wet (acid, alkali), dry (plasma), and radiation treatments (laser, radiations), without
affecting the supporting structural properties. Various carbon electrode modification procedures
have been documented in past literature, including oxidative methods to increase the surface oxygen
functional groups, such as acidic treatment [8], heat treatment [7,11,12], and electrochemical active
treatment [15], or surface decoration methods to improve the reaction surface area or spots, such as
pasting Bi nanoparticles [16] or carbon nanotube immobilization [17]. There are also other special
methods, such as carving out laser pinholes [18], water–gas reaction methods, and plasma treatment
methods [19,20].

Atmosphere plasma treatment is an effective method for surface modification because it is
solvent-free, dry, controllable, and easy to operate, with low or no waste [20]. For carbon materials, the
main purpose of plasma treatment is the physical bombardment effect of the accelerated molecules,
which effectively brings up the etching fragment and forms the carbon radicals on the carbon material
surface [21–23], while still keeping the graphite backbone stable, as shown in Figure 1A. The etched
carbon fiber surface significantly increases the surface area to improve the contact rate of the reaction
species in the electrolyte of the batteries. The radicals formed by the plasma treatment on the carbon
surface will change into oxygen-containing functional groups to increase the affinity of the aqua
solution [20,24]. All of these benefits serve as a solution for improving the performance of the VRFB
system, but an overetched electrode can lead to decreased conductivity and decreased performance.
Thus, the modified conditions or methods are still being further investigated and developed.

In this work, the raw carbon felt was first treated by a nitrogen plasma jet under air and then the
treated felt was exposed to air for a few minutes post-treatment. The radicals formed by the nitrogen
plasma treatment on the surface of carbon felt will transfer into oxygen-containing functional groups
after exposed in the air. This process is focused on solving the low electrochemical reactivity and the
poor aqua affinity of the carbon felt electrode. Brunauer-Emmett-Teller (BET) examination showed
that the treated felt had approximately 20 times higher BET surface area than the pristine felt, had
become more hydrophilic, and had better reactivity within the vanadium electrolyte, shown using a
water dropping test and electrochemical analysis methods such as cyclic voltammetry (CV), electro
impedance spectrum (EIS), and single-cell VRFB test. Therefore, the atmosphere plasma jet treatment
for preparing the modified carbon electrode is a very simple, well-established, and inexpensive
technique, which can directly improve the performance of the VRFB cell without the need for other
hardware changes.
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Figure 1. (A) Schematic diagram of how the plasma jet affects the surface of carbon felt. (B) Schematic
illustration of single cell construction.

2. Materials and Methods

2.1. Materials

Bare carbon felt material was purchased from CeTech co. Ltd., Taichung, Taiwan. Vanadium
electrolyte for a single-cell test was purchased from Hong Jing environment, Pingtung, Taiwan. Vanadyl
sulfate (VOSO4) for CV tests was purchased from Echo Chemical co. Ltd., Miaoli, Taiwan. The 99.999%
pure nitrogen gas for the plasma treatment process was purified by the pressure swing adsorption
(PSA) system (United Air System Co. Ltd., New Taipei City, Taiwan). All other chemicals, except for
gases, were used as-received without further purification.

2.2. Preparation of Plasma-Treated Carbon Felt

Figure 1A depicts how the plasma jet affects the surface of the materials. The plasma-treated
carbon felt electrode was prepared using the atmosphere plasma jet system with a rotating nozzle.
Prior to modification, the plasma was generated using an atmosphere plasma generator (Plasmatreat
GmbH, Steinhagen, Germany) at room temperature and the atmospheric environment. The purified
nitrogen gas with an output at a pressure of 7 bars and a volume concentration of 99.999% as a further
plasma gas source was produced from the PSA machine (United Air System Co. Ltd., New Taipei City,
Taiwan) to prevent an unpredictable oxygen side effect. Bare carbon felt was placed under the fixed
plasma jet nozzle at a distance of 10 mm and moved by a moving plate system at a constant speed of at
least 2 mm sec−1.
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2.3. Hydrophilicity Characterization

The surface hydrophilicity of the felt electrode was first tested by water drop. The data of contact
angles were observed using a FTA-1000B contact angle goniometer (Ten Angstroms, Folio Instruments,
Kitchener, ON, USA) at 25 ◦C.

2.4. BET Surface Area Analysis‘

For the BET surface area test, a total of 10 g felt was cut into pieces to form the sample. ASAP2020
micromeritics® (Micromeritics Instrument Corp., Norcross, GA, USA) was used as the measuring tool.
The process of isothermal absorption line condition started from the degas process, followed by a
measuring process set from relative pressure 0.1 to 1 under 77 K. The desorption process operated
under reverse, at room temperature. The results were transferred to surface area data using the
Brunauer-Emmett-Teller (BET) calculation model.

2.5. CV (Syclic Voltammetry) Analysis

For the cyclic voltammetry test, the felt was cut to 1 mm2 size and 6.5 mm thick as the sample,
and Autolab® (swiss) was used as the current provider and data collector. The three-electrode system
was built for a positive test and negative test.

In the positive electrode test, 0.2M VOSO4 (purchased from Alfa Aesar, Echo Chemical Co. Ltd.,
Miaoli, Taiwan) solution was used as electrolyte, saturated calomel electrode (SCE) as the reference
electrode (RE), and 1 mm thick platinum wire as the working electrode (WE) and counter electrode
(CE). The starting voltage was autodetected by the tool, the voltage range was set from −0.5 V to 1.5 V,
and a scan rate of 5 mV s−1 was chosen for the data collection.

In the negative electrode test, the electrolyte had a concentration of 0.17 M vanadium and a
valance of 2.8–3, and a 2 M sulfuric acid diluted solution was made from the electrolysis reaction of the
VRFB single-cell test. For the electrodes, the SCE was used as the RE, and 2 mm of thick glassy carbon
electrode was used as the WE and CE to prevent the fast evolution of hydrogen within the analysis
process. The starting voltage was also autodetected by the tool, the voltage range was set from −1.5 V
to 0.5 V, and a scan rate of 5 mV s−1 was selected.

2.6. EIS Analysis

For electrical impedance spectrometer (EIS) test, the felt and the electrode features were the same
as the previous CV tests, but used a different process. In the test, 0.2 M VOSO4 (purchased from Alfa)
solution was used as the positive test electrolyte, with 0.17 M and 2.8–3 valance, and the vanadium and
sulfuric acid mix solution made from the electrolysis reaction of the VRFB single cell test was used as
the negative electrolyte. The SCE was used as the RE and a 2 mm thick glassy carbon rod used for the
WE and CE. The starting voltage was automatically detected by the tool. EIS was performed, wherein
an alternating current (AC) voltage of 10 mV in the frequency range of 105–10−2 Hz was applied at the
open circuit potential.

2.7. The Construction of the Single Cell of VRFB

Figure 1B depicts the construction of the single cell of VRFB. The single cell comprises two plastic
plates with a 3 mm depth of flow field, two copper plates with 3 mm thickness, two embedded graphite
plates of 6 mm thickness, and two stainless steel plates, which served as the endplates. There are also
two gaskets that are 1 mm in thickness, two 25 cm2 treated or pristine carbon felt electrodes with a
thickness of 6.5 mm, and an N212 Nafion® membrane (purchased form Chemours, Taipei, Taiwan) for
electrolyte separation.
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2.8. VRFB Single-Cell Test

The VRFB single cell, as described above, was used for this test. In the charge-discharge tests, the
solutions of 1.7 M V3+/VO2+ (with valance 3.5) and 5 M H2SO4 were used as the starting electrolyte in
both the negative and positive electrodes. The carbon felt served as the electrode, and the graphite
plates and copper plates served as the current collector. The active area of the electrode in the cell was
25 cm2. The volume of electrolyte in each half cell was 80 mL. The VRFB single cell was charged and
discharged within the current density range of 80–200 mA cm−2 depending on the need. To protect
the carbon felt and graphite plates from breaking under the high power, the VRFB cell was charged
and discharged within the voltage limit of 1.6–0.7 V. The lifecycle test was conducted under a current
density set to 120 mA cm−2 and the other described conditions, for at least 50 cycles.

3. Results and Discussion

3.1. The Plasma-Treated Process and Condition Decision

Carbon felt is an inert electrode that is difficult to modify. To break down the smooth carbon fiber
surface or to introduce a functional group on it requires relatively high-energy reactions, such as the
widely used plasma treatment methods, water-gas reactions, or electrochemical reactions between the
carbon and chemicals. In this work, we used atmosphere pressure plasma as the treatment method
because of its advantages of low temperature working conditions, being a fast treatment process,
post-treatment free, and inexpensive. After treatment by the moving plasma jet at a velocity of 5
mm/s, keeping a 10 mm distance between the surface of the felt and the nozzle of the plasma jet, the
surface hydrophilicity of the treated felt was determined by the water dropping method. Figure 2
indicates 118◦ ± 2◦ (Figure 2B) and ~0◦ (Figure 2C) of the contact angle on the pristine and treated felt
surface, respectively, which may be attributed to the functional groups and defects formed by the free
radical species reaction between the plasma species and carbon surface in the plasma jet. The result
demonstrates how hydrophilic the treated felt had become. Moreover, it would be a great help to
improve the pump loss of the VRFB stacks. In addition, the weight loss of the treated felt is less than
1%, which shows that the treated felt had broken down in some structures. The ash stacked in the
plasma treatment process inside the chamber also proved that some destruction of the felt occurred.
The thicknesses of the felt remained unchanged after plasma treatment, and it is thus directly ready
to use.

Furthermore, while the treatment may increase the hydrophilicity, it decreases the electronic
conductivity of the felt. In other words, there is a tradeoff between electronic conductivity and
electrochemical reactivity that should be carefully managed. In Figure 3, the single-cell was measured
by carrying out 100 cycles of charge-discharge at a current density of 120 and 140 mA cm−2. The results
of the average of EE suggest the modification process with the plasma jet at the relative velocity of
5 mm/s (EEAvg. = 84.2 ± 0.08%@120 mA cm−2 and EEAvg. = 82.8 ± 0.08%@140 mA cm−2) to be the
best. Double speed plasma treatment (EEAvg. = 80.0 ± 0.05%@120 mA cm−2) and running the plasma
treatment two times (EEAvg. = 81.7 ± 0.07%@140 mA cm−2) or three times (EEAvg. = 81.9 ± 0.08%@140
mA cm−2) did not deliver a better result.
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atmospheric plasma treated carbon felt.

3.2. The Surface Morphology Analysis

To check the morphology changes in the pristine and treated felt surface, scanning electron
microscope (SEM) and transmission electron microscopy (TEM) tools were used as the observation
methods. Figure 4A–D depict the SEM images and Figure 4E,F depict the TEM images of the pristine
felt and plasma-treated felt. The image (10,000 times zoom) of the plasma-treated felt (Figure 4D)
shows that the defects on the carbon fiber surface were increased after the plasma treatment process.
By contrast, the image of the pristine felt shows a smoother surface on the carbon fiber. Therefore, the
roughness of the fiber surface increased after the plasma treatment, owing to the bombardment of
accelerated heavy plasma species from the plasma jet.
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3.3. BET Surface Area Analysis

The electrode reactive surface is an important issue as it affects the resistance of the electrochemical
reaction, especially in a nonselective reaction system. In order to improve the electrochemical reaction
efficiency between carbon felt electrode and vanadium ions in the electrolyte, we chose to increase the
surface area of the felt. Figure 5 gives the comparisons of the pristine and the treated felt. The results
of the tests, which were carried out under the same conditions, show that the BET surface area of the
plasma-treated felt was approximately five times that of the pristine one. The measured surface area of
the treated felt was 0.74 ± 0.06 m2 g−1 and the pristine one was only 0.13 ± 0.01 m2 g−1, although the
surface area was very low for the BET model. The increasing surface area may also be attributed to the
bombardment of the heavy plasma species in the plasma jet.
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3.4. CV and EIS Analysis

To observe the electrochemical property of the treated felt, both cyclic voltammetry (CV) and
electro impedance spectrum (EIS) are good testing methods. The CV plot are the anodic peak current
Ipa, cathodic peak current Ipc, anodic peak potential Epa, and cathodic peak potential Epc. Previous
studies show that improved performance of the VRFB electrode is often indicated with an Ipc/Ipa ratio
close to 1 and a decreased ∆E value in CV examination, meaning that the reversibility of the redox
reaction is improved [19]. Moreover, the Nyquist Plot by EIS analysis would have a smaller curve
radius because of the decreased impedance of the felt or electrode after modification. In this case,
Figure 6 shows the (A) positive and (B) negative electrode CV curves of the treated and pristine felts,
which indicate a similar result to previous studies [15–20]. The positive electrode test result shows the
decrease of the Ipc/Ipa ratio from 1.93 to 1.34 and ∆E value from 0.532 V to 0.508 V, and the negative
electrode shows the same trends, with the Ipc/Ipa ratio increased from 0.424 to 0.669 and the ∆E value
decreased from 1.582 V to 1.311 V. All of the results provide the evidence that the reversibility of the
redox reaction to the felt electrode was improved after the plasma treatment process.

The Nyquist plots contain one semicircle in the high frequency range arising from charge transfer
reactions at the electrolyte-electrode interface. The radius of the semicircle reflects the charge transfer
resistance, with a smaller radius indicating a lower charge transfer resistance, which in turn indicates
a faster electron transfer reaction [19]. EIS results (Figure 7) show that a smaller curve radius was
found in the treated felt from the Nyquist plot compared with that in the pristine felt. It provides the
evidence that the resistance of the felt used in the electrolyte system was decreased.
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3.5. Charge-Discharge Curves

The charge-discharge curves of the second charge-discharge test cycle using the VRFB single
cell often become the indication for cell performance comparison. Choosing the data of the second
cycle of the test is owing to the unsteady electrolyte state in the first cycle, with a starting 3.5 valence
vanadium electrolyte on both sides of the electrode. The test cell composed of Nafion 212 membrane
was combined with the plasma-treated or the pristine carbon felt electrode to obtain comparable results.

Figure 8 shows the charge-discharge curves of the second cycle of VRFB single cell with
plasma-treated or the pristine carbon felt at 160 mA cm−2. It is obvious that the charge voltage
of VRFB with plasma-treated felt is lower than that of the VRFB with pristine felt, while the discharge
voltage of VRFB with plasma-treated felt is higher than that of the VRFB with pristine felt. While the
discharge voltage trend is reversed, both results are attributed to the smaller IR drop of the treated felt.
This result is likely caused by the lower area of resistance of the treated felt. This is because plasma
treatment produces numerous oxygen-containing functional groups (such as –OH groups) on the
surface of the carbon felts fibers, which are known to be electrochemically active sites for vanadium
redox reaction. Furthermore, an increase of hydroxyl and carboxyl groups on the carbon felts fiber
surface enhances its hydrophilicity, which makes it favorable for electrochemical reaction.

In addition, the data of the treated felt in a higher current density test provided a decreased
capacity and EE owing to the stronger polarization effect, but it was still better than the pristine felt.
Figure 8 shows the increased CE and VE results of the VRFB with the treated felt, which were 97.0%
and 79.9% at the current density of 160 mA cm−2, respectively.
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3.6. VRFB Single-Cell Performance

A charge-discharge test was performed using a VRFB single cell to further demonstrate the
effect of carbon felt on the electrochemical performance of the cell before and after plasma treatment.
The in situ stability and performance test of the plasma-treated felt was carried out by a 100 cycle
charge-discharge test using the VRFB single cell at the current density of 160 mA cm−2. The results
shown in Figure 9A give the key performance values for the battery, which are the EE, CE, and VE. The
curves of the above performance results remained smooth and stable for 100 cycles. The lack of decline
in the performance indicated the high stability of the treated felt and also proved that the treated felt
can remain stable in the strongly acidic and relatively high-oxidative vanadium electrolyte.

The performance of the EE value is the product of the VE and CE values. The increased VE
value indicates the lower IR drop and thus the overpotential of the cell, and the increased CE value
indicates the lower self-discharge that occurred in the test. The VE of the VRFB with the treated
felt was higher than that of the VRFB with the pristine felt, at all current densities, which could be
attributed to the reduced electrochemical resistance. The improved resistance of the felt electrode
depends on two factors from the previous work the increased active surface area and the reduced
area resistance [10]. Both of these aspects in the treated felt were improved, as shown by the surface
area test, CV, and EIS analysis, thus demonstrating that the treated felt exhibited higher VE. The
VRFB cell equipped with the treated felt has a greater VE than the pristine felt at all tested current
densities, especially higher current densities, owing to the plasma treatment producing large amounts
of oxygen-containing functional groups on the felt surface and promoting faster charge transfer, leading
to improved electrode performance. In addition, the VE of the VRFB decreased with increasing
charge-discharge current densities owing to the increase of ohmic resistance and the overpotential
caused by the increase of current densities. The VE and EE are considerably higher for the VRFBs
containing the plasma treated electrodes than the containing the pristine electrodes. Notably, these
high efficiencies are maintained even at higher current densities.
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Figure 9. Diagrams of the performance of vanadium redox flow battery (VRFB). (A) One-hundred
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treated carbon felts. EE, energy efficiency; VE, voltage efficiency; CE, coulombic efficiency.

In Figure 9B, the cell with the treated felt exhibited a higher performance than the pristine one
in the same test conditions. It had the greater EE, which increased from 67.9% to 77.6%, and the
capacity increased from 1.47 Ah to 2.08 Ah under the same constant current density and the other test
conditions, which is more than 10% improvement. The higher average capacity of the 50 cycles test
can be attributed to the improved hydrophilicity leading to the higher utilization rate of electrolyte
and leading to the higher capacity of the VRFB under the same charge-discharge conditions.

The capacity curve (Figure 9C) of the treated felt showed a larger decreasing trend in the results,
owing to the increasing migration of vanadium ions, hydrogen ions, and water in the electrolytes [9].
The imbalance of electrolytes increased faster than in the pristine felt by cycle number, because of the
increased number of cycles completed on the treated felt. Therefore, the comprehensive performance
increase in the VRFB single-cell test with the treated felt can be seen as important for future use in the
scale-up stacks, as it will reduce costs because of requiring less electrolyte maintenance and having
a higher electrolyte usage rate. Simple surface treatment of carbon felts using plasma treatment is
thus promising for the assemblage of high-performance VRFBs, and we consider that this method is
suitable for large-scale production of economical carbon felts electrodes.

4. Conclusions

In this study, the carbon felt electrode used for the VRFB cell was treated by an atmosphere plasma
jet via a specific process and exhibited higher comprehensive cell performance than the pristine felt,
thanks to its five times larger surface area and lower electrochemical resistance. The plasma treatment
can also improve the hydrophilicity owing to the additional temperate water affinity functional group
on the felt surface, which can reduce the contact angle to 0◦ and reduce the pumping loss when the
VRFB system is operating. The single-cell test results with the treated felt from the charge-discharge
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cycling test shows that, even though the CE only had a small decrease, owing to the more than 20%
improved capacity in the same test condition, the VE and the EE still increased significantly-up to 10%
higher than the pristine felt under 160 mA cm−2 test conditions. The chemical stability of the treated
felt tested by the 100 in situ charge-discharge cycle tests show the treated felt has high chemical stability
in the vanadium electrolyte working environment. The results indicated that the hydrophilicity and
electrochemical reaction of plasma-treated carbon felt electrodes can be greatly increased, which can
improve the energy efficiency and capacity of carbon felt electrodes for VRFB. The facile and rapid
surface treatment of carbon felt electrodes using atmospheric plasma would have potential to be
applied in constructing the high-performance VRFB. Furthermore, we believe that the novel method is
suitable for large-scale production of carbon felt electrodes, because the atmospheric plasma treatment
industry is already well established.
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Abstract: A new root canal sealer was developed based on urethane acrylates using polycarbonate
polyol (PCPO), a macrodiol prepared in the consumption of carbon dioxide as feedstock. The superior
mechanical properties and biostability nature of PCPO-based urethane acrylates were then
co-crosslinked with a difunctional monomer of tripropylene glycol diarylate (TPGDA) as sealers for
resin matrix. Moreover, nanoscale silicate platelets (NSPs) immobilized with silver nanoparticles
(AgNPs) and/or zinc oxide nanoparticles (ZnONPs) were introduced to enhance the antibacterial effect
for the sealers. The biocompatibility and the antibacterial effect were investigated by Alamar blue assay
and LDH assay. In addition, the antibacterial efficiency was performed by using Enterococcus faecalis
(E. faecalis) as microbial response evaluation. These results demonstrate that the PCPO-based urethane
acrylates with 50 ppm of both AgNP and ZnONP immobilized on silicate platelets, i.e., Ag/ZnO@NSP,
exhibited great potential as an antibacterial composite for the sealer of root canal obturation.

Keywords: root canal obturation; composites; urethane acrylates; nanoscale silicate platelets; carbon
dioxide-based resins

1. Introduction

A tooth with damaged or injured dental pulp requires root canal therapy to cure or prevent apical
periodontitis. However, the root canal system has complex internal anatomy with high prevalence [1].
The successful root canal therapy includes correct diagnosis, adequate debridement, and dense filling
of three-dimensional space. The root canal obturation is to fill up the root canal and to prevent
microorganisms from re-entering into the canal system [2]. Obturation is the method used to fill and
seal a cleaned and shaped root canal using core filling materials and root canal sealer. The root canal
filling materials are usually composed of cone and sealer (Figure 1). Gutta-percha (GP) cone is the
most commonly used material for the obturation of the root canal therapy. Due to the insufficient
dentinal adhesion to GP cone, the uses of endodontic sealers are required to provide cohesive strength
between core material interface and root canal dentin wall to hold the obturation material together [3].
The root canal sealers are the filling materials that cover all areas of the canal, while acting as lubricants
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to reduce the friction resistance between the cone material and the canal wall [4,5]. As a result, the key
factor to the success of root canal therapy relies on the choice of the appropriate filling material that
can completely cover the root canal to prevent the infection.
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Typical root canal sealers are composed of zinc-oxide eugenol, calcium hydroxide, or glass ionomer.
Many studies have suggested that the conventional root canal sealers are easily dissolved [6] and have
no dentinal adhesion [7]. Recently, bioceramics such as tricalcium silicate-, dicalcium silicate-, calcium
phosphates-, colloidal silica-, or calcium hydroxide-based root canal sealers were developed [8,9]. The
moisture within the dentinal tubules was utilized to solidify the calcium silicate hydrate phase [10].
Subsequently, hydroxyapatite was precipitated within the hydrate phase to produce a composite-like
structure with reinforcing effects and good sealing ability. Moreover, the pH of the bioceramic sealer
during the setting process was usually higher than 12, which increased its bactericidal properties under
such circumstances. As compared to the typical root canal sealers, the presence of water is usually a
requirement in the canal space for the hydration reaction in order to enable the materials’ solidification
in the bioceramic sealers such as calcium silicate-based endodontic sealers [11]. However, the difficulty
on controlling the precise water content in the bioceramic sealers would result in uncertain setting
times along with microhardness. Furthermore, Pawar et al. [12] also suggested that the use of the
new bioceramic sealer usually exhibits a lower bond strength than the commonly used root filling
materials such as AH-Plus® during the push-out bond strength test. The development of composites
for dental-clinical performance still a challenging topic nowadays.

Apart from that, a series of novel endodontic sealers has been derived from synthetic polymers, such
as epoxy-, methacrylate-, and silicon-based resins. [13–16] Moreover, urethane-dimethacrylate-based
resins were also developed in order to achieve adhesion with dentin and resin properties [13,14]. As
one of the key components in the success of advanced technologies, the urethane-based resins can be
easily obtained from a rapid formation between the isocyanate chemistry and raw materials with active
hydrogens. A large variety of properties can be tailored in the biomedical applications such as wound
dressings, artificial organs, and tissue scaffolds [17]. Although the improved bonding strength between
the sealers and dentin has been realized, the adhesive bonding with cone materials is still a challenging
issue. The gaps along with the sealer-dentin interfaces would attribute to the polymerization shrinkage
of the sealer, leading to the re-infection result after the root canal therapy.

The incorporation of nanoscale antibacterial materials is one of the solutions to produce an
antibacterial root canal sealer material. The nanoscale silicate platelets (NSP) previously developed by
our research group were used as supports for nanoparticle dispersion, such as silver nanoparticles
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(AgNPs) [18,19]. The nanometer-thin silicate platelets were intended for surface interactions in order
to achieve NSPs immobilized with AgNPs (Ag@NSP) [20]. In fact, Ag@NSP demonstrated excellent
antimicrobial activities against common bacteria. Their antibacterial activities depends heavily on the
particle size of AgNPs along with the weight ratios of the mobilized AgNPs on NSPs [21]. Moreover,
Ag@NSP with low cytotoxicity would further promote wound healing [22]. Apart from that, ZnONPs
are employed extensively in a variety of areas such as health products, cosmetics, and catalyst industry
owing to their optoelectronic properties, high catalytic efficiency, and antibacterial activities [23,24].
A considerable enhancement on the antibacterial bioactivity toward microorganisms along with
biocompatibility to human cells can be achieved by ZnONPs [25]. Therefore, ZnONPs were also
immobilized on the nanometer-thin silicate platelets for further enhancing antibacterial properties.
Based on the above, nanohybrids such as Ag@NSP, ZnO@NSP or Ag/ZnO@NSP are have great potential
as antibacterial agents for the root canal applications.

The purpose of this study was to develop a novel root canal sealer, using a biocompatible
resin matrix with NSPs as antibacterial components. The urethane resins were first prepared from
the aliphatic polycarbonate polyol (PCPO), which is a macrodiol prepared in the consumption of
carbon dioxide [26,27]. The urethane acrylates prepared from PCPO exhibited not only excellent
resistance to hydrolysis and good mechanical properties but significant improvement in biostability and
nontoxicity in many cases [28,29]. It was also reported that the NSPs immobilized with nanoparticles
such as AgNPs could effectively prevent the nanoparticles from agglomeration into Ag clusters,
while exhibiting antimicrobial activity through dramatically decreasing glucose uptake and hindering
adenosine triphosphate (ATP) synthesis for microbial growth [21]. As a result, the root canal sealers
were then prepared by urethane acrylate (UA) composites comprising the immobilized nanoparticles
on nanoscale platelets for the root canal obturation evaluations.

2. Materials and Methods

2.1. Synthesis of Urethane-acrylate (UA)

As shown in Figure 2, UAs were prepared from the reaction between the isocyanate groups of
isophorone diisocyanate (IPDI) in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as catalyst,
and hydroxyl groups of polyols to achieve urethane prepolymer end-capped with isocyanates, followed
by the addition of hydroxyethylmethacrylate (HEMA). In this study, UA prepared from polyols by
using polytetramethylene ether glycol with a Mw of 650 (PTMEG 650) is denoted as UAT65, while
UA prepared from polycarbonate polyol with a Mw of 500 (PCPO 500) is denoted as UAC50. The
introduction of acrylate group was prepared from using HEMA as reagent in the molar ratio (2/1/1)
of IPDI/polyol/HEMA. The synthesis of UAs was monitored by using IR spectrum (Jasco 4600 FT-IR
Spectrophotometer with a Jasco ATR Pro 450-S accessory, Jasco, Tokyo, Japan). The molecular weights
were measured by using gel permeation chromatography (GPC) with samples dissolved in 1 wt % THF.
(Waters chromatography system, two Waters Styragel linear columns, and polystyrene as the standard
with Mw 104, 2560, 7600, 18,000, and 37,900 by using THF as eluent at the flow rate of 1 mL/min.)
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2.2. Preparation of Antibacterial Sealer Based on UA

The UA samples (UAT65 and UAC50) were dissolved in acetone at 80 ◦C and mixed with nanoscale
silicate materials (Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP) to prepare UA-based composites. The
preparation and characterization of Ag@NSP, ZnO@NSP, and Ag/ZnO@NSP were performed according
to the literature reported by our groups [21]. The sealers were then prepared by the introduction
of a diluent, tripropylene glycol diacrylate (TPGDA), and an initiator containing camphorquinone
(CQ) as a photosensitizer with ethyl-4-dimethylaminobenzoate (EDMA) for binary initiation processes
with a ratio of CQ/EDMAB = 1/2 (w/w), together with 0.5 wt % azobisisobutyronitrile (AIBN) for
ternary initiation processes. The characterizations of composites were carried out by using the
thermogravimetric analysis (TGA; TGA Q50 TA instrument, TA Instrument, New Castle, DE, USA) to
investigate the inorganic contents. For the curing process, the sealer samples were first cast into Teflon
molds in the dimension of 20-mm long, 2-mm wide, and subsequently cured with a light emitting
diode curing unit at an intensity of 800 mW/cm2 for 40 s from the coronal aspect (SmartLite, Dentsply,
PA). The degrees of curing conversions were investigated by using FT-IR to calculate the peak area
transition at 1638 cm−1 of aliphatic C=C double bond of acrylate group according to the following
equation (1) [30]:

Degree of conversion % (DC%) =


1−

[A1638]after curing

[A1638]before curing


× 100% (1)

2.3. Curing Condition and Depth Test

To evaluate the feasibility of the sealers for root canal, the flow and viscosity tests were carried
out for UA resins according to ISO 6876:2001. Based on the specifications, the mixture (0.05 mL) of UA
resin and TPGDA (UAT65/TPGDA or UAC50/TPGDA) was placed on the center of glass plate using a
graduated syringe. After the initial mixing for 180 s (±5 s), another glass plate was placed on top of
the sealer, following a weight providing a total mass of 120 g (±2 g). After 10 min, the weight was
removed in order to measure the maximum and minimum diameter of the compressed disks of the

92



Polymers 2020, 12, 482

sealers [31]. Apart from that, the viscosities of the sealers were measured by using a syringe-based
viscometer based on Instron 3360 series universal testing system [32]. In Figure 3, the measurement of
maximal curing increment thickness for resin composites was conducted by using a ISO 4049:2009
method [33]. The curing process was performed with a 2 × 2 × 20 mm re-usable stainless-steel mold
with a top cover to prevent materials’ leakage. After curing process under a light source of halogen
lamp for 40 s, all samples were kept in saturated humidity at 37 ◦C for 24 h to measure the curing
depths. The mechanical properties were also measured by using the Universal Testing Instrumentals
according to ASTM D412-98a with a stretching rate at 100 mm/min. The tensile tests were conducted
for five times on an average.
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2.4. Biocompatibility Test

Biocompatibility tests were performed by using the ISO 10993-5 regulation through Alamar Blue
assay and lactate dehydrogenase (LDH) assay [34]. Alamar Blue assay was carried out according to
the following steps: first, 3T3 cells were cultured under 10% fetal bovine serum (FBS) Dulbecco’s
modified eagle’s medium (DMEM) at 37 ◦C in the presence of 5% CO2. All Cells were subcultured
twice before the following experiment. In the next step, the specimens were polymerized under
photo-polymerization machine on top of a round Teflon mold, which is 8 mm in diameter and 2 mm
in height, in a distance of 0.5 cm for 40 s. After the polymerization, the UA composites were then
removed from the mold, sterilized by UV-light for 24 h, and soaked in fresh medium at 37 ◦C for 24 h.
In the final step, the medium containing 3T3 cells were added to 96-well plates with a cell number of
104/well. After the cells fully adhered on the plate, the original cell culture medium was replaced by
the extract material. The cell incubation for Alamar blue assay cell activity analysis was conducted
at 37 ◦C for 1, 3, and 7 days in the presence of 5% CO2. Moreover, the evaluation of LDH assay for
cytotoxicity were also conducted for 1, 3, and 7 days by using 3T3 cells under similar culture condition
in 10% FBS DMEM at 37 ◦C in the presence of 5% CO2.

2.5. Antibacterial Test

The antibacterial activity of UAT65/TPGDA or UAC50/TPGDA with various Ag@NSP, ZnO@NSP,
or Ag/ZnO@NSP contents was performed according to the Japanese Industrial Standard as shown
in Figure 4 (JIS Z 2801-2000) [32]. Gram-positive E. faecalis (ATCC 29212, Super Laboratory Co.,
Taiwan) was the bacterial strain cultivated in brain heart infusion (BHI) broth. The number of bacterial
suspensions was adjusted to 104 colony-forming units per milliliter (CFU/mL). The antibacterial test
was carried out by the following steps. First, colonies were added into 5 mL HBI broth, cultivated at 37
◦C for 16–18 h. The medium of bacteria fluid of lysogeny broth (LB) was replaced by phosphate-buffered
saline (PBS) by using the centrifugation for three times (8,000 xg, 3 min), and diluted to the concentration
of 10−5–10−7 (CFU/mL). Subsequently, the as-prepared suspension was spread onto the BHI agar plates
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(10 µL) and incubated cells at 37 ◦C for 16–18 h. The 0.5 McFarland (108 CFU/mL) bacterial fluid
was produced by using E. faecalis (ATCC 29212). Specimens were shaped to square (5 cm × 5 cm),
wiped with alcohol, and sterilized by the exposure of UV-light for 24 h. Then, 400 µL bacterial fluid
(104 CFU/mL) was added to the specimens, covered with a sterile square PE film (4 cm × 4 cm) and
incubated at 37 ◦C under relative humidity 90% for 24 h. After bacterial adhesion or proliferation, the
specimens were rinsed for three times by using PBS and then transformed to a new 24-well plate. Each
specimen was soaked in 2.5% glutaraldehyde and reacted at 4 ◦C for 1 h, followed by the removal
of glutaraldehyde by rinsing with PBS for three times. Before the investigation of morphology for
the evaluation of antibacterial activity, the samples were prepared by using ethanol-wet bonding
technique [35]. The freeze-drying processes were conducted for 24 h by the increased concentration of
(w/w) ethanol from 30%, 50%, 70%, 90%, 95%, 99% to 100%. In addition, the statistical analysis was
performed by Statistical Analysis Software (SAS). One-way analysis of variance (ANOVA) was used to
analyze the difference between bacterial groups, and Duncan’s multiple tests were used to distinguish
various bacterial groups. The p-value <0.05 is regarded as statistically significant.
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3. Results and Discussion

3.1. Synthesis of Urethan-acrylate (UA)

The preparation of urethane acrylate was monitored by using the IR spectra as shown in Figure 5.
For the spectrum of the initial mixture of IPDI and PCPO 500, two distinct peaks at 2260 and 1742
cm−1 were present for isocyanate, and carbonyl group of carbonate ester, respectively. After 2 h
into the reaction, a newly emerged shoulder at 1718 cm−1 was observed, indicating the formation of
urethane carbonyl group [36,37]. Moreover, the urethane prepolymer end-capped with isocyanates
was further reacted with HEMA to provide the product of UAC50 as evident by the near disappearance
of isocyanate group and the formation of a new adsorption peak at 1638 cm−1 of vinyl group. The
additional TPGDA in the mixture of UAC50/TPGDA = 70/30 (w/w) resulted in a stronger absorption
intensity of vinyl group. The weight average molecular weights were measured by using GPC, leading
to the results of 3320 g/mol for UAC50 and 3620 g/mol for UAT65.

94



Polymers 2020, 12, 482

Polymers 2019, 11, x FOR PEER REVIEW 7 of 21 

 

 
Figure 5. FTIR spectra of UAC50 and UAC50/TPGDA. 

3.2. Preparation and Thermal Properties of UA Composites 

The determination of the processing effectiveness and the quantitative fillers within the matrix 
are usually investigated by using thermogravimetric analysis (TGA) for the polymer composites [38]. 
The UA composites were prepared by mixing 5 wt % or 10 wt % in total composites by using the 
nanometer-thin silicate platelets immobilized with nanoparticles such as AgNPs (Ag@NSP), ZnONPs 
(ZnO@NSP), or AgNPs together with ZnONPs (Ag/ZnO@NSP) [20,22,25,39,40]. In TGA thermograms 
(Figure 6), the UA composites exhibited 5% weight loss at about 300 °C, indicating that good thermal 
stability was available for the following tests. Moreover, the addition of nanoparticles immobilized 
on the nanometer-thin silicate platelets provided higher char yield (%) dependent on the addition of 
inorganic contents. 

 
Figure 6. Thermogravimetric analysis (TGA) thermograms of UAC50- and UAC50-based composites. 

  

Figure 5. FTIR spectra of UAC50 and UAC50/TPGDA.

3.2. Preparation and Thermal Properties of UA Composites

The determination of the processing effectiveness and the quantitative fillers within the matrix
are usually investigated by using thermogravimetric analysis (TGA) for the polymer composites [38].
The UA composites were prepared by mixing 5 wt % or 10 wt % in total composites by using the
nanometer-thin silicate platelets immobilized with nanoparticles such as AgNPs (Ag@NSP), ZnONPs
(ZnO@NSP), or AgNPs together with ZnONPs (Ag/ZnO@NSP) [20,22,25,39,40]. In TGA thermograms
(Figure 6), the UA composites exhibited 5% weight loss at about 300 ◦C, indicating that good thermal
stability was available for the following tests. Moreover, the addition of nanoparticles immobilized
on the nanometer-thin silicate platelets provided higher char yield (%) dependent on the addition of
inorganic contents.
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3.3. Curing Conditions and Depths for UA Composites

The endodontic sealers are required to exhibit several properties to meet the desired performance.
The flow behavior is one of the most important factors for sealers to penetrate into small irregularities
of the root canal system and dentinal tubules as shown in Figure 7. According to the regulation of ISO
4049:2009, the flow diameter should be over 20 mm after compression under a weight disc for 10 min.
The tests were carried out by the introduction of difunctional TPGDA in order to increase flow diameter
and crosslinking density. As a result, the samples with higher ratio of TPGDA exhibited larger flow
diameter, such as UAT65/TPGDA = 80/20, 70/30, or 60/40; or UAC50/TPGDA = 70/30 or 60/40, since the
difunctional TPGDA monomer is a diluent with a lower molecular weight when compared with the
UA resins.
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Moreover, viscosity is another important factor for the root canal sealer to establish connection
between the root canal, periodontal ligament, and the apical foramen. According to ISO 4049:2009,
the viscosity should range from 1000 to 2000 cp to meet the desired operation [32]. In Figure 8,
UAT65/TPGDA (70/30) and UAC50/TPGDA (70/30) were the samples of choice for further investigations
since the addition of the optimized TPGDA content would achieve the viscosity range mentioned
above. It is important to note that flow and viscosity properties depends on not only the ratios between
UA resins and TPGDA but the use of polyols such as PTMEG or PCPO. The PCPO-based UA resins
exhibited somewhat lower flow diameter and higher viscosity under the same ratio of UA/TPGDA
composition. This is because the incorporation of the PCPO-based polyol with carbonate groups
brought about more hydrogen bonding interactions with the urethane linkages. This would restrain
the molecular mobility of the UA segments [41,42].
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Figure 8. Viscosity analysis of UA resins with various weight ratios of UAT65/TPGDA or UAC50/TPGDA
according to ISO 4049:2009.

The curing conditions of UAT65/TPGDA (70/30) or UAC50/TPGDA (70/30) were carried out by
using ternary initiation processes for photo crosslinking. The degree of acrylate conversion (DC%)
would be based on the peak area at 1638 cm−1 of aliphatic C=C double bond of acrylate content as a
function of various initiator concentrations (1, 3, 6, and 9 phr) before and after curing (Table 1). Optimum
mechanical properties with a tensile strength of 56.15 ± 3.26 MPa and a Young’s modulus of 361.88 ±
32.38 MPa were achieved for the sample UAT65/TPGDA (70/30) cured with 3 phr initiator concentration.
It is important to note that the DC% values were close to 70% for the above-mentioned samples. This is
because the low conversion degree of acrylate functional groups with a low concentration initiator
resulted in insufficient crosslinking density for obtaining good mechanical performance, whereas the
excessive photoinitiators would provide the localized absorption and crosslinking density over the
percolation threshold, leading to the adverse effect on the mechanical properties [43].

Since the acrylate-based photopolymerization depends deeply on the sealer transparency, the
curing depths of UAT65/TPGDA resin (w/w = 70/30) and UAC50/TPGDA resin (w/w = 70/30) were
assessed by using various contents of antibacterial NSPs immobilized with nanoparticles including
Ag@NSP, ZnO@NSP, and Ag/ZnO@NSP (Figures 9–11). It is reported that the photo crosslinking
activity relies on the use of different types of metal nanoparticles and the rate of photo crosslinking,
and the DC% also varies with the additives under similar processing condition [44]. In this study, the
curing depths decreased with increasing content of antibacterial NSP agents.

These UA composite composed of various antibacterial nanomaterials are denoted as Ag@NSP-n,
ZnO@NSP-n, or Ag/ZnO@NSP-n, where the “n” is denoted as the parts per million (ppm) to the total
weight of UAT65/TPGDA or UAC50/TPGDA. According to the regulation of ISO 4049:2009, the curing
depth should be larger than 10 mm. As a result, the limitation for the addition of a maximum amount
of Ag@NSP is 500 ppm (Ag@NSP-500) as shown in Figure 9. Similar results were also obtained for
the composites incorporated with ZnO@NSP or Ag/ZnO@NSP (Figures 10 and 11). This indicates
that the presence of different nanomaterials such as Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP in the UA
composites did not influence curing depths much.
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Table 1. Mechanical properties and DC% for the UAT65/TPGDA (w/w = 70/30) and TPGDAC50/TPGDA
(w/w = 70/30) samples after curing with different dosages of photoinitiator.

Entry UA
Formulation

Photoinitiator
(phr 1)

Tensile Strength
(MPa)

Young’s Modulus
(MPa) DC 2 (%)

1 UAT65/TPGDA
(w/w = 70/30) 1 51.71 ± 3.03 362.81 ± 37.10 46.27 ± 3.07

2 UAT65/TPGDA
(w/w = 70/30) 3 56.15 ± 3.26 361.88 ± 32.38 64.91 ± 1.06

3 UAT65/TPGDA
(w/w = 70/30) 6 45.96 ± 2.22 33.49 ± 1.65 67.58 ± 2.27

4 UAT65/TPGDA
(w/w = 70/30) 9 36.78 ± 1.65 1.92 ± 0.42 70.35 ± 1.76

5 UAC50/TPGDA
(w/w = 70/30) 1 46.30 ± 3.18 1072.25 ± 46.54 57.89 ± 0.41

6 UAC50/TPGDA
(w/w = 70/30) 3 60.54 ± 4.72 1042.02 ± 39.62 72.44 ± 1.57

7 UAC50/TPGDA
(w/w = 70/30) 6 61.09 ± 1.15 14.01 ± 2.65 79.03 ± 2.57

8 UAC50/TPGDA
(w/w = 70/30) 9 59.04 ± 2.75 8.61 ± 0.41 80.08 ± 2.79

1: parts per hundred; 2: after the exposure under UV light for 40 s.
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3.4. Biocompatibility Analysis

Grossman [45] advocated that an ideal root canal filling material should not irritate periradicular
tissues. In addition, Faccioni et al. found that root canal materials with metal ions might influence cell
metabolism and differentiation [46]. Other studies found that the incomplete photopolymerization
reaction resulted in the release of uncured monomers and initiators, which would affect the
mitochondrial enzyme activity [47,48]. Therefore, the concentration of antibacterial agent in sealers
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depends deeply on the biocompatibility of composites. In this study, the tests of Alamar Blue assay
and LDH assay were conducted for the biocompatibility tests for UAT65/TPGDA (w/w = 70/30) and
UAC50/TPGDA resins (w/w = 70/30) with various concentrations of antimicrobial agents such as
Ag@NSP, ZnO@NSP, and Ag/ZnO@NSP as shown in Figures 12 and 13, respectively.
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Figure 12. Alamar blue assay of (a) UAT65/TPGDA (w/w = 70/30) and (b) UAC50/TPGDA (w/w = 70/30)
resins with various concentrations of Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP (p < 0.05).

100



Polymers 2020, 12, 482

Polymers 2019, 11, x FOR PEER REVIEW 15 of 21 

 

 

0

20

40

60

80

100

120

Cy
to

to
xi

ci
ty

 (%
 o

f c
on

tro
l)

(a)
Day 1

Day 3

Day 7

Polymers 2019, 11, x FOR PEER REVIEW 16 of 21 

 

 
Figure 13. Lactate dehydrogenase (LDH) assay of (a) UAT65/TPGDA (w/w = 70/30) and (b) 
UAC50/TPGDA (w/w = 70/30) with various concentrations of Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP 
(p < 0.05). 

3.5. Antibacterial Analysis 

The antibacterial activities of the composites based on UAC50/TPGDA (w/w = 70/30) with 
nanoparticles-on-platelet nanohybrids (Ag@NSP, ZnO@NSP, Ag/ZnO@NSP) were analyzed by 
treating the composites with Gram-positive E. faecalis (ATCC 29212) according to Japanese Industrial 
Standard (JIS Z 2801-2000) as shown in Table 2. According to the biocompatibility tests in previous 
section, the use of antibacterial NSP agents should not be higher than 100 ppm for UAC50/TPGDA 
(w/w = 70/30) resins. Indeed, the AgNPs-based composites with 75 ppm (Ag@NSP-75) or 100 ppm 
(Ag@NSP-100) inorganic additives exhibited antibacterial activity. However, ZnONPs-based 
composites even with 1000 ppm (ZnO@NSP-1000) were not able to exhibit antibacterial activity. In 
fact, the antibacterial activity was feasible only when the use of high concentration of ZnONPs over 
2000 ppm (ZnO@NSP-2000 and ZnO@NSP-3000), indicating that the Ag@NSP-based composites 
would be better candidates for the root canal sealer applications. In addition, the simultaneous 
immobilization of AgNPs and ZnONPs on silicate platelets, i.e., Ag/ZnO@NSP, led to much better 
antimicrobial results even for the composite with an antibacterial agent concentration as low as 50 
ppm (Ag/ZnO@NSP-50). 
  

0

20

40

60

80

100

120

Cy
to

to
xi

ci
ty

 (%
 o

f c
on

tro
l)

(b)
Day 1

Day 3

Day 7

Figure 13. Lactate dehydrogenase (LDH) assay of (a) UAT65/TPGDA (w/w = 70/30) and (b)
UAC50/TPGDA (w/w = 70/30) with various concentrations of Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP
(p < 0.05).

In the Alamar blue assay test, both pristine resins of UAT65/TPGDA (w/w = 70/30) (Figure 12a) and
UAC50/TPGDA (w/w = 70/30) (Figure 12b) were substantially free of cytotoxicity. As the antimicrobial
agents were incorporated into the resins to form UA composites, reduced metabolic activities were
observed, as shown in Figure 12. Furthermore, the composite with Ag@NSP exhibited the poorest
biocompatibility when compared to other samples, especially in the example for both UAT65/TPGDA
and UAC50/TPGDA incorporated with 500 ppm additives. The metabolic activities were higher than
70% for all the UA composites with 100 ppm or less than 100 ppm antibacterial NSP agents. This
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indicates that good biocompatibility could be achieved with the addition of a certain content of the
antimicrobial agents such as Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP to the composites.

In the LDH assay test, the cytotoxicity is also dependent on the addition of various concentrations of
Ag@NSP, ZnO@NSP, and Ag/ZnO@NSP to the composites (Figure 13). Given the fact that UA composites
with 100 ppm would exhibit good biocompatibility, the cytotoxicity of the UA composites with 100 ppm
antimicrobial agents on 3T3 cells was investigated and observed in the following order: Ag@NSP-100
> Ag/ZnO@NSP-100 > ZnO@NSP-100. This implies that the composites comprising AgNPs would
exhibit poor cytotoxicity performance. In addition, the cytotoxicity of the composites based on the
UAC50/TPGDA (w/w = 70/30) are lower than that of the composites based on UAT65/TPGDA (w/w
= 70/30), especially in the example for both UAT65/TPGDA (~90% of control) and UAC50/TPGDA
(~80% of control) incorporated with 500 ppm Ag@NSP. As a matter of fact, polycarbonate-based
polyurethanes (PUs) with better biocompatibility correspond to the weaker immune response when
compared with polyether-based PUs according to the literature [49]. This is because the α-carbon
atoms of the polyether-based PUs (such as UAT65) are highly susceptible to oxidation by oxygen
radicals to form esters, which result in unstable chemical structures for polymers [50]. As a result, the
carbonate containing UAC50/TPGDA system would be the material of choice for dental root canal
sealers instead of the ether-containing UAT65/TPGDA resins.

3.5. Antibacterial Analysis

The antibacterial activities of the composites based on UAC50/TPGDA (w/w = 70/30) with
nanoparticles-on-platelet nanohybrids (Ag@NSP, ZnO@NSP, Ag/ZnO@NSP) were analyzed by treating
the composites with Gram-positive E. faecalis (ATCC 29212) according to Japanese Industrial Standard
(JIS Z 2801-2000) as shown in Table 2. According to the biocompatibility tests in previous section, the use
of antibacterial NSP agents should not be higher than 100 ppm for UAC50/TPGDA (w/w = 70/30) resins.
Indeed, the AgNPs-based composites with 75 ppm (Ag@NSP-75) or 100 ppm (Ag@NSP-100) inorganic
additives exhibited antibacterial activity. However, ZnONPs-based composites even with 1000 ppm
(ZnO@NSP-1000) were not able to exhibit antibacterial activity. In fact, the antibacterial activity was
feasible only when the use of high concentration of ZnONPs over 2000 ppm (ZnO@NSP-2000 and
ZnO@NSP-3000), indicating that the Ag@NSP-based composites would be better candidates for the
root canal sealer applications. In addition, the simultaneous immobilization of AgNPs and ZnONPs
on silicate platelets, i.e., Ag/ZnO@NSP, led to much better antimicrobial results even for the composite
with an antibacterial agent concentration as low as 50 ppm (Ag/ZnO@NSP-50).

The direct contact of UAC50/TPGDA composites with the bacterial population could be visualized
by using scanning electron microscopy (SEM) as shown in Figure 14. According to the investigation
above, this study was conducted by using E. faecalis on the surfaces of UA/TPGDA composites with 50
ppm Ag@NSP, 75 ppm Ag@NSP, and 50 ppm Ag/ZnO@NSP after 6h and 24h. For the UAC50/TPGDA
resin without the use of antibacterial agents, a rapid growth of bacterial in number was observed as
shown in Figure 14a,e. For the composite (Ag@NSP-50) with 50 ppm of Ag@NSP, a certain amount of
bacteria appeared first after 6h (Figure 14b). Subsequently, these bacteria increased in number and
aggregated after 24 h (Figure 14f). For the composite (Ag@NSP-75) with 75 ppm of Ag@NSP, a certain
amount of bacteria appeared to be aggregated and deformed after 6h, and subsequently these bacteria
remained aggregated without the sign of number increase as shown in Figure 14c,g, respectively. It is
likely that the nanoparticles can re-charge from NSPs to inactivate and rupture bacterial aggregates [51].

It was reported that the combined use of different types of nanoparticles could adsorb onto the
cytoderm of the bacteria and even penetrate the cytomembrane to disturb the normal function of
cells, leading to cell apoptosis [50]. This is evidenced by the presence of only 50 ppm Ag/ZnO@NSP
in the UAC50/TPGDA composite capable of exhibiting a satisfactory antibacterial effect against E.
faecalis (Table 2). For the composites (Ag/ZnO@NSP-50) with 50 ppm of Ag/ZnO@NSP, once again a
certain amount of bacteria appeared to be aggregated and deformed after 6h, and subsequently these
bacteria remained aggregated without the sign of number increase as shown in Figure 14d,f. The
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simultaneous immobilization of AgNPs and ZnONPs on silicate platelets could not only enhance the
antibacterial activities and reduce the dose of AgNPs, but act as a promoter in the antibacterial effect
for the Ag/ZnO@NSP-based composites as well.Polymers 2019, 11, x FOR PEER REVIEW 18 of 21 
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Table 2. Antibacterial activity of the composites based on UAC50/TPGDA (w/w = 70/30) resins with
various concentrations of Ag@NSP, ZnO@NSP, or Ag/ZnO@NSP.

Entry Type of Composites (1) Antibacterial Activity (2)

1 Ag@NSP-50 ×
2 Ag@NSP-75 #
3 Ag@NSP-100 #
4 ZnO@NSP-100 ×
5 ZnO@NSP-200 ×
6 ZnO@NSP-300 ×
7 ZnO@NSP-500 ×
8 ZnO@NSP-1000 ×
9 ZnO@NSP-2000 #
10 ZnO@NSP-3000 #
11 Ag/ZnO@NSP-10 ×
12 Ag/ZnO@NSP-25 ×
13 Ag/ZnO@NSP-50 #
14 Ag/ZnO@NSP-75 #
15 Ag/ZnO@NSP-100 #

(1): composites using UAC50 as polymer matrix; (2): “#“ indicating the inhibition of bacteria; “×“ indicating the
growth of bacteria.

4. Conclusions

The purpose of this study is to develop a new root canal sealer with a biocompatible resin based on
a macrodiol of polycarbonate (PCPO) that could be prepared through the utilization of carbon dioxide
as feedstock. With good biocompatibility and biostability, these carbonate-containing urethane acrylate
resins would be able to exhibit superior performance to the reference, polyether (PTMEG)-based resins
in the preparation of root canal obturation sealers. The successful incorporation of nanoparticles
immobilized on nanoscale platelets in the resin matrix resulted in the root canal obturation sealers
with satisfactory biocompatibility and antibacterial effect. As a result, the PCPO-based urethane
acrylate was selected to be the resin sealer matrix. Moreover, the incorporation of ZnONPs and AgNPs
simultaneously immobilized on silicate platelets into the PCPO-based urethane acrylates would not
only enhance the antibacterial activities, but also serve as a promoter in the antibacterial effect. Based
on the above, the UAC50/TPGDA (70/30 = w/w) resin with 50 ppm Ag/ZnO@NSP has a great potential
as an antibacterial root canal sealer.
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Abstract: Bis-GMA/TTEGDMA-based resin composites were prepared with two different types
of nanoclays: an organically modified laminar clay (Cloisite® 30B, montmorillonite, MMT) and
a microfibrous clay (palygorskite, PLG). Their physicochemical and mechanical properties were
then determined. Both MMT and PLG nanoclays were added into monomer mixture (1:1 ratio) at
different loading levels (0, 2, 4, 6, 8 and 10 wt.%), and the resulting composites were characterized
by scanning electron microscopy (SEM), thermogravimetric analysis (TGA), dynamic mechanical
analysis (DMA) and mechanical testing (bending and compressive properties). Thermal properties,
depth of cure and water absorption were not greatly affected by the type of nanoclay, while the
mechanical properties of dental resin composites depended on both the variety and concentration of
nanoclay. In this regard, composites containing MMT displayed higher mechanical strength (both
flexural and compression) than those resins prepared with PLG due to a poor nanoclay dispersion as
revealed by SEM. Solubility of the composites was dependent not only on nanoclay-type but also the
mineral concentration. Dental composites fulfilled the minimum depth cure and solubility criteria set
by the ISO 4049 standard. In contrast, the minimum bending strength (50 MPa) established by the
international standard was only satisfied by the dental resins containing MMT. Based on these results,
composites containing either MMT or PLG (at low filler contents) are potentially suitable for use in
dental restorative resins, although those prepared with MMT displayed better results.

Keywords: dental resin composite; montmorillonite; palygorskite

1. Introduction

Dental resin-based composites (RBCs) for both direct and indirect dental restorations have been
in use for the past 50 years [1]. These materials are composed of inorganic particles (conferring most of
the mechanical properties to the final material), which are embedded into an organic matrix (consisting
of a mixture of crosslinking monomers, a photoinitiator system and other additives, which form a
dense cross-linked polymer upon a free-radical copolymerization) [1,2].

Bisphenol A glycidyl methacrylate (Bis-GMA) is the base-monomer most frequently used in the
formulations of dental restorative materials since it reduces polymerization shrinkage and enhances
both modulus and thermal stability of the resulting materials; however, it also exhibits a high viscosity,
which yields usually a heterogeneous material and problems during handling and application of the
product. Thus, in order to achieve high filler loading in dental resin composites, low-viscosity diluent
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monomers such as triethylene glycol dimethacrylate (TEGDMA) are commonly used [3–5]. Other
monomers have been also used to improve specific properties [1].

Monomers used in the commercial formulations of dental composites have remained largely
unchanged, whereas the type, shape, size and distribution of inorganic fillers have undergone significant
changes [1]. Recently, the incorporation of filler particles with nanometric dimensions into dental
resins has attracted great attention, as it is possible to obtain materials with improved properties with
it. Wear resistance, gloss retention, elastic modulus, flexural strength, diametral tensile strength and
reduced polymerization shrinkage have been improved by the addition of nanoparticles to dental
composites [5,6].

It is worth mentioning that these improvements are generally achieved through addition of a
small amount of nanoclay (contrary to what has been observed in conventional inorganic macro- and
micro-fillers as they constitute up to 75–85 wt.%). This fact is due to the extremely large interface area
provided by the nano-size particles of the suspended filler [7–9].

At present, there is an increasing interest in the incorporation of nanoclays into dental composites.
Montmorillonite (MMT) is the most commonly used clay, both in its natural form and organically
modified. Its use has been reported in Cloisite® Na+ [6,7,9]; Cloisite® 10A [10]; Cloisite® 20A [6] and
Cloisite® 93A [7], although Cloisite® 30B is the organoclay most employed [5–7,11].

In contrast, there are few studies in the literature involving the use of alternative clay minerals.
Tian et al. and Zhang et al. reported the used of palygorskite (attapulgite) in dental resins, while
Weidenbach et al. studied materials containing functional halloysite–nanotube filler [12–14].

Therefore, the aim of this work is to investigate the influence of nanoclay type at different loading
levels (0, 2, 4, 6, 8 and 10 wt.%) on properties of the dental resins composites. Tetraethylene glycol
dimethacrylate (TTEGDMA) was used as co-monomer instead of triethylene glycol dimethacrylate
(TEGDMA) monomer, as Rüttermann et al. suggested that viscosities of both monomers are similar
but the molecular mass of TTEGDMA is higher than TEGDMA; in consequence, it was expected to be
more advantageous regarding shrinkage [15]. The TTEGDMA is often used not only in commercial
resins but also in experimental dental restorative resins [15,16].

2. Materials and Methods

2.1. Materials

The monomers used for the preparation of the dental composites were Bisphenol A glycidyl
methacrylate (Bis-GMA) and tetraethylene glycol dimethacrylate (TTEGDMA). Camphorquinone
(CQ) and N,N-dimethyl aminoethyl methacrylate (DMAEMA) were used as photo-initiator and
co-initiator, respectively. All reagents were purchased from Sigma–Aldrich Co. (Milwaukee, WI,
USA) and used as received without further purification. The clay minerals used in this study were
a commercial montmorillonite (Cloisite® 30B, abbreviated as MMT) modified with a quaternary
ammonium salt (90 meq/100 g of clay) from Southern Clay Products (Gonzáles, TX, USA) and an HCl
purified palygorskite (PLG) extracted from a mineral deposit in Chapab, Yucatán, México.

2.2. Preparation of Dental Composite

Bis-GMA was mixed manually with TTEGDMA in a glass container at 50:50 wt.% ratio. The
photo-initiator CQ and the tertiary amine DMAEMA were then added to the Bis-GMA/TTEGDMA
mixture (both materials at 0.5 wt.% to the monomer mixture). The container was covered with
aluminum foil (to avoid premature curing) and refrigerated until its use. Monomers and initiator
system were manually mixed, and the nanoclay (MMT or PLG) was slowly added at different loading
levels in small portions to avoid the formation of agglomerates; formulations were mixed until no filler
agglomerations were visually observed in the monomer mixture. Resin composites were cured with a
light emitting diode unit (LED H, Woodpecker, Guilin, China) with a wavelength range of 420–480 nm
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and a light intensity of 1000 mW/cm2. Table 1 summarizes the dental resin composites prepared in
this study.

Table 1. Composition of dental composites.

Nanoclay Content (wt.%) Composites

MMT PLG

0 Unfilled
2 MMT-2 PLG-2
4 MMT-4 PLG-4
6 MMT-6 PLG-6
8 MMT-8 PLG-8
10 MMT-10 PLG-10

2.3. Characterization of Dental Composites

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were obtained with a Thermo Scientific Nicolet 8700 spectrometer (Madison,
WI, USA) by the attenuated total reflectance (ATR) technique using a germanium crystal. Samples
were analyzed in the 4000 to 650 cm−1 wavenumber range with a resolution of 4 cm−1 and averaging
100 scans.

2.3.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed in a Perkin Elmer TGA-7 thermogravimetric analyzer
(Norwalk, CT, USA), from 45 to 750 ◦C at a heating rate of 10 ◦C/min, under nitrogen atmosphere.
From the first derivative curve, the decomposition temperature of composites was determined.

2.3.3. Dynamic Mechanical Analysis (DMA)

The glass transition temperature (Tg) of composites was determined by dynamic mechanical
analysis using a Perkin Elmer DMA-7 (Norwalk, CT, USA) in bending mode. Bars of 30 × 10 × 0.5 mm
were heated from 35 to 200 ◦C at 3 ◦C/min, under nitrogen atmosphere, using a frequency of 1 Hz.

2.3.4. Mechanical Properties

An overlapping irradiation regime was applied to photo-polymerize the specimens for mechanical
properties dependent on size and shape; five overlapped irradiations were employed on both sizes
(40 s each irradiation; 400 s in total) to cure bending specimens, while one irradiation was used on both
sizes (40 s each irradiation; 80 s in total) in compression specimens. All photo-cured specimens were
immersed in distilled water at 37 ± 1 ◦C until mechanical testing (7 days).

In order to establish the influence of both nanoclay-type and filler content on the mechanical
properties of dental resins, flexural tests were carried out according to the ISO 4049 standard [17]
while compressive tests were performed according to the ASTM D695 standard [18]. For 3-point
bending tests, five rectangular samples (25 mm length, 2 mm width and 2 mm thickness) were tested
at 1 mm/min in a Shimadzu Autograph AGS-X (Kyoto, Japan) Universal Testing Machine, using a
load cell of 1 kN and a distance between supports of 20 mm. For compression tests, five cylindrical
specimens (8mm height and 4mm diameter) were deformed at 1 mm/min in a Shimadzu Autograph
AG-I (Kyoto, Japan) Universal Testing Machine employing a load-cell of 5 kN.

Flexural strength (σ, MPa) and modulus (E, MPa) were calculated according to Equations (1) and
(2), respectively.

σ =
3Fl

2bh2 (1)
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E =
Fl3

4bh3d
(2)

where F is the maximum load recorded (N), l is the span between the supports (mm), b is the width of
the specimen (mm), h is the height of the specimen (mm) and d is the deflection at load F (mm).

Compressive strength (σ, MPa) was determined according to Equation (3) and the elastic modulus
(E, MPa) was calculated as the slope of the elastic part of the stress–strain curve.

σ =
4F
πD2 (3)

where F is the maximum load recorded (N) and D is the diameter of the specimen (mm).
Fracture surfaces from flexural test samples were analyzed by Scanning Electron Microscopy

(SEM) using a JEOL JSM-6360 LV (Akishima, Tokyo, Japan) operated at 20 kV. Samples were adhered
on aluminum cylinders using a double-sided tape of copper and coated with a thin layer of gold in a
Denton Vacuum Desk-II (Moorestown, NJ, USA) sputter coater system for 1 min prior to examination.

2.3.5. Depth of Cure

Depth of cure (Dc, mm) tests were performed on cylindrical specimens (6 mm height; 4 mm
diameter) according to Section 7.10 of the ISO 4049 standard [17]. Three samples of each composite
were irradiated during 40 s on one side, and the Dc was calculated according to Equation (4)

Dc =
l
2

(4)

where l is the height of the specimen (mm) after removing the uncured material.

2.3.6. Sorption and Solubility

For water sorption and solubility tests, disc-shaped specimens (1 mm thickness; 15 mm diameter)
were used according to Section 7.12 of the ISO 4049 standard [17]. Nine overlapped irradiations of 40 s
were applied to specimens on one side (360 s in total). Water sorption (Wsp, µg/mm3) and solubility
(Wsl, µg/mm3) were calculated according to Equations (5) and (6), respectively.

Wsp =
m2 −m1

V
(5)

Wsl =
m1 −m3

V
(6)

where m1 is the mass (µg) of the conditioned specimen, m2 is the mass of the specimen (µg) after
immersion in distilled water at 37 ± 1 ◦C for 7 days, m3 is the mass of the reconditioned specimen (µg)
and V is the volume of the specimen (mm3).

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) and Tukey’s test (P < 0.05) were used to determine
significant differences between properties of dental resin composites prepared with either MMT or PLG.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of neat resin and its nanocomposites prepared with either MMT or PLG are shown
in Figure 1a,b, respectively. As noted, spectra of nanocomposites were very similar to those obtained
for pure resin, probably due to the low filler content. Thus, a broad band was observed at 3344 cm−1,
attributed to O-H stretching vibration of hydroxyls in Bis-GMA structure; bands at 2951 and 2877 cm−1

related to asymmetric and symmetric stretching vibrations of the methylene group, and an intense
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band at 1723 cm−1 owing to C=O stretching of ester groups from dimethacrylates (Bis-GMA and
TTEGDMA). Spectra also showed bands at 1640 and 1608 cm−1 which correspond to the stretching
vibration of the aliphatic (from vinyl group of monomers) and aromatic (from benzene ring) C=C
bonds, respectively [19]; in fact, the height ratio of these bands is generally used to determine the
degree of conversion of dental resins [20]. Finally, an intense band around 1130 cm−1 was also detected
and associated with symmetric vibration of C-O-C linkage from TTEGDMA structure.

Figure 1. FTIR spectra of nanocomposites prepared with either (a) montmorillonite (MMT) or
(b) palygorskite (PLG).

3.2. Thermogravimetric Analysis (TGA)

Figure 2 shows the DTGA (First derivative of the TGA curve) curves for pure resin, obtained
from Bis-GMA and TTEGDMA, and its composites prepared with either MMT (Figure 2a) or PLG
(Figure 2b). As can be seen, pure resin presented two well-defined degradation stages (Td) at 380 and
435 ◦C, although a broad transition at lower temperatures (320 ◦C) was also observed. Teshima et al.
studied the thermal degradation of resins prepared from Bis-GMA and TEGDMA and detected three
degradation steps during thermal decomposition of this material. They found that methacrylic acid
and 2-hydroxyethyl methacrylate are released during the first and second stages, whereas propionic
acid and phenol are produced in the final stage [21].
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On the other hand, it has been suggested that addition of nanoclays into polymeric matrices
could improve the thermal stability of the resulting material [22]. This fact was not observed in
nanocomposites prepared in this study; i.e., temperatures observed for dental resin composites were
practically similar to those obtained for neat resin. The latter is in agreement with Munhoz et al., who
pointed out that it was not possible to identify an impact of the presence of the modified clay on the
thermal stability of the composites [23]. However, a close inspection of thermograms allowed detection
of small changes in thermal degradation behavior in some composites. For instance, the degradation
stage at 380 ◦C in some MMT nanocomposites was shifted to higher temperatures overlapping with
that of 435 ◦C in composites containing 10 wt.%. This could be associated with interaction between
surfactant and crosslinking polymer structures. Mahnoodian et al. studied the thermal degradation
of Bis-GMA/TEGDMA/Cloisite 30B nanocomposites and found that the pure resin exhibited two
decomposition stages at 292 and 392 ◦C. The first temperature did not change when MMT was added
to resins, although temperature corresponding to the second decomposition step was reduced with
increasing clay content [7].

Finally, it should be also mentioned that the broad transition observed at 320 ◦C was shifted
to lower temperatures (290 ◦C) in nanocomposites, being more evident when nanoclay content was
increased. This event could be related to the emission of volatiles such as water and fragments of
organic modifier from PLG and MMT nanoclays respectively.

3.3. Dynamic Mechanical Analysis (DMA)

Glass transition temperatures of dental composites were obtained from the maximum of the tan d
versus temperature curves and their maxima are summarized in Table 2. Thermograms exhibited a
one broad peak at around 110 ◦C, which suggests a homogeneous polymeric network; this value is
in agreement with that reported by Terrin et al. for dental resins composed mainly of Bis-GMA and
TEGDMA [9]. Composites containing PLG showed slightly higher values than those obtained for the
corresponding MMT composites. It is also noted that dental resins prepared with PLG exhibited an
increase in this parameter as nanoclay content was increased. In contrast, when MMT was added to
dental resin formulations, values decreased slightly from 110 to 108 ◦C returning to higher Tg values
(112 ◦C) at nanoclay contents of 8 and 10 wt.%; a similar trend was reported by Terrin et al., who studied
resin-based composites with organically modified MMT [9]. The shift of the relaxation temperature in
composites containing nanoclays towards higher temperatures is attributed to immobilized polymeric
chains at the polymer/filler interphase [23].

Table 2. Glass transition temperatures (Tg) of dental composites.

Nanoclay Content (%) Tg (◦C)

MMT PLG

0 110
2 108 111
4 110 112
6 110 116
8 112 116
10 112 116

3.4. Mechanical Properties

Figures 3 and 4 show the flexural and compressive properties of the nanocomposites prepared in
this study, respectively. As can be seen, the mechanical properties of dental resin composites varied
depending on the type and concentration of the inorganic aggregate.

Regarding flexural properties (Figure 3), it was observed that strength decreased monotonically
with the MMT loading; on the other hand, samples containing PLG exhibited a drastic decrease
of strength when the additive was added (i.e., 2 wt.%) and remained almost constant at higher
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filler concentration. It is worth mentioning that the minimum flexural strength set by the ISO 4049
standard [17] (50 MPa) was fulfilled by all composites containing MMT and that prepared with PLG
at 2 wt.%. Typical stress–strain curves for nanocomposites prepared with either MMT or PLG are
presented in Figure 3c,d, respectively.

The flexural modulus tended to increase with filler concentration regardless of type of nanoclay
employed; MMT composites seemed to exhibit slight increments, but the differences were not
statistically significant). PGL composites showed higher modulus with PLG up to 4 wt.% clay
content, and no statistical differences were found for composites with higher clay content. Several
authors [4,24,25] have also reported that flexural strength of nanocomposites decreased and modulus
increased [8,10] as filler content increased.

It is well known that the dispersion of nanoparticles and compatibility between phases (filler
and matrix) play a key role in the enhancement of mechanical properties of nanocomposites. Thus, it
is probable that MMT presented better results than PLG as it was organically modified to improve
its interaction with organic polymers and increase the interlayer spacing favoring its dispersion, as
observed in the SEM analysis (see Figure 5).
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Compressive properties (Figure 4) were not greatly affected with addition of nanoclay content,
except compressive strength of materials containing PLG; these properties decreased with nanoclay
concentration as reported by Mucci et al. [8]. Interestingly, the strength of composites containing
MMT also showed higher values than corresponding PLG materials. Typical stress–strain curves for
nanocomposites prepared with MMT or PLG are presented in Figure 4c,d, respectively.

Polymers 2020, 12, 601 8 of 13 

 

Figure 3. Flexural properties of dental resin composites: (a) Strength; (b) modulus; (c) stress–strain 
curves for nanocomposites prepared with MMT and (d) stress–strain curves for nanocomposites 
prepared with PLG. 

Compressive properties (Figure 4) were not greatly affected with addition of nanoclay content, 
except compressive strength of materials containing PLG; these properties decreased with nanoclay 
concentration as reported by Mucci et al. [8]. Interestingly, the strength of composites containing 
MMT also showed higher values than corresponding PLG materials. Typical stress–strain curves for 
nanocomposites prepared with MMT or PLG are presented in Figure 4c,d, respectively. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4. Compressive properties of dental resin composites: (a) Strength; (b) modulus; (c) stress–
strain curves for nanocomposites prepared with MMT and (d) stress–strain curves for 
nanocomposites prepared with PLG. 

Figure 5 shows the nanoclay dispersion within the dental composites. Unloaded dental resin 
exhibited a clear brittle fracture producing a smooth surface; the presence of nanoclays produced a 
different fracture mechanism generating a rough surface upon breaking. SEM observation at higher 
magnification revealed that nanoclays were dispersed differently within dental resin; MMT seems to 
be better distributed in the resin due to its surface modification than PLG, which was distributed as 
agglomerates. 

Figure 4. Compressive properties of dental resin composites: (a) Strength; (b) modulus; (c) stress–strain
curves for nanocomposites prepared with MMT and (d) stress–strain curves for nanocomposites
prepared with PLG.

Figure 5 shows the nanoclay dispersion within the dental composites. Unloaded dental resin
exhibited a clear brittle fracture producing a smooth surface; the presence of nanoclays produced a
different fracture mechanism generating a rough surface upon breaking. SEM observation at higher
magnification revealed that nanoclays were dispersed differently within dental resin; MMT seems
to be better distributed in the resin due to its surface modification than PLG, which was distributed
as agglomerates.
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Figure 5. SEM micrographs of fracture surface from bending specimens.

3.5. Depth of Cure

Higher curing depth of restorative materials is one of the factors that determine the quality of
the material [26]. Curing depth results obtained for dental composites prepared with either MMT
or PLG are displayed in Table 3. It can be seen that the curing depth was not affected either by the
nanoclay-type or filler content. Further, all composites exhibited higher values than that established in
the ISO 4049 standard [17] (1.5 mm), and even better values than those reported by other authors [26].

Table 3. Depth of cure of dental composites.

Nanoclay Content (%) Depth of cure (mm)

MMT PLG

0 3.0 + 0.01
2 2.99 + 0.01 2.99 + 0.02
4 2.99 + 0.01 2.99 + 0.01
6 2.99 + 0.02 2.99 + 0.02
8 2.99 + 0.03 2.99 + 0.02

10 2.99 + 0.04 2.99 + 0.05

3.6. Sorption and Solubility

The water sorption for neat resin and its composites prepared with either MMT or PLG at different
contents are shown in Figure 6. As expected, results showed that clays induce water sorption in the
composites (although this parameter seems not to be affected by the nanoclay type) as it is well known
that natural clays have a hydrophilic character and are naturally prone to absorbing water [23].
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Figure 6. Water sorption of dental composites prepared with either MMT or PLG at
several concentrations.

The hydrophilic behavior of composites depends on characteristics of constituents, i.e., organic
matrix and inorganic filler. In this regard, unfilled resin exhibited a water absorption slightly below
40 mg/mm3 (which is the maximum value for dental restorative materials stated by ISO 4049), whereas
all nanocomposites exhibited water sorption values slightly higher.

Interestingly, composites containing PLG exhibited a similar water sorption behavior to that
displayed by materials prepared with MMT, although the latter clay was modified organically by a
cation exchange reaction between the silicate and methyl, tallow, bis-2-hydroxyethyl and quaternary
ammonium chloride in order to reduce the clay hydrophilicity. This could be attributed to the presence
of two hydroxyethyl groups in the organoclay as suggested by Mucci et al. [8].

Water uptake in dental resin composites occurs by diffusion of water molecules within a polymeric
matrix and may cause hydrolytic degradation of the matrix and/or filler matrix interface [23], yielding
leachable substances, which could be quantified in a solubility test.

Figure 7 shows the solubility results obtained from composites prepared with either MMT or PLG
at several concentrations. It is clear that materials containing palygorskite exhibit a different behavior
than that displayed by MMT composites. For instance, when PLG was added to dental resin, solubility
decreased at lower nanoclay contents and then practically returned to the initial value at higher PLG
concentrations; in contrast, solubility of composites containing MMT decreased monotonically with
increasing nanoclay content. Regardless of the above fact, a statistically significant difference was only
detected between nanocomposites containing 10 wt.% of clay. Further, it is interesting to note that
solubility measurements for all composites (including an unfilled sample) remained below 7.5 mg/mm3

as suggested by the ISO 4049 [17] standard for dentistry-polymer-based restorative materials.
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4. Conclusions

Bis-GMA/TTEGDMA-based resin composites with two different types of nanoclays were
successfully prepared and characterized. Results indicate that Tg, Td, depth of cure and water
absorption were not greatly affected by the type of nanoclay, while the mechanical properties of dental
resin composites depended on nanoclay type and concentration of inorganic filler. In general, MMT
composites displayed higher mechanical strength than those shown by resins prepared with PLG,
due to dispersion problems as revealed by SEM. Solubility of the composites was also dependent on
nanoclay type and the mineral concentration. In general, dental composites prepared in this study
fulfilled the minimum depth cure and solubility criteria set by the ISO 4049 standard. In contrast, the
minimum bending strength (50 MPa) established by the international standard was only satisfied by
dental resins containing MMT. Based on these results, composites containing either MMT or PLG (at
low filler contents) are potentially suitable for use in dental restorative resins, although those prepared
with MMT displayed better results.
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Abstract: Articular cartilage defect is a common disorder caused by sustained mechanical stress.
Owing to its nature of avascular, cartilage had less reconstruction ability so there is always a need for
other repair strategies. In this study, we proposed tissue-mimetic pellets composed of chondrocytes
and hyaluronic acid-graft-amphiphilic gelatin microcapsules (HA-AGMCs) to serve as biomimetic
chondrocyte extracellular matrix (ECM) environments. The multifunctional HA-AGMC with specific
targeting on CD44 receptors provides excellent structural stability and demonstrates high cell viability
even in the center of pellets after 14 days culture. Furthermore, with superparamagnetic iron oxide
nanoparticles (SPIOs) in the microcapsule shell of HA-AGMCs, it not only showed sound cell guiding
ability but also induced two physical stimulations of static magnetic field(S) and magnet-derived shear
stress (MF) on chondrogenic regeneration. Cartilage tissue-specific gene expressions of Col II and
SOX9 were upregulated in the present of HA-AGMC in the early stage, and HA-AGMC+MF+S held
the highest chondrogenic commitments throughout the study. Additionally, cartilage tissue-mimetic
pellets with magnetic stimulation can stimulate chondrogenesis and sGAG synthesis.

Keywords: cartilage tissue; amphiphilic gelatin microcapsules; tissue-mimetic pellets; magnetic
stimulation; CD44 receptor

1. Introduction

Articular cartilage disorder most commonly occurs at the conjunction between bones, and the
condition is progressively worsened by constant and unavoidable mechanical degeneration. The loss
of the normal cartilage tissue will lead to more serious joint diseases like osteoarthritis [1]. Cartilage
reconstruction has been a clinical issue for decades because of poor intrinsic ability to repair defects
and lacking of specific diagnostic biomarkers. Several types of clinical treatments and pharmacologic
therapies are available and effective in reducing pain and increasing mobility of patients [2–4].
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Nevertheless, those treatments are merely a temporary relief and unable to restore the damaged tissue
into its original function [5]. The long-term clinical solutions for cartilage repair are still in demand,
and diverse regenerative therapies are consequently being brought to the table.

The hydrogel-based scaffolds have received a big interest as providing a temporary
three-dimensional structure [6–9]. High functional, strong biomechanical properties and long-term
biocompatible scaffolds can be made by regulating different materials to promote the cartilage tissue
therapies [10,11]. Scaffolds which allow physical supporting often combines with primary chondrocytes
therapies to overcome low cell proliferation or dedifferentiation problems. However, these 3D networks
still struggle with several challenges such as cell viability, growth factor burst release or low oxygen
content. On the other hand, particles serve as a superior medicine approach. Particles have been
widely developed for drug delivery systems in tissue engineering applications due to their wide
variety and highly regulated potential [12]. In particular, microscale particles were popular among
delivering anti-inflammatory drugs or growth factors and hold promise in performing as building
block in scaffold for cartilage repair [13,14]. Cruz et al. [15] aggregated gelatin microparticles and
chondrocytes into 3D pellets and found higher cell viability over long periods.

As one of the major components in chondrocytes extracellular matrix (ECM), hyaluronic acid
(HA) had a linear polysaccharide structure which functioned as a structural element, providing
backbones for the component distribution and aggrecan aggregation. HA was also well known to
interact with specific receptors including CD44 to regulate signal transduction, cell migration and
differentiation [16,17]. Gelatin was a denatured protein from collagen and widely used in drug delivery
systems. Because of gelatin’s biocompatibility, low antigenicity, chemical modification possibility
and low-cost [18], many studies had encapsulated growth factor in modified gelatin-based particles
to stimulate chondrogenesis [8,19,20]. Moreover, gelatin-based microparticles as building blocks for
three-dimensional (3D) structures have been wildly used in cartilage engineering [13].

In addition to chemical stimulations and highly cartilage-like materials, mechanical forces acting
as additional tools were also applied to improve cartilage reconstruction in recent studies to mimic
in vivo environments. The proper biophysical stimulations were able to increase proteoglycan
synthesis and cartilage-specific gene expression [21,22]. Magnetic nanoparticles are thought of as
excellent candidates to apply remote magnetic induced physical stimulation, which also holds the
capability of targeting a specific site. Nathalie et al. [23] labeled mesenchymal stem cells (MSC) with
magnetic nanoparticles to enhance seeding density and condensation in scaffold. Together with a
dynamic bioreactor, MSC differentiation performance was markedly improved. Son et al. [24] exposed
bone-marrow-derived human MSC (BM-hMSC) to static magnetic field and magnet-derived shear
stress via magnetic nanoparticle. Without hypertrophic effect, biophysical stimulation led BM-hMSC
to higher chondrogenic differentiation efficiency.

We developed a brand-new platform, cartilage tissue-mimetic pellets, to combine biochemical
and biophysical treatments to mimic native cartilage tissue. As illustrated in Figure 1, cartilage tissue-
mimetic pellets were composed by rabbit primary chondrocytes and hyaluronic acid-graft-amphiphilic
gelatin microcapsules (HA-AGMCs). HA polymer chains on the microcapsules surface are expected to
expand space between each microcapsule with its highly hydrophilic and polyanionic characteristics.
In addition, HA can enhance chondrocytes attachment through CD44 receptors and act stabilize the
pellets structure as ECM component at the beginning of formation. We encapsulated superparamagnetic
iron oxide nanoparticles (SPIOs) in hydrophobic shells of HA-AGMCs to guide cells and serve physical
stimulations by applying static magnetic field and magnet-derived shear stress. The inner hydrophilic
space of microcapsules is capable of encapsulating growth factor or biomolecules for cell proliferation or
repair. Such HA-AGMC approaches can be used to provide cartilage structure stability, rule biochemical
and biophysical stimulations, and thereby promote faster and more complete cartilage reconstruction.
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Figure 1. Synthesis of the hyaluronic acid-graft-amphiphilic gelatin microcapsules (HA-AGMCs) structure
to fabricate cartilage tissue-mimetic pellets with combined biochemical and biophysical treatments.

2. Materials and Methods

2.1. Materials

Gelatin from porcine skin (type A 300 bloom), hexanoic anhydride, absolute ethanol (99.5%),
sodium hydroxide, 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS), 1,2-hexadecanediol (97%), oleic acid
(90%), oleylamine (>70%), and iron(III) acetylacetonate (Fe(acac)3) were purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA) Hyaluronic acid (Hyalo-Oligo) was purchased from Tannmer Enterprise Co.,
Ltd. (New Taipei City, Taiwan). N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) were purchased from Echo Chemical Co., Ltd. (Miaoli, Taiwan).
Platinum® PCR SuperMix and GScript First-Strand Synthesis Kit were purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

2.2. Synthesis of Hyaluronic Acid-Graft-Amphiphilic Gelatin (AG-g-HA)

Gelatin powder (3 g) was completely dissolved in deionized water (40 mL) at 70 ◦C with constant
stirring for an hour. Eethanol (95%, 30 mL) and hexanoic anhydride (3 mL) were sequentially added
dropwise in succession and stirred for 4 h. In this process, the amphiphilic gelatin (AG) form and was
tuned to a pH value around 7. The final solution was dialyzed against a mixture of water and ethanol
(3:4). AG was collected and dried at 60 ◦C and then ground into powder with grinding machine.
Hyaluronic acid (HA) was grafted to the amino group of the gelatin via EDC/NHS method. HA (1 g) was
first dissolved in phosphate buffer solution (40 mL) under stirring. 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 1 g) and N-hydroxysuccinimide (NHS, 1.9 g) were added to the
solution and stirred for one hour at pH 5.5. After the pH was adjusted to 7 with NaOH (10 N), AG (1 g)
was added directly and stirred for 2 h. After the reaction, AG-g-HA formed and dialyzed (Spectra/Por,
MWCO = 20000) against water before dried by a freeze vacuum dryer. AG-g-HA was analyzed by
nuclear magnetic resonance spectroscopy (VARIAN, UNIYTINOVA 500 NMR) with 600-MHz 1H-NMR.
Each copolymer (10 wt %) was dissolved in D2 O to obtain 1 H NMR and 13 C NMR spectra.

2.3. Quantification of HA Grafting Rate

We used 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) reagent to determine the content of free
amino groups. TNBS (0.025% w/v) was dissolved in sodium hydrogen carbonate solution (4%) serving
as reaction buffer. Gelatin, AG, and AG-g-HA were dissolved in dH2O (1 mL), and mixed with reaction
buffer (0.5 mL) separately. Calibration curve was made by mixing Lysine (2–20 µg in 1 mL dH2O)
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with reaction buffer (0.5 mL). After incubating at 37 ◦C for two hours, sodium dodecyl sulfate (SDS,
10% w/v) and 1 N HCl were added to each sample. An absorbance peak at 336 nm was measured with
UV-vis spectroscopy (UV-vis, Evolution 300, Thermo, Waltham, MA, USA). The number of free amines
contained in each polymer was quantified by correlating with the calibration curve.

2.4. Synthesis of Superparamagnetic Iron Oxide Nanoparticles (SPIOs)

The synthesis of SPIOs (6~8 nm) were prepared according to Sun et al [25]. In brief, Fe(acac)3
(2 mmol), 1,2–hexadecanediod (10 mmol), oleic acid (6 mmol), and olecylamine (6 mmol) were mixed
in benzyl ether (20 mL) in three-necked bottle. Under nitrogen atmosphere, the mixture was refluxed at
100 ◦C for 30 min, and then sequentially heated to 200 ◦C for 1 h and 300 ◦C for 30 min. After cooling
to room temperature, the product was collected by centrifugation at 6000 rpm for 5 min and washed
with ethanol three times. The black-brown SPIOs were stored in ethanol at 4 ◦C.

2.5. Preparation of Hyaluronic Acid-Graft-Amphiphilic Gelatin Microcapsule (HA-AGMC)

The amphiphilicity and the self-assembly property of AG together with SPIOs have been
investigated by Li et al. and Chiang et al. [19,26]. HA-AGMCs were prepared through a simple double
emulsion process. First, AG-g-HA (80 mg) was added to deionized water (1.6 mL) and NaOH solution
(1.6 mL, 0.1 N). The solution (0.6 mL) with hydrophobic SPIO (10 mg) in chloroform (1 mL) were
emulsified to obtain a water-in-oil (W/O) emulsion. AG-g-HA solution (2.4 mL) was added to proceed
the secondary emulsion to form the W/O/W emulsion. Afterward, the organic solvent was removed by
rotary evaporator at 33 ◦C. The final HA-AGMC products were washed 3 times and re-dispersed with
deionized water.

2.6. Characterization of HA-AGMCs

The size and zeta potential of HA-AGMCs were characterized by dynamic light scattering (Beckman
Coulter Delsa™ Nano C particle analyzer, Beckman Coulter, Brea, CA, USA). The morphology of
HA-AGMCs were characterized by scanning electron microscope (SEM, JEOL-6700, JEOL, Tokyo,
Japan) and transmission electron microscope (TEM, JEM-2100, JEOL, Tokyo, Japan). The samples
of SEM were prepared by placing HA-AGMCs solution on a silicon wafer and drying in a vacuum
desiccator. TEM samples were prepared by laying HA-AGMCs solution on a carbon coated grid,
followed by removing the excess liquid on the grid, and drying in a vacuum desiccator.

2.7. Loading Efficiency of SPIOs

SPIOs content was measured using UV-vis spectroscopy (UV-vis, Evolution 300, Thermo).
Calibration curve was made by dissolving SPIOs (10 mg) and AG-g-HA (75 mg) in HCl (0.5 N).
From UV-vis spectroscopy, the absorbance of the solution was measured at 363 nm. HA-AGMC was
also diluted with HCl (0.5 N) to calculate the corresponding loaded SPIOs concentration.

2.8. Chondrocyte Isolation and Culture

Chondrocytes were isolated from the articular cartilage of New Zealand White rabbits (0.4–0.8 kg).
All procedures conformed to the guidelines of the Institute of Animal Care and Use Committee of
I-Shou University in Taiwan. All the surgical instruments were sterilized before use. After rinsing
thighbones with phosphate-buffered saline (PBS) two times, cartilage tissue from the joint was dissected
and cut into pieces of approximately 1 × 1 mm2 samples. These samples were digested with protease
(20 mg in 10 mL DMEM/F-12) for 2 h and transferred to collagenase (20 mg in 10 mL DMEM/F-12) for
another 3 h. The cell suspension was centrifuged at 2000 rpm for 5 min and resuspended in DMEM/F12
medium with 10% FBS in 75T culture flask.
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Chondrocytes were seeded in monolayer and used within two passages. The cells were cultured
in DMEM/F12 medium with 10% FBS in a 5% CO2 incubator at 37 ◦C. The medium was renewed every
2 days and cells were passaged once it reached confluence.

2.9. Cell cytotoxicity Test

Cell cytotoxicity was carried out using the MTS method. In brief, chondrocytes were harvested
from culture flask and seeded in a 24-well tissue culture plates at a density of 5 × 104 cells/well.
HA-AGMCs were added to the cell culture in different concentrations (0, 0.05, 0.11, 0.21, 0.43, 0.85, 1.7,
3.4, 6.8, 13.6 mg mL−1). After 1, 2, or 4 days incubation, culture medium was replaced with DMEM/F-12
containing 10% MTS and reacted for 2 h. Each medium was collected and centrifuged at 6000 rpm
for 5 min to remove HA-AGMCs. The absorbance of supernatant was monitored by ELISA reader at
wavelength 490 nm. The experiment was done in triplicate.

2.10. 3D culture Methods

The experiment method of agarose hydrogels followed the protocol of 3D Petri dish molds [27].
Briefly, agarose powder (1 g) was dissolved in PBS and then pipetted into micro-mold without creating
any bubble in proper temperature. After solidification, the agarose hydrogels were placed in culture
medium to equilibrate for at least 15 min, and then transferred to fresh medium for further use or
storage. All steps were in sterile conditions. Cells at a final density of 2.56 × 105 cells/190 µL were
seeded in each agarose hydrogel placing in 6 well plate and waited 10 min to settle cells. Finally,
we added additional medium to the plate (2.5 mL/well).

2.11. Cell proliferation and Cell Compatibility Analysis

MTS assay was performed to assess the proliferation of chondrocytes. In short, fresh media
containing different concentrations of HA-AGMCs (42.5, 85, 170, 340, and 680 µg mL−1) were mixed
with chondrocytes before seeding in each agarose hydrogel placing in plate and waited 10 min to settle
cells. Finally, additional medium was added to cover the hydrogel. After incubation for various time
period, cell pellets were collected and counted before adding 10% MTS medium. Each medium was
collected after 3 h reaction and the optical density was monitored by ELISA reader at wavelength
490 nm. The experiment was run in four times. Cell compatibility was also evaluated by Live/Dead
assay. After days of incubation, cell pellets were collected and washed with PBS buffer. Staining reagent
Calcein AM and Ethidium homodimer-1 in PBS covered the pellets at 37 ◦C for 30 min. The samples
were observed under confocal microscopy. The experiment was done in triplicate. The fluorescence
intensity in each pellet was measured by ImageJ and further analyzed by unpaired t-test.

2.12. HA-AGMCs Cellular Attachment Efficiency

To measure the precise amount of HA-AGMCs attached on chondrocytes, we examined the
element content of Fe by inductively coupled plasma mass spectrometry (ICP-MS). To prepare the
sample, we collected 1 mL medium in vials after chondrocytes mixing with various amounts of
HA-AGMCs and seeded on hydrogel overnight. Hydrochloric acid (12 M), which can totally corrode
the cell sample and redox iron in HA-AGMC, was mixed in all the samples. The content of Fe element
was quantified by ICP-MS.

2.13. RNA Isolation, cDNA Synthesis and Quantitative PCR Analysis

The procedure of RNA isolation was bottomed on Molecular Research Center, Inc. In short,
chondrocytes pellets were washed with PBS buffer and added 1mL of RNAzol® RT reagent to lyse
cells. Subsequently, added DEPC-treated water (0.4 mL) to lysate and shook the mixture vigorously
for 15 s. Centrifuged samples for 15 min at 13,500 rpm at 4 ◦C after storing for 15 min. The RNA
remained soluble in the supernatant. Each of the supernatant (1 mL) was transferred to a new tube
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and precipitated by mixing with 0.4 mL of 75% ethanol. The samples were centrifuged for 10 min at
12000 rpm at 4 ◦C after stored for 15 min. RNA precipitated and formed a white pellet at the bottom of
the tube. Next, we washed the RNA twice with 75% ethanol to remove the ethanol and dissolve the
RNA precipitation pellet with DEPC-treated water.

Complementary DNA was performed for reverse transcription using the GScript First-Strand
Synthesis Kit (GeneDireX). Specific cDNA was amplified by PCR using Platinum® Blue PCR SuperMix.
The protocol of experiment method followed Invitrogen manufacturer. cDNA samples were mixed up
with Platinum® Blue PCR SuperMix and forward/reverse primer. The PCR amplification condition was
illustrated as follows: heating up to 95 ◦C for 5 min, denaturing the DNA at 95◦C for 30 s, annealing
with the primer at 55 ◦C for 30 s, extending the length of product at 72 ◦C for 30 s, and finally cycled
for 35 times. PCR cycle ended at 72 ◦C for 3 min and cooled down to 4 ◦C. The samples were stored at
−20 ◦C and electrophoresis experiment ran at voltage 80 V, 35 min. The experiment was also conducted
in three times.

2.14. Alcian Blue Staining

Alcian blue solution was prepared beforehand by dissolving Alcian blue 8GX powder in 40%
acetic acid and 60% ethanol mixture solvent in 1 wt % concentration, and the solution was stored at
4 ◦C. At the end of the culture period, cell pellets were washed with PBS buffer and fixed with 4%
formaldehyde for 1 h. The fixed-cell samples were washed with PBS buffer and then incubated with
Alcian blue solution overnight. The stained samples were washed with PBS buffer and mounted by
mounting solution. The observation was using optical microscope. The experiment was run in triplicate
and the results were statistically analyzed using two-way ANOVA Dunnett’s multiple comparisons
test comparing with the control group (* P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001).

2.15. Static Magnetic Field (MF) and Magnet-Derived Shear Stress (S) Stimulations

A cylinder-shaped neodymium magnet with a magnetic field of 0.22 T was used to static magnetic
field induction [24,28]. On the other hand, a magnetic stirrer of 50 rpm was applied for magnet-derived
shear stress stimulation on the cell-pellets. For combined stimulation, cell-pellets were first placed
on the top of the magnet and then transferred to the magnetic stirrer on pellets in consecutive
order following static magnetic field and/or magnet-derived shear stress for 1 h one day for five
consecutive days

3. Results and Discussion

3.1. Synthesis and Characterization of AG-g-HA

Figure 2A illustrated the reaction scheme for the synthesis of Hyaluronic acid-grafted amphiphilic
gelatin (AG-g-HA). As a widely used biopolymer, gelatin is composed of a series of amino acids, serving
as hydrophilic backbone and modified by hexanoic anhydride to gain amphiphilic characteristic.
HA was conjugated on gelatin’s Arginine (Arg) part by the well-known EDC/NHS method. The chemical
signals of the gelatin (Figure S1 and Table S1) from peak 1 to peak 11 assigned to the protons on the
primitive gelatin macromolecules [29]. According to the NMR spectra in Figure 2B, chemical signals
of amphiphilic gelatin (AG) at peak 3.5 ppm and peak 1.2 ppm were the protons from the hexanoyl
group. The disappearance of peak at 2.9 ppm which was referred to the primary amino group of the
gelatin confirmed that amino group, arginine, was partially substituted to hexanoyl group forming
AG. The α-carbonyl group (COCαH3) at 1.9 ppm and glucose group between 3.2 and 3.9 ppm gave the
cue of glycosylation (Figure 2C). TNBS is a well-known reagent specific for primary amino groups,
which can be quantified and measured at absorbance 335 nm [30]. The substitution rate of the hexanoyl
group was measured to be 58.2%. The second HA conjugation rate was 4.0% (Figure S2). The results
demonstrated that there were finally 37.8% free amino groups remaining in the arginine and lysine of
the gelatin where hexanoyl group and HA substitution were at 58.2% and 4.0%, respectively.
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acid, which was responsible for cell proliferation, differentiation and migration [16,17,31]. Hyaluronic 
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Figure 2. (A) The reaction scheme for the synthesis of hyaluronic acid-grafted amphiphilic gelatin
(AG-g-HA); 1H NMR spectrum of macromolecules in D2O for (B) amphiphilic gelatin (AG) and (C)
AG-g-HA. As shown, the NMR spectra at 3.5, 1.2, 1.9 and around 3.5 ppm demonstrated the successful
synthesis of AG-g-HA.

3.2. Characterization of HA-AGMCs and Cartilage Tissue-Mimetic Pellets

Hyaluronic acid-graft-amphiphilic gelatin microcapsule (HA-AGMC) was synthesized via double
emulsification using SPIOs and AG-g-HA. The diameter and zeta potential of HA-AGMCs were
measured by dynamic light scattering (DLS) (Table S2). HA-AGMC exhibited an average size of
1.24 ± 0.1 µm in diameter with an excellent monodispersity (Figure S3). The surface charge was
approximately −16 mV caused by the replacement of positively charged amino groups to hexanoyl
group and HA. HA-AGMCs demonstrated the appearance of deflated balloons structure in scanning
electron microscope (SEM) images (Figure 3A). The round hollow morphology can be further confirmed
by transmission electron microscopy (TEM) image in Figure 3B where the little dark spots of SPIOs
were clearly observed in the shell of microcapsules. The loading efficiency of SPIOs in HA-AGMCs
was 92.2% determined by ultraviolet-visible spectroscopy (UV-vis).

The biocompatibility of HA-AGMC with rabbit primary chondrocytes was investigated by MTS
assay (Figure 3C). The cells were treated with different concentrations of HA-AGMC from 0.05 to
13.6 mg mL−1. HA-AGMC illustrated outstanding biocompatibility at high concentration in which
chondrocytes viability was higher than 84% after 24 h co-culture with HA-AGMC under 6.8 mg mL−1.

In this study, hyaluronic acid (HA) on HA-AGMC surface was designed to help sticking
chondrocytes and microcapsules together. The CD44 antigen was the main receptor for hyaluronic acid,
which was responsible for cell proliferation, differentiation and migration [16,17,31]. Hyaluronic acid
conjugated on the surface of microcapsule was capable of binding to the chondrocytes due to CD44/HA
receptors and serving as a backbone to recruit proteoglycans and glycoproteins into extracellular
matrix structures [32]. Attachment efficiency of HA-AGMCs to chondrocytes was used to evaluate
the formation of cartilage tissue-mimetic pellets by co-culturing chondrocytes with HA-AGMCs on
non-adhesive micro-molds (Figure 3D). The Fe amount was also quantified by using ICP-MS and
increased with HA-AGMCs concentration. The attachment efficiency was over 90% in each HA-AGMCs
group with the microcapsule concentration of 42.5 to 680 µg mL−1. The result demonstrated that
mostly HA-AGMCs can easily attach to chondrocytes and form pellets together.

129



Polymers 2020, 12, 785
Polymers 2019, 11, x FOR PEER REVIEW 8 of 16 

 

 
Figure 3. Morphological appearance and characterization of the HA-AGMCs. (A) SEM and (B) TEM 
images. (C) Biocompatibility of HA-AGMCs to chondrocytes after 24 h incubation (n = 3). (D) 
Attachment efficiency of HA-AGMCs to chondrocytes in different concentrations of HA-AGMC. The 
results demonstrated HA-AGMCs have a spherical-shaped bilayers structure with average diameter 
of 1.2 μm and negligible cytotoxicity to chondrocytes. 

We fabricated cartilage tissue-mimetic pellets with different concentrations of microcapsule HA-
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680 μg mL−1 (in AG-g-HA concentration) (Figure 4A,B). The results illustrated that the HA-AGMCs 
microcapsules containing SPIOs do not lower the number of chondrocytes. Of note, after 14 days of 
culture, HA-AGMCs at the concentration of 170 μg mL−1 had the relative highest cell number 
correlated to the optical microscope images (Figure 4A). The morphology of pellets in different HA-
AGMCs concentrations after culturing 14 days was shown (Figure 4C). Pellets in each group showed 
uniform size and rounded shape, and more microcapsules made the pellets looked darker 
responding to more SPIOs. During the culture period, a scatter of cell debris was found in the group 
with 680 mL−1 HA-AGMCs, which resulted in a smaller size of pellet. In contrast, HA-AGMCs at the 
concentration of 170 μg mL−1 had the biggest pellet size of 200 μm. Therefore, the HA-AGMCs at 170 
μg mL−1 was selected for the following all experiments. 

Figure 3. Morphological appearance and characterization of the HA-AGMCs. (A) SEM and (B) TEM
images. (C) Biocompatibility of HA-AGMCs to chondrocytes after 24 h incubation (n = 3). (D) Attachment
efficiency of HA-AGMCs to chondrocytes in different concentrations of HA-AGMC. The results
demonstrated HA-AGMCs have a spherical-shaped bilayers structure with average diameter of 1.2 µm
and negligible cytotoxicity to chondrocytes.

We fabricated cartilage tissue-mimetic pellets with different concentrations of microcapsule
HA-AGMCs and also used macromolecule AG-g-HA as control group. The number of viable
chondrocytes and the morphology of cartilage tissue-mimetic pellets were examined by MTS assay
and optical microscope at day 7 and 14 respectively. HA-AGMCs and AG-g-HA showed little
difference in optical density (O.D.) over the cultural period at different concentrations from 42.5 to
680 µg mL−1 (in AG-g-HA concentration) (Figure 4A,B). The results illustrated that the HA-AGMCs
microcapsules containing SPIOs do not lower the number of chondrocytes. Of note, after 14 days of
culture, HA-AGMCs at the concentration of 170 µg mL−1 had the relative highest cell number correlated
to the optical microscope images (Figure 4A). The morphology of pellets in different HA-AGMCs
concentrations after culturing 14 days was shown (Figure 4C). Pellets in each group showed uniform
size and rounded shape, and more microcapsules made the pellets looked darker responding to more
SPIOs. During the culture period, a scatter of cell debris was found in the group with 680 mL−1

HA-AGMCs, which resulted in a smaller size of pellet. In contrast, HA-AGMCs at the concentration of
170 µg mL−1 had the biggest pellet size of 200 µm. Therefore, the HA-AGMCs at 170 µg mL−1 was
selected for the following all experiments.
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culture, the supplement of oxygen was mainly controlled by diffusion, consequently resulting in 
oxygen gradient. Oxygen tension was often found in the center of the 3D structure and also 
dependent on the number of cells. The nutrient and oxygen supply in the central of pellets would be 
increasingly inadequate during the culture period [33,34]. In this study, fluorescence images showed 
after 14 days, the vast majority of cells remain viable in both pure cells control group and HA-AGMCs 
group (Figure 5A,B). The mean fluorescence intensity in each HA-AGMCs pellet showed more cells 
and higher viability compared to cell only group as shown in Figure 5C. In comparison to clear 
boundary between each cell in control group (Figure 5A), HA-AGMC group showed blurry edge, 
indicating cell pellets in HA-AGMC group had stronger connection to ECM (Figure 5B). This further 
confirmed that HA-AGMC are able to promote the connection between cells and construct 
chondrocytes into a compact pellet. To observe the localization of HA-AGMC, quantum dots were 
dissolved in chloroform with SPIOs and encapsulated in the shell of HA-AGMC. The confocal 
fluorescent images showed cooperative formation of HA-AGMC and chondrocytes at 14 days (Figure 
5D), HA-AGMCs still remained in the pellets and scattered uniformly in the ball-shaped pellets. Our 
studies demonstrated that microcapsule HA-AGMCs can maintain great cell compatibility and 
viability in cartilage tissue-mimetic pellets. 

Figure 4. Cartilage tissue-mimetic pellets proliferation and morphology. The relative cell proliferation
after culturing chondrocytes with HA-AGMCs microcapsule or AG-g-HA at different concentrations
(from 42.5 to 680 µg mL−1) at (A) 7 days and (B) 14 days (n = 4). (C) The cell pellet morphologies after
culturing 14 days showed that HA-AGMCs at the concentration of 170 µg mL−1 had the biggest pellet
size of 200 µm. Scale bar = 50 µm.

3.3. Cartilage Tissue-Mimetic Pellets Live/Dead Assay

We tested long-term cell viability with Live/Dead assay to confirm cell condition, and to investigate
whether HA-AGMCs had any influence on the cartilage tissue-mimetic pellets. In 3D culture,
the supplement of oxygen was mainly controlled by diffusion, consequently resulting in oxygen
gradient. Oxygen tension was often found in the center of the 3D structure and also dependent on
the number of cells. The nutrient and oxygen supply in the central of pellets would be increasingly
inadequate during the culture period [33,34]. In this study, fluorescence images showed after 14
days, the vast majority of cells remain viable in both pure cells control group and HA-AGMCs group
(Figure 5A,B). The mean fluorescence intensity in each HA-AGMCs pellet showed more cells and higher
viability compared to cell only group as shown in Figure 5C. In comparison to clear boundary between
each cell in control group (Figure 5A), HA-AGMC group showed blurry edge, indicating cell pellets in
HA-AGMC group had stronger connection to ECM (Figure 5B). This further confirmed that HA-AGMC
are able to promote the connection between cells and construct chondrocytes into a compact pellet.
To observe the localization of HA-AGMC, quantum dots were dissolved in chloroform with SPIOs
and encapsulated in the shell of HA-AGMC. The confocal fluorescent images showed cooperative
formation of HA-AGMC and chondrocytes at 14 days (Figure 5D), HA-AGMCs still remained in the
pellets and scattered uniformly in the ball-shaped pellets. Our studies demonstrated that microcapsule
HA-AGMCs can maintain great cell compatibility and viability in cartilage tissue-mimetic pellets.
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Figure 5. Confocal fluorescent image of cartilage tissue-mimetic pellets after 14 days culture. 
Live/Dead fluorescent image of (A) pure cells control group and (B) cells with HA-AGMCs group. 
Calcein AM (green), Ethidium homodimer-1 (red). (C) The fluorescence intensity in each pellet was 
measured by ImageJ and further analyzed by unpaired t-test (P = 0.0123, n = 3). (D) Quantum dots 
were encapsulated in the shell of HA-AGMCs and used to visualize the localization of cartilage tissue-
mimetic pellets consisting of DAPI (blue), actin (green), HA-AGMC (red quantum dots). As shown, 
chondrocytes remained viable in HA-AGMCs group and had stronger connection to ECM. Scale bar 
= 25 m. 

3.4. Gene expression of Cartilage Tissue-Mimetic Pellets under Physical Stimulations 

HA-AGMC was designed as a multifunctional platform to guide the cartilage tissue-mimetic 
pellets and serve physical stimulations. Static magnetic field (MF) and magnet-derived shear stress 
(S) were applied on the HA-AGMCs one hour each day for five consecutive days. In addition to 
mimic cartilage ECM environment, joint movements mechanical forces also played a crucial part in 
growth and development of articular cartilage tissue. It was found that stem cell performed better 
properties when cells grew in scaffold under external mechanical stimulations [23,35,36]. More 
recently, magnetic nanoparticles captured more attention to bioreactor as they were capable of 
providing different mechanical forces and were more suitable for applying loading to improve cell 
condensation and scaffold seeding efficiency [37–39]. We performed biophysical stimulations via 
SPIOs and analyzed the gene expression of Aggrecan (Agg), collagen type I (Col I), collagen type II 
(Col II), and Sox9 with polymerase chain reaction (PCR) after 7 and 21 days of culture. The primer 
sequences were shown in Table S3 and housekeeping genes GAPDH were used in comparison with 
the samples. After 7 days culture period, the presence of HA-AGMCs significantly increased Col I, 
Col II and Sox9 gene expression compared to control group. HA-AGMC+MF+S and control group 
showed similar Agg gene expression (Figure 6A). The gene expression of Col II and Agg gave us an 
indication of chondrocytes’ functionality as they attributed to the secretion of ECM to stabilize the 
structure of ECM [40]. It is worth noting that Sox9 gene regulated chondrogenesis and chondrocyte 
proliferation [41], and the expressions of Sox9 were dramatically upregulated 2-fold in all HA-
AGMCs-added groups after 7 days. Taking up-regulation of Agg, Col II, and Sox9 contrasting to Col 
I gene expression altogether, HA-AGMC-treated group demonstrated a slightly better chondrocyte 
expansion. The HA-AGMC with physical stimulation-treated group showed significant Agg gene 
expression compared to control group after 21 days culture period (Figure 6B). Furthermore, gene 
expression of both Col I and Col II revealed significant difference between HA-AGMC+MF+S and 
control group. Taking the results together, the application of HA-AGMCs and biophysical 
stimulation did not generate dedifferentiation effect on chondrocytes due to the relatively lower 
expression of Col I than any other group during culture period. Furthermore, HA-AGMC+MF+S 

Figure 5. Confocal fluorescent image of cartilage tissue-mimetic pellets after 14 days culture. Live/Dead
fluorescent image of (A) pure cells control group and (B) cells with HA-AGMCs group. Calcein AM
(green), Ethidium homodimer-1 (red). (C) The fluorescence intensity in each pellet was measured by
ImageJ and further analyzed by unpaired t-test (P = 0.0123, n = 3). (D) Quantum dots were encapsulated
in the shell of HA-AGMCs and used to visualize the localization of cartilage tissue-mimetic pellets
consisting of DAPI (blue), actin (green), HA-AGMC (red quantum dots). As shown, chondrocytes
remained viable in HA-AGMCs group and had stronger connection to ECM. Scale bar = 25 m.

3.4. Gene expression of Cartilage Tissue-Mimetic Pellets under Physical Stimulations

HA-AGMC was designed as a multifunctional platform to guide the cartilage tissue-mimetic
pellets and serve physical stimulations. Static magnetic field (MF) and magnet-derived shear stress
(S) were applied on the HA-AGMCs one hour each day for five consecutive days. In addition to
mimic cartilage ECM environment, joint movements mechanical forces also played a crucial part in
growth and development of articular cartilage tissue. It was found that stem cell performed better
properties when cells grew in scaffold under external mechanical stimulations [23,35,36]. More recently,
magnetic nanoparticles captured more attention to bioreactor as they were capable of providing
different mechanical forces and were more suitable for applying loading to improve cell condensation
and scaffold seeding efficiency [37–39]. We performed biophysical stimulations via SPIOs and analyzed
the gene expression of Aggrecan (Agg), collagen type I (Col I), collagen type II (Col II), and Sox9 with
polymerase chain reaction (PCR) after 7 and 21 days of culture. The primer sequences were shown
in Table S3 and housekeeping genes GAPDH were used in comparison with the samples. After 7
days culture period, the presence of HA-AGMCs significantly increased Col I, Col II and Sox9 gene
expression compared to control group. HA-AGMC+MF+S and control group showed similar Agg gene
expression (Figure 6A). The gene expression of Col II and Agg gave us an indication of chondrocytes’
functionality as they attributed to the secretion of ECM to stabilize the structure of ECM [40]. It is
worth noting that Sox9 gene regulated chondrogenesis and chondrocyte proliferation [41], and the
expressions of Sox9 were dramatically upregulated 2-fold in all HA-AGMCs-added groups after 7
days. Taking up-regulation of Agg, Col II, and Sox9 contrasting to Col I gene expression altogether,
HA-AGMC-treated group demonstrated a slightly better chondrocyte expansion. The HA-AGMC with
physical stimulation-treated group showed significant Agg gene expression compared to control group
after 21 days culture period (Figure 6B). Furthermore, gene expression of both Col I and Col II revealed
significant difference between HA-AGMC+MF+S and control group. Taking the results together,
the application of HA-AGMCs and biophysical stimulation did not generate dedifferentiation effect
on chondrocytes due to the relatively lower expression of Col I than any other group during culture
period. Furthermore, HA-AGMC+MF+S group performed the highest Col II gene expression level

132



Polymers 2020, 12, 785

throughout the culture period, despite of HA-AGMC+S with sound Col II gene expression at the early
stage. These data indicated that HA-AGMC can help chondrocytes present in cartilage tissue-specific
gene at the beginning of pellets formation, and somewhat maintain functional gene expression better
after applying both static magnetic field and magnet-derived shear stress. However, further studies
are needed to optimize the mimic native cartilage environment in terms of biophysical parameters.
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differentiate into fibrochondrocytes [43]. The cartilage tissue-mimetic pellets productivity of sGAG 
under physical simulations was examined by Blyscan assay (Figure 7A). The sGAG production 
increased with incubation time. Physical stimulations further enhanced cartilage tissue-specific ECM 
production, and HA-AGMC+MF+S group exhibited the greatest sGAG secretion in medium after 21 
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Figure 6. Gene expressions of cartilage tissue-mimetic pellets under static magnetic field (MF) and
magnet-derived shear stress (S) stimulations at (A) day 7 and (B) day 21. The results were statistically
analyzed using two-way ANOVA Dunnett’s multiple comparisons test comparing with the control
group (* P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001). HA-AGMC helped chondrocytes
maintain cartilage tissue-specific gene at the beginning of pellets forming and applying both MF and S
hold the gene expression better.

3.5. Synthesis of Sulfated Glycosaminoglycan under Physical Stimulations

The synthesis of sulfated glycosaminoglycan (sGAG) is one important index of chondrocyte
biochemical function [41,42], and the diminishing presence of sGAG indicated a tendency to
de-differentiate into fibrochondrocytes [43]. The cartilage tissue-mimetic pellets productivity of
sGAG under physical simulations was examined by Blyscan assay (Figure 7A). The sGAG production
increased with incubation time. Physical stimulations further enhanced cartilage tissue-specific ECM
production, and HA-AGMC+MF+S group exhibited the greatest sGAG secretion in medium after 21
days culture (Figure 7B). Alcian blue staining results further demonstrated that both and HA-AGMCs
group had high content of sGAG excretion in comparison with pure cells control group in Figure 7C
where, staining results were not further quantified because of the SPIOs interference.Polymers 2019, 11, x FOR PEER REVIEW 12 of 16 
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was surgically induced by anterior cruciate ligament transection (ACLT) and partial medial 
meniscectomy on one knee of male New Zealand rabbits. Half of the rabbit’s femoral head are 
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Figure 7. The cartilage tissue-mimetic pellets productivity of sGAG. (A) Blyscan assay detected sGAG
content in culture medium under different stimulations at 7 and 21 day (n = 3). Alcian blue staining
demonstrated the secretion of sGAG after 21 days culture of (B) control and (C) HA-AGMCs. scale
bars = 200 µm.
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3.6. Histological Analysis

The cell pellets with HA-AGMCs at the concentration of 170 µg mL−1 was used for animal implant
experiments to make in vivo chondrogenic analysis in an osteoarthritic mode. Osteoarthritis was
surgically induced by anterior cruciate ligament transection (ACLT) and partial medial meniscectomy
on one knee of male New Zealand rabbits. Half of the rabbit’s femoral head are implanted with a
magnet as a source of magnetic force as shown in Figure 8A. In this in-vivo experiment, the HA-AGMCs
are pre-cultured with chondrocytes before implantation into rabbit OA knee. Subsequently, after 6
weeks of surgery, the rabbits received implants of pellets containing either only cells or HA-AGMCs
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Figure 8. (A) Half of the rabbit’s femoral head implanted with a magnet as a source of magnetic force.
H&E stain of the cartilage tissue treated with various groups of cells/magnet/HA-AGMCs for 4 weeks
in (B–D).

After 4 weeks of implantation, the preliminary results revealed that control groups without
HA-AGMCs displayed irregular layer of cartilage surface and degeneration of the cartilage tissue
(as illustrated in Figure 8B). In addition, the abnormal growth and disorder of cartilage tissues were
observed in pure cell without magnet and HA-AGMCs group shown in Figure 8C. More importantly,
a newly formed tissue is evident in the group treated with a combination of chondrocytes with
A-AGMCs and magnet in Figure 8D, which demonstrated that the cells treated with HA-AGMCs
and magnetic force can improve the retention and biofunctionality of transplanted chondrocytes to
form ordering arrangement in cartilage matrix, which is very important for cartilage repair. However,
the comprehensive investigation about chondrogenic analysis and cartilage repair is in subsequent
progress, which will be reported in the future.

4. Conclusions

In summary, cartilage tissue-mimetic pellets have considerable advantages in over articular
cartilage disorder obstacles. In this study, Am-HA-gelatin has been synthesized by modifying
primary amino group on gelatin with hexanoic anhydride to obtain the amphiphilic property and then
grafting hyaluronic acid on the amphiphilic gelatin which is capable to form simple core-shell hollow
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structure. The multifunctional HA-AGMC with specific targeting on CD44 receptors provided cartilage
tissue-mimetic pellets with high structure stability and remained high cell viability even in the center of
pellets after 14 days culture. Packing with superparamagnetic iron oxide nanoparticles (SPIOs) in the
HA-AGMC microcapsule, the pellets with the magnetic HA-AGMCs demonstrated the combination of
static magnetic field and magnet-derived shear stress can exhibit the highest cartilage tissue-specific
gene expression. Our preliminary results have showed that the cells treated with HA-AGMCs and
magnetic force exhibit the better growth and ordering of chondrocytes.
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Abstract: In this study, silicone nanoparticles (SiNPs) were prepared from polydimethylsiloxane (PDMS)
and tetraethyl orthosilicate (TEOS) via the sol-gel process. The resultant SiNPs were characterized
by dynamic light scattering (DLS), transmission electron microscope (TEM), and scanning electron
microscope (SEM). These SiNPs were then blended with 2-hydroxyethylmethacrylate (HEMA) and
1-vinyl-2-pyrrolidinone (NVP) before polymerizing into hydrogel contact lenses. All hydrogels were
subject to characterization, including equilibrium water content (EWC), contact angle, and oxygen
permeability (Dk). The average diameter of SiNPs was 330 nm. The results indicated that, with the
increase of SiNPs content, the oxygen permeability increased, while the EWC was affected insignificantly.
The maximum oxygen permeability attained was 71 barrer for HEMA-NVP lens containing 1.2 wt% of
SiNPs with an EWC of 73%. These results demonstrate that by loading a small amount of SiNPs, the Dk
of conventional hydrogel lenses can be improved greatly. This approach would be a new method to
produce oxygen-permeable contact lenses.

Keywords: silicone nanoparticles; PDMS; TEOS; hydrogels; soft contact lenses

1. Introduction

Contact lenses are employed for correcting eye vision. The global market for contact lenses
is about US$8.1 billion in 2018. Two major classes of soft contact lenses are silicone hydrogel and
conventional hydrogel lenses. The market shares for the former is 69% while the latter takes 19% in
2018 [1]. Conventional hydrogel contact lenses are synthesized from hydrophilic monomers such
as 2-hydroxyethyl methacrylate (HEMA), offering the wearer comfort due to their hydrophilicity.
However, this class of contact lenses exhibits low oxygen permeability that may cause red-eye
syndrome for long-term wearing [2,3]. To cope with this problem, silicon-containing polymers such as
3-(methacryloyloxy) propyltris(trimethylsiloxy) silane (TRIS) or polydimethylsiloxane (PDMS) are
incorporated into the hydrogel to increase the oxygen permeability, leading to the inception of silicone
hydrogel lenses [4–11].

Polydimethylsiloxane exhibits a hydrophobic nature and is low cost, simple to fabricate, and
shows good biocompatibility, flexibility, thermal and oxidative stability, high optical transparency,
and especially high oxygen permeability [12–18]. The main drawback of PDMS is the restriction
of water absorptivity, surface wettability, and higher lipid deposition because of its inherent
hydrophobicity [19–21]. These limitations can be improved through the combination with hydrophilic
materials. The incorporation of hydrophobic and hydrophilic monomers usually takes two oppositional
tendencies. The first trend is to increase equilibrium water content. However, this will decrease the
oxygen permeability because of hydrophilic monomers. On the other hand, a higher PDMS content
will enhance oxygen permeability but reduce the water uptake ability [11,22,23]. In silicone hydrogel
contact lenses, water is a main factor to restrict the oxygen permeability [24–26]. However, the second
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trend may improve both wettability and oxygen transmissibility when hydrophobic and hydrophilic
monomers are cooperated at a proper ratio.

In this work, a novel approach is adopted to improve the oxygen permeability of HEMA-based
hydrogels. Instead of incorporating PDMS into the polymer chain, poly(dimethylsiloxane) dialkanol
(PDMS diol) was reacted with tetraethyl orthosilicate (TEOS) through hydrolysis and condensation to
form silicone nanoparticles (SiNPs) via the sol-gel process [27–29]. Thereafter, SiNPs were loaded into
hydrogel synthesized from HEMA and 1-vinyl-2-pyrrolidinone (NVP). All the resultant hydrogels were
subject to characterization, including Fourier transform infrared spectroscopy (FTIR), Raman, scanning
electron microscope (SEM), transmission electron microscope (TEM), dynamic light scattering (DLS),
equilibrium water content (EWC), oxygen permeability (Dk), optical transparency, mechanical strength,
and contact angle measurements. We think this novel approach of loading silicone nanoparticles
would improve the oxygen permeability without reducing the hydrophilicity and wettability of
HEMA hydrogels.

2. Materials and Methods

2.1. Materials

Poly(dimethylsiloxane) dialkanol (PDMS-diol, KF-6001) was purchased from Shin-Etsu Chemical
Co. Ltd., Tokyo, Japan. 1-Vinyl-2-pyrrolidinone (NVP), tetraethyl orthosilicate (TEOS), and 2-hydroxy-2-
methylbenzene acetone (D-1173) were purchased from Sigma-Aldrich (St. Louis, Mo USA). Further,
2-hydroxyethylmethacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA) were obtained
from Acros Organics (NJ, USA). Phosphate buffered saline solution (PBS, 0.1 M, pH 7.4) was prepared
in our laboratory.

2.2. Preparation of Silicone Nanoparticles

Silicone nanoparticles (SiNPs) were synthesized by cross-linking PDMS-diol with TEOS through
the sol-gel process shown in Figure 1. The reaction was conducted in a solution containing 0.1 mL of
HCl (37%), 4 mL of water, and 2 mL of ethanol (95%). Subsequently, 1 mL of TEOS was added into
the solution and then stirred for 1 h at room temperature, followed by adding 4 mL of PDMS-diol
dropwise into the reacting solution. The reaction was stirred for 24 h at room temperature in the dark
after completion of the addition. After condensing in a vacuum oven at 80 ◦C for 24 h, SiNPs were
harvested and purified with ethanol before sonication and centrifugation. Finally, SiNPs were stored
after drying in an oven at 80 ◦C for 12 h.
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Figure 1. Preparation of silicone nanoparticles from TEOS and PDMS-diol. Figure 1. Preparation of silicone nanoparticles from TEOS and PDMS-diol.
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Figure 1 shows the synthetic reactions for silicone nanoparticles (SiNPs) from PDMS and TEOS.
Firstly, the ethoxy groups of TEOS were hydrolyzed into the hydroxyl groups. In the subsequent
condensation, silica and silicone were formed by removing hydroxyl groups of Si-OH [27,29,30].

2.3. Preparation of SiNPs-Loaded Hydrogel Composites

The hydrogels were polymerized from NVP and HEMA in the presence of SiNPs, cross-linking
agent EGDMA and photo initiator D-1173 as shown in Table 1 and Figure 2. For all formulations,
the mixture contained 0.5 wt% of EGDMA and D-1173. Then, the mixture was stirred in the dark
at room temperature for 5 h. Afterward, the mixture was transferred to polypropylene molds and
cured under UV light (365 nm) for 40 min. After demolding, lenses were soaked in 50% ethanol for
20 h at 50 ◦C to remove un-reacted monomers and photo initiator. Then, the lenses were immersed in
distilled water for 4 h at 50 ◦C to wash out ethanol. Finally, the lenses were preserved in PBS (pH 7.4)
at room temperature.

Table 1. Formulation of soft lenses including HEMA, NVP, and silicone nanoparticles (SiNPs).

Sample Gel Composition (mg)

HEMA NVP SiNPs

HS0 100 0 0
HS04 100 0 0.4
HS08 100 0 0.8
HS12 100 0 1.2

HN2S0 80 20 0
HN2S04 80 20 0.4
HN2S08 80 20 0.8
HN2S12 80 20 1.2

HN5S0 50 50 0
HN5S04 50 50 0.4
HN5S08 50 50 0.8
HN5S12 50 50 1.2
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Figure 2. Preparation of SiNPs-loaded hydrogel lenses.

2.4. Elemental Analysis and Size of Particles

The elemental composition of dry particles was determined using a field emission scanning
electron microscope (FE-SEM/EDS, JSM-6500F, JEOL, Tokyo, Japan). The particle size was analyzed
using dynamic light scattering (DLS-DKSH, Malvern Instruments Ltd., Malvern, UK), and transmission
electron microscopy (TEM, JEM-2000FXII, JEOL, Japan).
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2.5. Equilibrium Water Content

The equilibrium water content (EWC) of the hydrogel was calculated as follows:

EWC (%) =
W2 −W1

W2
× 100 (1)

where W1 and W2 are the weights of the dry lens and the rehydrated lens in distilled water for one day
at room temperature, respectively.

2.6. Optical Transparency

After swelling in PBS solution, the lens was adhered on the surface of cuvette containing 2 mL
distilled water. The optical transparency was determined in a wavelength range of 400–700 nm using a
UV-Vis spectrophotometer (Cary 300, Agilient Technologies, Santa Clara, CA, USA).

2.7. Surface Characterization

The contact angle of the contact lens was measured using a contact angle goniometer (DSA 100,
Krüss GmbH, Hamburg, Germany) at room temperature. The contact angle was an average of
three repetitions.

2.8. Chemical structure

The structure of SiNPs and contact lenses were examined using Raman Spectroscopy and FTIR.
The FTIR of SiNPs (Nicolet 170 SX, Thermo Fisher Scientific, Madison, WI, USA) were performed
in the wavenumber range of 600–4000 cm−1. SiNPs were pelletized with potassium bromide (KBr)
before being scanned over 32 times by an infrared ray. The lenses were detected over 32 scans based
on FTIR-ATR. The Raman spectroscopy (iHR550, Horiba Scientific, Kyoto, Japan) was determined in
the wavenumber range of 400–4000 cm−1.

2.9. Mechanical Properties

The mechanical properties of hydrogel specimens were determined by modulus and tensile
strength. Samples were cut as dog bone shape after hydrated in DI water. Modulus and tensile strength
of specimens were measured based on a tensile tester (MTS 810, Material Test System, Eden Prairie,
MN, USA) via ASTM D1708 standard at a crosshead speed of 50 mm/min.

2.10. Oxygen Permeability

The oxygen permeability (Dk, barrer) of the lens was determined according to ISO18369-4:2006
which is based on polarographic method using an oxygen permeometer (201 T O2 permeometer,
Createch, Chesterfield Twp, MI, USA). Polarography measures the oxygen permeation through a sample
by measuring the current produced in a cell by reducing oxygen at a noble metal electrode. Before testing,
guard ring polarographic cell (8.6 mm radius, CreaTech/Rehder Development Co., Chesterfield Twp,
MI, USA), buffer solutions and the lenses were placed in a temperature and humidity-controlled box at
37 ◦C and 98% relative humidity till the temperature equilibrium. After fully hydrated, the lenses were
stacked to measure the electronic current at a various number of lenses to correct the boundary effect.
The linear plot of t/Dk versus thickness was drawn and determined Dk/t from the slope [31–33].

3. Results and Discussion

3.1. Size and Elemental Composition of Particles

The size of SiNPs was determined based on DLS measurement as shown in Figure 3. The average
diameter of SiNPs was 330 ± 100 nm. The TEM image in Figure 4 shows similar SiNPs sizes.
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The hydrolysis and condensation reaction of TEOS would produce silica particles based on
the sol-gel process [27–29,34]. In this work, the condensation of TEOS occurred in the presence of
PDMS-diol to result in silicone nanoparticles. The EDX results in Figure 5 showed that the elemental
composition of SiNPs was consisted of 28.6% Si, 40.8% O, and 30.6% C. Considering that the atomic
ratio of Si:O in PDMS is 1:1 while that in SiO2 is 1:2, the mole fractions of PDMS and SiO2 in SiNP can
be estimated by solving the following equations

{
x + y = 0.286 for Si
x + 2y = 0.408 for O
∴ y = 0.122, x = 0.164
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Thus, the mole fraction of silicone is x
x+y = 0.164

0.286 = 57.4% and that of silica is y
x+y = 42.6%.

In addition, the presence of carbon in SiNPs indicated that PDMS did incorporated into SiNPs.
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Raman and FTIR were employed to examine the chemical structure of SiNPs synthesized from
PDMS and TEOS. Figure 6 shows that the Raman spectrum of SiNPs exhibited strong PDMSs
peaks appearing at 2909–2968 cm−1, 1409–1459 cm−1 (C-H groups), and 706–782 cm−1 (Si-C groups).
These results were also found in the literature [35–37]. Furthermore, the peak at 483 cm−1 were
attributed to Si-O-Si [38]. These characteristic peaks indicated that the reaction of PDMS and TEOS
through the sol-gel process was successful. Comparing the spectra of TEOS, PDMS, and SiNPs in
Figure 7, the peaks of Si-O-Si (1074 cm−1, 808 cm−1, 796 cm−1, 786 cm−1, 495 cm−1, 480 cm−1, 460 cm−1)
and SiOH (958 cm−1) were observed. The stretching vibrations of C-H occurred at 2792 cm−1 of TEOS,
2956 cm−1 of PDMS, and 2966 cm−1 of SiNPs while the peaks of Si-C (1251 cm−1 and 1263 cm−1) were
respectively observed in the spectra of PDMS and SiNPs [24].Polymers 2020, 12, x FOR PEER REVIEW 7 of 15 
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3.2. Optical Transparency

Figure 8 shows the photos of hydrated soft lenses including poly(HEMA-co-NVP) and
poly(HEMA-co-NVP)-SiNPs. These lenses appeared transparent.
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Figure 9 shows that the light transmittance (T%) of the contact lens decreased with the increase
of SiNPs content. The reduction in transparency can be attributed to the size distribution of SiNPs
(see Figure 4) that caused light scattering. At a content of 1.2 wt%, the transmittance dropped to 90%.
The light transmittance of a contact lens is preferred to be above 90% [39]. A higher SiNPs content would
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further decrease the transparency of the contact lens below 90%. Thus, in this study, the maximum content
of SiNPs was limited to 1.2 wt%.
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3.3. Equilibrium Water Content

Equilibrium water content (EWC) is an important index conferring comfortable wearing for
patients because of the softness and wettability as well as the limitation of dry corneal eye [40,41]. In this
present work, three series of soft lenses were prepared with different EWC values. The basic ingredient
of these hydrogels was HEMA, which is a well-known monomer for contact lens. The other ingredient,
NVP, is to increase the hydrophilicity of the hydrogel. All these formulations were crosslinked with
0.5 wt% of EGDMA.

Figure 10 shows that the presence of SiNPs in hydrogel network did not significantly affect the
EWC of soft lenses. The values of EWC for the HS-, HN2-, and HN5- series varied around 34%, 42%,
and 73%, respectively, regardless of the content of SiNPs. This is because that the content of SiNPs
was low, and that these nanoparticles interacted little with the matrix of HEMA and NVP. In other
words, a small number of nanoparticles were simply dispersed in the hydrogel matrix. On the contrary,
for commercialized silicone soft lenses, hydrophobic ingredients such as TRIS, SiMA, and PDMS
were incorporated into the main chains of the hydrogel and caused the reduction in EWC of contact
lenses [19,22,42,43].
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3.4. Contact Angle

Figure 11 shows that the contact angle of the soft lenses increased slightly with the content of
SiNPs. This may be attributed to the inherent hydrophobic PDMS in SiNPs embedded in hydrogel
matrix [24,44,45]. However, the difference was less than 5◦, and all the contact angles were below 70◦.
Thus, the addition of SiNPs did little to change the wettability of these lenses. The slight increase may
be attributed to a small quantity of hydrophobic PDMS (from SiNPs) exposed on the surface [23].Polymers 2020, 12, x FOR PEER REVIEW 10 of 15 
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3.5. IR Spectra of Contact Lenses

Figure 12 shows that the FTIR spectra of HS-series lenses differed little as the contents of SiNPs
increased from 0 wt% to 1.2 wt%. This phenomenon was observed for HN2S- and HN5S- series as well
(not shown). In the spectra of HS-series lenses, peaks of OH groups appeared at 3350 cm−1 while peaks
of Si-O-Si groups were detected at 1074 cm−1. Further, in the spectrum of HS-series, the presence of
Si-C and C=O were respectively observed at the peaks of 1253 cm−1 and 1706 cm−1 [24]. In the spectra
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of HN2S- and HN5S- series, the peaks of OH (3338, 3338 cm−1) and Si-O-Si (1072, 1080 cm−1), Si-C
(1257 cm−1, 1257 cm−1) and C=O (1643 cm−1, 1631 cm−1) were also detected.
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Figure 12. The FTIR spectra of HS- series SiNPs-containing contact lenses.

3.6. Mechanical Properties

Figure 13 presents the modulus and tensile strength of all HS, HN2S, and HN5S series. The moduli
of all HN5S samples were not significantly affected by the SiNPs content increasing from 0 wt% to
1.2 wt%. Particularly, the moduli of all HN5S lenses were approximately 0.48 MPa for all SiNPs contents.
This tendency was also found for HS and HN2S series samples. The moduli of HS and HN2S samples
were approximately 0.65 MPa and 0.56 MPa, respectively. In this research, the moduli of all HN5S, HN2S,
and HS series were around 0.48–0.65 MPa, which were similar to commercial lenses such as Acuvue
Oasys, Acuvue Advance, and Biomedics 38 [43,46]. Hence, these SiNPs-contained contact lenses exhibited
mechanical properties comparable to those commercial contact lenses.
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3.7. Oxygen Permeability

Figure 14 shows that Dk is linearly depending on the SiNPs content. Furthermore, the slop
increased with the hydrophilicity. Although the Dk increases with the EWC for conventional
non-silicone hydrogels, the loading of SiNPs did accelerate the permeation of oxygen in these
composite hydrogels. For the HS series, the Dk increased from 9 to 29 barrer as the content of SiNPs
increased to 1.2 wt%. For a more hydrophilic series, Dk of HN5 soft lenses increased rapidly from 39
to 71 barrer when the content of SiNPs increased from 0 to 1.2 wt%. Additionally, all formulations
containing a higher concentration of NVP monomers exhibited higher oxygen transmissibility than
others. As a result, the oxygen permeation of three formulation series including p(HEMA-co-NVP)
and pure HEMA polymers was affected by the SiNPs content.

It is well-known that hydrophobic PDMS can improve oxygen transmissibility of soft lenses based
on its siloxane groups (-Si(CH3)2-O-), especially silicon-oxygen bond [7,9,47]. However, the main
weakness of the hydrophobic component is to impair the water absorbability of the lens, [16,24,48]
thus EWC and Dk usually follow an inverse correlation. Accordingly, water is usually the limiting
factor of oxygen transport for silicone hydrogel lenses [26,49]. On the contrary, for the SiNPs-loaded
hydrogel, the addition of SiNPs did not affect the water uptake ability while increasing the oxygen
permeability of lenses, as shown in Table 1. This phenomenon broke the reverse relationship of EWC
and Dk in comparison to other non SiNPs lenses.

For hydrogels loaded with SiNPs, the content of these nanoparticles was less than 1.2 wt% of
the matrix. Although SiNPs were hydrophobic, the effect on the water absorbability was low due
to this small content. Furthermore, hydrophilic matrix of the hydrogel interacted little with these
hydrophobic nanoparticles. Thus, the mobility of these nanoparticles would be higher than in the case
of silicone hydrogels where PDMS chains were integrated into the matrix. Apparently, higher mobility
would facilitate the permeation of oxygen through the lens. Although in this study the highest Dk
was 70 barrer, we believe that higher Dk could be attained for higher SiNPs content once the particle
size was reduced through improving the synthesizing process of SiNPs, thereby breaking through the
transparency limitation.
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4. Conclusions

As demonstrated in this study, silicone nanoparticles (SiNPs) were synthesized from TEOS and
PDMS-diol. The existence of PDMS and TEOS in SiNPs was verified through Raman and FTIR
spectroscopy. The resultant nanoparticles exhibited a diameter of 330 ± 100 nm and composed of 57%
of silicone and 43% of silica. These nanoparticles were further entrapped in hydrogels polymerized
from HEMA and NVP. The resultant SiNPs-loaded hydrogel lenses exhibited an unusual correlation
between the oxygen permeability (Dk) and the equilibrium water content (EWC): the Dk increased
with the content of silicone nanoparticles while the EWC changed insignificantly. Moreover, based
on the result of the contact angle and Young’s modulus, the loading of SiNPs slightly influenced the
wetting surface and mechanical properties. The transparency was reduced to 91% when the content of
SiNPs was 1.2 wt%, probably due to the light scattering from the nanoparticles. Further effort to reduce
the particle size is underway in our lab. With this work, we demonstrate a novel approach to improve
the oxygen permeability without impairing the hydrophilicity of soft contact lenses. These results
would be beneficial to the development of soft contact lenses.
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Abstract: The transdermal delivery of therapeutic agents amplifying a local concentration of active
molecules have received considerable attention in wide biomedical applications, especially in vaccine
development and medical beauty. Unlike oral or subcutaneous injections, this approach can not
only avoid the loss of efficacy of oral drugs due to the liver’s first-pass effect but also reduce the risk
of infection by subcutaneous injection. In this study, a magneto-responsive transdermal composite
microneedle (MNs) with a mesoporous iron oxide nanoraspberry (MIO), that can improve the drug
delivery efficiency, was fabricated by using a 3D printing-molding method. With loading of Minoxidil
(Mx, a medication commonly used to slow the progression of hair loss and speed the process of
hair regrowth), MNs can break the barrier of the stratum corneum through the puncture ability,
and control the delivery dose for treating androgenetic alopecia (AGA). By 3D printing process,
the sizes and morphologies of MNs is able to be, easily, architected. The MIOs were embedded into
the tip of MNs which can deliver Mx as well as generate mild heating for hair growth, which is
potentially attributed by the expansion of hair follicle and drug penetration. Compared to the mice
without any treatments, the hair density of mice exhibited an 800% improvement after being treated
by MNs with MF at 10-days post-treatment.

Keywords: 3D printing process; mesoporous iron oxide; microneedles; minoxidil

1. Introduction

For male baldness, this genetic disease occurs at age 30–60, which is estimated that over 50% of the
general population suffer from hair loss [1]. Traditionally in the treatment of hereditary male baldness,
the drug was mixed into the inactive component which can soften the stratum corneum, such as
glycerol and propylene glycol, facilitating the active ingredient effective for percutaneous absorption [2].
However, the stratum corneum softening takes a long time, with side effects including redness, swelling,
rash, and subjective feeling of burning sensation was caused in some users. Additionally, it may lead
to hair growth on the undesired local with inaccurate using [3].

As a new type of painless administration, microneedles (MNs) with the advantages of convenient
use, minimally invasive procedure, and relatively inexpensive cost, are easy to overcome stratum
corneum to facilitate pharmaceuticals entering epidermal as well as dermal layers [4]. MNs are applied
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in many kinds of researches nowadays. For example, Li et al., last year, designed biodegradable MNs
with an air bubble inside the center for rapidly separating chemicals to skin and caused sustained
release [5]. However, the conventional fabrications of MNs are rigid, expensive, and inconvenient by
directly purchasing commercial products, and using laser ablation, photolithograph, and magneto
liquid forming, which prodigiously limits the applications of MNs [6–12].

Magnetic mesoporous nanoparticles consisted of silica as well as iron oxide, and are broadly
employed in many fields such as catalyst, cancer therapy, antibacterial composites, energy storage,
and drug delivery system [13–19]. These nano-systems provide promising and novel approaches for
improving the efficacy with their large pore surface, which can also be easily controlled by adjusting
the composition and concentration of surfactant. Especially, iron oxide nanoparticles allow them to
be manipulated with externally applied magnetic field, which possess on-demand release behaviors
from their cargos without any lag in response. By means of employing magnetic field, iron oxide can
slightly generate heat to cause cutaneous blood flow increases as well as vasodilation, leading to the
promotion of hair growth [20–22]. Furthermore, iron is one of the most important nutritional factors in
human body, as it can help oxygen delivery as well as carbon dioxide removal from animal tissue,
and has the composition of serum ferritin [23]. Many studies also show that iron-deficiency is also
common with hair loss [24,25].

In this study, the concept of a physical promotion method for patching increases the efficiency
of percutaneous absorption and reduces the chance of inducing side effects. A highly biocompatible
polyvinyl alcohol was used to make a dissolvable microneedle patch, reaching the smart device in
biomedical applications. Digital light processing (DLP) 3D printing technology was used to fabricate
the MNs master with high resolution, inexpensive cost, flexible manufacturing, customization, and fast
forming prototype compared with conventional process [26]. A mesoporous iron oxide nanoraspberry
(MIO) inside MNs (MIOs@MNs) encapsulated Minoxdil (Mx), a therapeutic drug for hair regrowth,
which can be triggered by external magnetic field (MF), resulting in local temperature increases as well
as controlled release (Figure 1). We further evaluated the biocompatibility and mechanical properties
of the MNs, suggesting a potential application in biomedical engineering filed.
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Figure 1. Schematic mechanism of microneedle patch system applying on the surface of skin. Polyvinyl
alcohol (PVA) was used to prepare microneedles (MNs) with dissolvable properties. A mesoporous iron
oxide nanoraspberry (MIO) encapsulating Minoxdil (Mx) inside the MNs were triggered by external
magnetic field (MF), leading to local temperature increases as well as controlled release.

2. Materials and Methods

2.1. Materials

FeCl3·6H2O, ethylene glycol, sodium acetate (NaAc), oleylamine, Mx, and phosphate buffered
saline were purchased from Sigma-Aldrich, St. Louis, Missouri, USA. CdSe/ZnS core/shell Quantum Dot
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Solid (QDs) were purchased form Ocean Nano Tech, San Diego, California, USA. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT reagent) were bought from Amresco, Solon, Ohio, USA.
Ham’s F-12 medium, fetal bovine serum (FBS) and penicillin/streptomycin were purchased from
Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, USA. Trypsin (2.21 mM EDTA Solution) was
purchased from Corning, Steuben County, New York, USA. C57BL/6 mice obtained from National
Laboratory Animal Center, NLAC, Taiwan.

2.2. Synthesis of MIOs

The synthesis process of MIOs follows the hydrothermal method of our previous studies [27].
Briefly, 5.4 g of FeCl3·6H2O were dissolved in 40 mL of ethylene glycol with vigorous stirring till the
color of the solution changed to a clear yellow. Then, anhydrous NaAc (3.29 g) was added to the
mixture in gentle stirring thereafter to the extent of homogeneity overnight. After the color of the
mixtures changed to black, 0.6 mL of oleylamine was added under ultrasonication for effective mixing.
Subsequently, 20 mL of the solution was transferred into a teflon-lined stainless steel autoclave (25 mL
capacity) for hydrothermal reactions at 220 ◦C for 5, 15, and 25 h, respectively. After the Teflon-lined
stainless steel autoclave was allowed to cool down to room temperature, the precipitate was washed by
ethanol, three times, and stored in 4 ◦C, this was called MIOs. MIOs were dried under vacuum at room
temperature before characterization and applications later. For Mx encapsulation, Mx was loaded to
MIOs-5h by mixing 1% Mx with MIOs in dimethyl sulfoxide (DMSO) for 12 h. Then, the mixture was
placed into vacuum at 50 ◦C for 24 h to evaporate DMSO. The drug concentration was determined by
ultraviolet–visible (UV-vis) spectroscopy (Metertech, Taipei, Taiwan).

2.3. Fabrication Process of MNs

We used 3D printing technologies to prepare MNs master so that we can freely adjust the
specification of MNs including height, width, and length of MNs. Each needle was 300 µm in a
round base diameter and 600 µm in height. Needles were arranged with 600 µm tip-tip spacing.
Polydimethylsiloxane (PDMS) was placed over the 3D printed MNs master to make female mold,
followed by curing in the oven at 60 ◦C for 8 h, and the female mold was finally finished by carefully
peeling the 3D printed MNs. For preparation polyvinyl alcohol (PVA)-MNs patch, the mixture,
PVA and Mx-MIOs, were loaded onto PDMS female mold, and placed in a centrifuge at 4500 rpm for
1 h, so that the mixed solution would fill the pyramidal cavity of the mold. The back of MNs was
filled with pure PVA solution, and centrifuged at 4500 rpm and 25 ◦C for 1 h. Subsequently, the device
was allowed to dry at room temperature for 12 h, and then the patch was carefully detached from
PDMS mold.

2.4. Characterizations of MIOs and MNs

The morphology of MIOs are analyzed by field emission scanning electron microscope (JEOL Ltd.,
Tokyo, Japan), and MIOs were dried up on silicon wafers. The wafers were anchored to SEM specimen
mounts using double-sided carbon tape, and sputter deposited with platinum in 10 mA for 120 s.
An X-ray diffractometer (D8 Advance X-ray Diffractometer, Bruker, Billerica, MA, USA) was used for
identification of crystal dimensions. A thermogravimetric analyzer (Seiko Instruments Inc., Tokyo,
Japan) provided a proportion of each compositions based on differential melting temperature with
physical and chemical properties. Dynamics laser scattering (DLS) analysis, by using a particle
sizer (Nano-ZS, Malvern, Worcestershire, UK), determined the average size and size distribution
of MIOs diluted with deionized water. Field-dependent magnetization curves were evaluated by a
superconducting quantum interference device (San Diego, CA, USA) from −10,000 to 10,000 Oe.

2.5. Controllable Properties of MIOs

For heat generation studies, MIOs-5h, MIOs-15h, and MIOs-25h were inserted to the center of the
coils, and MIOs were sequentially conducted with a MF (President Honor Industries, Taipei, Taiwan)
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at a power of 3.2 kW and frequency with 1 MHz. The temperature of solution increased and was
detected at various times.

Mx was used to evaluate the drug loading capacity and release properties of MIOs. Then, 1% Mx
were mixed with MIOs in DMSO for 12 h, and then the mixture was placed into vacuum at 50 ◦C
for 24 h to evaporate the DMSO. After the organic solvent was evaporated, the mixture was washed
by DI water through being centrifuged twice. Mx was quantified by a UV–vis spectrometer with
the wavelength in 230 nm. The loading capacity of Mx in MIOs were calculated by the equation:
EE% = (A − B)/A × 100, where A is the total amount of Mx, and B is the amount of Mx remaining in the
supernatant. To estimate the drug release profile, Mx containing MIOs were dispersed in phosphate
buffered saline (PBS). The solution was centrifuged at 4000 rpm and taken at various times for detection.

For magnetically triggered release, MF was applied to activate and induce heat of MIOs at a
power of 3.2 kW and frequency with 1 MHz for 1 min at the beginning. Mx-MIOs were dispersed in
water and placed into tubes for detection at various times.

2.6. In Vitro Experiments

HIG-82 was obtained from the American Type Culture Collection (ATCC), and were maintained in
F12 medium containing with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin at 37 ◦C and in 5% CO2.
The culture medium was replaced every three days with a fresh one. For biocompatibility, we followed
“Biological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity” (ISO 10993-5) to
investigate the MNs. Briefly, we extracted the substance released from MNs in culture medium with
serum following ISO 10993-12. After seeding HIG-82 cells in 96-well (10,000 cells per well) with 100 µL
of medium for 24 h, we added the extraction into each well for another 24 h incubation. Finally,
each well was added with 100 µL of MTT agent (1 mg/mL) for 4 h, and then dissolved in DMSO
to make purple color liquid. The absorbance value was read with a microplate reader (Synergy™
HT Multi-detection microplate reader, BioTek Instruments, Inc., Winooski, VT, USA) with 570 nm
in wavelength and 650 nm as reference. Cell viability was calculated by comparison with untreated
cells and calculated according to the following: Cell viability (%) = absorbance of experimental
group/absorbance of control group.

2.7. In Vivo Experiments

All C57BL/6 mice aged 6 weeks were purchase from National Laboratory Animal Center, NLAC,
Taiwan as the animal model of hair growth experiment. All mice were maintained under conditions at
22 ± 2 ◦C on a 12 h of dark-day cycle with access water and food. All surgical procedures were performed
in accordance with the protocol approved by the Institutional Animal Care and Use Committee (IACUC),
National Tsing Hua University, Hsinchu, Taiwan (IACUC protocol and approval number is 10704).
Mice with 8 weeks of age were shaved and divided into 4 groups, including drug-containing control
group (PBS), Mx-loaded MNs (Mx@MNs), Mx-MIOs@MNs, and Mx-MIOs@MNs+MF. Mice was
treated with patches at day one after shaving. For control group, the shaved back of mice was covered
with PBS solution. For Mx@MNs, Mx-MIOs@MNs, and Mx-MIOs@MNs+MF, the patch was pressed
firmly for the first 30 s to penetrate through the epidermis and pressed softly for additional 2 min.
The patch base was peeled at 10 min postinsertion into the skin, leaving the MNs settled in the skin for
further sustained drug release. For Mx-MIOs@MNs+MF group, the mice were further treated under
MF (power cube 32/900, President Honor Industries, Taiwan) at a power of 3.2 kW and frequency
with 1 MHz. Photos of the mice back were recorded for the quantitation of the hair density by Zen
Desk software.

2.8. Statistical Analysis

As an analysis of the variance, both one- and two-way ANOVA were used, and statistical
divergences were assessed by ANOVA with Tukey’s multiple comparison test. The Graph Pad-Prism
was used with a significance level of alpha 0.05 to evaluate the statistical significance.
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3. Results and Discussions

3.1. Synthesis and Characterization of MIOs

The synthesized process of MIOs was illustrated in Figure S1a. MIOs (porous iron oxide particles)
were prepared by using ligand-aided synthetic approach, in which oleic amine (OA) and sodium citrate
as coordinating agents was applied in a hydrothermal reaction [27]. Several methods, such as thermal
decomposition, coprecipitation, or electrochemical, were able to fabricate the iron oxide based particles,
the ligand-aided synthetic iron oxide that can manipulate the surface property, and the crystal growth
rate to form the porous structures in one-step [28]. The magnetic particles serving as a drug delivery
system are promising for on-demand drug release at a specific place since the external magnetic field
was able to manipulate them remotely for spatial guiding and magneto-thermal conversion by a unique
alternating MF [29]. After various reaction times, scanning electron microscopy (SEM) was applied
to evaluate these MIOs as shown in Figure 2a. Based on the reaction time, the MIOs hereafter were
termed as MIOs-5h, MIOs-15h, and MIOs-25h. Once the reaction was 5 h, the uniform MIOs-5h with
clear pores could be observed, and it had a mean size of ~150 nm in diameter. At a closer observation
(lower panel of Figure 2a), the MIOs-5h were composed by several iron oxide domains with 20 nm and
the pores were constructed by these IO domains. Furthermore, iron oxide domains of MIOs were also
observed by TEM (Figure S1b).
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Figure 2. Morphologies and size distribution of MIOs. (a) scanning electron microscopy (SEM) images
of different synthesis time (5 h, 15 h, and 25 h) of MIOs. (b) the size distribution of MIOs with different
synthesis time (5 h, 15 h, and 25 h) measured by dynamic light scattering (DLS).

The size and surface roughness of MIOs were affected by the reaction time. With reaction time
ranged from 5 to 25 h, an increase of particle sizes was monitored from 150 to 200 nm, respectively.
Moreover, the IO domains were also grown with time, causing the lower pore size and smoother
surface for MIOs-15h and MIOs-25h. Similar size distribution was also detected by dynamic light
scattering (DLS) as shown in Figure 2b. The plausible mechanism of fabrication for hydrothermal
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reaction has also been documented as an oriented gather and subsequent local Ostwald ripening [30],
where the nucleation and growth of iron salts in solvent via the oriented growth of iron crystal and
OA restricted the growth of crystal to form the pores. Furthermore, to evaluate the surface area,
the Brunauer–Emmett–Teller (BET) method was applied to measure gas absorption isotherms (N2) at
77 K. The particles were treated at 80 ◦C under vacuum to remove the surface adsorption and were
degassed at 180 ◦C for 4 h before BET analysis. The results revealed that each MIO-5h and MIO-10h
had a surface area of ~265 and ~78 m2g–1, respectively (Figure S1c). Compared to MIO-5h, the lower
surface area of MIO-10h was potentially attributed by the longer time of growth of iron oxide crystals.
Moreover, such a OA ligand also adjusted the surface characteristics, efficiently improving the loading
capacity of hydrophobic pharmaceuticals [30].

In Figure 3a, X-ray diffraction (XRD) analyses of MIOs exhibited the major diffraction planes at
(200), (311), (400), (422), (511), and (440), which are the characteristic of the Fe3O4 crystal planes [31].
OA with primary amine, can adsorb onto building blocks as a coating agent, and also like a steric
hindrance agent as a stabilizer during a hydrothermal reaction [32]. MIOs with different reactions
represented identical characteristic peaks, and MIOs-5h has the smaller half width at (311) plane than
MIOs-15h and MIOs-25h, suggesting the smaller grain size of IO particles. The results were also
consistent to SEM images. Furthermore, a SQUID was utilized to investigate the magnetic properties
of MIOs (Figure 3b). MIOs-5h, MIOs-15h, and MIOs-25h had similar magnetization-field patterns
with negligible hysteresis but different magnetization saturations (Ms). The Ms of MIOs-5h was
approximately 62 emu/g lower than MIOs-15h and MIOs-25h. As expected, while increasing the size
of MIOs, an enhancing in Ms was observed. The difference was also reflected in the particle and
grain sizes [33].
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Figure 3. Characterization of MIOs. (a) X-ray diffraction (XRD). (b) superconducting quantum
interference device (SQUID).

While 10 µg/mL of MIOs were subjected to a high frequency MF at a strength of 3.2 kW with a
frequency of 1 MHz, an obvious temperature increase could be monitored (Figure 4a). Within 6 min
of MF treatment, the temperature of solution with MIOs-25h increased to 86 ◦C. The mechanism
of MF generating heat through magnetic matters can be understood by the energy relaxation and
dissipation, known as Brown and Néel relaxations [34,35]. Brownian relaxation is due to rotational
diffusion of the whole particle in the carrier liquid, and Néel relaxation is caused by the reorientation
of the magnetization vector inside the magnetic core against an energy barrier. The energy was
induced by the friction between particle–particle and particles–solvent under the alternating magnetic
moments. On the other hand, the different IO domains with distinctive magnetic direction in one
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particle can also cause intense internal energy through the energy relaxation and dissipation. Therefore,
both particle sizes and domains with various magnetic property affected the heating rates. After 6 min
of MF application, the temperature of MIOs-5h was heated to 61 ◦C. The heating rate was affected by
the size of iron oxide domain. The smaller iron oxide crystal usually offered the lower heating rate
due to the weaker saturation of magnetization [36–38]. Therefore, MIOs-5h possessing smaller IO
crystal sizes had a weaker heating rate in solution under MF treatment. For superparamagnetic iron
oxide nanoparticles, the most influential analytic solution was derived using a linear response theory.
The suitable magneto–thermal conversion was convenient for remotely controlled drug release and
tissue treatment [39].
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Figure 4. Controllable properties of MIOs. (a) temperature changes of MIOs solution under MF at a
power of 3.2 kW and a frequency of 1 MHz. (b) cumulative release profile of Mx from MIOs with and
without external MF treatment. Data points represent mean ± SD (N = 3, *** p < 0.005).

Considering the porosity and mild heating rate, MIOs-5h was used in the further studies. Figure 4b
displayed the drug release profiles of MIOs-5h under MF. Before the release experiments, Mx was
loaded to MIOs-5h by mixing 1% Mx with MIOs in DMSO for 12 h. Then, the mixture was placed
into a vacuum at 50 ◦C for 24 h to evaporate DMSO. Estimated by the un-loaded Mx in supernatant,
the loading efficiency of MIOs was about 88%, where loading was potentially attributed by the affinity
between Mx and the large hydrophobic surface of MIOs-5h [40]. In the drug loading process of porous
particles, oleic acid on the surface was usually utilized to offer hydrophobic–hydrophobic interaction
for the physical adsorption of guest agents [30]. While coating hydrophobic ligands on the pore
structure, the drug delivery system would efficiently improve the loading capacity of hydrophobic
agents [40]. In the Mx loading, it was dissolved in organic solvent (DMSO) and mixed with MIOs.
During the evaporation process for drug loading, the capillary motion of Mx would also potentially
improve the loading efficiency.

The Mx release from MIOs was monitored in PBS at 37 ◦C for 120 min (Figure 4b). Without treated
by MF, a sustained released profile was detected, in which about 20% of Mx was released after 120 min.
The slow release also reflected the affinity between Mx and MIOs. Once applying 1 min of MF to MIOs
at the beginning, a faster release of Mx was monitored, and the treatment caused about 23% of the
Mx to release within 10 min. Even the MF was turned off, the release was sustained. For 120 min,
more than 40% of Mx can be released. The release was driven by the heat energy generated by MIOs,
which was able to increase the molecules kinetics to overcome the adsorption on MIOs. Overall,
the results indicated the on-demand Mx release from MIOs can be achieved by a MF.

3.2. Fabrication and Characterization of MNs

To prepare the MNs, PDMS served as the negative mold was reprinted according to the microneedle
template printed in advance by 3D printing (Figure 5a). Due to the convenience of 3D printing,
the different sizes and shapes of MNs can be designed and printed by digital light processing
(Figures S2 and S3). In this study, for androgenetic alopecia treatment, the height of needle was
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designed as 600 µm with 11 by 11 array to reach the hair follicles. Using PDMS as a mold, 10 wt% of PVA
with a molecular weight of 10,000 g/mol was filled, centrifuged, and dried in the mode. After solvent
completely evaporated, the PVA MNs can be formed and separated from mold. The resulting PVA MNs
was shown in Figure 5b. It provided the sharp and clear needle shapes with strong mechanical property.
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Figure 5. (a) Synthesis process of composite MNs with digital light processing (DLP) 3D printing
and polydimethylsiloxane (PDMS) molding. Two steps of filling were carried out: (i) MIOs and (ii)
PVA filling. The images of (b) PVA MNs and (c) composite MNs after mold preparation. MNs with
MIOs (at needle tips) and green fluorescence PVA. SEM image of composite MNs in (d) low and (e)
high magnification.

To form the composite MNs, a two step filling process was applied. First, the Mx-loaded MIOs
(Mx-MIOs) were filled to PDMS modes. Followed by centrifugation and drying, the similar processes
of PVA MNs were used to construct the MNs in the second step. The resulting composite MNs
was shown in Figure 5c, in which MIOs as dark parts in MNs were observed in each tip. Once the
green fluorescence dye was dissolved in PVA, for second layer in advance, the resulting fluorescence
MNs could also be exhibited. The third layer labeled by red fluorescence could also easily formed.
The results suggested that each layers of MNs can be established through the reliable step by step
filling processes. Under SEM observation, the high resolution of composite MNs was investigated
(Figure 5d). The ring-like patterns of MNs was caused by the DLS printing building the structures
layer by layer. In the tip of MNs, the high density of MIOs was displayed, consistent to the previous
results (Figure 5e).

Have demonstrated the structures of composite MNs, the mechanical property of composite
MNs was estimated to confirm the ability to break through the stratum corneum barrier. The setup
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of the experiment was illustrated in Figure 6a, and the pressure versus displacement map obtained
by applying pressure under the CT3 Texture (Figure 6b). The composite MNs were able to break
the stratum corneum, where the minimum pressure required to break the stratum corneum was
0.17 N/needle [41]. Both PVA and composite MNs had sufficient mechanical strength to break the
stratum. Furthermore, the thermogravimetric analyzer (TGA) was used to determine the weight ratio
of MIOs and PVA in a single needle (Figure 6c). The result revealed the MIOs contributed 10% weight
ratio in composite MNs, and 60% weight ratio of composite MNs was offered from organic materials
such as PVA.
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Figure 6. (a) schematic illustration of mechanical strength test for PVA and composite MNs.
(b) compression displacement curve of PVA and composite MNs. (c) thermogravimetric analyzer
(TGA) analysis of PVA and composite MNs. (d) optical images of dissolvable composite MNs in water
at various times. (e) quantitation of dissolving rate.

In addition, we performed an in vitro microneedle swelling test to simulate the in vivo condition.
PVA MNs swelled quickly within a minute (Figure 6d,e). This microneedle patch was proved to be
soluble within a few seconds in water, and the fast dissolution characteristics have great potential
for the delivery of the drug, followed by decomposing the patch through skin interstitial fluid.
The experimental results show that the microneedle patch can effectively damage the stratum corneum
and dissolve in the skin, and the transmission efficiency should be improved for the drug in the
transdermal route.

3.3. In Vitro Experiments

The MNs were applied to a pork skin to investigate the insertion (Figure S4a). With 10 min of
MF applications, the skin surface was cleaned to remove the excess MNs. Under the images, the clear
MNs patterns can be detected on the skin surfaces, indicating the MN was able to insert into the skin.
The histological evaluation also further confirmed the MNs insertion (Figure S4b), in which the barrier
of the stratum corneum was broken.

Having exhibited the insertion of MNs, the toxicity of PVA and MIOs@MNs were evaluated in
Figure 7. The in vitro cell compatibility of MNs were determined using fibroblast cells (HIG-82). Briefly,
HIG-82 cells were plated on 96 well microplates at a density of 1 × 104 cells/mL. Then, the culture
medium was changed, and cells were exposed to serial dilutions of tested dissolved MNs. Cell viability
was assessed after 72 h by means of MTT assay by measuring absorbance at 570 nm wavelength
using ELISA Reader. In Figure 7a, the cell viability decreased with increasing PVA concentrations,
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but the cell viability can measure more than 90%, suggesting the low toxicity of PVA MNs. The cell
viability of MIOs in Figure 7b also performed similar behaviors and weak influences in cell viability
even at the Mx-MIOs@MNs at concentration of 200 mg/mL. While applying 1 min of MF, the higher
cell toxicity was observed in composite MNs. The cell death was potentially caused by the heat.
Although the temperature was less than 40 ◦C with 1 min treatment, the local energy may affect the cell
proliferation at high concentration. However, the cell viability can still keep at 75% at the concentration
of 200 mg/mL.
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Figure 7. The cell viability of HIG-82 cells incubated with (a) PVA MNs, (b) MIOs, and (c) Mx-MIOs
MNs+MF. Data points represent mean ± SD (N = 5, *** p < 0.005).

3.4. In Vivo Animal Hair Growth Experiments

The in vivo animal hair growth studies were carried by 8 weeks-old C57BL/6 mice. Before
treating by MNs, the hairs were removed by shaving and hair removal cream. Then, C57BL/6 mice
were divided into four groups, including control, Mx-loaded MNs (Mx@MNs), Mx-MIOs@MNs,
and Mx-MIOs@MNs+MF (Figure 8a). A microneedle patch (11 by 11) prepared by the above-mentioned
experimental optimization formula was administered at the 8th week, and the administration area
was 1 cm2. The hair was applied to the back of the hairless mouse and peeled off after 10 min of
attachment. The same dosage of Mx was used in the four groups. After photographing the back of
the mouse, a fixed range was tracked for 16 days and taken to quantify the percentage of the selected
range of hair by the computer software ZEN zeiss at various times (Figure S5). The results of hair
growth were exhibited in Figure 8b. At the first time point, the bright intensity was normalized as
baseline. At the 3rd and 7th days of treatment, the obvious difference could be observed, where the
mice treated by Mx-MIOs@MNs demonstrated 25% and 40% of hair re-growth, respectively, while no
hair was found regrowth beyond the treated region. However, in the sharp contrast, the control
group generated an inferior therapeutic effect, showing less than 12% recovery of hair within 1 week.
No obvious hair regrowth was found in the mouse without simultaneous MF treatment and Mx during
the test period, indicating that the hair follicles were still in the telogen phase of the hair cycle [42].
Once applying MF to Mx-MIOs@MNs, the faster hair growth rate can be monitored within two weeks.
At the 10th day, the hair density of Mx-MIOs@MNs+MF was eight-fold greater than that of control
group, indicating the improvement of thermal-derived Mx release and penetration. Furthermore,
both liver and kidney functions were evaluated to understand the toxicity of treatments. Six indices
of liver and kidney functions including albumin (ALB), alanine aminotransferase (ALT), blood urea
nitrogen (BUN), creatinine (CRE), globulin (GLOB), and total protein (TP) were also evaluated at 3-day
posttreatment (Figure 9). The results revealed that the PVA and composite MNs with MF treatment
caused negligible toxicity.
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Figure 8. In vivo evaluation of dissolvable MNs for hair loss treatment. (a) schematic illustration represents
control, Mx@MNs, Mx-MIOs@MNs, and Mx-MIOs@MNs+MF groups for hair loss treatment for 16 days.
(b) the hair intensity treated by control, Mx@MNs, Mx-MIOs@MNs, and Mx-MIOs@MNs+MF groups for
hair growth on mice. Data points represent mean ± SD (N = 3, *** p < 0.005).
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Figure 9. The toxicity of liver and kidney. Kidney functions of albumin (ALB), alanine aminotransferase
(ALT), blood urea nitrogen (BUN), creatinine (CRE), globulin (GLOB), and total protein (TP) of mice treated
by Mx@MNs, Mx-MIOs@MNs, and Mx-MIOs@MNs+MF (n = 3, mean± SD, ns: No significant difference).
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4. Conclusions

In summary, magneto-responsive transdermal composite microneedles with a mesoporous iron
oxide nanoraspberry were developed to improve androgenetic alopecia (AGA) treatment. Unlike
traditional administration, this approach can reduce side effect from treating on the undesired local
with inaccurate use. MIOs with porous structure and hydrophobic surface can capture hydrophobic
pharmaceuticals, which also are the most important nutrition avoiding hair loss in human body.
Besides, under the non-contact trigger, MF, MIOs, would generate wild heating for aiding increases
of cutaneous blood flow as well as vasodilation. Minoxidil is a drug for hair regrowth with high
efficiency. By using 3D printed technology, it can build various morphologies microneedle molds for
further uses according to the geometry of tissue anatomies. Through filling Mx-loaded MIOs and PVA
subsequently to mold to MNs, the layer-by-layer composite MNs is constructed with high mechanical
property for overcoming the barrier of the stratum corneum via the punctuation, and dissolved,
later, after administration. The successful delivering the Mx-loaded MIOs to skin and integrating
the magneto–thermal drug release achieved eight-fold greater improvements of hair growth with
low toxicity. This composite MNs provides a new synergistic delivery strategy for transdermal drug
delivery and potential for wide clinical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/6/1392/s1,
Figure S1: Synthesis process of MIOs and hydrothermal reaction; Figure S2: Schematic of fabrication of MNs
by 3D printing; Figure S3: Image of microneedle surface puncture; Figure S4: Skin insertion of MNs; Figure S5:
Comparison in hair growth in an alopecia model of C57BL/6 mice applied with test compound topically for over
two weeks.
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Abstract: We have successfully fabricated poly(3,4-ethylenedioxythiophene) (PEDOT) derivative
nanohybrid coatings on flexible SUS316L stainless steel by electrochemical polymerization, which can
offer anti-fouling and anti-bacterial capabilities. PEDOT derivative nanohybrids were prepared from
polystyrene sulfonates (PSS) and graphene oxide (GO) incorporated into a conducting polymer of
PEDOT. Additionally, the negative charge of the PEDOT/GO substrate was further modified by
poly-diallyldimethylammonium chloride (PDDA) to form a positively charged surface. These PEDOT
derivative nanohybrid coatings could provide a straightforward means of controlling the surface
energy, roughness, and charges with the addition of various derivatives in the electrochemical
polymerization and electrostatically absorbed process. The characteristics of the PEDOT derivative
nanohybrid coatings were evaluated by Raman spectroscopy, scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), water contact angle, and
surface potential (zeta potential). The results show that PEDOT/PSS and PEDOT/GO nanohybrid
coatings exhibit excellent anti-fouling capability. Only 0.1% of bacteria can be adhered on the
surface due to the lower surface roughness and negative charge surface by PEDOT/PSS and
PEDOT/GO modification. Furthermore, the anti-bacterial capability (7 mm of inhibition zone)
was observed after adding PDDA on the PEDOT/GO substrates, suggesting that the positive charge
of the PEDOT/GO/PDDA substrate can effectively kill bacteria (Staphylococcus aureus). Given their
anti-fouling and anti-bacterial capabilities, PEDOT derivative nanohybrid coatings have the potential
to be applied to biomedical devices such as cardiovascular stents and surgical apparatus.

Keywords: electrochemical polymerization; PEDOT; graphene oxide; anti-fouling capability;
anti-bacterial capability

1. Introduction

In recent decades, the development of human medical care has been paid increasing attention.
In relation to this, films with anti-bacterial coatings have also been widely studied, including antibiotic
materials, silver nanoparticles, copper nanoparticles, metal ions, and carbon nanotubes [1–4]. It is
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well-known that anti-bacterial materials use surface charges to improve anti-bacterial activities through
the interaction with the different surface charge of the bacterial cell wall [5]. Generally, the wall of
a bacterium with negative charge can be captured by anti-bacterial materials with positive charge,
which can provide an excellent anti-bacterial effect [6]. Thus, the anti-bacterial activities of anti-bacterial
materials can be improved by surface modifications of materials [7].

Poly(3,4-ethylenedioxythiophene) (PEDOT), a conducting conjugated polymer, has been widely
used in various applications due to its excellent properties, including flexibility, chemical stability,
high optical transparency, and good conductivity [8]. In addition, conducting conjugated PEDOT can be
polymerized from EDOT monomers using different polymerization methods, such as chemical oxidative
polymerization, vapor phase polymerization, and electrochemical polymerization [9–11]. Furthermore,
conductive PEDOT-based derivatives, such as electrode films doped with poly(4-styrenesulfonate)
(PSS) or different hydrophilic materials have attracted wide attention [12–14]. Due to good chemical
and physical stability, the PEDOT/PSS can be used in a wide variety of applications such as organic
solar cells, supercapacitors, antistatic surfaces, thermoelectric devices, and printed electronics [15,16].
Although oxidized PEDOT has excellent conductivity, it is unstable in water and solvents [17].
Therefore, the negative charge of PSS can be doped with the positive charge of conducting conjugated
PEDOT to address this issue and improve its applicability.

In 2004, graphene nanosheets were successfully exfoliated from graphite using the process of
repeatedly peeling flakes of Scotch tape [18]. Graphene of two-dimensional nanosheets with an atomic
layer of carbon atoms has attracted significant scientific attention and technical interest due to its
flexibility, chemical stability, high carrier mobility, and excellent electrical conductivity [19]. In addition,
graphene oxide (GO) nanosheets were prepared by chemical modifications in which the surface of the
GO exhibited a large number of functional groups (epoxide, carboxyl, carbonyl groups) containing
oxygen. This promotes a negative charge of the surface to improve its dispersion in water [20].
These properties of GO-based nanosheets have provided great potential for wide applications in the
biosensor, anti-bacterial, and optoelectronic devices [6,21,22]. Moreover, the surface negative charge
of GO nanosheets can also be modified by the electrostatic absorbed method of positive charged
poly-diallyldimethylammonium chloride (PDDA) to induce anti-bacterial capability [23]. In addition,
the poor conductivity of GO nanosheets was improved to fabricate a novel conducting composite by a
combination of conducting polymers [24–26]. Therefore, the PEDOT of conducting polymers has been
incorporated in GO nanosheets to produce novel nanohybrid materials via self-assembly or chemical
processes for electrochemical sensors and anti-fouling coatings [24,27,28].

In this study, PEDOT derivative nanohybrid coatings were fabricated using electrochemical
polymerization on a flexible SUS316L stainless steel substrate. These PEDOT derivative nanohybrids
were prepared by incorporation of a PSS dopant and GO nanosheets. In addition, the negatively charged
PEDOT-GO nanohybrid coating was modified to form a positively charged surface of anti-bacterial film
by electrostatically absorbed PDDA. The characteristics of the PEDOT derivative nanohybrid coatings
were evaluated by Raman spectroscopy, scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), water contact angle, and surface potential
(zeta potential). The anti-bacterial and anti-fouling capabilities of PEDOT derivative nanohybrid
coatings were investigated by an inhibition zone and anti-fouling test. We anticipated that the PEDOT
derivative nanohybrid coatings composed of GO nanosheets and PDDA would demonstrate the
excellent anti-bacterial and anti-fouling capabilities, which can be applied to bio-interface coatings and
biomedical devices.

2. Materials and Methods

2.1. Materials

SUS316L stainless steel substrate was purchased from Sinkang Industries Co., Ltd., (New Taipei
City, Taiwan). Graphite powder was purchased from Allightec Co., (Taichung City, Taiwan).
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3,4-Ethylenedioxythiophene (EDOT), PSS solution (Mw 75,000 g/mol), hydrogen peroxide (H2O2),
hydrochloric acid (HCl), sulfuric acid (H2SO4), nitric acid (HNO3), sodium chloride (NaCl), alcohol,
potassium permanganate (KMnO4), and PDDA solution were purchased from Sigma-Aldrich Corp.
(St. Louis, MO, USA) and Acors Organics (Ozaukee County, WI, USA).

2.2. Preparation of GO Nanosheets

GO nanosheets were prepared from graphite powder by a modified Hummers-Offeman
method [29]. First, 1 g of graphite powder was dispersed into 36 mL of H2SO4 solution for 30 min in an
ice bath. Then, 12 mL of HNO3 solution and 5 g of KMnO4 were slowly added to the resulting solution,
and the mixtures were stirred for 40 min in an ice bath. Subsequently, 120 mL of deionized (DI) water
was gently added and stirred for 2 h. Then, 6 mL of H2O2 was added to the stirred solution for 2 h and
settled overnight. After removing the supernatant, 200 mL of DI water, 1 mL of H2O2, and 1 mL of
HCl were added to above resultant mixture and stirred for 2 h. The resultant solution was washed and
centrifuged three times. The resultant was washed with DI water until a neutral pH was achieved to
obtain dark-yellow GO nanosheets, which were dried by vacuum freeze drying for 72 h.

2.3. Preparation of PEDOT/PSS and PEDOT/GO Nanohybrid Coatings

A PEDOT/PSS nanohybrid coating was prepared from an EDOT monomer with PSS and GO
nanosheets by electrochemical polymerization on a SUS316L stainless steel substrate. The SUS316L
stainless steel substrate was washed sequentially with common detergent, ethanol, and DI water,
which was dried in a vacuum oven. First, 56.8 µL of EDOT and 113.6 µL of PSS were dispersed
into DI water and ultrasonicated for 2 h at room temperature. Then, the solution was placed into a
three-electrode electrochemical analyzer (PGSTAT12, Metrohm Autolab B.V., Utrecht, Netherlands)
and polymerized at a constant potential of 1 V to fabricate a PEDOT/PSS nanohybrid coating with an
average deposition density of 10–20 mC cm−2. The electrochemical polymerization was performed
using a three-electrode electrochemical analyzer, including the reference electrode of AgCl, the counter
electrode of Pt wire, and the working electrode of a SUS316L stainless steel substrate. According to
the above procedure, 56.8 µL of EDOT and 0.1 g of GO nanosheets were dispersed into DI water and
ultrasonicated for 2 h. Then, the above solution was polymerized on SUS316L stainless steel substrate
to obtain a PEDOT/GO nanohybrid coating by electrochemical polymerization.

2.4. Preparation of PEDOT/GO/PDDA Nanohybrid Coating

PEDOT/GO/PDDA nanohybrid coating was prepared from PEDOT/GO and PDDA by the
electrostatic absorbed method, as illustrated in Scheme 1. The PEDOT/GO nanohybrid coating was
immersed into PDDA solution for 30 min. Then, the coating was washed with DI water three times.
The resultant PEDOT/GO/PDDA nanohybrid coating was dried at 60 ◦C.

Polymers 2020, 12, 1467 3 of 12 

 

hydrochloric acid (HCl), sulfuric acid (H2SO4), nitric acid (HNO3), sodium chloride (NaCl), alcohol, 
potassium permanganate (KMnO4), and PDDA solution were purchased from Sigma-Aldrich Corp. 
(St. Louis, MO, USA) and Acors Organics (Ozaukee County, WI, USA). 

2.2. Preparation of GO Nanosheets 

GO nanosheets were prepared from graphite powder by a modified Hummers-Offeman method 
[29]. First, 1 g of graphite powder was dispersed into 36 mL of H2SO4 solution for 30 min in an ice 
bath. Then, 12 mL of HNO3 solution and 5 g of KMnO4 were slowly added to the resulting solution, 
and the mixtures were stirred for 40 min in an ice bath. Subsequently, 120 mL of deionized (DI) water 
was gently added and stirred for 2 h. Then, 6 mL of H2O2 was added to the stirred solution for 2 h 
and settled overnight. After removing the supernatant, 200 mL of DI water, 1 mL of H2O2, and 1 mL 
of HCl were added to above resultant mixture and stirred for 2 h. The resultant solution was washed 
and centrifuged three times. The resultant was washed with DI water until a neutral pH was achieved 
to obtain dark-yellow GO nanosheets, which were dried by vacuum freeze drying for 72 h. 

2.3. Preparation of PEDOT/PSS and PEDOT/GO Nanohybrid Coatings 

A PEDOT/PSS nanohybrid coating was prepared from an EDOT monomer with PSS and GO 
nanosheets by electrochemical polymerization on a SUS316L stainless steel substrate. The SUS316L 
stainless steel substrate was washed sequentially with common detergent, ethanol, and DI water, 
which was dried in a vacuum oven. First, 56.8 μL of EDOT and 113.6 μL of PSS were dispersed into 
DI water and ultrasonicated for 2 h at room temperature. Then, the solution was placed into a three-
electrode electrochemical analyzer (PGSTAT12, Metrohm Autolab B.V., Utrecht, Netherlands) and 
polymerized at a constant potential of 1 V to fabricate a PEDOT/PSS nanohybrid coating with an 
average deposition density of 10–20 mC cm−2. The electrochemical polymerization was performed 
using a three-electrode electrochemical analyzer, including the reference electrode of AgCl, the 
counter electrode of Pt wire, and the working electrode of a SUS316L stainless steel substrate. 
According to the above procedure, 56.8 μL of EDOT and 0.1 g of GO nanosheets were dispersed into 
DI water and ultrasonicated for 2 h. Then, the above solution was polymerized on SUS316L stainless 
steel substrate to obtain a PEDOT/GO nanohybrid coating by electrochemical polymerization. 

2.4. Preparation of PEDOT/GO/PDDA Nanohybrid Coating 

PEDOT/GO/PDDA nanohybrid coating was prepared from PEDOT/GO and PDDA by the 
electrostatic absorbed method, as illustrated in Scheme 1. The PEDOT/GO nanohybrid coating was 
immersed into PDDA solution for 30 min. Then, the coating was washed with DI water three times. 
The resultant PEDOT/GO/PDDA nanohybrid coating was dried at 60 °C. 

 
Scheme 1. Preparation of the poly(3,4-ethylenedioxythiophene)/graphene oxide/poly-
diallyldimethylammonium chloride (PEDOT/GO/PDDA) nanohybrid coating. 

2.5. Anti-Bacterial Capability of PEDOT Derivatives Nanohybrid Coatings 

The anti-bacterial capability of PEDOT derivative nanohybrid coatings was surveyed in 
connection with bacteria (Staphylococcus aureus, S. aureus). For the microbiological experiment, all of 
the chemicals were autoclaved at 120 °C for 15 min. S. aureus bacteria were incubated at 37 °C for 18–
24 h. The cultured S. aureus was mixed with 1 wt % NaCl solution and stirred in a vortex mixer for 
30 s. Then, 1 mL of the solution was added to 9 mL of Lysogeny broth (LB) medium and stirred in a 

Scheme 1. Preparation of the poly(3,4-ethylenedioxythiophene)/graphene oxide/poly-diallyldimethylammonium
chloride (PEDOT/GO/PDDA) nanohybrid coating.

2.5. Anti-Bacterial Capability of PEDOT Derivatives Nanohybrid Coatings

The anti-bacterial capability of PEDOT derivative nanohybrid coatings was surveyed in connection
with bacteria (Staphylococcus aureus, S. aureus). For the microbiological experiment, all of the chemicals
were autoclaved at 120 ◦C for 15 min. S. aureus bacteria were incubated at 37 ◦C for 18–24 h. The cultured
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S. aureus was mixed with 1 wt % NaCl solution and stirred in a vortex mixer for 30 s. Then, 1 mL of the
solution was added to 9 mL of Lysogeny broth (LB) medium and stirred in a vortex mixer for 30 s.
According to the above procedure, the mixing process was repeated three times. Subsequently, 0.01 mL
of suspension S. aureus (105 CFU/mL) was dropped and uniformly dispersed on a nutrient agar plate.
The PEDOT derivative nanohybrid coatings were placed on the nutrient agar plate with S. aureus and
incubated at 37 ◦C for 18–24 h. After 18–24 h of culturing, the inhibition zone of PEDOT derivative
nanohybrid coatings was demonstrated.

2.6. Anti-Fouling Capability of PEDOT Derivatives Nanohybrid Coatings

A quantity of 105 CFU/mL of S. aureus was chosen as the adhering bacteria for the evaluation of
anti-fouling capability. The PEDOT derivative nanohybrid coatings were immersed in the S. aureus
solution and incubated at 37 ◦C for 18–24 h. The number of S. aureus bacteria adsorbed on the PEDOT
derivative nanohybrid coatings was counted by fluorescence microscope (fluorescent nucleic acid
stain-SYTO®9/propidium iodide kits).

2.7. Characterization

Raman measurement with a 532 nm He-Ne emitting laser was performed using a micro-Raman
system (Renishaw Vendor, Gloucestershire, UK) in the detection range from 1000 to 3000 cm−1.
The chemical binding conditions of PEDOT derivative nanohybrid coatings were measured by X-ray
photoelectron spectrometer (XPS, ULVAC-PHI PHI 5000 VersaProbe, Ulvac-PHI, Kanagawa, Japan).
The surface charge of PEDOT derivative nanohybrid coatings was observed by zeta potential (Zetasizer
3000, Malvern Instruments, Malvern, UK). A contact angle goniometer (DSA 100, Krüss GmbH,
Hamburg, Germany) was used for the static contact angle measurement of PEDOT derivative nanohybrid
coatings. An atomic force microscope (AFM, Dimension Edge, Bruker, Madison, WI, USA) and field
emission scanning electron microscope (FE-SEM, JEOL JSM 6701F, JEOL Co., Tokyo, Japan) were used
for the morphological characterization of PEDOT derivative nanohybrid coatings. The number of
bacteria was calculated from fluorescence microscope images bacteria adhered on the surface of the
SUS316L substrate and PEDOT derivative nanohybrid coatings by using commercial ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

3. Results and Discussion

3.1. Characteristics of PEDOT Derivative Nanohybrid Coatings

The structural properties of GO nanosheets and PEDOT derivative nanohybrid coatings were
measured by Raman spectroscopy, as shown in Figure 1. The GO nanosheets exhibited the characteristic
peaks at 1350 cm−1 (D band) for the in-plane bond stretching of sp2 carbon atoms and 1583 cm−1 (G band)
for defects of structure and lattice distortion [30]. The Raman spectrum of the PEDOT/PSS nanohybrid
coating was observed at 1433 and 1505 cm−1 for the asymmetric and symmetric C=C stretching
vibration of PEDOT [31]. When the GO nanosheets were used in the PEDOT nanohybrid system,
the Raman spectrum of the PEDOT/GO nanohybrid coating was similar to that of the PEDOT/PSS
nanohybrid coating, while the shoulder peaks of the D and G bands of the GO nanosheets were located
at 1350 and 1583 cm−1, respectively. This confirms that GO nanosheets were doped in the chain [32].
After the electrostatically absorbed process by PDDA, the Raman spectrum of the PEDOT/GO/PDDA
nanohybrid coating was similar to that of the PEDOT/GO nanohybrid coating.
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Figure 1. Raman spectra of GO nanosheets, and PEDOT/PSS (polystyrene sulfonates), PEDOT/GO, and
PEDOT/GO/PDDA nanohybrid coated substrates.

The chemical binding of PEDOT derivative nanohybrid coatings was analyzed by XPS spectra,
as shown in Figure 2. The XPS spectra were observed in the presence of oxygen (O-1s), carbon (C-1s),
and sulfur (S-2s and S-2p) elements in the PEDOT/PSS nanohybrid coating. Compared with the
PEDOT/PSS nanohybrid coating, the characteristic peaks (S-2s and S-2p) of the PEDOT/GO nanohybrid
coating were almost dispersed, while the O-1s peak was increased with oxygen-containing groups of
GO nanosheets incorporated into the PEDOT nanohybrid system. Moreover, a new characteristic peak
(Cl-2p) was observed for PEDOT/GO/PDDA nanohybrid coatings, indicating that PDDA was absorbed
on the PEDOT/GO nanohybrid coating by the electrostatic absorbed process. The curve-fitting of C-1s
spectra of PEDOT/PSS and PEDOT/GO nanohybrid coatings are shown in Figure 3a,b. Compared with
the PEDOT/PSS nanohybrid coating, the stronger characteristic peak at 286.8 eV for the C-O-C bond was
observed for the PEDOT/GO nanohybrid coating. The results indicate that the many oxygen-containing
functional groups of GO nanosheets were successfully incorporated into the PEDOT nanohybrid
system [31]. In addition, the curve-fitting of Cl-2p spectra (Figure 3c) of PEDOT/GO/PDDA nanohybrid
coatings demonstrates characteristic peaks at 198.8 and 197.4 eV, corresponding to Cl-2p1/2 and Cl-2p3/2,
which further confirm the adsorption of PDDA on the PEDOT/GO nanohybrid coating.
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The zeta potential results of the nanohybrid coated substrates (PEDOT/PSS, PEDOT/GO,
PEDOT/GO/PDDA substrates) and bacteria (S. aureus) are illustrated in Figure 4. Due to the negative
charge of PSS and GO nanosheets incorporated into the PEDOT nanohybrid system, the zeta potential
values of PEDOT/PSS and PEDOT/GO nanohybrid coatings were −69.3 and −51.4 mV, respectively.
When positively charged PDDA was absorbed on PEDOT/GO nanohybrid coating, the zeta potential
value of PEDOT/GO/PDDA substrate significantly increased to +34.1 mV. In addition, the zeta potential
value of S. aureus with the negative charge of the cell walls was −19.8 mV. Therefore, the positive charge
of PEDOT/GO/PDDA substrate can physically absorb and thus kill the bacteria (S. aureus), thereby
inducing the anti-bacterial capability.
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The surface hydrophilicity of PEDOT derivative nanohybrids coated on SUS316L stainless steel
substrate was investigated by water contact angle measurement, as shown in Figure 5. The surface of
pristine SUS316L substrate displayed a water contact angle of 53.4◦. After the PEDOT/PSS nanohybrid
was coated on the SUS316L substrate, the water contact angle of the coated surface decreased to
47.2◦. Moreover, the water contact angle (38.4◦) of the PEDOT/GO nanohybrid coating was slightly
lower than that of the PEDOT/PSS nanohybrid coating, indicating that the incorporation of GO
nanosheets possessed a large number of oxygen functional groups. Furthermore, the PEDOT/GO/PDDA
nanohybrid coating demonstrated the lowest water contact angle (5.7◦). The results indicate the
successful adsorption of hydrophilic PDDA on the PEDOT/GO nanohybrid substrate to create the
hydrophilic surface.
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The surface morphological characterization of the SUS316L substrate and PEDOT derivative
nanohybrid coatings were investigated by SEM, as shown in Figure 6. Macroscopically, the pristine SUS316L
stainless steel substrate showed a clear and smooth surface morphology (Figure 6a). The PEDOT/PSS
nanohybrid coating was observed as a dense layer on the SUS316L substrate, as shown in Figure 6b.
Moreover, the PEDOT/GO nanohybrid coating was shown as GO nanosheets with a wrinkled structure
on the surface of the PEDOT nanohybrid system (Figure 6c). When the positively charged PDDA was
absorbed on the PEDOT/GO nanohybrid coating (Figure 6d), the absence of GO nanosheets with wrinkled
morphology on the surface of PEDOT/GO/PDDA nanohybrid coatings indicated that PDDA successfully
covered the surface of the PEDOT/GO nanohybrid coated substrate. The surface roughness of coating
layers was further investigated by AFM analysis.

Figure 7 shows the microscopic surface roughness and morphology of the SUS316L substrate
and PEDOT derivative nanohybrid coatings by AFM. Microscopically, the pristine SUS316L substrate
displayed a relatively rough morphology (Ra = 76.2 nm). By the electrochemical polymerization process,
the PEDOT/PSS nanohybrid was polymerized and filled the nanostructured surface of SUS316L
substrate to obtain a uniform surface morphology and lower surface roughness (Ra = 39.0 nm).
Compared with the PEDOT/PSS nanohybrid coating, the surface roughness of the PEDOT/GO
nanohybrid coating increased from 39.0 to 50.9 nm, which was due to the presence of GO nanosheets
on the surface. When positively charged PDDA was absorbed on the PEDOT/GO nanohybrid coating,
the surface roughness of the PEDOT/GO/PDDA nanohybrid coating decreased to 45.3 nm. The result
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3.2. Anti-Fouling Capability of PEDOT Derivative Nanohybrid Coatings

To evaluate the anti-fouling capability of the PEDOT derivative nanohybrid coated on the surface
of SUS316L stainless steel (Figure 8), 105 CFU/mL of S. aureus was chosen as the model bacteria.
Green dots of the fluorescence microscope images represent live S. aureus bacteria adhering to the
surface of the SUS316L substrate and PEDOT derivative nanohybrid coatings. A dense distribution of
S. aureus (approximately 108/cm2) adhered to the surface of the pristine SUS316L substrate, as shown
in Figure 8a. Compared with the pristine SUS316 substrate (Ra = 76.2 nm), a lower adhesion density
of bacteria was obtained on the PEDOT derivative nanohybrid coatings (Figure 8b–d), which was
due to the lower surface roughness. Therefore, the numbers of adhered bacteria were decreased to
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approximately 106/cm2 for PEDOT/PSS, approximately 106/cm2 for PEDOT/GO, and approximately
107/cm2 for PEDOT/GO/PDDA substrates. In particular, the negative charge of PEDOT/PSS (Figure 8b)
and PEDOT/GO (Figure 8c) nanohybrid coatings can further inhibit and reduce the adhesion of the
negative charge of S. aureus, demonstrating the anti-fouling capability. On the other hand, the numbers
of S. aureus decrease from 105 CFU/mL (SUS316L substrate) to approximately 102 CFU/mL (PEDOT/PSS
and PEDOT/GO nanohybrid coating), and only 0.1% of bacteria can be adhered on the surface.
However, the numbers of adhering bacteria (approximately 103 CFU/mL) on the PEDOT/GO/PDDA
nanohybrid coating were slightly higher than that of the PEDOT/PSS and PEDOT/GO nanohybrid
coating. The results indicate that the bacteria seemed to slightly prefer to adhere on the positive charge
of the PEDOT/GO/PDDA substrate (Figure 8d). The negative cell wall of the bacteria would be locked
by the positive charge of PEDOT/GO/PDDA substrates to inhibit the growth; thus, the bacteria are going
to die [6]. The substrate exhibited excellent anti-bacterial capability, as discussed in the next section.
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3.3. Anti-Bacterial Capability of PEDOT Derivative Nanohybrid Coatings

The anti-bacterial capability of PEDOT derivative nanohybrid coatings was evaluated using S.
aureus as a model bacterium. As compared with other anti-bacterial tests, the zone of inhibition testing
is a rapid and inexpensive test for anti-bacterial activity. Nevertheless, the zone of inhibition testing
is a qualitative test to inhibit the growth of tested bacteria. In this study, the anti-bacterial capability
was investigated by measuring the inhibition zone incubated on a nutrient agar plate, as shown in
Figure 9. When the zone of inhibition shows on the nutrient agar plate, the results displayed that the
tested bacteria were susceptible to the PEDOT derivative nanohybrid coatings. The pristine SUS316L
substrate, and the PEDOT/PSS and PEDOT/GO nanohybrid coatings, showed the absence of an
inhibition zone. However, a significant inhibition zone (7 mm) on the PEDOT/GO/PDDA nanohybrid
coating was observed. This is due to the positive charge of PDDA absorbed on the PEDOT/GO
substrate to create the positive charge surface of the PEDOT/GO/PDDA substrate, which can inhibit
the growth of the bacteria. Compared with our previous studies [24,33], the negative charge of
PEDOT derivatives (PEDOT/PSS, PEDOT/GO, PEDOT/Heparin, PEDOT/ chondroitin sulfate, and
PEDOT/carboxymethyl-hexanoyl chitosan) can suppress the adhesion of the negative charge of proteins,
platelets, and bacteria to form the anti-fouling surface. However, it would be an anti-bacterial surface
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after immobilizing the positive charge of PDDA on the PEDOT/GO substrate. Therefore, the inclusion
of PDDA in the PEDOT/GO/PDDA substrate can effectively diffuse and then kill bacteria, as shown as
the larger inhibition zone [6].
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4. Conclusions

This study successfully fabricated PEDOT derivative nanohybrid coatings on a flexible SUS316L
stainless steel substrate by electrochemical polymerization for improving the anti-bacterial and anti-fouling
capabilities. Via the addition of hydrophilic derivatives, these PEDOT derivative nanohybrid coatings
decrease the water contact angle and surface roughness to form a hydrophilic surface. In addition,
the negatively charged surface of the PEDOT/GO nanohybrid coating can be further modified by
the electrostatically absorbed process of the positively charged PDDA. PEDOT/PSS and PEDOT/GO
nanohybrid coatings with lower surface roughness and negative charge led to less adsorption of bacteria
(S. aureus). By comparison, the positively charged PEDOT/GO/PDDA nanohybrid coating inhibited
the growth of bacteria, resulting in excellent anti-bacterial capability. Therefore, the electrochemically
polymerized PEDOT derivative nanohybrid coatings can provide an anti-fouling and anti-bacterial surface,
which offers a straightforward and rapid method to develop anti-bacterial and anti-fouling coatings for
medical devices.
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Abstract: In this study, we investigated the influence of methacryl-functionalized polyhedral oligomeric
silsesquioxane (MA-POSS) nanoparticles as a plasticizer and thermal stabilizer for a poly(vinyl chloride)
(PVC) homopolymer and for a poly(vinyl chloride)/dissononyl cyclohexane-1,2-dicarboxylate
(PVC/DINCH) binary blend system. The PVC and the PVC/DINCH blend both became flexible,
with decreases in their glass transition temperatures and increases in their thermal decomposition
temperatures, upon an increase in MA-POSS content, the result of hydrogen bonding between the
C=O groups of MA-POSS and the H–CCl units of the PVC, as determined using infrared spectroscopy.
Furthermore, the first thermal decomposition temperature of the pure PVC, due to the emission of
HCl, increased from 290 to 306 ◦C, that is, the MA-POSS nanoparticles had a retarding effect on the
decomposition of the PVC matrix. In tensile tests, all the PVC/DINCH/MA-POSS ternary blends
were transparent and displayed flexibility, but their modulus and tensile strength both decreased,
while their elongation properties increased, upon an increase in MA-POSS concentration, both before
and after thermal annealing. In contrast, the elongation decreased, but the modulus and tensile
strength increased, after thermal annealing at 100 ◦C for 7 days.

Keywords: POSS; poly(vinyl chloride); plasticizer; nanocomposites

1. Introduction

Poly(vinyl chloride) (PVC) is one of the most commonly employed polymeric materials. It is
used widely in packing materials, toys, healthcare, electric insulation, automobiles, and interior
decorations, because of its high transparency, inertness, and reasonable mechanical properties [1–5].
Nonetheless, the intrinsic rigidity of PVC limits its end-user applications, because of its high glass
transition temperature (Tg, ca. 89 ◦C). Therefore, PVC is often blended commercially with various
plasticizers, e.g., di-(2-ethylhexyl)phthalate (DEHP) [1]. A serious shortcoming of DEHP, however,
is its leachability from PVC materials upon contact with tissues or body fluids [6,7].

Dissononyl cyclohexane-1,2-dicarboxylate (DINCH) is a promising substitute plasticizer for DEHP
in PVC; it exhibits high biodegradability and low environmental persistence compared with DEHP,
the result of replacing the benzene ring in DEHP with a cyclohexane ring in DINCH [1]. Nevertheless,
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this substitution can result in PVC/DINCH blend systems possessing thermal stability lower than that
of corresponding PVC/DEHP blends. As a result, various nanofillers have been tested as plasticizers to
enhance the thermal stability of PVC [8–10]. Ideally, these nanofillers would function as plasticizers,
while inhibiting the degradation of the polymer and the release of HCl.

Polyhedral oligomeric silsesquioxane (POSS) derivatives are organic/inorganic hybrid materials
that have been widely dispersed in polymeric matrices by taking advantage of both chemical and
physical bonding interactions [11–26]. Such POSS-related polymer nanocomposites can exhibit
enhanced strength, rigidity, decomposition temperature, and modulus, and decreased viscosity,
flammability, and surface free energy, depending on the degree of dispersion of POSS nanoparticles
in the polymeric matrix [27–31]. In the case of physical bonding, the POSS units can be dispersed
through solvent-casting or melting/mixing blending approaches (i.e., without covalent bonding).
Blending with POSS as a plasticizer can increase thermal decomposition temperature, enhance impact
strength, and lower the value of Tg of PVC [32–35]. Various functional groups (e.g., methacryl
and ethylene glycol units) have been appended to POSS nanoparticles for incorporation into PVC
matrices. Because the thermal decomposition temperature with 10 wt% loss of the ethylene glycol
unit (Td10 = 250 ◦C) [35] is lower than that of the methacryl unit (Td10 = 420 ◦C) [33,34], in this study,
we chose to combine methacryl-POSS (MA-POSS) nanoparticles with DINCH to use as plasticizers
for a PVC matrix. The incorporation of MA-POSS in PVC reduces both the primary and secondary
transition temperature. In addition, the ternary blend of PVC/MA-POSS/DOP could reduce Tg behavior
near room temperature with desirable ductile behavior. To the best of our knowledge, this paper is
the first to describe the incorporation of combinations of DINCH and MA-POSS within PVC matrices.
We have employed differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA),
Fourier-transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), and tensile tests
to characterize the glass transition and thermal decomposition temperatures, hydrogen bonding
interactions, and mechanical properties of binary blends of PVC/MA-POSS and ternary blends of
PVC/DINCH/MA-POSS.

2. Materials and Methods

2.1. Materials

PVC (Scheme 1a) and tetrahydrofuran (THF) were purchased from Sigma–Aldrich. DINCH
(UniHydro UN899, Scheme 1b)) was supported by UPC Technology Corporation. The average
molecular weight of the PVC used in this study was approximately 90,000, with a polydispersity
index (PDI) of 2.25 by Sigma–Aldrich. MA-POSS (Scheme 1c) was purchased from Hybrid Plastics;
this compound did not have a crystalline structure, but featured a glass transition temperature of
−55 ◦C (Figure S1) and was a pale-yellow heavy oil [33,34].
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2.2. PVC/DINCH, PVC/MA-POSS, and PVC/DINCH/MA-POSS Blend Films

Binary blends of PVC/DINCH and PVC/MA-POSS and ternary blends of PVC/DINCH/MAPOSS
were prepared through solvent-blending, using THF as the solvent. A solution containing 10 wt%
of the polymer mixture was stirred for 24 h and then the solution was poured into a Teflon mold.
The solvent (THF) was evaporated slowly over 3 days at room temperature. The resulting blend
film was heated under a vacuum at 50 ◦C for 2 days and then at 80 ◦C for 2 days to ensure the total
removal of any residual solvent. Samples for DSC, TGA, DMA and tensile testing were pelletized,
compression-molded into disks (160 ◦C, 3 min), and then machined into suitable specimens for testing.

2.3. Characterization

The glass transition temperatures of all the blend systems were measured using DSC and DMA.
DSC was performed using a TA-Q20 instrument, operated at a heating rate of 20 ◦C/min between
25 and 150 ◦C under a N2 atmosphere, and the sample was quickly cooled to −90 ◦C after the first
scan. The Tg values were determined at the midpoint of the transition temperature, with a scan rate of
20 ◦C/min, in the range −90–200 ◦C. The dynamic mechanical properties were characterized using a
DuPont 2980 dynamic mechanical analyzer, with the blend sample mounted on the single cantilever
clamp. A constant strain amplitude of 2.0% and a frequency of 1 Hz were applied, with a heating rate
of 2 ◦C/min between −60 and +120 ◦C. The thermal stabilities of the blend samples were determined
using a TA Q-50 thermogravimetric analyzer, operating within the temperature range 30–800 ◦C at a
heating rate of 20 ◦C/min, under N2. FTIR spectra samples of the blend were recorded using a Bruker
Tensor 27 spectrophotometer. A total of 32 scans were collected at a spectral resolution of 4 cm−1.
The FTIR samples were measured using conventional KBr disk method, similarly to the preparation of
the bulk sample. The film used in this work was sufficiently thin to obey the Beer–Lambert law. Tensile
tests were performed using an Instron machine. Five different blend samples of each composition were
examined at a tensile rate of 1 cm/s.

3. Results

3.1. Thermal Analysis of PVC/DINCH Blends

Because DINCH is among the most promising plasticizers used as a replacement for DEHP in PVC,
we first investigated the thermal properties of PVC/DINCH blends through TGA analyses. Figure 1
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displays the TGA traces of pure PVC, pure DINCH, and the PVC/DINCH = 100/60 blend, measured
from 25 to 800 ◦C at a heating rate of 20 ◦C/min. Pure DINCH displayed its thermal decomposition at
a temperature of Td10 = 213 ◦C, without providing a char yield, as displayed in Figure 1c. The pure
PVC displayed two main thermal decomposition temperatures during the degradation process.
The pyrolysis of PVC is complex when compared with those of other thermoplastic polymeric materials;
it depends on the type and amount of plasticizer used [1,35]. The first thermal decomposition of
PVC was initiated by the elimination of HCl at a relatively low temperature (300 ◦C and Td10 =

290 ◦C)—the so-called “dehydrochlorination” stage, during which polyene radicals and unsubstituted
aromatics are released, as displayed in Figure S2a. Aromatic products and various degrees of char were
formed during the second thermal decomposition stage at approximately 460 ◦C from DTG curves
(Figure S2a) [35]. The solid residue of the char yield was approximately 2.7 wt% after completion
of the PVC pyrolysis, corresponding to ash formation. After blending with DINCH, the value of
Td10 was 265 ◦C, because of the lower thermal decomposition temperature of pure DINCH. The char
yield increased to 6 wt%, presumably because of ash formation from the reaction of DINCH with
PVC. The lower thermal stability of the PVC/DINCH blend system, compared with that of pure PVC,
encouraged us to add MA-POSS to potentially improve the thermal stability. Because of the possibility
of intermolecular hydrogen bonding between PVC and the MA-POSS nanoparticles, we used DSC,
TGA, DMA, and FTIR spectroscopy to perform initial investigations into the miscibility, thermal
properties, and hydrogen bonding interactions of binary blends of PVC/MA-POSS.
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Figure 1. Thermogravimetric analyses (TGA) of (a) the pure PVC, (b) the PVC/DINCH = 100/60 blend, 
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Figure 1. Thermogravimetric analyses (TGA) of (a) the pure PVC, (b) the PVC/DINCH = 100/60 blend,
and (c) pure DINCH.

3.2. Thermal Properties and FTIR Spectra of PVC/MA-POSS Blends

Figure 2 presents the results of DSC and DMA analyses of PVC/MA-POSS blends in the range
30–110 ◦C. The pure PVC exhibited a value of Tg of 89 ◦C, based on DSC analysis (Figure 2a), and 94 ◦C,
based on DMA analysis (Figure 2b). It is not unusual for the value of Tg determined using DMA to be
higher than that from DSC analysis, typically by 5–10 ◦C. In addition, pure MA-POSS has a reported
glass transition temperature of −55 ◦C (Figure S1), and is a pale-yellow heavy oil [33,34].
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Figure 2. (a) Differential scanning calorimetry (DSC) and (b) dynamic mechanical analysis (DMA)
of various PVC/MA-POSS blends; the inset to (b) displays the transparent films obtained after
DMA analyses.

The values of Tg, determined using both DSC and DMA, decreased significantly upon increasing
the MA-POSS concentration. When 10 wt% of MA-POSS was incorporated into the PVC matrix,
the value of Tg decreased to 63 (DSC) and 68 (DMA) ◦C, approximately 26 ◦C lower than that of
pure PVC, indicating that the plasticizing effect of MA-POSS towards PVC was significant. Further
increasing the MA-POSS content to 20, 30, and 40 wt% caused the values of Tg to decrease to 64, 58,
and 47 ◦C, respectively, based on DMA analysis, confirming that MA-POSS is a promising plasticizer
for PVC, consistent with previous results [33,34]. In addition, all the PVC/MA-POSS blends possessed
only a single glass transition temperature, implying that these blends were fully miscible. Furthermore,
the values of Tg were between those of the two individual compounds, as expected. More importantly,
all the PVC/MA-POSS blends were transparent and flexible, even after thermal treatment (DMA),
as displayed in the inset to Figure 2b. Figure 3 presents the values of Tg of the PVC/MA-POSS blends,
as determined using DMA. Although the glass transition temperatures of the PVC/MA-POSS blends
were higher than the values predicted by the Fox rule and the linear rule, they were predicted using
the Kwei equation [36]:

Tg =
W1Tg1 + kW2Tg2

W1 + kW2
+ qW1W2 (1)

where W1 and W2 are the weight fractions and Tg1 and Tg2 are the glass transition temperatures of
the MA-POSS and the PVC, respectively, while k and q are fitting constants. We obtain values of k
and q of 1 and 50, respectively, for the PVC/MA-POSS blends, indicating that specific intermolecular
interactions were occurring between the PVC and MA-POSS nanoparticles.
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FTIR spectroscopy can provide information about the noncovalent interactions of both polar and
nonpolar groups through hydrogen bonding or dipole–dipole interactions [37–40]. Figure 4 presents
the characteristic absorption signals for the (a) C=O units of MA-POSS, (b) C–H deformations of the
CH2 units of PVC, and (c) C–Cl stretching vibrations of PVC in various PVC/MA-POSS blends. The free
C=O groups of MA-POSS provided an absorption at 1717 cm−1; this signal shifted to 1714 cm−1 at
90 wt% of PVC concentration, as displayed in Figure 4a. In addition, the signal for the CH2 units of
PVC shifted from 1332 to 1321 cm−1 (Figure 4b), while its C–Cl units shifted significantly from 614
to 606 cm−1 (Figure 4c), after blending with the MA-POSS nanoparticles. These results indicate that
intermolecular hydrogen bonding existed between the H–CCl units of the PVC and the C=O groups of
the MA-POSS, as displayed in Scheme 1d. Such weak hydrogen bonding interactions have also been
observed in many other binary blend systems [41–43].

Figure 5 displays the TGA curves of various PVC/MA-POSS blends, recorded from 25 to 800 ◦C at
a heating rate of 20 ◦C/min, and the corresponding DTG curves are displayed in Figure S3. The thermal
stability of pure MA-POSS was greater than that of pure PVC, which possessed a value of Td10 of
421 ◦C and a char yield of 44.5 wt%. Upon increasing the content of MA-POSS, the first thermal
decomposition temperature and the char yield both increased. When the MA-POSS concentration
reached 50 wt%, the value of Td10 was close to 306 ◦C, approximately 16 ◦C higher than that of pure
PVC, while the char yield also increased to 33.7 wt%, higher than the value [23.6 wt% = (44.5 + 2.7)/2]
suggested by the simplified relationship of pure MA-POSS (44.5 wt%) + pure PVC (2.7 wt%)—again,
probably because of ash formation from the reaction of MA-POSS with PVC. This result suggests that
the rate of HCl emission during the first thermal decomposition procedure had decreased as a result of
the presence of MA-POSS nanoparticles. The main thermal decomposition of MA-POSS overlapped
with the second thermal decomposition process of PVC, making it difficult to identify, as displayed
in Figure S3. In addition, the decomposition process of MA-POSS becomes obvious after increasing
the MA-POSS concentration, becoming comparable with that of pure MA-POSS. The final step in the
TGA curves corresponds to the pyrolysis of conjugated double bonds (e.g., of the polyenes formed
in the first step of PVC decomposition), with the decomposition temperature and char yield both
increasing upon increasing the MA-POSS concentration, because of the retarding effect of MA-POSS
nanoparticles toward the possible residual ash [33,34]. Thus, our DSC, DMA, FTIR spectroscopic,
and TGA analyses confirmed that the incorporation of MA-POSS nanoparticles could decrease the
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value of Tg of PVC, and increase both its thermal decomposition temperature and the char yield,
while providing full miscibility with PVC, because of weak hydrogen bonding in the PVC/MA-POSS
blends. As a result, MA-POSS has the potential to be a suitable replacement for traditional plasticizers,
e.g., DEHP, and could be used as a blood bag, to avoid the DEHP coming into contact with tissues or
body fluids.
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3.3. Thermal and Mechanical Properties of PVC/DINCH/MA-POSS Ternary Blends

To solve the problem of the lower thermal stability of PVC/DINCH blend systems compared to
pure PVC, we tested the effect of adding MA-POSS nanoparticles. Figure 6 presents DMA analyses of
PVC/DINCH/MA-POSS ternary blends at various MA-POSS contents. The value of Tg of the binary
PVC/DINCH blend was 13.4 ◦C. Increasing the MA-POSS content to 5, 10, and 15 phr caused the value
of Tg to decrease to 6.6, 4.7, and 2.6 ◦C, respectively, based on DMA analysis, suggesting that MA-POSS
remains a promising plasticizer for PVC/DINCH blends. In addition, we observed transparent behavior
for all the PVC/DINCH/MA-POSS ternary blends, with flexibility, even after thermal treatment through
DMA analysis (see inset to Figure 6).
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Figure 6. DMA analyses of various PVC/DINCH/MA-POSS blends: (a) 100/60/0, (b) 100/60/5, (c) 
100/60/10, and (d) 100/60/15. The inset displays the transparent films obtained after DMA analysis of 
each composition. 
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Figure 6. DMA analyses of various PVC/DINCH/MA-POSS blends: (a) 100/60/0, (b) 100/60/5,
(c) 100/60/10, and (d) 100/60/15. The inset displays the transparent films obtained after DMA analysis of
each composition.

Figure 7 presents the TGA curves of PVC/DINCH/MA-POSS ternary blends at various MA-POSS
contents, measured from 25 to 800 ◦C at a heating rate of 20 ◦C/min. The corresponding DTG curves are
also displayed in Figure S4. Increasing the MA-POSS content in the PVC/DINCH binary blend caused
the first thermal decomposition temperature and the char yield to increase, as displayed in Figure
S4. When the MA-POSS content reached 15 phr, the value of Td was close to 271 ◦C, approximately
6 ◦C higher than that of the PVC/DINCH binary blend. Furthermore, the char yield also increased to
17.3 wt%, 11.3 wt% higher than that of the PVC/DINCH binary blend.
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Figure 8 displays the results of tensile tests of PVC/DINCH/MA-POSS ternary blends at various
MA-POSS contents (a) before and (b) after thermal annealing at 100 ◦C for 7 days. All the
PVC/DINCH/MA-POSS blends exhibited high elongation behavior, even after thermal annealing,
and we could briefly observe that the modulus and tensile strength decreased, and elongation increased,
upon increasing the content of MA-POSS, both before and after thermal annealing.
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Figure 9 summarizes the mechanical properties. Elongation decreased, but the modulus and
tensile strength increased, after thermal annealing. We also observed transparency for all the
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PVC/DINCH/MA-POSS ternary blends, as well as flexibility. They became pale yellow after thermal
annealing at 100 ◦C for 7 days, as displayed in Figure 8.
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Figure 9. Mechanical properties of PVC/DINCH/MA-POSS blends at various MA-POSS contents (a,c,e)
before and (b,d,f) after thermal annealing at 100 ◦C for 7 days: (a,b) elongation properties, (b,d) moduli,
and (c,f) tensile strengths.

4. Conclusions

We have examined the thermal properties, miscibility, hydrogen bonding interactions, and
mechanical properties of PVC/MA-POSS binary blends and PVC/DINCH/MA-POSS ternary blends.
Employing DSC, DMA, TGA, and tensile tests, we confirmed that the incorporation of MA-POSS
nanoparticles into the blends occurred with full miscibility; they decreased the value of Tg, the modulus,
and tensile strength, but increased the thermal decomposition temperature, char yield, and elongation
properties, because weak hydrogen bonding existed between the C=O groups of the MA-POSS and the
H–CCl units of the PVC, as determined through FTIR spectral analyses. As a result, MA-POSS appears
to be a suitable candidate for replacing traditional plasticizers, e.g., DEHP, in PVC matrices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/10/1711/s1.
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Abstract: Poly (amic acid) s (PAAs) were synthesized using 4,4′-(hexafluoroisopropyl-idene)
diphthalic anhydride (6FDA) and two types of diamines—bis(3-aminophenyl) sulfone (BAS) and
bis(3-amino-4-hydroxyphenyl) sulfone (BAS-OH). Two series of transparent polyimide (PI) hybrid
films were synthesized by solution intercalation polymerization and thermal imidization using
various concentrations (from 0 to 1 wt%) of organically modified clay Cloisite 30B in PAA solution.
The thermo-mechanical properties, morphology, and optical transparency of the hybrid films were
observed. The transmission electronic microscopy (TEM) results showed that some of the clays were
agglomerated, but most of them showed dispersed nanoscale clay. The effects of -OH groups on the
properties of the two PI hybrids synthesized using BAS and BAS-OH monomers were compared.
The BAS PI hybrids were superior to the BAS-OH PI hybrids in terms of thermal stability and optical
transparency, but the BAS-OH PI hybrids exhibited higher glass transition temperatures (Tg) and
mechanical properties. Analysis of the thermal properties and tensile strength showed that the
highest critical concentration of organoclay was 0.50 wt%.

Keywords: transparent polyimide; nanocomposite; film; organoclay; thermo-mechanical properties;
optical transparency

1. Introduction

Polyimide (PI), which has been used for a long time, was mainly studied for military purposes
when it was first developed [1,2]. It has also been studied in various applications in the aerospace
industry and as electric materials. Moreover, PI thin films are easy to synthesize and do not require
crosslinking agents for curing [3–5].

Recently, PI has been applied as an integrated material for semiconductor materials such as liquid
crystal display (LCD) and plasma display panel (PDP) because of its low weight and its ability to
improve electronic products. In addition, PI, which is lightweight and flexible, has been extensively
studied for use in flexible plastic display substrates to overcome disadvantages such as heavy weight
and tendency of shattering of glass substrates used in the field [6–8].

Although PI is a high-performance polymer material with excellent properties, including high
thermal stability and good mechanical properties, chemical resistance, and electrical properties, it does
not meet the basic requirements for display applications. Many synthesized PIs are insoluble and
infusible and thus have poor processability. Therefore, efforts are now being made to improve these
optical properties and the processability of PI. For example, PIs containing trifluoromethyl groups have
been synthesized that show a high modulus, low thermal expansion coefficient, and good solubility in
conventional organic solvents [9–11]. Another method is to use a copolyimide (Co-PI) using a specific
monomer. A Co-PI typically possesses much lower molecular regularity than the corresponding
homopolyimide [12,13]. This decreased regularity leads to fewer intermolecular interactions that,
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in turn, results in new characteristics, such as modified thermo-optical and gas permeation properties,
and solubilities. Furthermore, the properties of Co-PIs can be adjusted by varying the ratio of the
dianhydride and diamine comonomers.

PI is dark brown because electrons forming the double bonds in the benzene in the imide
structure are transferred to the charge carriers of the π electrons generated by intermolecular bonding
between the chain transfer complex (CT-complex) [14,15]. To reduce the CT-complex, a strong electron
withdrawing group such as fluorine (F) or sulfone (-SO2-) is required that can effectively introduce a
bending structure which can interfere with the interaction between the PI main chains, thus aiding
in the fabrication of a PI film with high transparency. For example, a -CF3 group, which is a strong
electron-withdrawing group, is often used as a substituent, or bent monomer structures are used to
prevent CT complexes from being formed in linear structures [16,17].

It is also possible to improve the processability of PI films by introducing couplers with small
polarity and free rotation in the main chain or by introducing bulky substituents to reduce the
crystallinity and molecular packing density [18–20].

Among various layered inorganic materials used as nanofillers, clay has a layered structure with
ionic bonds and Van der Waals forces acting between the layers. Clay has platelets with a thickness of 1
nm and a width of 100–1000 nm [21,22]. In general, layered inorganic materials are hydrophilic because
the anions on the surface exist in a form that is stabilized with an alkali metal cation. Therefore, polymer
materials including -OH groups are known to exhibit very good dispersibility and compatibility with
clay [23,24]. Several methods are used to increase the physical properties of the blend, including
hydrogen bonding using the hydroxyl (-OH) group between the polymer chain and the filler. For
example, it is known that PVA can form a hydrogen bond between a polymer chain and a filler to
ensure they are more tightly bonded, resulting in better physical properties than pure polymers [25,26].

In this study, the diamine monomers—bis(3-aminophenyl) sulfone (BAS) and bis(3-amino-4-
hydroxyphenyl) (BAS-OH)—were allowed to react with 4,4′-(hexafluoroisopropyl (6FDA)) as a
dianhydride to synthesize two PIs. PI hybrids were prepared from the synthesized PIs and Cloisite 30B
as an organoclay. Cloisite 30B is hydrophilic because it has -OH groups. Furthermore, it is expected
that the affinity of this clay will increase if it is blended with PI containing -OH groups. BAS-OH
containing a hydroxyl group can enhance the reactivity, dispersibility, and compatibility between the
synthesized PI and clay.

In this study, the thermo-mechanical properties, morphology, and optical transparency of the
PI hybrids with various concentrations of organoclay (from 0 wt% to 1.00 wt%) were investigated,
and their results were compared. We also described the effect of -OH groups in PI hybrids and compared
the properties of the two PI hybrids synthesized using BAS and BAS-OH diamine monomers.

2. Experimental Details

2.1. Materials

Cloisite 30B was purchased from Southern Clay Product, Co. Most solvents used in this study
were purchased from Daehan Chemical (Daegu, Korea). 6FDA, BAS, and BAS-OH were purchased
from TCI (Tokyo, Japan) and Aldrich Chemical Co. (Yongin, Korea). DMAc was purified with 4Å
molecular sieve and stored for water absorption treatment.

2.2. Preparation of PI Hybrid Films

Because the synthesis procedures of the two PAAs using BAS and BAS-OH diamine monomers
are the same, only the method of fabricating BAS-OH PAA will be described here. BAS-OH (4.65 g,
1.85 × 10−2 mol) and DMAc (30 mL) were placed in a flask and stirred at 0 ◦C for 1 h while
supplying nitrogen. A solution of 6FDA (7.38 g; 1.85 × 10−2 mol) in DMAc (40 mL) was added to the
BAS-OH/DMAc solution. This solution was stirred at a moderate speed at 25 ◦C for 14 h to synthesize
a PAA solution having a solid content of 15.5 wt%. The inherent viscosities of the synthesized PAAs of
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BAS and BAS-OH were 1.02 and 0.94, respectively. The total 15.5 wt% PAA solution produced by this
method was 77.62 g. When 0.39 g of Cloisite 30 B was added to the solution, the total solution weight
was 78.01 g.

Because the methods of synthesizing PI hybrids using different concentrations of organoclay were
the same, the synthetic method of synthesizing PI/Cloisite 30 B (0.50 wt%) as a representative example
will be described here. We first added 0.064 g of Cloisite 30 B, 13.0 g of PAA solution, and DMAc
(20 mL) to a flask and vigorously stirred the mixture at room temperature for 3 h. The solution was also
washed in an ultrasonic cleaner for 3 h, and the solvent was removed in a vacuum oven at 50 ◦C for 2 h.
The obtained PAA film was dried in a vacuum oven at 80 ◦C for 1 h to completely remove the solvent.

The PAA film was further imidized on the glass plate by sequential heating at 110 ◦C, 140 ◦C,
and 170 ◦C for 30 min at each temperature, followed by 50 min at 195 ◦C and 220 ◦C each. Finally,
the reaction was completed by heat treatment at 235 ◦C for 2 h.

The thickness of the heat-treated film was approximately 67–70 µm. Table 1 summarizes the
detailed heat treatment conditions for obtaining PAA, PAA hybrid, and PI hybrid film. The structural
formula for the synthetic route is shown in Figure 1.

Table 1. Heat treatment conditions of PI hybrid films.

Samples Temp. (◦C)/Time (h)/Pressure (Torr)

PAA 0/1/760→ 25/14/760
PAA hybrid 25/6/760

PI hybrid 50/2/1→ 80/1/1→ 110/0.5/1→ 140/0.5/1→
170/0.5/1→ 195/0.8/1→ 220/0.8/1→ 235/2/1
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2.3. Characterization

The 13C chemical shifts for the BAS and BAS-OH were obtained using 13C cross-polarization/magic
angle spinning nuclear magnetic resonance (CP/MAS NMR) at Larmor frequencies ofω0/2π= 100.61 MHz
using Bruker AVANCE II+ 400 MHz NMR spectrometers (Berlin, Germany) at the Korea Basic Science
Institute, Western Seoul Center. The chemical shifts were referenced to tetramethylsilane (TMS).
Powdered samples were placed in a 4-mm magic angle spinning (MAS) probe and the MAS rate was
set to 10 kHz to minimize the spinning sideband overlap.

Differential scanning calorimeter (DSC) was measured using a NETZSCH DSC 200F3 (Berlin,
Germany) instrument, and thermogravimetric analysis (Auto TGA 1000) was performed on a TA
instrument (New Castle, DE, USA) at a heating rate of 20 ◦C/min. Both DSC and TGA were operated
under nitrogen conditions. The thermal expansion coefficient (CTE) of the film was obtained using a
macroexpansion probe (TMA-2940) with a 0.1-N expansion force at a heating rate of 5 ◦C/min and a
temperature range from 50 ◦C to 150 ◦C.

Wide angle X-ray diffraction (XRD) values were obtained on a Rigaku (Tokyo, Japan) (D/Max-IIIB)
X-ray diffractometer using Ni-filtered Cu-Kα radiation at room temperature. The scanning speed was
2◦/min in the 2θ range = 2–12◦. Transmission electron microscopy (TEM) photographs of ultra-thin
sections of PI hybrid films containing various concentrations of Cloisite 30B were obtained using a Leo
912 OMEGA TEM (Tokyo, Japan) at an accelerating voltage of 120 kV. The yellow index (YI) value of
the polymer film was measured using a Minolta spectrophotometer (Model CM-3500d, Tokyo, Japan),
and UV-Vis spectral results were obtained using Shimadzu UV-3600 (Tokyo, Japan).

The tensile properties of the films were measured using an Instron (Seoul, Korea) mechanical
tester (Model 5564) with a crosshead speed of 20 mm/min at room temperature. Experimental errors of
the obtained tensile strength and elastic modulus were within ± 1 MPa and ± 0.05 GPa, respectively.
Average values of at least 20 samples were finally used for analysis.

3. Results and Discussion

3.1. FT-IR and NMR Spectra

Figure 2 shows the IR results of monomers and polymers. In the BAS polymer, C=O peaks
were observed at 1714 and 1762 cm−1. C-N-C peaks indicating the imidization of the polymers were
observed at 1377 cm−1. The spectrum of the BAS-OH monomer, the primary amine -NH2 was observed
at 3374 cm−1, and the -OH peak was also observed at 3225 cm−1. In addition, C=C aromatic stretch.
Peaks appeared at 1746, 1667, and, 1536 cm−1, respectively.
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In the BAS-OH polymer, the peak of O-H stretching was observed at 3324 cm−1. The -OH peaks
in BAS-OH were smaller than typical hydroxyl peaks. The O-H stretching absorption of the hydroxyl
group is sensitive to hydrogen bonding. Molecules with hydrogen donors and acceptors capable
of intramolecular hydrogen bonding in the PI main chain show a broad O-H stretching absorption
in the range from 3000 to 3500 cm−1. The spectrum of the BAS-OH polymer in Figure 2 shows the
hydrogen-bonded peak between -OH in the phenols and the nitrogen in the adjacent imides [27].
In addition, similar to the BAS polymer, the C-N-C peak was observed at 1371 cm−1 [28]. These results
show that both PIs exhibited a completed imidization reaction.

Structural analyses of the BAS and BAS-OH polymers were carried out by solid state 13C
CP/MAS NMR [26]. The 13C chemical shifts of the BAS polymer were obtained at room temperature.
The chemical shift for carbon in 4, 4′-hexafluoroisopropylidene (HFP) was present at 65.38 ppm,
as shown in Figure 3a. Here, the peaks of 126.38, 131.73, and 138.51 ppm were attributable to the
carbon in aromatic ring and CF3, and the chemical shift of C=O was 165.23 ppm. The resonance peak
for the carbon in 4,4′-hexafluoroisopropylidene (HFP) had a smaller intensity. The spinning sidebands
are marked with an asterisk. The chemical shifts for all carbons were consistent with the structure
shown in Figure 3a.
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On the other hand, the chemical shift for carbon in 4,4′-hexafluoroisopropylidene (HFP) in the
BAS-OH polymer was present at 64.99 ppm, as shown in Figure 3b. The signals at 119.21, 124.95,
132.44, and 137.41 ppm were attributable to the aromatic ring and -CF3. In addition, the 13C chemical
shift at 157.74 and 165.94 ppm corresponding to C-OH and C = O, respectively, was consistent with the
structure shown in Figure 3b.

3.2. XRD

Figure 4 shows the XRD patterns of pure organoclay, PI, and PI hybrid films with organoclay
concentrations ranging from 0.25 wt% to 1.00 wt%. In the case of the BAS/PI hybrid (Figure 4), the XRD
peak of Cloisite 30 B was observed at 2θ = 4.76◦, which represents an interlayer distance of 18.56 Å.
For all PI hybrids containing 0.25 wt% to 1.00 wt% of Cloisite 30 B, no clay peaks were observed in
the XRD curves. Similarly, in the case of BAS-OH/PI (Figure 4), clay peaks were not observed at all in
the XRD curves for all PI hybrids containing 0.25–0.75 wt% of Cloisite 30 B for PI. However, when
1.00 wt% Cloisite 30 B was used, a very weak peak was observed at 2θ = 6.62◦ (d = 13.35 Å). This peak
is due to the agglomeration of clay because of the use of excess organoclay.

Polymers 2020, 12, x FOR PEER REVIEW 6 of 18 

 

On the other hand, the chemical shift for carbon in 4,4′-hexafluoroisopropylidene (HFP) in the 
BAS-OH polymer was present at 64.99 ppm, as shown in Figure 3b. The signals at 119.21, 124.95, 
132.44, and 137.41 ppm were attributable to the aromatic ring and -CF3. In addition, the 13C chemical 
shift at 157.74 and 165.94 ppm corresponding to C-OH and C = O, respectively, was consistent with 
the structure shown in Figure 3b. 

3.2. XRD 

Figure 4 shows the XRD patterns of pure organoclay, PI, and PI hybrid films with organoclay 
concentrations ranging from 0.25 wt% to 1.00 wt%. In the case of the BAS/PI hybrid (Figure 4), the 
XRD peak of Cloisite 30 B was observed at 2θ = 4.76°, which represents an interlayer distance of 18.56 
Å. For all PI hybrids containing 0.25 wt% to 1.00 wt% of Cloisite 30 B, no clay peaks were observed 
in the XRD curves. Similarly, in the case of BAS-OH/PI (Figure 4), clay peaks were not observed at all 
in the XRD curves for all PI hybrids containing 0.25–0.75 wt% of Cloisite 30 B for PI. However, when 
1.00 wt% Cloisite 30 B was used, a very weak peak was observed at 2θ = 6.62° (d = 13.35 Å). This peak 
is due to the agglomeration of clay because of the use of excess organoclay. 

 

Figure 4. Wide angle X-ray patterns of PI hybrid films with various organoclay. contents: (a) BAS and 
(b) BAS-OH. 

In both the hybrids, we found that clay was very uniformly distributed in the PI matrix 
regardless of the clay concentration. This denotes that the clay layers in the hybrid material are 
homogeneously dispersed in the PI matrix [29,30]. 

XRD is a useful technique for measuring d-spacing in dispersed clay layers of hybrids. In 
particular, studies using small-angle X-ray scattering can provide detailed information on 

Figure 4. Wide angle X-ray patterns of PI hybrid films with various organoclay. contents: (a) BAS and
(b) BAS-OH.

In both the hybrids, we found that clay was very uniformly distributed in the PI matrix regardless
of the clay concentration. This denotes that the clay layers in the hybrid material are homogeneously
dispersed in the PI matrix [29,30].

XRD is a useful technique for measuring d-spacing in dispersed clay layers of hybrids.
In particular, studies using small-angle X-ray scattering can provide detailed information on composites.
Schneider et al. [31] reported the influence of different interactions between silica surface and rubber
chains depending on the fraction of silica.
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3.3. Morphological Analysis by TEM

Direct evidence regarding the formation of nano-sized composites can be confirmed via TEM of
an ultra-microtomed section. TEM was used to more accurately measure the dispersion of clay layers
in PI hybrids. Figure 5 shows TEM images of the BAS hybrids with 0.5 wt% and 1.00 wt% Cloisite 30 B.
In the case of the 0.50 wt% hybrid, some clay was exfoliated and some was intercalated, as shown in
Figure 5, but, for the 1.00 wt% hybrid, clay was more agglomerated rather than dispersed. The result is
that clay is not evenly dispersed and some of the clay is agglomerated (see Figure 5). As the content of
Cloisite 30 B in the PI increased, clay aggregation also increased. The agglomerated clay exhibited poor
cohesion and compatibility with PI, thus weakening the interfacial adhesion between the polymer
matrix and the filler [22,32,33]. These factors eventually reduce the thermal properties of the hybrid,
as described in the next section.
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Figure 5. TEM micrographs of BAS hybrid films containing 0.5 wt% and 1.00 wt%. Cloisite 30 B with
increasing magnification levels from (a) to (b).

Hydrophilic clay has good affinity with PI synthesized with BAS-OH monomers, which include
an -OH group. Thus, good affinity of clay and PI can result in excellent dispersion. The TEM results of
the BAS-OH hybrid are shown in Figure 6. Unlike the BAS hybrid, BAS-OH showed good dispersion
in both 0.50 wt% and 1.00 wt% Cloisite 30 B. At 0.50 wt% concentration (see Figure 6), it was confirmed
that the clay was uniformly distributed in the PI matrix with a size of less than 10 nm, and this result
was similar at 1.00 wt%. Compared with the results of 0.50 wt% hybrid, some clay was agglomerated to
a size of less than 20 nm, but most clay was distributed evenly below 20 nm (see Figure 6). When BAS
and BAS-OH hybrids with the same clay concentration were compared, the degree of the BAS-OH clay
dispersion was better than that of the BAS hybrid. These results suggest that the good hydrophilicity
of BAS-OH can be explained by its high affinity for clay.
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3.4. Thermal Behavior

Table 2 shows the thermal properties of PI hybrids with various clay contents. The Tgs of PI
hybrid films containing BAS monomer increased gradually from 227 ◦C to 245 ◦C as the clay content
increased from 0 wt% to 0.50 wt%. This increase in Tg is caused by the difficulty of movement of
the inserted polymer chains in the clay layer, which results in difficulty in segmental motion [34,35].
However, the Tg of the PI hybrid increased when organic clay content was increased to a certain critical
concentration but decreased when the critical concentration was crossed. For example, when Cloisite
30 B was increased to 0.75 wt%, the Tg of the PI hybrid decreased to 240 ◦C, and, when the organoclay
content of PI reached 1.00 wt%, the Tg further decreased to 236 ◦C.

Table 2. Thermal properties of PI hybrid films with various organoclay contents.

Cloisite
30B (wt%)

BAS BAS-OH

Tg
(◦C)

TD
i a

(◦C)
wtR

600 b

(%)
CTE c

(ppm/◦C)
Tg

(◦C)
TD

i

(◦C)
wtR

600

(%)
CTE

(ppm/◦C)

0 (pure PI) 227 456 55 47.21 259 313 60 53.17
0.25 231 526 79 41.64 263 321 61 49.95
0.50 245 533 84 38.48 270 330 61 48.61
0.75 240 530 82 42.37 261 324 60 54.33
1.00 236 521 83 45.92 257 316 62 61.17

a At a 2% initial weight-loss temperature. b Weight percent of residue at 600 ◦C. c Coefficient of thermal expansion
for 2nd heating is 50–150 ◦C.

The trends exhibited by PI hybrids containing BAS-OH monomers were similar to those exhibited
by PI hybrids containing BAS. When Cloisite 30B content was increased from 0 wt% to 0.50 wt%,
Tg increased from 259 ◦C to 270 ◦C. However, when the organoclay content was increased to 1.00 wt%,
Tg decreased to 257 ◦C. This reduction in Tg was because of the agglomeration of excess clay above the
critical concentration in the PI matrix. Figure 7 shows the DSC thermogram of PI hybrids according to
the concentration of Cloisite 30 B. Clay aggregation above the critical concentration has already been
demonstrated using TEM (see Figures 5 and 6).
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In general, Tg is affected by various factors in addition to the critical concentration of the filler.
That is, the Tg of a polymer depends on the structural differences within the chain, chemical interactions
such as hydrogen bonding and curing reaction, the chain flow according to the free volume, and the
presence of additives [36]. When the Tg values of the PI hybrids—BAS and the BAS-OH— and those of
the two monomers were compared, the Tg value of the BAS-OH PI hybrids were found to be higher
than those of the BAS PI hybrid, regardless of the concentration of organic clay. In addition, when
the Tg values of the hybrids with the same Cloisite 30 B concentrations were compared, the Tg value
of BAS-OH was found to be higher than that of BAS. These results show that the -OH groups of the
BAS-OH monomers increase the dispersibility and compatibility of the monomers through hydrogen
bonding with the -OH groups present in the clay, thereby increasing the Tg values of the PI hybrids.
Similar results have been obtained in previous studies [37,38].
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Table 2 shows the initial decomposition temperatures (TD
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BAS monomer according to the concentration of the organoclay. As Cloisite 30 B content increased
from 0 wt% to 0.50 wt%, the TD

i value of the PI hybrids increased gradually from 456 ◦C to 533 ◦C
(see Table 2). This suggests that the clay in the polymer chains acts as an insulator and a barrier against
volatile products generated during heating, thereby increasing the initial decomposition temperature.
This increase in thermal stability is caused by the high thermal stability of the clay itself and the
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As has already been explained, the decrease in the TD

i value was because of the aggregation of the
excess clay used. Figure 8 shows the TGA thermogram of the PI hybrids having various concentrations
of organoclay. The same tendency was also observed for PI hybrids containing BAS-OH monomers.
That is, TD

i showed a maximum value of 330 ◦C for the 0.50 wt% hybrid B, but the TD
i value for

the 1.00 wt% hybrid was reduced to 316 ◦C (see Table 2). The values of the weight residue at 600
◦C (wtR

600) were almost the same regardless of the clay loading, as shown in Table 2 and Figure 8.
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In the case of PI containing BAS without organic clay, the weight residue was 55%. When Cloisite 30
B content increased from 0.25 wt% to 1.00 wt%, wtR

600 was 79–84%. However, when the content of
Cloisite was 0–1.00 wt%, the value of wtR

600 was almost constant at 60–62% for PI containing BAS-OH.
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We compared the TD
i and wtR

600 values of the two different PIs containing BAS and BAS-OH
monomers. The BAS hybrid showed an overall better thermal stability than the BAS-OH PI hybrid
regardless of the concentration of Cloisite 30 B. These values conflicted with the Tg results. This result
can be explained by the weak thermal stability of the -OH group present in the main PI chain containing
BAS-OH. In the curve of Figure 8, the first weight loss at around 300 ◦C was thought to be due to the
thermal decomposition of the -OH group of the BAS-OH monomer [25].

The CTE of the BAS PI hybrids decreased to the minimum at the critical content of 0.50% clay
but then increased when the concentration of organoclay increased to 1.00% by weight. For example,
the CTE of both PI hybrids decreased from 47.21 ppm/◦C to 38.48 ppm/◦C when the clay concentration
increased from 0 wt% to 0.50 wt% but increased to 45.92 ppm/◦C when the clay concentration increased
to 1.00 wt%. The CTE values of the PI hybrids according to different organoclay concentrations are
summarized in Table 2. The same tendency was also observed in the BAS-OH/PI hybrids. The CTE
value of the was decreased from 53.17 ppm/◦C to 49.95 ppm/◦C when up to 0.50 wt% of clay was added
but increased to 61.17 ppm/◦C when clay concentration increased to 1.00 wt%.

These observations regarding CTE values depend on the orientation of the straight plate-like
clay itself, the shape of the PI polymer embedded in the clay layer, and the cohesive strength of
clay and PI [40]. When heated, the PI molecules oriented in plane tended to expand in a direction
perpendicular to the original direction and thus expanded mainly in the out-of-plane direction [41].
However, because the clay layer in the hybrid is much straighter and stronger than the PI molecule, it is
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not easily deformed or expanded like a PI molecule. As a result, the existing clay layer in the hybrid can
very effectively inhibit the thermal expansion of the PI molecules in the out-of-plane direction [42,43].
However, in our system, the CTE values increased when the concentration of organoclay exceeded
0.50 wt%. This result may be because of clay aggregation, as has been already explained. These
results are supported by the Tg and TD

i results previously described (Table 2). The CTE results of the
BAS hybrids were better than those of the BAS-OH hybrids at the same organoclay concentration,
as seen from the thermal stability analysis. These results are also due to the -OH groups with low
thermal stability.

3.5. Mechanical Tensile Properties

The ultimate tensile strength, initial tensile modulus, and elongation percentage at break of the PI
hybrid films with various organoclay contents were measured using a universal tensile machine (UTM),
and the obtained results are summarized in Table 3. The mechanical properties of the PI hybrid film
were improved when the clay concentration was below the critical concentration but deteriorated when
the critical clay content was exceeded, as already confirmed from the thermal properties according to
the critical concentration of clay. For example, when the Cloisite 30 B content increased from 0 wt% to
0.5 wt%, the tensile strength increased from 53 MPa to 103 MPa for BAS hybrids and from 59 MPa to 112
MPa for BAS-OH hybrids. These results show a remarkable increase of 194% and 190%, respectively,
using a small amount of organoclay (0.50 wt%). However, when the concentration of organoclay
became 1.00 wt%, the tensile strength decreased to 69 MPa for the BAS PI hybrid and 82 MPa for
the BAS-OH PI hybrid, as shown in Table 3. Similar results have been reported for other polymer
hybrids. Yano et al. [44,45] reported that the mechanical properties of cellulose/silica composites were
improved up to a certain concentration of silica, but the tensile strengths of the hybrids reduced at
higher filler concentrations [46]. These tendencies occur mainly because the filler particles existing
above the critical concentration are not dispersed evenly and are aggregated with each other [20].
This phenomenon has already been confirmed from the TEM photograph in Figures 5 and 6.

However, the initial modulus increased steadily with increasing organoclay concentration. As the
concentration of Cloisite 30 B increased from 0 wt% to 1.00 wt%, the tensile modulus increased steadily
from 2.24 GPa to 3.54 GPa for the BAS PI hybrid and from 2.80 GPa to 6.16 GPa for the BAS-OH PI
hybrid. In contrast to the results of ultimate tensile strength, this improvement in the initial tensile
modulus of the two hybrids was due to the high aspect ratio and orientation of the clay layer as well as
the resistance of the clay itself to external forces [47,48].

Table 3. Tensile properties of PI hybrid films with various organoclay contents.

Cloisite
30B (wt%)

BAS BAS-OH

Ult. Str.
(MPa)

Ini. Mod.
(GPa)

E.B. a

(%)
Ult. Str.
(MPa)

Ini. Mod.
(GPa)

E.B.
(%)

0 (pure PI) 53 2.24 2 59 2.80 2
0.25 60 2.85 2 81 4.09 3
0.50 103 3.16 4 112 4.44 3
0.75 77 3.30 3 87 5.43 2
1.00 69 3.54 2 82 6.16 2

a Elongation percentage at break.

We compared the mechanical properties of the two PI hybrids and those of the BAS and BAS-OH
monomers. The mechanical properties of BAS-OH hybrids were better than those of the BAS hybrids
regardless of the concentration of organoclay. This tendency was in contrast to the tendency of thermal
stability and CTE. This result is attributed to the formation of a hybrid film with stronger bonds that
can withstand external tensile forces because the hydroxyl groups between PI and organoclay form
hydrogen bonds with each other. Figure 9 shows the change in the mechanical properties of the two PI
hybrid films according to the various organoclay contents.
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(b) BAS-OH.

The elongation at break of the two hybrid films was almost constant regardless of the organoclay
concentration. That is, when the organoclay content increased up to 1.00 wt%, the elongation at break
varied from 2% to 4% (see Table 3). This result is characteristic of hybrid materials reinforced with a
rigid and hard inorganic material.

3.6. Optical Transparency

The color intensity can be determined by measuring the cut-off wavelength (λ0) using UV-Vis.
absorption spectra, as shown in Figure 10. The results of the absorption spectrum of the BAS hybrid
are listed in Table 4. As the Cloisite 30 B concentration increased from 0 wt% to 1.00 wt% in the BAS
and BAS-OH hybrids, the value of λ0 increased steadily from 330 nm to 346 nm and from 344 nm
to 350 nm, respectively. PI hybrids showed a small λ0 value because they have a -CF3 substituent
and a kinked monomer structure that can reduce the interactions between the CT-complexes and the
intermolecular interaction in the polymer main chain [15,16,49].
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those of the BAS hybrid films slightly increased as the organoclay content increased because of the 
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(b) BAS-OH.

Table 4. Optical transparencies of PI hybrid films with various organoclay contents.

Cloisite
30B (wt%)

BAS BAS-OH

T a

(µm)
λ0

(nm)
500 nmtrans

(%) YI b T
(µm)

λ0
(nm)

500 nmtrans

(%) YI

0 (pure PI) 67 330 87 2 70 344 84 14
0.25 68 334 87 2 69 344 82 14
0.50 68 336 86 3 68 345 81 14
0.75 67 340 84 3 69 349 77 16
1.00 69 346 82 4 69 350 75 20

a Film thickness. b Yellow index.

The transmittance at 500 nm gradually decreased as the organoclay concentration increased to
1.00 wt%. For example, for BAS and BAS-OH hybrids, the transmittance at 500 nm decreased from
87% to 82% and from 84% to 75%, respectively. The color intensities of pure PI and PI hybrid films
containing various concentrations of Cloisite 30 B are summarized in Table 4. Color intensity can
be described as an index indicating the value of yellow index (YI). The YI of the pure PI film was 2,
but those of the BAS hybrid films slightly increased as the organoclay content increased because of the
agglomeration of the clay particles [43]. However, the difference was not large, so it showed a value of
2–4. In the case of BAS-OH hybrids, the YI of the hybrids increased as Cloisite 30 B content from 0
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to 0.50 wt% and then remained constant at 14. However, when the organoclay content increased to
1.00 wt%, the YI increased significantly to 20.

The reason that the optical transparency is gradually lowered as the clay concentration increases
is that clay agglomeration affects optical properties. Evidence for clay agglomeration has already been
demonstrated using XRD and TEM (see Figures 4–6). The optical transparency of BAS-OH hybrids is
lower than that of the BAS hybrids because of the strong intermolecular bonding due to the hydrogen
bonding of -OH present in BAS-OH and the consequent increase in the CT-complex, as described above.

As shown in Figure 11, the BAS hybrids with a 0 wt% to 1.00 wt% concentration of Cloisite 30 B
were almost colorless and transparent regardless of the organoclay concentration. This transparency
and colorlessness suggest that, even when 1.00 wt% of organoclay is added, the phase region of the
hybrid film is significantly smaller than the visible light wavelength (i.e., 400 nm to 800 nm). In contrast,
in the case of BAS-OH hybrids, a yellowish film was obtained as a whole, and this color became darker
as the concentration of Cloisite 30 B increased to 1.00 wt% (see Figure 12). However, both hybrids
exhibited excellent transparency, so that there was no problem in reading the text through the film for
all organoclay concentrations.
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4. Conclusions

Two PI hybrid films were fabricated from dianhydrides (6FDA), diamines (BAS and BAS-OH),
and various concentrations of organoclay by solution intercalation. The PI hybrid films containing
-CF3 substituents and bent monomer structures showed higher optical transparency than conventional
linear non-fluorinated PI films. In particular, the -CF3 groups present in the main chain were effective
in strongly attracting electrons to reduce the CT-complex between polymer chains through steric
hindrance and the induction effect.

In this study, the PI hybrids synthesized using BAS and BAS-OH as diamines were compared
with each other according to various Cloisite 30 B concentrations. In terms of Tg and mechanical
properties, BAS-OH hybrids showed better performance than BAS hybrids. However, BAS hybrids
were superior to BAS-OH hybrids in terms of thermal stability, CTE, and optical transparency over
the range of organoclay concentrations. The thermal properties and ultimate strengths of the two PI
hybrid films were highest when the organic clay was 0.5 wt%.

In addition, these PI hybrid films are expected to be useful as high-performance polymer materials
because of their excellent thermo-mechanical properties and optical transparencies as compared with
general engineering plastics.
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participated in the data analysis. All authors have read and agreed to the published version of the manuscript.
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Abstract: Previous research has shown that nanocomposites show not only enhancements in
mechanical properties (stiffness, fracture toughness) but also possess remarkable energy absorption
characteristics. However, the potential of carbon nanotubes (CNTs) as nanofiller in reinforced epoxy
composites like glass fiber-reinforced polymers (GFRP) or carbon fiber-reinforced polymers (CFRP)
under dynamic testing is still underdeveloped. The goal of this study is to investigate the effect
of integrating nanofillers such as CNTs into the epoxy matrix of carbon fiber reinforced polymer
composites (CFRP) on their dynamic energy absorption potential under impact. An out-of-plane
compressive test at high strain rates was performed using a Split Hopkinson Pressure Bar (SHPB),
and the results were analyzed to study the effect of changing the concentration of CNTs on the energy
absorption properties of the nanocomposites. A strong correlation between strain rates and CNT
mass fractions was found out, showing that an increase in percentage of CNTs could enhance the
dynamic properties and energy absorption capabilities of fiber-reinforced composites.

Keywords: CFRP; Carbon nanotubes; Nanocomposites; Split Hopkinson Pressure Bar; Energy
absorption

1. Introduction

Energy absorption is considered to be one of the most important functions of structural materials,
especially when subjected to an accidental collision or sudden shock. It is a crucial condition for
structural crashworthiness and damage assessment for example, in designing rail cars, aircraft,
automobiles and rotorcraft. During the design phase, the crashworthy structure is manufactured in
such a manner that it can halt the transfer of the energy to the passenger compartment by absorbing
all the impact energy in a controlled manner during crash. Moreover, in civil construction, many
structures lack energy-absorbing capabilities, resulting in catastrophic failure during events like
explosions. This can cause massive human causalities and property loss. However, this can be avoided
by improving the blast resistance of buildings, using sacrificial cladding structures with cores made of
highly shock-absorbing material.

Traditionally, structural components used in crashworthy applications and armors were commonly
manufactured using metals, because metals are able to absorb the impact energy in a controlled way
because of their high toughness [1]. Then, researchers started using cellular forms such as honeycomb
structures, foams and sandwich structures, which have demonstrated excellent resistance to dynamic
loading due to their bulking and collapse mechanisms [2–6]. Furthermore, composite structures
have shown excellent resistance against vibrations during impact thanks to their unique internal
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structure, which displays good internal damping behaviors [7,8]. These composites have been further
enhanced by the introduction of nanotechnology and nanofillers. The introduction of nanoparticles
into polymer matrices improved their thermal and electrical properties as well as enhancing their
mechanical characteristics, such as strength and toughness. In addition, recent research showed
that reinforcing the polymeric materials with nano-fillers such as CNTs resulted in enhancement of
structural damping of the composites because of the large surface-to volume ratio of nanofillers which
can result in exceptional performance of interfacial bond between the nanofillers and matrix resulting
in an increase of the energy dissipation capability of the material [9–13]. Furthermore, members of
the fullerenes family exhibit extraordinary energy absorption behavior because of their high strength,
stiffness, and large surface area [14–20]. This is why nanocomposites with distinct matrices and filler
materials show improvement not only in stiffness and fracture toughness during experimental studies,
but also in impact energy absorption and vibration damping. For this reason, these nanocomposites
have significant importance in civil and military applications like automobile, airplane structures and
biomedical [11].

Among these nano-sized inclusions, carbon nanotubes (CNTs), being members of the carbon
nanomaterials family, have shown unique energy absorption performance when used in 3D
sponge-array and foams architectures because of their unique mechanical properties [20–23].
Additionally, CNTs have an ultra-high stiffness, strength and an extremely large surface area. They are
also extremely lightweight in comparison to traditional materials. In fact, both experimental and
computational results have shown that they had about tensile strength of 200 GPa, Young’s modulus of
1 TPa, shear modulus of 1 GPa, bulk modulus about 462–546 GPa and bending strength approximately
14.2 GPa [15,16,24]. Recent studies also proved that nanocomposite laminates based on nanocharge
materials have good overall energy absorption characteristics. Numerous previous experimental
works have shown that nano-fillers are able to enhance not only stiffness but also the energy absorption
behavior of polymers and/or conventional composites [25].

Drdlova and Prachař [26] studied the mechanical performance of lightweight porous foams
reinforced with carbon nanotubes with 1–5 vol.% for structural applications under high strain rate
loading using SHPB and results had shown that energy absorption capability of the material was
greatly enhanced up to 4 vol.%, and then there was a significant decrease.

Chen et al. [27] developed a numerical model using dynamic simulation to study the energy
absorption ability of CNT bucky paper under high-velocity impacts. Their study revealed that this
bucky paper showed extremely high kinetic energy dissipation efficiency within its elastic limit, and
that this depended directly on the impact velocity. In addition, Chen et al. [28] also studied the energy
dissipation behavior of CNTs with nested bucky balls during impact using a dynamic simulation
model. The simulated results showed that dissipated energy was mostly converted into the thermal
energy at low velocity impact while bucky balls showed permanent strain deformation at high velocity
impact; thus, dissipation energy was dominated by the strain energy of the energy absorption system.

Weidt et al. [29] performed a study using 2D and 3D computational modelling on aligned
CNT/epoxy nanocomposites under compressive strain rates. The results revealed that, by increasing
the wt.% of CNTs, the nanocomposites showed a noticeable increase in their mechanical performances
including energy absorption behavior.

Although considerable research has been devoted to the energy absorption behavior of CNT-based
nanocomposites, rather less attention has been paid to the dynamic/impact properties. As far as
the compressive response of the composite is concerned, the Split Hopkinson Pressure Bar (SHPB)
technique is one of the examples and has been extensively used to evaluate the impact behavior
of different materials at high strain rates [30–40]. For instance, Gardea et al. [41] showed in their
investigation that strain energy dissipation of CNT reinforced polymers under low strain was not
dependent on the alignment of CNTs; however, damping factor increased monotonically with the
wt.%. of CNTs, which showed the occurrence of friction dissipation mechanisms within the CNT–CNT
interface; however, interfacial slip contributed to energy dissipation at higher strain rates. Moreover,
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they showed that the tearing and plasticity of the matrix caused by the misaligned CNTs within the
loading direction played a vital role in energy dissipation. Gardea et al. [42] in another study showed
that carbon nanotube (CNT)-reinforced acrylonitrile-butadiene-styrene (ABS) composites fabricated by
additive manufacturing exhibited of strain energy dissipation ability with reduced damage because of
the CNTs. Their results showed that CNTs altered the energy dissipation mechanism and controlled
the structural damping behavior under dynamic loading. El Moumen et al. [43] evaluated the effect
of integrating the CNTs in epoxy on its shock wave absorption under dynamic compressive loading
using SHPB. The results showed that as the wt.% of CNTs increased, the nanocomposites were able to
absorb more mechanical shock waves. Thus, this highlights the importance of CNTs in enhancing the
impact resistance behavior of the composite structures. It was also found in a study that the aspect
ratio and mass fraction of CNTs played a vital role in defining the energy absorption characteristics of
a nanocomposite under high strain rate impacts [29].

However, the potential of CNTs, as nanofiller in reinforced epoxy composites like glass
fiber-reinforced polymers (GFRP) or carbon fiber-reinforced polymers (CFRP) under dynamic testing,
is still underdeveloped. There is very little, if any, information available in the literature. Therefore, in
this context, the object of this paper is to study the effect of using various weight percentages of CNTs
in CFRP composites on their shock wave or energy absorption performances. An experimental study
was performed to investigate the energy absorption behavior of CNTs-based CFRP nanocomposites
under out-of-plane dynamic loading, using the SHPB device. Samples were fabricated with 1 and
2% mass fractions and specimen with 0% was considered as a reference. Moreover, these dynamic
compression tests were executed at three different impact pressures, i.e., 2, 3 and 4 bar, to further
analyze the energy absorption ability of these nanocomposites.

2. Materials and Manufacturing Process

The polymer used in this study was a low-viscosity liquid epoxy resin, Epon 862 (Diglycidyl
Ether of Bisphenol F), acquired from Momentive Specialty Chemicals Inc. (Cleveland, OH, USA).
The carbon fiber was provided by Hexcel Company and multi-walled carbon nanotubes (MWNTCs)
were produced by Nanocyl Belgium Company (Sambreville, Belgium), they were synthesized with no
surface functionalization; they had an average diameter of 10 nm and length of 1.5 µm. Mechanical
properties of each constituent are listed in Table 1.

Table 1. Material properties.

Carbon fiber Epoxy matrix CNT

E11 (GPa) 230 E (GPa) 2.72 E (GPa) 500
E22 (GPa) 15 v 0.3 v 0.261
E33 (GPa) 15

v12 0.28
v13 0.28
v23 0.28

G12 (GPa) 15
G13 (GPa) 15
G23 (GPa) 15

Figure 1 shows the SEM and TEM (University of Dayton, United States) characterization of CNTs
in epoxy resin at micro and nano scales. The multiwall nanotubes were tube-shaped materials and
considered as long curved cylindrical fibers (snake-like shapes). The CNTs are randomly distributed
into matrix, Figure 1a. Transmission electron microscopy (TEM) of CNTs shows the fiber shape, see
Figure 1b.
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Figure 1. The morphology of multiwall CNTs by (a) SEM and (b) TEM images.

The fabrication of the nanocomposites consisted of, first, dispersing CNTs in the polymer matrix,
varying the weight fraction of MWNTCs between 0 and 2%, and then mixing this material using
an T25 digital ULTRA-TURRAX increased shear laboratory mixer for a total of 30 min at 2000 rpm.
Afterwards, an ultrasonic bath was also used, and the mixed material was further processed in a
Lehmann Mills three-roll mixer (University of Dayton, United States) to guarantee a homogeneous
dispersion of CNTs (Figure 2), the film with 120 µm in thickness containing CNTs was manufactured
using film line, Figure 3a. The reinforced epoxy was introduced with the 5 HS (satin) T300 6k carbon
fiber fabric, using the infusion process; Figure 3b,c. The reinforced epoxy resin flowed between the
fiber plies, and the press curing condition was set to 200 MPa. All panels manufactured consisted of
24 carbon fiber fabric layers interleaved with 25 layers of CNTs/epoxy film to accomplish an overall
fiber volume fraction of 50%. The panels were then cooled. SEM characterization was performed
to demonstrate the CNT distribution with 500 nm resolution. The SEM image confirms the random
distribution of CNTs with variable length; Figure 3d,e.

Polymers 2019, 11, x FOR PEER REVIEW 4 of 16 

 

  

(a) SEM morphology of CNTs into Epoxy (b) TEM image of CNTs 

Figure 1. The morphology of multiwall CNTs by (a) SEM and (b) TEM images. 

The fabrication of the nanocomposites consisted of, first, dispersing CNTs in the polymer matrix, 
varying the weight fraction of MWNTCs between 0 and 2%, and then mixing this material using an 
T25 digital ULTRA-TURRAX increased shear laboratory mixer for a total of 30 min at 2000 rpm. 
Afterwards, an ultrasonic bath was also used, and the mixed material was further processed in a 
Lehmann Mills three-roll mixer (University of Dayton, United States) to guarantee a homogeneous 
dispersion of CNTs (Figure 2), the film with 120 μm in thickness containing CNTs was manufactured 
using film line, Figure 3a. The reinforced epoxy was introduced with the 5 HS (satin) T300 6k carbon 
fiber fabric, using the infusion process; Figures 3b and 3c. The reinforced epoxy resin flowed between 
the fiber plies, and the press curing condition was set to 200 MPa. All panels manufactured consisted 
of 24 carbon fiber fabric layers interleaved with 25 layers of CNTs/epoxy film to accomplish an overall 
fiber volume fraction of 50%. The panels were then cooled. SEM characterization was performed to 
demonstrate the CNT distribution with 500 nm resolution. The SEM image confirms the random 
distribution of CNTs with variable length; Figure 3d and 3e. 

Samples with dimensions of 13 mm × 13 mm × 8 mm were then cut from the prepared specimen 
plates for out-of-plane compression test on SHPB, Figure 4. 

 

Figure 2. Lehmann Mills three-roll mixer. Figure 2. Lehmann Mills three-roll mixer.

214



Polymers 2020, 12, 194

Polymers 2019, 11, x FOR PEER REVIEW 5 of 16 

 

  

(a) Resin film on white release ply (b) Resin film with nano-additives between two 

release plies  

 
 

(c) Sample Preparation (e) SEM of cross section of the sample 

 
(f) CNTs distribution 

Figure 3. Manufacturing steps. 

 
Figure 4. Specimens with different percentages dedicated to dynamic compression tests. 

3. Test Procedure 

3.1. SHPB Test Method 

Figure 3. Manufacturing steps.

Samples with dimensions of 13 mm × 13 mm × 8 mm were then cut from the prepared specimen
plates for out-of-plane compression test on SHPB, Figure 4.
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3. Test Procedure

3.1. SHPB Test Method

Figure 5 is a schematic of The Split Hopkinson Pressure Bar (SHPB) apparatus that was used in
this study to assess the shock wave absorption characteristics of the specimens. The experimental
setup was composed of striker, incident (input) and transmitted (output) steel bars. A compressive
longitudinal wave was induced in the incident pressure bar by impacting it with the striker bar at a
specified velocity (Impact energy). A compressive incident wave εI(t) was generated when a striker bar
impacted the free end of the input bar and travelled across the input bar until it got to the bar-specimen
interface. Once the specimen was hit by the incident wave, the wave was split into two parts. One
part was transferred to the output bar as a compressive transmitted wave εT(t) and the other part
was reflected to the input bar as a tensile reflected wave εR(t). These three pulses εI(t), εR(t) and
εT(t) were measured using strain gauges mounted at the middle of each pressure bar, and a digital
oscilloscope was used for data acquisition; Figure 6. Recorded data were then treated using by means
of the Maple Software algorithm to acquire all dynamic parameters like, for example, forces and
velocities, as functions of time at the two faces of the specimen, which had already been sandwiched
between the two pressure bars.
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3.2. Dynamic Compression Testing

During the experimental investigation, the velocity of the striker bar (impact pressure) was
controlled to obtain a wide range of impact energy magnitudes. Variation of the incident velocity as a
function of time was plotted to assess the dynamic response of each specimen at impact pressure P
= 4 bar, and the results confirmed the test reproducibility, which was common for all CNTs weight
percentages; Figure 7. We performed tests at different pressures ranging from 2 to 4 bar but 4 bar was
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the pressure at which damage was exhibited in the samples. We wanted to see the effect of CNTs on
the improvement of the damage mechanism of fiber-reinforced composites, so 4 bar was chosen to
present the diversity of the behavior of our material with respect to the addition of CNTs.
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3.3. Theorical Characterization of Absorbed Energy

During the dynamic compressive tests, the input energy (impact energy) corresponding to the
transferred kinetic energy of the striker bar to incident bar was obtained by varying its initial velocity.
Once the input energy reached the bar specimen interface, it was split into two parts. One part was
absorbed by the sample and could have caused plastic deformation or damage in different forms,
which in turn could have led to heat generation if macroscopic damage occurred. The other part
was transferred to the output bar as the transmitted energy [44]. Absorbed energy was the difference
between the work transferred to the specimen from the incident bar and the mechanical work done
by the specimen and transmitted to output bar [45]. The mechanical powers at the interfaces of two
pressure bars were obtained by multiplying the corresponding velocity by the contact force.

Velocity (V) was determined using the incident and transmitted strains (εI and εT) as stated by
Park et al. [45]:

V(x, t) = c [−εi

(
t− x

c

)
+ εr

(
t +

x
c

)
] (1)

where c = (E/ρ)
1
2 is the longitudinal wave velocity of the bar, E is the Young’s modulus, and ρ is the

mass density of the pressure bar.
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The normal force (F) on any cross-section x of the incident and transmitted bars is:

F(x, t) = AEε(x, t) (2)

where A represents the cross-sectional area of the bar.
It was obvious that the physical properties could be obtained only if the values of εi and εr

were known. Hence, the main purpose of this experimentation was to find out these functions using
strain gauges, mounted at the middle of each pressure bar. A digital oscilloscope was also used for
data acquisition.

The overall mechanical work was calculated by integrating the mechanical power with respect to
time. Thus, both the work transferred from the input bar to the CNTs-based nanocomposites sample
(Winc) and the work done by the sample and transferred to the output bar (Wtrans) are given by [45]:

Winc = −
∫ t f

ti

Finc(t)Vinc(t)dt (3)

Wtrans=

∫ t f

ti

Ftrans(t)Vtrans(t)dt (4)

where the incident and transmitted physical parameters are presented by the subscript “inc” and
“trans”.

The absorbed energy of the sample (Eabs) was calculated using the equation below, given in [45]:

Eabs = Winc(t) −Wtrans(t) (5)

Figure 8 shows an example of a typical absorbed energy curve for the test conducted on 0% CNTs
sample. Results showed an increase in the absorbed energy during the impact and this energy absorbed
by the material was the combination of two different energies. The first part was the elastic part, which
was released until it reached a constant value (gradual unloading cycle). The second part was the
inelastic unrecoverable energy, represented by the constant value, that was dissipated permanently
through damage (the end of the cycle). Thus, the absorbed energy can be given as:

Eabs = Eelas + Ediss (6)
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4. Results and Discussion

A wide variety of input energies (or incident energy) was used to impact the carbon/epoxy
nanocomposite specimens in order to understand the effect of CNTs on their energy absorption
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capability. Therefore, the energy absorption behavior of each specimen was studied at impact
energy of 15 J, 34 J and 53 J. The absorbed energy results showed that all the samples had similar
characteristics, Figure 9. This response indicated that no macroscopic damage was occurred as shown
by Tarfaoui et al. [46]. Moreover, the fluctuation in the curves was caused by the storage and release of
strain energy during the out-of-plane compression tests. Another interesting phenomenon observed is
that the absorbed energy was very much influenced by increasing the impact energy, and the maximum
peak also increased as the input energy was increasing. This behavior was common for all mass
fractions of CNTs.
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Figure 9. Absorbed energy vs. time for different CNTs mass fractions.

It can be seen that there was a noticeable effect due to the introduction of CNTs. An important
portion of the impact energy Wimp was absorbed during the impact. Actually, this absorbed energy
was the energy stored in the specimen during the elastic deformation and it was released in the form
of recoverable elastic strain energy and dissipated energy. Moreover, the experimental behavior of
the CNT-based nanocomposites also confirmed that an increase in absorbed energy was observed
because of the increase in both elastic and dissipated energies. However, the greatest portion of the
absorbed energy was stored and released as elastic strain energy (Eelas) and only a small portion was
dissipated energy (Ediss). This response indicated that neat epoxy showed more plastic deformation
instead of elastic behavior, compared to samples with a different mass fraction of CNTs. Addition of
CNTs improved the elastic behavior of composites and reduced their plastic deformation as it became
more resilient. In fiber reinforced composites the matrix is responsible for the plasticity because of
their ductile nature. However, when CNTs were added as nanofillers in the matrix epoxy the material
became more rigid with an increase in its elastic properties and reduction in its plasticity. In addition,
CNT-reinforced nanocomposites had higher energy dissipation performance because of the increase in
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micro cracks. The CNTs behave as barrier for any crack propagation. Thus, they stop the propagation
of any crack initiation, which can result in significant micro cracks instead of fatal macro damage and
could delay the final fracture. This showed that, even with small weight percentage such as 1%, CNTs
could improve the energy absorption of the CFRP laminate composites and delay the final fracture.
Figure 10 gives a summary of the obtained results.Polymers 2019, 11, x FOR PEER REVIEW 10 of 16 
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Figure 10. Energy balance vs. CNT mass fraction at different impact energies.

The energy dissipation caused in a nanocomposite during out-of-plane compressive loading was
calculated by taking the area under the curve of the absorbed energy profiles for each specimen. Results
revealed that there was an increase in dissipated energy as the wt.% of CNTs increased. The plausible
scenario for the augmentation of the energy dissipation was the sliding phenomenon at the interface
between CNTs and polymer matrix. Low mass density of CNTs and exceptionally large contact area at
the interface between CNTs and matrix caused the frictional sliding at the CNT-CNT and CNT-matrix
interfaces which could be the main cause of the increase in energy dissipation with minimal weight
penalty [47]. Moreover, this sliding between the matrix and the CNTs could enhance the structural
damping of the material. Recent studies of polymer material reinforced with nanofillers have also
demonstrated that integrating nanofillers in the polymer matrix increased the damping of composite
structures more efficiently [48].

Another method for augmenting the frictional energy dissipation is by boosting the weight
fraction of CNTs in the composite; Figure 11.
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5. Failure Mode

The experimental investigation was studied in detail to improve the understanding of the dynamic
behavior of these nanocomposites during out-of-plane compression tests. The results showed that the
dynamic properties of CNTs reinforced nanocomposite were significantly affected by increasing CNTs
mass fraction. Strain rate and stress as functions of time were superposed for each mass fraction of
CNTs at impact pressure of 4 bar, Figure 12. According to this figure, we are able to differentiate a
variety of zones for each specimen and each zone is described individually as follow:
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Zone 1: strain rate increases quickly before attaining the highest peak. This maximum value was
reduced through the increase of CNTs mass fraction and this can be explained by the increase in the
rigidity of the matrix material because of the presence of CNTs.

Zone 2: once perfect contact was guaranteed, there was a drop in strain rate and an increase
in strength.

Zone 3: an increase in strength became stable and reached the saturation level while the strain
rate gradually decreased to zero value. The sample reached maximum compression stress in this zone.

Zone 4: in this zone, the specimen rebounded and started to relax. The strain rate started to
decrease below zero value and there was a drop in the stress of the specimen. This situation could
be justified by the spring-back behavior of the specimen. At the end of this zone, both signals were
negated at approximately the same time.

The damage tolerance is a significant criterion for the composites to be used in the civil and
military applications like naval or aerospace. This characteristic goes through the damage behavior of
structure from the initial state to final fracture; and numerous methods have been utilized to verify the
magnitude of the damage. A high-speed camera was used to monitor and record the behavior of the
specimen during the dynamic compression tests performed at 4 bar. The images, which were taken in
real-time, show the progression of damage, Figure 13. However, it should be kept in mind that no
macroscopic damage in the nanocomposite specimens was noticed at the 4 bar; and the absence of
the second peak in the strain rate vs. time curve validated this phenomenon. However, damage at
microscopic and nano scale, such as plastic deformation, micro-buckling, kink-bands, and crack could
have happened. A damaged zone was observed at 0.12 ms of impact time in the case of 0% CNTs
sample, but no damage was obtained in the case of reinforced specimens with CNTs. The incorporation
of CNTs not only increase the strength of the material but also played a vital role in delaying the crack
propagation phenomena, thus increasing the resistance of material to final fracture.
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Figure 13. High-speed photograph of real-time dynamic compression test of nanocomposites with
different CNTs mass fraction, P = 4 bar.

6. Conclusion

An experimental investigation was carried out to study the effect of different wt.% of CNTs on the
mechanical energy balance of CFRP nanocomposites using split Hopkinson pressure bars. Samples
with different CNT weight percentages (0% as reference, 1% and 2%) were subjected to different
incident waves; and results showed that the ability of the material to absorb a mechanical shock wave
was improved by increasing the CNTs mass fractions. This increase was due to the enhancement of
elastic strain behavior of the composite and decrease in its plasticity with the addition of CNTs in the
matrix of the composite. Moreover, damage modes were evaluated, and the results indicated that no
macroscopic damage was observed in the specimen under the impact pressures, because CNTs act as
a barrier to crack propagation; however, micro cracks and permanent plastic deformation could be
present within the nano composites. Thus, the presence of CNTs resulted in greater energy dissipation
and increase in energy absorption behavior of these nanocomposites. Results confirmed that for
out-of-plane tests, CNT-based nanocomposites exhibited better stiffness and resistance to damage
compared to neat material; and dynamic response revealed that the composite final failure was delayed
by increasing the CNT % in addition to improvement in energy absorption and dissipation system.
Therefore, CNTs might be good nanofillers, which improves the dynamic properties of the composites
and enhance the resistance to damage and the energy absorption capability of composite materials for
high velocity impact loadings.

223



Polymers 2020, 12, 194

Author Contributions: Design and conduction of Experimentation, data curation, data analysis, investigation
and data interpretation, writing—original draft preparation, M.C.; Supervision, writing—review and editing,
project administration, M.T.; Writing—review & editing, C.B. and A.E.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Ramakrishna, S. Microstructural design of composite materials for crashworthy structural applications.
Mater. Des. 1997, 18, 167–173. [CrossRef]

2. Zhang, L.; Becton, M.; Wang, X. Mechanical analysis of graphene-based woven nano-fabric. Mater. Sci. Eng.
2015, 620, 367–374. [CrossRef]

3. Banhart, J. Manufacture characterisation and application of cellular metals and metal foams. Prog. Mater. Sci.
2001, 46, 559–632. [CrossRef]

4. Zhao, H.; Gary, G. Crushing behaviour of aluminium honeycombs under impact loading. Int. J. Impact Eng.
1998, 21, 827–836. [CrossRef]

5. Nemat-Nasser, S.; Kang, W.J.; McGee, J.; Guo, W.G.; Isaacs, J.B. Experimental investigation of energy-
absorption characteristics of components of sandwich structures. Int. J. Impact Eng. 2007, 34, 1119–1146.
[CrossRef]

6. Hazizan, M.A.; Cantwell, W.J. The low velocity impact response of an aluminium honeycomb sandwich
structure. Compos. Part B Eng. 2003, 34, 679–687. [CrossRef]

7. Chandra, R.; Singh, S.P.; Gupta, K. Damping studies in fiber-reinforced composites e a review. Compos. Struct.
1999, 46, 41–51. [CrossRef]

8. Sun, C.T.; Chaturvedi, S.K.; Gibson, R.F. Special issue: Advances and trends in structures and dynamics
internal damping of short-fiber reinforced polymer matrix composites. Compos. Struct. 1985, 20, 391–400.
[CrossRef]

9. Eitan, A.; Fisher, F.T.; Andrews, R.; Brinson, L.C.; Schadler, L.S. Reinforcement mechanisms in MWCNT-filled
polycarbonate. Compos. Sci. Technol. 2005, 66, 1159–1170. [CrossRef]

10. Ding, W.; Eitan, A.; Fisher, F.T.; Chen, X.; Dikin, D.A.; Andrews, R.; Brinson, L.C.; Schadler, L.S.; Ruoff, R.S.
Direct observation of polymer sheathing in carbon nanotube−polycarbonate composites. Nano Lett. 2003, 3,
1593–1597. [CrossRef]

11. Schadler, L.S.; Brinson, L.C.; Sawyer, W.G. Polymer nanocomposites: A small part of the story. JOM 2007, 59,
53–60. [CrossRef]

12. Watcharotone, S.; Wood, C.D.; Friedrich, R.; Chen, X.; Qiao, R.; Putz, K.; Brinson, L.C. Interfacial and substrate
effects on local elastic properties of polymers using coupled experiments and modeling of nanoindentation.
Adv. Eng. Mater. 2011, 13, 400–404. [CrossRef]

13. Liu, Y.; Kumar, S. Polymer/Carbon nanotube nano composite fibers—A review. ACS Appl. Mater. Interfaces
2014, 6, 6069–6087. [CrossRef]

14. Chen, X.; Huang, Y. Nanomechanics modeling and simulation of carbon nanotubes. J. Eng. Mech. 2008, 134,
211–216. [CrossRef]

15. Delfani, M.R.; Shodja, H.M.; Ojaghnezhad, F. Mechanics and morphology of single-walled carbon nanotubes:
From graphene to the elastic. Philos. Mag. 2013, 93, 2057–2088. [CrossRef]

16. Wang, C.M.; Zhang, Y.Y.; Xiang, Y.; Reddy, J.N. Recent studies on buckling of carbon nanotubes. Appl. Mech.
Rev. 2010, 63. [CrossRef]

17. Becton, M.; Zhang, L.; Wang, X. Molecular dynamics study of programmable nanoporous grapheme.
J. Nanomech. Micromech. 2014, 4. [CrossRef]

18. Zhang, Z.; Wang, X.; Li, J. Simulation of collisions between buckyballs and graphene sheets. Int. J. Smart
Nano Mater. 2012, 3, 14–22. [CrossRef]

19. Zhang, L.; Wang, X. Atomistic insights into the nanohelix of hydrogenated graphene: Formation, characterization
and application. Phys. Chem. Chem. Phys. 2014, 16, 2981–2988. [CrossRef]

224



Polymers 2020, 12, 194

20. Zhang, L.; Wang, X. Tailoring pull-out properties of single-walled carbon nanotube bundles by varying
binding structures through molecular dynamics simulation. J. Chem. Theory Comput. 2014, 10, 3200–3206.
[CrossRef]

21. Lattanzi, L.; De Nardo, L.; Raney, J.R.; Daraio, C. Mechanical properties of carbon nanotube foams. Adv. Eng.
Mater. 2014, 16, 1026–1031. [CrossRef]

22. Gui, X.; Zeng, Z.; Zhu, Y.; Li, H.; Lin, Z.; Gan, Q.; Xiang, R.; Cao, A.; Tang, Z. Three-dimensional carbon
nanotube sponge-array architectures with high-energy dissipation. Adv. Mater. 2014, 26, 1248–1253. [CrossRef]
[PubMed]

23. Liu, L.Q.; Ma, W.; Zhang, Z. Macroscopic carbon nanotube assemblies: Preparation, properties, and potential
applications. Small 2011, 7, 1504–1520. [CrossRef] [PubMed]

24. Thostenson, E.T.; Ren, Z.F.; Chou, T.W. Advances in the science and technology of carbon nanotubes and
their composites: A review. Compos. Sci. Technol. 2001, 61, 1899–1912. [CrossRef]

25. Sun, L.F.; Gibson, R.; Gordaninejad, F.; Suhr, J. Energy absorption capability of nanocomposites: A review.
Compos. Sci. Technol. 2009, 69, 2392–2409. [CrossRef]
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Abstract: In this study, the epoxy powder was blended with graphene to improve its thermal
conductivity and heat dissipation efficiency. The thermal conductivity of the graphene-loaded coating
was increased by 167 folds. In addition, the emissivity of the graphene-loaded coating was 0.88.
The epoxy powder was further coated on aluminum plate through powder coating process in order to
study the effect on the performance of heat dissipation. In the case of natural convective heat transfer,
the surface temperature of the graphene-loaded coated aluminum plate was 96.7 ◦C, which was
27.4 ◦C lower than that of bare aluminum plate (124.1 ◦C) at a heat flux of 16 W. In the case of forced
convective heat transfer, the surface temperature decreased from 77.8 and 68.3 ◦C for a heat flux of
16 W. The decrease in temperature can be attributed to the thermal radiation. These results show that
the addition of graphene nanoparticles in the coating can increase the emissivity of the aluminum
plate and thus improving the heat dissipation.

Keywords: graphene; powder coating; thermal conductivity; heat dissipation; thermal radiation

1. Introduction

Heat-dissipating coating is important for the stabilization and miniaturization of electronic
components. As the aggregate density and power intensity of electronic components continue
to increase, large amount of heat generated from these devices must be dissipated in a timely
manner. However, the heat dissipation performance of today’s electronic components cannot meet
the requirements, thereby limiting the efficiency and service life of certain electronic components.
To resolve this problem, heat-dissipating coating enhances the heat dissipation efficiency of the surface
of a component [1]. It lowers the temperature of the heat-generating component in time and hence
extends the service time and stability of components.

Literatures and patents on graphene heat-dissipating powder coating have been sparse; most of
them confuse “heat dissipation” with “heat conduction” [2]. In general, the most important functions
of a heat dissipation module in an electronic product include not only a rapid transfer of heat from
the thermal source to the surface of the heat sink but also the ability to quickly disperse heat into the
atmosphere through convection and radiation. A high thermal conductivity can only solve the problem
of quick heat conduction. On the other hand, heat dissipation depends mainly on the heat dissipation
area, profile, natural convection, and thermal radiation of the heat sink; it almost has nothing to do
with the thermal conductivity of materials. Therefore, as long as the thermal conductivity is adequate,
heat-dissipating coating can still be used as good heat dissipation modules for electronic products.
Proper structural design of product or module can easily achieve a large heat dissipation surface area
for convection. However, to achieve high heat dissipation efficiency through radiation, high thermal
radiation coefficient is necessary [3].
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Graphene is a nanomaterial with only one layer of carbon atoms. It features low density,
low chemical activity, high thermal conductivity, large specific surface area, and high infrared
emissivity. Graphene has superior heat conduction characteristics and its thermal radiation coefficient
is greater than 0.95 [4]. Balandin et al. reported the thermal conductivity of suspended single-layer
graphene measured near 5000 W m−1 K−1, which is one of the highest thermal conductivity of the
currently known materials [5]. Therefore, from the perspective of heat conduction, heat dissipation, or
thermal management, graphene can effectively improve the heat dissipation performance of existing
thermal dissipation products for electronic components, assemblies, and LEDs as long as graphene
products can be configured to meet the design requirements. However, the stacking tendency of
graphene led to poor dispersion and greater post-processing difficulties, thereby preventing graphene
from exhibiting its superior characteristics [6,7].

Thermoset powder coating comprises thermoset resin, hardener, dye, filler, and additives.
There are several types of thermoset powder coatings: epoxy resin, polyester, and acrylic resin. Table 1
compares the pros and cons of these three types of powder coatings. The constituents are first mixed
according to a specific ratio, followed by hot extrusion and crushing and other preparation processes.
The coating is then applied by an electrostatic spray or friction spray (a thermoset method) at ambient
temperature. It is then baked, melted, and cured to form a shiny permanent coating for heat dissipation
and corrosion prevention. [8,9]. Powder coating generally has a better thermal conductivity than
solvent coating due to the better binding between the coating and the substrate. More thoroughly cured
coating leads to more stable crosslinking and hence denser and tighter coating [10,11]. This favors the
reduction of scattering in the “lattice vibration” of the thermal dissipation mechanism.

Table 1. Types and surface characteristics of resins.

Epoxy Epoxy Polyester Polyester

Hardness Excellent Very good Very good
Softness Excellent Excellent Excellent

Baking resistance Very Poor Very good Excellent
Weatherability Poor Poor Excellent

Corrosion resistance Excellent Very good Very good
Chemical resistance Excellent Good Very good

Operability Very good Excellent Excellent

The discussion of radiation and convection is rare. This study is aiming to investigate the
enhancing effect of graphene-loading on the thermal dissipation performance of aluminum plate.
The aluminum plate was attached to a heater as the heat source. The heat was transferred through the Al
plate to the ambient atmosphere via convection and radiation. The plate was either bare or coated with a
thin layer of polymer filled with graphene nanoflakes or boron nitride nanoparticles. The performance
of the heat dissipation was evaluated by measuring the surface temperature on the plates with or
without coating at a constant heat flux under forced convection or natural convection conditions.
This study will demonstrate the significance of radiation heat transfer in the heat dissipation.

2. Materials and Methods

2.1. Materials

Graphene (AG05, grain size 5µm, thickness 3.5 nm, aspect ratio 1429) was supplied by Allightec Co.,
Taichung, Taiwan. Aluminum plates (AL101001, Kuopont Chemical, Taoyuan, Taiwan) were used as
the substrate for coating. The dimensions of the plate were 10 × 10 × 0.1 cm3. Epoxy resin (E12(604),
Dow Chemical, Midland, MI, USA) and polyester (SJ4ET, Shenjian New Materials, Wuhu, China) were
used as the matrix of the coating. Furthermore, hardener (HR0001, Kuopont Chemical, Taiwan) and
additive (AD0001 Chemical, Kuopont, Taoyuan, Taiwan) were employed to give the coating (Table 2)
both chemical resistance and weather resistance.
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Table 2. Composition of powder coatings.

Ingredient Product ID Content, wt% Manufacturer

Epoxy resin E12–604 33 Shang-shan, Dow Chemical, Midland, MI, USA

Polyester resin SJ4ET 35 Shen-Jian, Wuhu, China

Curing agent KPC–03 6 Kuopont, Taoyuan, Taiwan

Auxiliary KPA–01 5 Kuopont, Taoyuan, Taiwan

TiO2 BLR-698 18 Lomon Billions, Jiaozuo, China

Filler
Graphene AG05 3 Allightec, Taichung, Taiwan

Boron nitride TSD–03 3 Topspin, Kaohsiung, Taiwan

2.2. Preparation of Powder Coating

All the ingredients were blended using a single-screw extruder (PK–55, Pinying Machine Co.,
Kaohsiung, Taiwan) at 85–90 ◦C and a screw speed of 60 rpm. The resultant blend was pressed into
sheets using roller miller and ground into powder (diameter: 0.1–2 µm) using a milling machine
(SFM–22, Shehui Co., Taoyuan, Taiwan). The powder was deposited directly onto the substrate surface
through electrostatic spraying using a sprayer (PEM–X1, Wagner, Markdorf, Germany) before curing
at 160–200 ◦C.

2.3. Measurement of Thermal Conductivity

The thermal conductivity was determined using a thermal conductivity meter (LFA447 NanoFlash,
Netzsch, Selb, Germany). Thermocouples were attached to the surface of the specimens. The coating
contained 3 wt% of either multilayer graphene, boron nitride, or without additive as the control.
The thermal conductivity of the coating was calculated according to the following equation:

LT

kT
=

L1

k1
+

L2

k2
(1)

where L1, L2 and LT are the thicknesses of the coating, the substrate and the total thickness, respectively,
and k1, k2 and kT are the thermal conductivities of the coating, the substrate, and the overall thermal
conductivity, respectively. The thickness of the aluminum plate was 1 mm, whereas that of the coating
was measured using a coating thickness meter (Qnix Qua Nix 4200P, Automation Dr. Nix GmbH & Co.
KG, Cologne, Germany). The coating thickness was 40 µm.

2.4. Measurement of Thermal Emissivity

The thermal emissivity was measured using an infrared emissivity detector (ED01, Conjutek Co.,
New Taipei City, Taiwan) in the wavelength range of 2 to 22 µm.

2.5. Forced Convective Heat Transfer

The forced convective heat transfer of the coated and bare plates was performed according to the
standard of AMCA 210–07. Figure 1 depicts the experimental setup for conducting forced convection.
The heat supply was set either 8 W or 16 W. The plate was placed horizontally under a flow rate of
2 m/s. Temperatures were measured at four points on the bottom surface of the plate.

229



Polymers 2020, 12, 1321

Polymers 2020, 4, x FOR PEER REVIEW 4 of 15 

 

 
Figure 1. The experimental setup for conducting forced convection. 

2.6. Natural Convective Heat Transfer 

The natural convective heat transfer was performed by placing the plate horizontally as 
illustrated in Figure 2. The temperature was monitored until reaching steady state. 

 
Figure 2. The experimental setup for conducting natural convection. 

3. Results and Discussion 

3.1. Characteristics of Graphene and Powder Coating 

Table 3 and Figure 3 show the characteristics of the graphene obtained from the supplier. From 
the Raman spectrum of graphene, there are three distinct absorption peaks: D peak at 1353 cm−1, G 
peak at 1581 cm−1, and 2D peak at 2720 cm−1. The ID/IG is about 0.05 and the I2D/IG is about 0.36, 
indicating that this is multilayer graphene. The AFM image shows that the horizontal dimension of 
the graphene sheet is between 3–25 μm. 

Table 3. Characteristics of graphene nanoparticles. 

Item Properties Test Method 
appearance Black Granules visual 

lateral size (μm) 3–25 particle analyzer 
number of layers 6–10 AFM 

carbon content (%) >99.5 x-ray photo-electronic spectroscopy 
oxygen content (%) < 0.1 x-ray photo-electronic spectroscopy 

water adsorption content (%) ≤0.5 ASTM D570–2005 
bulk density (g/cm3) 0.03–0.1 powder densitometer 

120

30

100

40PTC
heater

Test plate

Cork insulator

Power
supply

Power
supply

Top view Side view

Figure 1. The experimental setup for conducting forced convection.

2.6. Natural Convective Heat Transfer

The natural convective heat transfer was performed by placing the plate horizontally as illustrated
in Figure 2. The temperature was monitored until reaching steady state.
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Figure 2. The experimental setup for conducting natural convection.

3. Results and Discussion

3.1. Characteristics of Graphene and Powder Coating

Table 3 and Figure 3 show the characteristics of the graphene obtained from the supplier. From the
Raman spectrum of graphene, there are three distinct absorption peaks: D peak at 1353 cm−1, G peak at
1581 cm−1, and 2D peak at 2720 cm−1. The ID/IG is about 0.05 and the I2D/IG is about 0.36, indicating that
this is multilayer graphene. The AFM image shows that the horizontal dimension of the graphene
sheet is between 3–25 µm.

Table 3. Characteristics of graphene nanoparticles.

Item Properties Test Method

appearance Black Granules visual
lateral size (µm) 3–25 particle analyzer
number of layers 6–10 AFM

carbon content (%) >99.5 X-ray photo-electronic spectroscopy
oxygen content (%) <0.1 X-ray photo-electronic spectroscopy

water adsorption content (%) ≤0.5 ASTM D570–2005
bulk density (g/cm3) 0.03–0.1 powder densitometer
true density (g/cm3) 2.25 density tester

specific surface area (m2/g) 25–50 specific surface area tester
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Figure 3. The characteristics of graphene nanoparticles. (a) SEM image; (b) Raman spectrum;
(c) AFM image.
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Figure 4 shows the SEM image of the cross section of graphene-loaded coating as well as the
EDS images of carbon and oxygen. These images indicated that graphene nanoparticles were well
distributed in the coating matrix. Furthermore, Table 4 shows that the carbon content in the coating
with graphene was slightly higher than that in the pristine coating, indicating the presence of graphene.
Some micro-scale aggregates were observable in Figure 4a. Similar observation was also reported in
the literature [12]. This may affect the thermal conductivity of the coating, however, it is out of scope
of this study.
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images of carbon and oxygen.

Table 4. Atomic compositions of the coatings with or without graphene from EDS results.

Element Pristine Coating Graphene-Loaded Coating

C (mol%) 75.7 77.4
O (mol%) 24.3 22.6

Graphene loaded nanocomposites have been considered for thermal managements. There are
several reviews regarding the thermal conductivity of graphene-polymer composites [13–15]. In recent
years, graphene and expanded graphite have been widely studied as nanofillers for polymer
composites, as thermal interface materials and heat sinks [16–19]. In addition to the extremely
high thermal conductivity of single-layer graphene, two-dimensional morphology also makes
graphene more conducive, thus improving heat transfer performance. The thermal conductivity of
graphene-polymer composites is affected by factors including loading, graphene orientation, and
interface [20]. Graphene exhibits a very high specific surface area leading to large interface with the
polymer chains, and causing phonon scattering and hence ultra-high interface thermal resistance.
Therefore, heat is difficult to transfer through the graphene-polymer interface. In addition, when the
loading of graphene is above the percolation threshold, the thermal conductivity of this composite
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would be increased significantly. When the orientation of graphene is in the direction of heat flow,
facilitating the formation of thermal conductive channel and hence improve the thermal conductivity.
However, in this study, the powder was deposited onto the substrate through electrostatic spraying,
thus these graphene nanosheets were randomly oriented.

This study chose thermoset powder coating as the research object. A thermoset resin is used as
the film forming material, and a hardener with a crosslinking reaction is added to form an insoluble,
non-melting hard coating after heating. Such a coating would not soften like thermoplastic coating even
at elevated temperatures; it can only fracture. Since the resin used in the thermoset powder coating
is a low molecular weight pre-polymer with a low degree of polymerization, it has good leveling
and decorative properties. Moreover, this low molecular weight pre-polymer can be crosslinked into
3D network after curing, endowing the coating good corrosion resistance and mechanical properties.
This has led to rapid development of the thermoset powder coating.

3.2. Thermal Conductivity

Table 5 shows the thermal conductivities of the coated and uncoated aluminum plates. The overall
thermal conductivity was reduced from 196.7 W/m-K of the bare aluminum to 88.2 W/m-K of the
epoxy/BN coated aluminum plate. This indicates that the coating on the surface can impair the heat
conduction. This may appear to violate the purpose of improving thermal dissipation. However,
the heat generated from the electronic elements dissipates to the ambient through not only conduction
but also convection and radiation. In the subsequent sections, the coating actually did facilitate the
dissipation of the heat.

Table 5. Thermal conductivity of the aluminum plates with or without coating *.

K (W/m-K)

Sample Al
(Bare Aluminum

Plate)

EPC
(Epoxy-Polyester

Coating)

EBN
(Boron Nitride-Loaded

Coating)

EGR
(Graphene-Loaded

Coating)
Overall 196.7 79.5 88.2 165.0
Coating - 5.0 6.0 33.3

* T = 25 ◦C, Light voltage = 250 V, pulse width = 0.02 ms, model = Cowan.

The thermal conductivity of the coating in Table 5 was calculated from the overall thermal
conductivity according to Equation (1). Three types of coating were measured: pristine epoxy-polyester
coating (EPC), BN-loaded (EBN) and graphene-loaded (EGR) epoxy-polyester coating. The thermal
conductivity of the BN-loaded coating was slightly higher than that of the pristine epoxy coating.
On the other hand, the loading of graphene improved the thermal conductivity of the coating to above
6 folds. This is reasonable since graphene is well-known for high thermal conductivity. Because the
pristine epoxy-polyester coating exhibited low thermal conductivity, this coating was not studied
further in the subsequent heat transfer experiments. Only Al, EBN and EGR were employed in the
heat transfer tests.

3.3. Thermal Emissivity

Table 6 shows the emissivity of the samples in the wavelength range from 2 to 22 µm. In general,
the emissivity values of metals are low while those of polymers are much higher. In this study,
EBN coating appears white, whereas EGR coating appears black.

Table 6. The emissivities of aluminum plate and two types of coatings *.

Test Item Al EBN EGR

Emissivity, ε 0.07 0.40 0.88

* T = 25 ◦C, test time = 3 s.

233



Polymers 2020, 12, 1321

3.4. Forced Convective Heat Transfer

In order to investigate the role of radiation heat transfer in the thermal dissipation performance of
coating, the aluminum plates were subject to heat transfer experiments under natural convection and
forced convection.

Table 7 summarizes the results of heat transfer under forced convection. For a small object in a
big room, the radiative heat flux was calculated according to the Stefan-Boltzmann Law: [21]

qr = εσ(T4
s − T4

a ) (2)

where qr is the radiative heat flux from the sample to the ambient, ε is the emissivity of the surface,
σ is the Stefan-Boltzmann constant (5.67 × 108 W/m/K4), and Ts and Ta are respectively the surface
temperature and ambient temperature (in K). The convective heat flux (qc) equals the total heat flux (qt)
minuses the radiative heat flux. The radiative heat transfer ratio is qr/qt. For bare aluminum plate,
because of low emissivity, the radiative heat transfer ratio was 1.7–1.9%. However, for aluminum
plates coated with epoxy-polyester resin loaded with BN or graphene, the radiative heat transfer ratio
increased to 8.9–9.4% and 15.9–16.6%, respectively. These additional heat flux would improve the heat
dissipation, making the surface temperature lower, thus the heating source (e.g., IC or LED) would
be cooler. Indeed, the surface temperature for EGR were 7 ◦C and 13 ◦C lower than those for bare
aluminum when the heat flux was respectively 800 and 1600 W/m2.

Figure 5 shows that the convective heat flux depends linearly with the temperature difference.
The slope (28.456 W/m2K) is the convective heat transfer coefficient under this specific test condition.
The coefficient of determination (R2) was 0.996, indicating that this correlation fits very well to the
experimental results. We can use this value to predict the heat dissipation rate at other heat flux at
the same air flow speed. Furthermore, the heat transfer coefficient is independent on the substrate,
whether it is bare aluminum or coated with a layer of polymer coating.
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Figure 5. The linear correlation between convective heat flux and temperature difference.

The Reynolds number Re (= uL/ν) for this test condition was around 1.2 × 104, less than 5 × 105,
suggesting the air flow was laminar. For laminar forced convection, the heat transfer coefficient based
on boundary layer model is as follows
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hL = 0.664Pr1/3Re1/2
L

(
k
L

)
(3)

where L is the length of the plate, k is the thermal conductivity of air, Pr is the Prandtl number of the
air, Re is the Reynolds number of the air stream, u is the speed of the air stream, and ν is the kinematic
viscosity the air. The resultant convective heat flux was then calculated as

q f c = hL(Ts − Ta) (4)

The calculated results were presented in Figure 5 as well. However, the heat transfer coefficient
(the slope) was only 60% of the experimental results. This probably is due to the turbulence in the
actual measuring environment, which would accelerate heat transfer.

3.5. Natural Convective Heat Transfer

In addition to forced convection, natural convection is the other path for heat dissipation. Table 8
summarizes the results of heat transfer under natural convection. All the conditions were the same as
in Section 3.4, except there was no air flowing on the surface. The temperature difference was higher
that its counterpart in Table 7, suggesting that natural convection is slower than forced convection
in heat dissipation. Furthermore, because of higher surface temperature, the radiative heat flux in
natural convection was higher than in forced convection. Consequently, the convective heat flux
in natural convection was lower than in forced convection, reflecting the slower heat dissipation in
natural convection. The order of the radiative heat transfer ratio was the same as in Table 7, that is,
EGR > EBN > Al. This order is the same as that of the emissivity, suggesting that graphene-loaded
coating can enhance heat dissipation.

Table 7. The heat transfer rates by convection and radiation under forced convection *.

Surface Al Al EBN EBN EGR EGR

Total heat flux, qT (W/m2) 800 1600 800 1600 800 1600
Temperature difference, ∆T (◦C) 29.9 ± 2.3 56.3 ± 3.8 27.2 ± 0.8 51.2 ± 1.3 22.6 ± 0.4 42.7 ± 0.7
Radiative heat flux, qr (W/m2) 14 ± 2 30 ± 3 71 ± 4 151 ± 10 127 ± 2 266 ± 4

Convective heat flux, qc (W/m2) 786 ± 2 1570 ± 3 728 ± 4 1450 ± 11 673 ± 2 1336 ± 6
Radiative heat transfer ratio, % 1.7 ± 0.2 1.9 ± 0.2 8.9 ± 0.6 9.4 ± 0.6 15.9 ± 0.2 16.6 ± 0.2

* RH = 76.2%, Pamb = 747.5 mm Hg, air flow rate = 2 m/s.

Table 8. The heat transfer rates by convection and radiation under natural convection.

Surface Al Al EBN EBN EGR EGR

Total heat flux, qT (W/m2) 800 1600 800 1600 800 1600
Temperature difference, ∆T (◦C) 55.4 ± 1.0 98.5 ± 1.2 45.2 ± 2.6 79.0 ± 2.1 41.0 ± 3.2 69.6 ± 3.2
Radiative heat flux, qr (W/m2) 31 ± 1 67 ± 1 135 ± 8 278 ± 8 263 ± 22 515 ± 29

Convective heat flux, qc (W/m2) 767 ± 2 1538 ± 2 673 ± 1 1321 ± 5 538 ± 13 1086 ± 25
Radiative heat transfer ratio, % 3.8 ± 0.1 4.1 ± 0.1 16.7 ± 0.9 17.4 ± 0.5 32.8 ± 2.3 32.2 ± 1.7

Natural convection is a result of the motion of the fluid due to density changes arising from
the heating. In this study, the heated plate was placed horizontally, inducing an upward air stream.
The flow pattern is complicate. No reliable empirical correlation is capable to predict the heat transfer.
Therefore, we construct an empirical correlation of convective heat flux vs temperature difference.
Because the aluminum plate has a low emissivity, the aluminum plate was used to measure the surface
temperature for a series of total heat fluxes. The convective heat flux was obtained by subtracting the
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radiative heat flux from the total heating flux. Figure 6 shows that the convective heat flux depends on
the temperature difference. Linear regression yielded a quadratic correlation with R2 equals to 0.981.

qc = 0.0369(∆T)2 + 12.27∆T (5)Polymers 2020, 4, x FOR PEER REVIEW 10 of 15 
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Figure 6. The convective heat fluxes of coated and uncoated aluminum plates under natural convection.

3.6. Heat Transfer Coefficients

Table 9 summarizes heat transfer coefficients calculated from the experimental results in Tables 7
and 8. Heat transfer coefficient is the measure of heat dissipation. Among these heat transfer coefficients,
the total heat transfer coefficient (hT) was calculated as follows:

hT = qT/∆T (6)

and the convective heat transfer coefficient (hc) and the radiative heat transfer coefficient (hr) were
calculated respectively as follows:

hc = qc/∆T (7)

hr = qr/∆T (8)

where ∆T is the temperature difference between the surface temperature and the ambient temperature.
These three heat transfer coefficients are affected by three factors: type of convection,

surface coating, and total heat flux. The weight of each factor on each coefficient can be evaluated
statistically with analysis of variance (ANOVA).
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3.6.1. Total Heat Transfer Coefficient

Table 10 presents the results of ANOVA for total heat transfer coefficient. The results show that
all three factors significantly affect hT. Among these factors, the type of convection was the most
influential while qT was the least.

Table 10. Results of ANOVA for total heat transfer coefficient.

Source SS df MS F p-Value sig

Convection 1504.15 1 1504.15 835.96 5.5 × 10−24 yes
Surface 326.84 2 163.42 90.82 1.1 × 10−13 yes

qT 45.11 1 45.11 25.07 2.1 × 10−5 yes
Error 55.78 31 1.8
Total 1931.88 35 55.20

Figure 7 shows that the total heat transfer coefficient of the forced convection was about twice of
that of the natural convection. This reflects the fact that forced convection can remove heat faster than
natural convection. Furthermore, bare aluminum surface exhibited lower hT and hr than the other
two coated surfaces. This can be attributed to the faster radiative heat transfer from coated aluminum
plates, and that graphene-loaded coating exhibited higher hT than other surfaces, since the emissivity
of EGR was much higher than others. Figure 7 also shows that higher total heat flux (qT) led to higher
hT for each surface. In forced convection, the increase was at most 6%, whereas in natural convection,
the increase jumped to 17%. However, the effect of qT was less than the effect of the surface, which is
consistent with ANOVA.
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3.6.2. Convective Heat Transfer Coefficient

Table 11 shows that the major factor affecting hc was the type of convection. Figure 8 also shows
that the hc of forced convection was about twice of that of natural convection This is expected because
hc is the “convective” heat transfer coefficient. The type of surface coating affects less significantly to
hc. This is obvious because thermal radiation depends only on the temperature difference and would
not affect the air flow.

The ANOVA results indicated that qT was the minor factor for hc. This is supported in Figure 8
that higher qT led to slightly higher hc. In forced convection, according to Equation (3), the convective
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heat transfer coefficient is proportional to the thermal conductivity of the air, which increases with the
temperature. Because the surface temperature increased with the total heat flux, leading to higher
thermal conductivity and hence higher hc. However, the increase in hc was small, thus the slope of qc

in Figure 5 was a constant, suggesting a constant hc.
In natural convection, Figure 6 shows that qc is a quadratic function of ∆T, thus hc is a linear

function of ∆T:
hc = 0.0369(∆T) + 12.27 (9)

However, the prefactor 0.0369 was small, making a weak dependency of hc on ∆T.

Table 11. Results of ANOVA for convective heat transfer coefficient.

Source SS df MS F p-Value sig

Convection 1620.06 1 1620.06 809.34 0.0000 yes
Surface 13.35 2 6.68 3.34 0.0487 yes

qT 28.98 1 28.98 14.48 0.0006 yes
Error 62.05 31 2
Total 1724.45 35 49.27
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3.6.3. Radiative Heat Transfer Coefficient

Table 12 shows the ANOVA results and that for hr, the major factor is the surface coating and the
minor factor is the type of convection. The total heat flux affected the least the radiative heat transfer.
The radiative heat transfer increased with the emissivity of the surface. In this study, the emissivity
varied greatly, ranging from 0.07 for aluminum, 0.4 for BN-loaded coating, to 0.88 for graphene-loaded
coating. Thus, the effect of emissivity on hr is significant. Figure 9 also shows this effect. The type of
convection affected hr through Ts and Ta, because hr can be calculated as follows:

hr = σε (Ts
2 + Ta

2) (Ts + Ta) (10)

The surface temperature was lower for forced convection because of higher hc.
Figure 9 summarizes the effect of surface coating on hr. The difference between convection types

was less than that between surfaces. The effect of qT was further lower than the effect of convection.
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Table 12. Results of ANOVA for radiative heat transfer coefficient.

Source SS df MS F p-Value sig

Convection 2.439 1 2.439 34.99 1.6 × 10−6 yes
Surface 207.8 2 103.9 1490.46 1.6 × 10−31 yes

qT 1.756 1 1.756 25.18 2.0 × 10−5 yes
Error 2.161 31 0.07
Total 214.154 35 6.119
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4. Conclusions

The transfer of heat from the source (IC, LED, etc.) to the sink (ambient) involves both heat
convection and heat conduction. There is another route for heat dissipation occurring in the ambient,
that is, radiation, as long as the surface temperature is different to the ambient temperature. In nature
and in engineering, the natural cooling or heating of objects is achieved by natural convection heat
transfer. The intensity of natural convection heat transfer is weak, especially in the air environment,
with radiation heat transfer of the same order of magnitude. At relatively high temperatures,
the intensity of radiative heat transfer is much stronger than that of natural convective heat transfer.
Therefore, in the actual calculation of natural convective heat transfer, radiative heat transfer should
not be neglected.

In this study, graphene nanoparticles were blended into epoxy-polyester powder. Aluminum
plate was then coated with aforementioned powder blends. For comparison, BN-loaded coating plates
were also prepared. The thermal conductivity of the coating was improved from 5 W/m·K to 6 and
33.3 W/m-K for the BN- and graphene-loaded coating, respectively. The performance of heat dissipation
of the resulting plates was further investigated under forced and natural convection. Under the forced
convection, the radiative heat transfer coefficient (hr) of the bare Al plate took about 1.8% of the
total heat transfer coefficient (hT), whereas for the graphene-loaded coating, hr took about 16% of hT.
Therefore, radiative heat transfer is not negligible in heat dissipation through forced convection.

Under the natural convection, the hr of bare Al plate was about 4% of hT, while the hr/hT of
graphene-loaded coating was about 33%, indicating that the thermal radiation cannot be ignored in
the dissipation through natural convection.
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The heat dissipation in this study showed that thermal radiation is a non-negligible route under
either forced convection or natural convection. Based on this finding, a thin layer of graphene-loaded
coating with a high emissivity can improve the heat dissipation performance of metal substrate.
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Abstract: We applied black phosphorene (BP) and hexagonal boron nitride (BN) nanosheets as flame
retardants to waterborne polyurethane to fabricate a novel black phosphorus/boron nitride/waterborne
polyurethane composite material. The results demonstrated that the limiting oxygen index of
the flame-retarded waterborne polyurethane composite increased from 21.7% for pure waterborne
polyurethane to 33.8%. The peak heat release rate and total heat release of the waterborne polyurethane
composite were significantly reduced by 50.94% and 23.92%, respectively, at a flame-retardant content
of only 0.4 wt%. The superior refractory performances of waterborne polyurethane composite are
attributed to the synergistic effect of BP and BN in the gas phase and condensed phase. This study
shows that black phosphorus-based nanocomposites have great potential to improve the fire resistance
of polymers.

Keywords: black phosphorene; boron nitride; flame retardant; waterborne polyurethane

1. Introduction

Polymeric materials have been widely used in electronic devices, construction, and transportation.
However, most of the polymeric materials have been intrinsically inflammable [1,2]. Therefore,
flame-retardant additives are important to mitigate the risk of fire [3,4]. Some halogen-based flame
retardants have been banned because they form carcinogens during combustion [5–7]. Compared to
traditional halogenated flame retardants, phosphorus-containing flame retardants have attracted
much attention due to the advantages of having low smoke and low halogen content as well as
being non-toxic [8–10]. Phosphorus flame retardants can be divided into inorganic phosphorus flame
retardants and organophosphorus flame retardants. Organophosphorus flame retardants have low cost
and good compatibility with polymers, but they have high volatility and poor thermal stability [11].
Inorganic phosphorus flame retardants have high phosphorus content, high flame retardant efficiency
and low toxicity, but their particles are usually large, thus resulting in poor compatibility with polymer
materials and uneven dispersion [12]. For example, red phosphorus needs to be modified or coated to
increase its compatibility with polymer materials [13,14].

Black phosphorus (BP) is a new kind of 2D layered material that is only composed of the
phosphorus element [15–17]. Recently, BP has been demonstrated to be a good flame retardant [18–20].
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The high specific surface area of the layered structure can result in an efficient barrier effect in the
process of polymer combustion. Compared with volatile white phosphorus and amorphous red
phosphorus, BP also exhibits higher thermal stability and phase-dispersion, which could improve
the flame-retardant performance and reduce damage to the mechanical properties of the polymers.
In previous research, we reported that BP can effectively enhance the thermal stability and fire resistance
of polymers [21]. Yuan Hu, et al. synthesized the BP/carbon nanotube composite and demonstrated
its synergistic flame retardant performance for epoxy resin [22]. However, some key indicators of
flame-retardant property, such as the limit oxygen index (LOI), for the reported BP-based composite
materials need to be further improved.

Hexagonal boron nitride (BN) nanosheet is a widely studied 2D material with high thermal
stability, good mechanical strength, and large surface area. It has been found to be a good flame
retardant for several polymers [23–25]. Considering the fact that the flame-retardant mechanism of BP
materials has been mainly attributed to the formed radicals in the gas phase while the BN nanosheet
mainly works in the condensed phase, the combination of BP and BN may have a good synergistic
effect to further improve the flame-retardant performance and decrease the additive amount of the
flame retardants.

Thus, in this paper, we designed a series of experiments to analyze the synergistic effect and
flame-retardant mechanism of BP and BN by filling them into waterborne polyurethane (WPU).
Through systematic characterization, we found that adding only 0.4 wt% BP/BN nanosheet could
significantly raise the LOI of WPU from 21.7% to 33.8%. The improvement of flame retardancy involves
the combination of the condensed phase and gas phase effects during combustion. In addition, such a
small additive amount of BP/BN showed negligible color effect on the WPU (Figure 1), which broadens
its real application range.
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Figure 1. (a,b) TEM image of BP/BN nanosheets; (c) The EDS of BP/BN nanosheets; (d) Raman spectra
of BP, BN, WPU and BP/BN/WPU; (e) XRD spectra of BP, BN, WPU and BP/BN/WPU; (f) and (g) SEM
image of WPU and BP/BN/WPU; (h) phosphorus mapping in BP/BN/WPU and (i) boron mapping in
BP/BN/WPU.
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2. Materials and Methods

2.1. Materials

In this study, BP was prepared by a mineralization transformation method from red phosphorus
with the help of iodine and tin in a quartz tube under argon atmosphere. The prepared BP crystals were
washed with toluene to remove residual mineralizer, followed by washing with water and acetone.
The utilized red phosphorus, iodine, tin, toluene and acetone were analytically pure. The BN was
purchased from Shanghai Huayi Group Huayuan Fine Chemicals Co., Ltd., Shanghai, China with a
particle size lower than 30 µm. The WPU latex with a solid content of 25 wt% was purchased from
Anhui Huatai New Material co. Ltd., Hefei, China The water used was deionized water.

2.2. Fabrication of BP and BN Nanosheets

BP was ground for 2 h into powder, and then 0.5 g of the powder was added into a conical
flask with 500 mL of deionized water. The conical flask was sealed with argon gas to stop oxidation
of the BP. Then the dispersion was added to a working ultrasonic device (50 Hz, 200 W) for 24 h
with the temperature controlled below 30 ◦C. Afterwards, the dispersed liquid was centrifuged at
3500 rpm for 15 min by a centrifugal machine (TGL-16C, Shanghai Anting Scientific Instrument Factory,
Shanghai, China). Finally, the supernatant liquid was collected and condensed by suction filtration.
An argon atmosphere should be used to prevent the oxidation of phosphorene throughout the whole
experimental process. The dispersion of boron nitride was also obtained by liquid phase stripping.
In order to calculate the concentration of the dispersion, freeze drying was used to remove the moisture.
Then the remaining solid was weighed.

2.3. Preparation of BP/BN/WPU Composite Materials

The obtained BP and h-BN dispersion were added into a beaker with WPU. After stirring for a few
minutes, the beaker was sealed by filling with an argon atmosphere. The mixture was ultrasonicated for
2 h at low temperature with an ice bath. Then the obtained suspension was poured onto a plate of the
size of 120 × 120 mm and dried under vacuum at 22 ◦C. After it was dried completely, the BP/BN/WPU
material was formed. The additive amount of BP/BN is 0.2%/0.2%. For comparison, the BP/WPU with
0.4% BP and BN/WPU with 0.4% BN were synthesized using the same method (Table 1).

Table 1. The additive amount of the BP and BN nanosheets in the samples.

Samples Weight (g) Percentage of BP (%) Percentage of BN (%) Content of BP (g) Content of BN (g)

WPU 22.1 0 0 0 0
0.4BP/WPU 22 0.40 0 0.0880 0
0.4BN/WPU 22.4 0 0.40 0 0.0896

0.2/0.2BP/BN/WPU 22.2 0.20 0.20 0.0444 0.0444

2.4. Analytical Test

2.4.1. Structure Characterizations

Transmission electron microscopy (TEM, Philips CM100, Amsterdam, The Netherlands) was
conducted to observe the BP and BN nanosheets at an acceleration voltage of 100 kV.

An X-ray diffraction device (XRD, PANalytical Empyrean, Almelo, The Netherlands) was used to
analyze the BP, BN powders, as well as the WPU and its composite materials, respectively.

Raman spectra were obtained on a LabRAM-HR Confocal Raman Microprobe (HORIBA Scientific
Co., Palaiseau, France) with excitation provided in backscattering geometry by a 633 nm argon laser line.

Scanning electron microscopy (SEM, Bruker Nano, Bruker, Karlsruhe, Germany) was used to
analyze the microstructure of the materials and the charred residue. The WPU and its composite
materials with BP and BN nanosheets were fractured by liquid nitrogen, then the fracture surfaces
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of the samples were uniformly coated with a layer of gold and then observed by SEM. In order to
present the distribution of phosphorene in the polymers, elemental mapping tests were also conducted
on another two specimens without a coating of a gold layer. In addition, An EDS test of the charred
residue was applied to determine the content of BP and BN in the condensed phase.

X-ray photoelectron spectroscopy (XPS) analysis was performed using Al radiation as a probe
(K-alpha, Thermo Fisher Scientific, Waltham, MA, USA) to measure the valence states and chemical
composition of the residue of BP/BN/WPU.

2.4.2. Thermal Properties Measurement

Thermogravimetric analysis (TG) of the materials was performed on a thermal analyzer (NETZSCH
STA449F3, NETZSCH, Selb, Germany) with a gas flow rate of 80 mL/min under nitrogen atmosphere.
The heating rate was 10 ◦C/min and the temperature ranged from 40 ◦C to 800 ◦C.

Thermogravimetric analysis–Fourier transform infrared spectroscopy (TG–FTIR) was performed
via a TGA/DSC3 thermogravimetric analyzer (METTLER TOLEDO, Greifensee, Switzerland) linked
with a Nicolet FTIR IS50 spectrometer (Thermo Fisher) at a heating rate of 10 ◦C/min within a
temperature range of 40 ◦C to 800 ◦C under a N2 flow of 50 mL/min. The temperature of the transfer
line in the TG–FTIR system was 200 ◦C.

2.4.3. Flammability Property Measurement

The limiting oxygen index (LOI) values were measured according to the standard oxygen
index test ASTM D2863-77 by using the device of COI from Motis combustion technology co. LTD
(Kunshan, China).

In order to study the combustion behavior, cone calorimetry (CC, PX-07-007, Suzhou phoenix
quality inspection instrument co. LTD, Suzhou, China) was performed at a heat flux of 35 kW/m2.
The material specimens were made into a square with the size of 100 × 100 × 3 mm. After wrapping in
a piece of aluminum film, the specimens were set on fire on the CC.

3. Results and Discussion

3.1. Characterization of BP/BN/WPU

The TEM images reveal the micromorphology of BP and BN nanosheets prepared by liquid
phase stripping. As shown in Figure 1a,b, it can be clearly seen that the bulk black phosphorus and
BN were peeled into a few layers of nanoflakes. We suggest that the BP nanosheets are arranged
on the BN nanosheets surface, which were fully stripped with clear edges with a length of several
micrometers. The Energy Dispersive Spectrometer (EDS) results (Figure 1c) confirmed the elements’
distribution in the BP/BN nanosheets. Raman spectra and X-ray diffraction (XRD) were carried out for
BP, BN powder, pure WPU and BP/BN/WPU composite, respectively. As shown in the Raman spectra
(Figure 1d), the BP nanosheets show three characteristic peaks of Ag

1, Bg
2, and Ag

2, corresponding to
the crystal orientation [26], thickness [27], and angle [28]. The BN shows the in-plane ring vibration
peak of BN (E2g vibration mode) at 1365 cm−1 [29]. The BP/BN/WPU composite shows four new
peaks in comparison with pure WPU, indicating the successful introduction of BP and BN nanosheets
into the WPU matrix. The XRD spectrum of BP reveals three obvious diffraction peaks (Figure 1e),
corresponding to the (020), (040), and (060) plane, respectively [30,31]. The spectrum of BN also
has three obvious diffraction peaks, indicating the good crystallinity of BN. The XRD spectrum of
BP/BN/WPU retains the main peaks of BP and BN, which is consistent with the Raman results.

The SEM images of pure WPU (Figure 1f) are observed on the fractured surface. It is shown to be
homogeneous and without any additive particles due to the typical fracture behavior of a homogeneous
material. Compared with the pure WPU, BP/BN/WPU composite shows several white nanosheets
(Figure 1g), which could be attributed to the additives BP and BN. As shown in Figure 1h–i, both the P
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and B elements distribute uniformly over a large region for the BP/BN/WPU sample. These results
indicated that the BP and BN nanosheets were uniformly distributed into the WPU.

3.2. Thermal Stability of BP/BN/WPU and Its Nanocomposite

The TG analysis of the specimens was carried out in a N2 atmosphere to analyze the decomposition
behavior in a real fire scenario. As shown in Figure 2a, the TG curves of pure BP have an obvious mass
loss starting at 420 ◦C, while the BN only shows negligible mass loss over the whole temperature range.
These results show that the BP turns into the gas phase after 420 ◦C, and the BN is very stable even at
higher temperature. From Figure 2b,c, we can see that the WPU shows two major mass loss stages
over the selected temperature range. This is caused by the difference in thermal stability between the
hard segment and soft segment of WPU. The first mass loss stage is mainly caused by the breakage of
urethane bonds in the amine and isocyanate while the second stage is assigned to the decomposition
of residual polyols. In contrast to pure WPU, the BP/WPU, BN/WPU and BP/BN/WPU exhibited
three main mass loss stages. The third stage of the composite occurred in the range of 440–500 ◦C,
which indicates that the mass loss became slower at this temperature after the addition of BP and
BN nanosheets. The residue char of BP/BN/WPU reached 10.11%, which is also higher than that of
WPU (0.93%), BP/WPU (8.11%), and BN/WPU (6.44%). These results revealed that the BP and BN
nanosheets can synergistically improve the thermal stability of WPU and promote the formation of
residue char [32].
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3.3. Fire Safety Properties of BP/BN/WPU

The limiting oxygen index (LOI) test is used to determine the flammability of the samples.
As depicted in Figure 3, the LOI of pure WPU is 21.8%, indicating that the polymeric matrix is a
flammable material. Adding 0.4 wt% of BP or BN increased the LOI to 24.5% for 0.4%BP/WPU and
26.7% for 0.4%BN/WPU, respectively. Interestingly, simultaneous addition of 0.2% of BP and BN into
WPU significantly increase the LOI to 33.8% and reached the V0 of fire resistance. That is to say, BP and
BN have a synergistic effect in enhancing the self-extinguishing ability of WPU in a real fire scenario.
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the samples.

The cone calorimeter (CC) tests were applied to simulate a real fire scenario. The results are
shown in Figure 4 and detailed data are given in Table 2. The total heat release (THR) and the peak of
heat release rate (PHRR) of pure WPU are 84.20 MJ/m2 and 452.5 kW/m2, respectively, indicating that
pure WPU released a large amount of heat and made it easy to cause the “flashover” phenomenon.
The BP/BN/WPU exhibits the best flame-retardant properties, with a 50.94% decrease in PHRR
(Figure 4a) and 23.92% decrease in THR (Figure 4b), respectively. The introduction of BP and BN
nanosheets into WPU significantly reduced heat release and restricted the “flashover” phenomenon.
The time to PHRR (TPHRR) and time to ignition (TTI) values of the materials are also shown in Table 2.
The TPHRR of BP/BN/WPU arrived last of all. That is to say the burning time of the material was
increased, which is a benefit for escaping, rescuing, and firefighting. The TTI of pure WPU and BN/WPU
have bigger values than pure BN/WPU and BP/BN/WPU, which indicates that the addition of BP
makes the polymer matrix easy to ignite. This phenomenon is a common feature of phosphorus-based
flame retardants [33,34]. The reason may be that the addition of phosphorus results in the composite
polymers having a lower decomposition temperature, leading them to release inflammable gases and
ignite earlier. The average of the effective heat of combustion (av-EHC) reveals the volatiles dilution in
the gas phase, and usually also discloses the inhibition of gas phase combustion by flame retardants.
As shown in Table 2, the av-EHC of WPU and BN/WPU are not much different. This indicates that
BN mainly plays a role in the condensed phase rather than the gas phase. Compared with WPU,
the av-EHC of BP/WPU and BP/BN/WPU is much lower. The low av-EHC is due to the capture of gas
phase radicals by black phosphorus during combustion.

The CO2 release (Figure 4c) and the CO release (Figure 4d) curves indicate that CO2 is the main
released gas, with little difference in release amount during the burning process. However, the CO
release amount of BP/WPU is the highest, and the CO/CO2 ratio was increased due to added BP,
which indicates that BP works in the gas phase with the ability to restrict the complete combustion
of polymer.
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Table 2. The cone calorimeter test data of WPU, G/WPU, and BP/G/WPU.

Sample TTI (s) TPHRR (s) PHRR
(kW/m2)

THR
(MJ/m2)

Av-EHC
(MJ/kg) CO/CO2 EFF SE

WPU 65 297 452.5 84.20 31.07 0.021
BP/WPU 40 257 252.7 62.57 29.29 0.056 499.5 1.15
BN/WPU 62 264 308.3 72.25 31.30 0.027 360.5 1.5

BP/BN/WPU 51 305 222.0 64.06 27.9 0.037 576.25

The flame retardant effectivity (EFF) and synergistic effectivity (SE) are used to numerically evaluate
the synergistic effect of multi-component flame retardant systems [35,36]. Flame retardant effectivity
(EFF) and synergistic effectivity (SE) were calculated from CC data as follows: EFF = (PHRRpolymer

− PHRRcomposite)/Flame-retardant content; SE = EFFFlame-retardant + synergists/EFFFlame-retardant.
BP/BN/WPU has the highest EEF value, indicating that compared with the single flame retardant,
BP and BN synergistic flame retardant has the highest flame retardant efficiency. The SE values
of BP/WPU and BN/WPU materials are 1.15 and 1.5, respectively, indicating that BP and BN can
synergistically improve the flame retardancy of WPU.

3.4. Flame-Retardant Mechanism of BP/BN/WPU

3.4.1. Products Analysis of Carbon Residue

The residues after the CC tests were used to analyze the products after combustion, and the
corresponding results are summarized in Table 3. The SEM images were used to observe the
microstructure of the residues (Figure 5). The pure WPU left scarcely any residue (Table 3). Both the
addition of BP and BN could enhance the residues of WPU, and the BP/BN/WPU further increase the
residues up to 10.34%. This result was also confirmed by the digital images of residues in Figure 5a1–d1.
Figure 5a2 shows the residue of the pure WPU presents a lot of large cracks and ~10 µm holes.
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The enlarged image (Figure 5a3) shows that the residue of WPU is shaggy in shape with discontinuous
particles. This structure usually facilitates heat transformation and the release of inflammable gas.
After the addition of BP and BN, the BP/WPU and BN/WPU show obvious structure difference with
relatively smaller holes and smoother surface (Figure 5b3,c3). The residue of BP/BN/WPU exhibited a
completely dense surface without small holes, which indicates the good synergistic effect between the
BP and BN nanosheets in triggering the catalytic carbonization and constructing a barrier.
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Table 3. The content of BP and BN nanosheets in the residues after the CC test.

Residue Samples Weight (g) Total
Residues (%)

Condensed
Phase of P (%)

Condensed
Phase of BN (%)

Gas Phase
of P (%)

Gas Phase
of BN (%)

WPU 0.20 0.1 0 0 0 0
0.4%BP/WPU 1.3 6.34 9.75 0 90.25 0
0.4%BN/WPU 2.1 7.38 0 66.96 0 33.04

0.2%/0.2%BP/BN/WPU 2.4 10.34 19.46 68.69 80.54 31.31

EDS analysis was carried out to confirm the different roles of BP and BN in the flame retardant.
As shown in Table 3, the element P content in the residue of BP/WPU was only 0.0086 g, indicating that
90.25% of BP is consumed during combustion. The element B in the residue of BP/BN/WPU was 0.060 g.
which means most BN was retained and functioned in the condensed phase. According to a previous
study on the flame retardant properties of phosphorus [37], BP may also play a key role in the gas
phase because it can be converted into P–O radicals and diffuse in the surrounding gas, which can then
react with the H or OH radicals generated by polymers under the burning conditions, consequently
reducing the energy of the flame. BN is stable and will accumulate in the condensed phase, which can
form a physical barrier to reduce heat transfer and release of combustible gases [38–40].

In order to further analyze the component of BP in the residue after the CC test, XPS was conducted
on the residue powder of BP/BN/WPU. The high-resolution P1s XPS of BP/BN/WPU (Figure 6a) can be
deconvoluted into three peaks with binding energies at 132.3, 134.0 and 134.8 eV, corresponding to P–C,
P–O–C and phosphoric anhydride (P2O5) [41], respectively. Figure 6b shows the high-resolution XPS
spectra of B 1s, which was deconvoluted into two peaks with binding energies at 190.7 and 192.2 eV
corresponding to the B–N, B–O–C. Boron element mainly exists in BN form in the residue, and a
small amount of B forms chemical bonds with C. This result indicates that BP can be converted into
phosphoric acid and phosphoric anhydride at high temperature, which can promote the polymers to
produce a carbon layer. In addition, BN also play a catalytic role in carbon formation. The generated
carbon layer and the amount of BN left behind will form an insulating layer to prevent the materials
from contacting with oxygen and heat transferring, consequently weakening the fire [42,43].
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3.4.2. The Product Analysis of the Gas Phase

In order to determine the pyrolytic mechanism, the decomposition process of BP/BN/WPU
was analyzed by Thermogravimetric analysis–Fourier transform infrared spectroscopy (TG–FTIR).
The 3D map of the FTIR spectra shows BP/BN/WPU releases CO2 earlier than pure WPU (Figure 7a,b).
The results indicated that the addition of BP/BN can release non-combustible gas in the initial thermal
decomposition of WPU, which can dilute the oxygen from the air and dilute combustible gases from
the material.
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To further study the thermal degradation process, the chemical structure changes of the
BP/BN/WPU at different pyrolysis temperatures were investigated (Figure 7c). The changes in
characteristic peaks reflect the detailed decomposition process of WPU and WPU composites. The peak
at 2800–3100 cm−1 could be attributed to the stretching vibration of C–H [44,45]. The peaks at
2250–2400 cm−1, 2190 cm−1 and 1650–1810 cm−1 are related to CO2, CO, and carbonyl compound,
respectively. The peak at 915 cm−1 corresponds to the bending vibration of the NH3, and peaks at
1320–1550 cm−1 refer to the stretching vibration of NOx (such as N2O, NO and NO2) [46], indicating WPU
combustion has two main stages: Before the combustion, the WPU decomposed to give flammable
gases such as hydrocarbon and carbonyl compounds. With the increase of temperature, a large
amount of combustible gas was ignited and the WPU began to burn violently. The FT-IR spectra of
the BP/BN/WPU sample (Figure 7d) show a significant enhancement at 1290, 1130 and 1080 cm−1

compared to WPU, which could be explained by the P=O, PO2– and P–O groups [47,48]. The presence
of phosphorus-containing gas should be attributed to the formation of phosphorus-containing radicals
from the decomposition of BP, which demonstrates the significant role of BP in the gas-phase
flame retardancy.
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3.4.3. Synergistic Flame-Retardant Mechanisms

Based on the above flame-retardant performances and analyses, a possible flame retardant
mechanism is proposed in Figure 8. At high temperature or in a real fire scenario, BP starts to
decompose at about 240 ◦C. When the temperature reaches 420 ◦C or higher, most of the BP begins
to enter the gas phase. The BP nanosheets work in both of the gaseous and condense phases for
fire restriction. On the one hand, most of the BP will form radicals in the gas phase by absorbing
surrounding oxygen and hydrogen atoms, which react with the pyrolytic radicals of the matrix
polymers to inhibit the chain reaction. At the same time, the liberated incombustible gases will dilute
the combustible gases and reduce their contact with oxygen. On the other hand, the residual BP will
capture the oxygen in the polymers and transform it into phosphoric anhydride, which will promote
the formation of a char layer and prevent the release of carbon-containing gas. BN nanosheets mainly
remain in the condensed phase, synergistically catalyze carbon, and build a nano-barrier formation
with black phosphorus due to the fact that they have good thermo-stability and a peculiar spatial
three-dimensional network structure. Therefore, the high efficiency flame retardant performance of
BP/BN can be attributed to the synergy effects of the gas phase mechanism of black phosphorus and
the condensation phase mechanism of boron nitride during the combustion process.
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4. Conclusions

BP and BN nanosheets were used as a flame retardant for WPU. The SEM and mapping
results indicated that the BP and BN nanosheets were distributed uniformly in the matrix WPU.
The flame-retardant tests demonstrated that the PHRR of WPU decreases by 50.94% and the THR
decreases by 23.92% at a BP/BN content of only 0.4 wt%. The LOI of the BP/BN/WPU composite
increased from 21.7% to 33.8%, compared with pure WPU. The residue of BP/BN/WPU after the CC
test was denser and approximately 10 times more than the residue of pure WPU, according to TG,
SEM, XPS, TG-IR analysis of WPU during the combustion process. Efficient flame retardancy is due
to the synergistic effects of BP and BN. To conclude, BP/BN nanosheets can provide a good flame
retardant effect with very low addition amount, and have a good application prospect in the field of
flame retardancy.
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Abstract: In this study, the filled natural rubber (NR) was prepared with organic montmorillonite
(OMMT) and carbon black (CB). The effects of the amount of OMMT on the properties of CB/NR
composites were investigated by measuring the physical and mechanical properties, compression set
and compression heat properties, processing properties and damping properties. The formulation
was optimized depending on the different conditions of end applications and the damping properties
of rubber were maximized without affecting the other properties of the rubber. The results showed
that the rubber composite system filled with 2 phr (parts per hundreds of rubber) OMMT had better
mechanical properties and excellent damping performance.

Keywords: organic montmorillonite; natural rubber; damping properties; mechanical properties

1. Introduction

With the development of rail transit, it has become a major problem to prepare high-performance
(high strength, high elasticity, high flexibility and high damping) rubber shock absorbers to improve
NVH (noise, vibration and harshness) performance. Rubber can transform the mechanical energy
to heat energy, and so can reduce or even eliminate the vibration, and has been widely used as a
damping material [1,2]. In recent years, the improvement of damping properties of natural rubber
(NR) has become a hot topic [3]. It was found that damping vibration system can be obtained by
changing the rubber shock absorber damping performance to improve the performance of rubber,
which provides a theoretical support for later research and development of rubber damping products.
Gao et al. [4] blended butadiene rubber (BR) with NR to design the new formulation of automotive
shock absorber rubber products, and obtained better damping performance of composite rubber
materials. Some researchers [5,6] used a grafting method to improve the rubber macromolecule
chain branching degree, by which the molecular chain of internal friction was raised and then the
performance of damping materials was increased.

Wang [7] reported that when increasing the content of the short fiber filling, the peak value
of the loss factor Tanδ of the NR composites increased from 0.2 to 0.44. The effects of sulfur and
accelerator, rubber alloy and carbon black (CB) on damping rubber were also studied extensively [8–12].
The amount of carbon black and the dispersion of carbon black in the material can impose significant
impact on the damping properties of the material. It was also found that graphite can make a great
effect on the damping performance [13]. When 5 phr graphite was added to nitrile rubber to replace

257



Polymers 2020, 12, 1983

the same weight of carbon black, the storage modulus of nitrile rubber increased correspondingly,
and the effective damping temperature range expanded, which are beneficial to improve the damping
performance. Other studies showed that CNFs provide much stronger reinforcement than carbon
black [14]. Noor Azammi [15] filled kenaf fiber into TPU-NR composites and got a sample that would
shift the damping temperature range up to 135 ◦C. Therefore, the wider the applicable temperature
range, the better the damping property of the material. Joseph et al. [16] studied the changes of the
damping parameters when adding palm oil microfibers and long fibers to acrylonitrile butadiene
rubber (NBR). The damping parameters includes the loss factor peak, glass transition temperature
(Tg), storage modulus, and the damping properties of composite materials. The results showed that
the storage modulus increased with the increase of the dosage and the loss factor decreases gradually.
Guo et al. [17] reported that when filled with micro glass flake, the storage modulus of NBR increased in
low-temperature stage and the mechanical properties and high-temperature performances almost kept
well. Perera et al. [18] grafted methyl methacrylate (MMA) on the molecular chain of NR, which could
greatly improve the damping performance of rubber. Xu et al. [19] prepared a rubber composite
with excellent properties of improved mechanical property, high damping value and wide damping
temperature range by using multilayered structure material and revealing the damping mechanism at
the molecular level and in a quantitative manner.

Organic montmorillonite (OMMT) has attracted extensive attention due to its good reinforcing
effect, low price, abundant reserves, simple preparation and environmental protection. As a result, it is
used as a new reinforcing filler in rubber. The influence of OMMT content on swelling behavior was
investigated, showing that it can significantly improve the delayed expansion property of rubber [20].
Chen et al. [21,22] found that the physical properties of rubber composites could be enhanced by
OMMT, which shed light on the application of structural damping materials in the future.

It is rarely reported that OMMT was used to improve the vibration damping performance of
rubber, while the layered structure of it is worth studying. At the same time, it can be found from
the previous research that the damping performance of rubber is mainly affected by the structure of
rubber and its filler. In this study, the processing performance, mechanical properties and damping
properties of rubber composites were all improved only with little amount of OMMT. To characterize
the damping performance of rubber material with OMMT (widely used as nanofillers in polymeric
composites), the OMMT/CB/NR composites were obtained by mechanical mixing reaction intercalation
method. In addition, studies on the influence of OMMT content and the composition of rubber
components on its mechanical, dynamic mechanical properties and damping properties were performed.
The characterization of the samples was done by rubber processing analysis (RPA), dynamic mechanical
analysis (DMA), scanning electron microscope (SEM) and the mechanical analysis instruments.

2. Experiment Section

2.1. Materials and Preparation

Natural rubber (SCR, Hainan Natural Rubber Company’s product, Haikou, Hainan, China)
was used as basis material. Sulfur (99.5% purity) was purchased from Jinchangsheng Co.,
Guangzhou, Guangdong, China. Organic montmorillonite (OMMT, 85%, organic modified by
quaternary ammonium salt, particle size 44 µm, colloidal viscosity 4.0 mPas·s) was purchased from
Zhejiang Fenghong clay chemical Co., Anji, Zhejiang, China. Cabon Black (N330) was purchased
from Cabot Corporation, Tianjin, China. N-cyclohexyl thio-phthalimide (CTP-70GR, a kind of
scorch retarder), N-1,3-dimethylbutyl-N’-phenyl-p-phenylenediamine (4020, a kind of antioxidant),
Poly (1,2-dihydro-2,2,4-trimethyl-quinoline) (RD, a kind of antioxidant) and Zinc oxide (ZnO-80) were
purchased from Ningbo Actmix Rubber Chemicals Co., Ltd, Ningbo, China The remaining ingredients
were provided by Jinchangsheng Co., Guangzhou, Guangdong, China. Table 1 shows the specific
formula proportion of samples.
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Table 1. Formula of natural rubber (NR) with organic montmorillonite (OMMT).

Ingredient NR Sulfur ZnO Stearic
Acid

Microcrystalline
Wax CTP 4020 RD N330 OMMT

Phr 100 2 5 1 1 1 3 1 50 0/2/4/6/8

The formula of this study was listed in Table 1, on the basis of weight. In the preparation process,
all raw materials were weighed according to the formula ratio, and the actual weight of NR was 200
g. Firstly, NR was dried at 60 ◦C for 4 h before use. Then, it was processed with stearic acid and
microcrystalline wax in sk-160B two-roll mill (Shanghai Plastics and Rubber Machinery Co., Shanghai,
China) at room temperature, the initial distance between the two rollers was 2 mm, completely
encased on the roller for 2 min. Next, the CTP (N-cyclohexyl thio-phthalimide, a kind of scorch
retarder), 4020 (N-1,3-dimethylbutyl-N’-phenyl-p-phenylenediamine, a kind of antioxidant), RD (poly
(1,2-dihydro-2,2,4-trimethyl-quinoline), a kind of antioxidant), mixed for 3 min. The following were
carbon black N330 and OMMT, mixed for 3 min. After that, sulfur and ZnO (Zinc oxide) were added
into the blended compound. Next, set the distance between the two rollers to 1mm, made the “triangle
bag” in the process for 5 times. Lastly, the compound obtained was molded into sheets in a Type
Plate Vulcanizer (XLB-400 × 400 × 2 50 T) (Qingdao Yadong Machinery, Qingdao, China) at 150 ◦C for
15 min.

2.2. Measurements

2.2.1. Processing Performance

Mooney viscosity test was carried out on a CL-2000G Mooney Viscosity Meter at 100 ◦C
(Jiangdu Rectify Test Machine Factory, Yangzhou, China) according to the standard of ASTM-D1646.
Vulcanization performance was conducted using a MDR2000 Rotor Rheometer at 150 ◦C (GOTECH
Testing Machines Inc., Dongguan, guangzhou, China) according to the standard of ASTM-GB/T
16584-1996. Processing performance of each content were tested with three samples.

2.2.2. Mechanical Tests

Tensile properties, tear strength and elasticity modulus were determined using AT-7000M Universal
Electronic Tensile Machine (GOTECH Testing Machines Inc., Shanghai, China) at a tensile speed of
500 mm·min−1 according to HG/T 3849-2008, GB/T 529-2008 and HG/T 3321-2012. Hardness was
measured by GT-GS-MB Shore A Hardness Tester (GOTECH Testing Machines Inc., China) according
to GB/T 531.2-2009. Compression set was tested according to GB/T 7759.1-2015 (homemade equipment,
type A sample, the compression ratio of sample of 25%, time for 72 h). Compression heat was tested by
GT-RH-200 (GOTECH Testing Machines Inc., China) according to GB/T1687.3-2016. (Resilience was
carried out using a CJ-6A Rubber Rebound Testing Machine (Shanghai Chemical Machinery No. 4
Factory, Shanghai, China) at an impact speed of 14 m·s−1 according to GB/T 1681-2009. Five samples of
each content were tested for mechanical properties.

2.2.3. Rubber Processing Analysis (RPA)

Dynamic rheological measurements of unvulcanized rubber compounds were carried out on a
RPA8000 Rubber Processing Analyzer (GOTECH Testing Machines Inc., China) by a shear mode at a
temperature of 60 ◦C, a frequency of 1 Hz, and a strain amplitude in the range of 0.28–200%, according
to ASTM D 6204. Three samples of each content were tested for data of RPA.

2.2.4. Dynamic Mechanical Analysis (DMA)

The DMA was carried out using a DMA 242 Dynamic Mechanical Analyzer (NETZSCH Company,
Selb, Germany) in a double cantilever beam deformation mode within a temperature range of −80 to
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80 ◦C with a heating rate of 3 ◦C/min and at a fixed frequency of 1 Hz. The experiment process was
carried out in the atmosphere of nitrogen. Three samples of each content were tested for data of DMA.

2.2.5. Scanning Electron Microscope (SEM)

The micromorphology of OMMT in rubber matrix was investigated using a JEOL JSM-7500F
scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan). Resolution: 1.0 nm at 15 kV; 1.4 nm at
1 kV. Acceleration voltage: 0.1–30 kV. One sample for each content was tested for SEM.

3. Results and Discussion

3.1. Vulcanization Performance

Normally, the change in torque during vulcanization is proportional to the density of cross-linking
including the physical and chemical cross-linking. The vulcanization properties of each content were
tested. It can be seen from Figure 1 that the minimum torque (ML) increased gradually with an increase
in the content of OMMT. It was determined by the viscosity of the rubber compound, which indicates
the strength of physical interaction when the rubber is not cross-linked. Therefore, when the content
of OMMT was increased, the physical interactions of the rubber gradually increased. The maximum
torque (MH) increased appreciably with addition of 2 phr OMMT. However, the increment was not
obvious with more amounts of OMMT addition. MH depends on the filler and the vulcanization
system, and it reflected the superposition of physical interactions and chemical interactions after
cross-linking. When OMMT was used in rubber, the MH-ML of compound increased, and the viscosity
became larger thereby producing the agglomeration effect. Therefore, the larger content of OMMT,
the stronger the agglomeration effect, and thus it damaged the mechanical properties of the material.
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Figure 1. The effects of the contents of OMMT on the cure rate index of carbon black (CB)/natural
rubber (NR) composites.

3.2. Mechanical Properties

Table 2 shows the effect of OMMT addition amount (on the basis of weight) on the mechanical
properties of vulcanized CB/NR polymer composites. It can be seen that the OMMT content has an
adverse effect on the physical and mechanical properties of the material, especially on the tearing
strength. However, the tensile strength decreased by less than 11.5%, which still met the requirements
of automobile vibration reduction products. According to the tensile strength at different elongations,
it can be seen that the modulus had a decreasing trend with increasing of the OMMT contents. It is
worth mentioning that the composite obtained has a greater resilience by adding 2 phr OMMT, which is
similar to the variation trends of MH and MH-ML as discussed in the above analysis.
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Table 2. The effects of OMMT contents on mechanical properties of vulcanized rubber.

The Content of OMMT/phr 0 2 4 6 8

Tensile Strength/MPa 27.5 27.6 25.2 25.6 24.4
Elongation/% 616 502 519 515 488

Tensile Strength at 100%/MPa 2.1 3.2 2.7 2.8 2.8
Tensile Strength at 300%/MPa 11.0 15.0 12.4 12.9 13.2

Elasticity Modulus/MPa 2.6 3.4 2.9 3.1 3.2
Tear Strength/kN/m 131.9 111.9 111.3 96.6 87.0

Resilience Property/% 47.7 51.9 51.4 52.0 51.4

Hardness was measured at five different locations of each sample. Figure 2 shows the hardness of
composite material changing with the amounts of OMMT. It can be seen that the hardness values of
vulcanized rubber filled different contents of OMMT were all within 65 ± 2 and the general trend of it
is increase slightly with more contents, but not all of it fits this pattern due to experimental mistakes.
It also reflects its effect on the packing-packing network of vulcanized rubber. These data indicate that
OMMT has minor influence on the vulcanized rubber hardness, which is of great importance to the
formulation design of shock absorbing products.
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Figure 2. The effects of the contents of OMMT on hardness of vulcanized rubber.

It can be seen from Table 3 that the final temperature rise of compression heat generation was the
lowest with addition of 2 phr OMMT, and it increased gradually with increasing of OMMT amounts.
When the rubber endures the cyclic stress, the macromolecular chain segment can generate relative
motion, which then converts the mechanical energy into the thermal energy. It was preliminarily
expected that 2 phr OMMT will reduce the agglomeration effect and improve the dispersion of CB.
When excessive content of OMMT was added, the fillers were more unevenly dispersed. The filler-filler
network thus became stronger and the friction between them caused the heat of rubber increased.
At the same time, the static compression permanent deformation of polymer composites reduced
gradually. This may be a result of the insertion of the rubber macromolecular segment into the OMMT
sheet structure, which then increases the physical cross-linking and reduces the static compression
permanent deformation.

261



Polymers 2020, 12, 1983

Table 3. The effects of OMMT content on the compressed heat generation and compression permanent
deformation of vulcanized rubber.

OMMT/phr Final Temperature
Rise/◦C

Dynamic Compression
Permanent Deformation/%

Static Compression Permanent
Deformation/%

0 15.85 0.060 0.093
2 13.90 0.040 0.091
4 14.25 0.051 0.083
6 15.30 0.055 0.081
8 15.80 0.045 0.072

3.3. Dynamic Mechanical Performance

In general, polymers are not used in their pure form, which means that the CB, silica and OMMT
play an important role in the polymer reinforcement. The fillers in polymer strongly modifies the
viscoelastic behavior, especially the dynamic mechanical properties of the composite. In dynamic
mechanics measurements of shear modulus, the Payne effect is often referred to as the progressive
breakdown of packing-packing interactions, where G’ is used commonly [23–25].

RPA8000 was used to conduct three-dimensional strain scanning on CB/NR compounds filled
with different contents of OMMT, and the interaction between packing-packing and the interaction
between packing-rubber were accurately characterized. Each content was tested with three samples
and the experimental results were shown in Figure 3, which indicates that the storage modulus curves
of the rubber compound changed significantly with different contents of OMMT. The last two storage
modulus curves were greatly lower than the first one under low strain conditions with respect to each
different OMMT contents of rubber and the latter two curves were basically coincident. There were
packing-packing networks in the composite which was destroyed during the first strain sweep and
cannot be instantaneously recovered, and the last two measurements were performed on the basis of
the completely destroyed packing-packing network.
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In order to further study the dispersion of fillers in the CB/NR composites, we marked it in the
RPA scans. The difference values of G’(1)-G’(3) at low strain could indicate the strength of the packing
network, and the different values of G’(3)-G’(0) without adding filler at low strain could indicate the
strength of the filler and the rubber [26]. It can be seen from Figure 4 that the value of G’(1)-G’(3) with
2 phr OMMT was the lowest in all composites. With adding more OMMT, the value of G’(1)-G’(3)
increased progressively. When the content of OMMT was added more than 8 phr, it becomes larger
than that of without OMMT. It shows that a small amount (2 and 4 phr) of OMMT induces the weaker
filler-filler network, which is helpful for the dispersion of carbon black. If the content is too large,
the OMMT agglomeration effect becomes stronger and the material properties decreased. The order of
G’(3)-G’(0) value influenced by OMMT was 10 > 8 > 6 > 4 > 0 > 2 phr. When the content of OMMT
was 2 phr, the filler-rubber interaction was lowest; the interaction of the filler was also minimized;
and the MH-ML was the largest. It can be preliminarily concluded that when 2 phr OMMT added,
the rubber-rubber interaction was the strongest and the performance of rubber was good.
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Figure 5 shows the storage modulus of the rubber compound filled with different contents of
OMMT under small strain, which exhibited a nonlinear decrease with the increase of strain. This was
the so-called Payne effect. Normally, the better the fillers dispersion, the lower the storage modulus
under the same condition of the strain sweep.
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It can be seen from Figure 5 that the rubber composites with 2 phr OMMT had a lowest storage
modulus, and the storage modulus was found increase gradually with increasing of OMMT amount.
Therefore, a small content of OMMT can improve the dispersibility of filler. In order to analyze the
effect of it, ∆G’ (G’0-G’∞) was presented with the variation of OMMT content. It was found that
the ∆G’ with 2 phr OMMT is the lowest and more amounts of OMMT made it gradually stronger,
which was similar to the results of three consecutive strain scans on it. Since the ∆G’ is analyzed under
large strain conditions, the filler network can be completely broken, and its accuracy should be higher
than that obtained by the RPA8000 three-strain scan. Based on the results of two strain scans, the order
of the filler network strength was obtained as 8 > 6 > 0 > 4 > 2 phr.

As showed in Figure 6, the Tg of the OMMT/CB/NR composites slightly shifts toward the high
temperature direction for the addition amount of 2, 4, and 6 phr OMMT. The slight increase of Tg is due
to the fact that the rubber macromolecular segment is restricted by the sheet structure of OMMT and
the exercise capacity is thus reduced. In the case of the 8 phr content, the agglomeration was produced
and Tg was found decrease slightly, which is consistent with the analysis results of RPA. The peak
value of Tanδ increased after OMMT was added, which was because the density of cross-linking
within the vulcanized rubber increased. In the glass transition zone, the rubber was deformed by the
external force and the flaky filler OMMT was oriented subsequently, which would generate friction
with the rubber. This will transform the mechanical energy generated by the vibration into the heat
energy loss, and then improve the damping of the material. As a result, the damping value of the
material increased and the damping temperature range (Tanδ ≥ 0.3) was widened (Figure 7). Finally,
the damping performance was increased.
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3.4. Microstructural Characterization

Figure 8 shows the SEM images of frozen fracture surface (sprayed with gold) of the composites
with and without OMMT. The SEM image of the sample without OMMT in Figure 8a shows that the
morphology of fractured surface exhibits a relatively smooth surface, except for the presence of small
particles of CB. Compared with the surface morphology of the composites sample (0 phr), OMMT
particles were occasionally observed on the surface of the composites sample (2 phr OMMT) in the
rubber matrix and carbon black, as shown in Figure 8b. Figure 8c,d shows that layered OMMT particles
were more to be found in the cross-section of the OMMT/CB/NR composites. With an increase of OMMT
in content, the agglomerated OMMT particles were easily observed on the surface of OMMT/CB/NR
composite sample (8 phr OMMT) seen in Figure 8e. The lamellar structure of OMMT which may
helpful to the damping property of the composite, but the agglomeration phenomenon of OMMT
particles was not beneficial to the improvement of mechanical properties and damping performance,
as shown in the previous data.
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4. Conclusions

The CB/NR composite filled with 2 phr OMMT was found to have excellent mechanical properties
and was up to the standard of the performance requirements of automobile damping vibration
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absorbing parts. Compared with the composite without OMMT, the crosslink density of the rubber
was increased; the scorch time was extended; and the vulcanization rate was decreased. The OMMT is
beneficial to improve the performance of the anti-vibration parts of the automobile and the processing
safety. Meanwhile, the addition of OMMT could increase the dispersibility of CB and reduce the final
temperature rise of compression heat generation. Both dynamic and static compression permanent
deformations were quite small. After filling the OMMT, the system dynamic mechanical and damping
properties were enhanced and the effective damping temperature range was broadened.
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