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Preface to ”Advanced Polymer Nanocomposites II”

Polymer nanocomposites are currently of high industrial interest in the field of nanomaterials

due to fact that they can improve the performance of polymeric matrixes and inorganic

nanomaterials. They can be used to alter light/magnetic behaviors, electrical/thermal conductivity,

toughness, stiffness and mechanical strength. The inorganic quantum dots/nanoparticles,

nanorods/nanotubes, and 2D materials (such as graphene-based nanosheets) can be decorated in

a 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 has been a most

crucial area of research in the nanomaterials field. This Special Issue reprint, “Advanced Polymer

Nanocomposites II”, collects high-quality original and review papers, focused on the scientific

discussion and practical application in the field of functional polymer nanocomposites, including:

(a) optoelectronic materials (papers 1-9); (b) biomedical materials (papers 10-14); and (c) other

functional polymer nanocomposites (papers 15-23). We hope that this Special Issue reprint can

promote academic research exchanges and identify and respond to tremendous challenges of research

in this burgeoning field.

Ting-Yu Liu and Yu-Wei Cheng

Editors

xi
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Highly Thermal Stable Phenolic Resin Based on
Double-Decker-Shaped POSS Nanocomposites
for Supercapacitors

Wei-Cheng Chen 1, Yuan-Tzu Liu 1 and Shiao-Wei Kuo 1,2,*
1 Department of Materials and Optoelectronic Science, Center of Crystal Research, National Sun Yat-Sen
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Abstract: In this study we incorporated various amounts of a double-decker silsesquioxane (DDSQ)
into phenolic/DDSQ hybrids, which we prepared from a bifunctionalized phenolic DDSQ derivative
(DDSQ-4OH), phenol, and CH2O under basic conditions (with DDSQ-4OH itself prepared through
hydrosilylation of nadic anhydride with DDSQ and subsequent reaction with 4-aminophenol).
We characterized these phenolic/DDSQ hybrids using Fourier transform infrared spectroscopy;
1H, 13C, and 29Si nuclear magnetic resonance spectroscopy; X-ray photoelectron spectroscopy (XPS);
and thermogravimetric analysis. The thermal decomposition temperature and char yield both
increased significantly upon increasing the DDSQ content, with the DDSQ units providing an
inorganic protection layer on the phenolic surface, as confirmed through XPS analyses. We obtained
carbon/DDSQ hybrids from the phenolic/DDSQ hybrids after thermal curing and calcination at 900 ◦C;
these carbon/DDSQ hybrids displayed electrochemical properties superior to those of previously
reported counterparts.

Keywords: POSS; phenolic resin; hydrogen bonding; supercapacitors

1. Introduction

Compared with inorganic materials, organic polymers usually possess lower moduli and poorer
thermal stabilities and mechanical properties. The incorporation of inorganic nanoparticles (NPs)
nanotubes, or nanosheets (e.g., clay [1,2]), graphene [3–5], carbon nanotubes [6–8], or polyhedral
oligomeric silsesquioxanes (POSS) [9–13] into a polymer matrix is, however, a relatively simple
approach toward improving its mechanical and thermal properties.

Phenolic resin is a typical thermosetting resin that has many applications (e.g., in laboratory
countertops, adhesives, and coatings) because of its structural integrity and solvent-resistance.
Nevertheless, phenolic resin has been neglected as a material for use in polymer nanocomposites
because it has a three-dimensional structure even when it is not crosslinked. Several approaches
have been developed, however, to overcome this problem to enhance thermal stability [14–25].
For example, phenolic nanocomposites have been synthesized through intercalative polymerization in
organic-modified clays [14] and through sol–gel reactions [15,16]. In addition, the ability of POSS to
improve the thermal properties of phenolic resin have been discussed widely [17–25]. Indeed, we have
prepared several phenolic/POSS nanocomposites incorporating various functionalized (e.g., isobutyl,
acrylate, and acetoxystyrene) POSS NPs, stabilized through hydrogen bonding [17–21]. Zhang et al.
incorporated multi-functionalized amine POSS NPs into a phenolic resin, stabilized through hydrogen
bonding and covalent crosslinking, to enhance its mechanical properties [22]. Zheng and Liu et al. used
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a multi-functionalized epoxy POSS as a crosslinking agent within phenolic resin, thereby improving its
thermal stability [23,24]. Furthermore, we synthesized a multi-functionalized phenol POSS derivative
and reacted it with phenol and CH2O to obtain various phenolic/POSS hybrids, which also exhibited
high thermal stability and low surface energies [25].

Unfortunately, these phenolic/POSS nanocomposites prepared using multi-functionalized POSS
NPs have led to insoluble cross-linked phenolic resins [22–25], restricting their applicability.
When the POSS NPs presented more than two functional groups, the polymer/POSS nanocomposites
formed crosslinked structures, even in the presence of only a small amount of the POSS NPs.
Therefore, bifunctionalized POSS NPs, including double-decker silsesquioxane (DDSQ), that can form
main-chain-type POSS units have allowed new approaches for the synthesis of novel polymer/POSS
hybrids from, for example, polyurethane [26,27], polybenzoxazine [28–30], block copolymer [31,32],
and polyimide [33,34] systems.

In this study, we synthesized the bifunctionalized phenolic DDSQ derivative DDSQ-4OH
(Scheme 1e) through the hydrosilylation of nadic anhydride (ND) with DDSQ (itself obtained
from phenyltrimethylsilane (Scheme 1a) and DD-Na (Scheme 1b), giving DDSQ-ND (Scheme 1d),
and subsequent reaction with 4-aminophenol. We then prepared phenolic/DDSQ (PDDSQ) hybrids
incorporating various amounts of DDSQ through the reactions of DDSQ-4OH with phenol and CH2O
under basic conditions (Scheme 1f). Furthermore, we obtained carbon/DDSQ hybrids after thermal
curing and calcination of these PDDSQ hybrids; these carbon materials displayed electrochemical
properties superior to those of related non-carbonized and even carbonized materials.
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Scheme 1. Chemical structures of (a) phenyltrimethoxysilane, (b) DD-Na, (c) double-decker
silsesquioxane (DDSQ), (d) DDSQ-nadic anhydride (ND), and (e) DDSQ-4OH and (f) the preparation
of phenolic/DDSQ (PDDSQ) hybrids from DDSQ-4OH and phenol under basic conditions.

2. Materials and Methods

2.1. Materials

Phenyltrimethoxysilane (Scheme 1a), sodium hydroxide (NaOH), methyl dichlorosilane (CH3Cl2SiH),
charcoal, acetonitrile, ND, paraformaldehyde (CH2O), platinum divinyltetramethyldisiloxane complex
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(Pt (dvs)), 4-aminophenol, and phenol were purchased from Sigma–Aldrich (St. Louis, MO, USA).
DDSQ-4OH (Scheme 1e) was synthesized according to a method described previously [18,35].

2.2. PDDSQ hybrids

Mixtures of phenol and various amounts of DDSQ-4OH in dioxane and aqueous NaOH solution
were stirred for 10 min; formaldehyde in water was added and then the mixtures were stirred for
10 min before heating at 70 ◦C for 1 h. All compositions of these PDDSQ hybrids used in this study
were summarized in Table 1. The mixture was cooled to room temperature and treated with dilute HCl
solution to pH 7.0. The water content in the viscous liquid was decreased through distillation under
reduced pressure for 2 h at 45 ◦C. The resulting PDDSQ hybrids were dissolved in tetrahydrofuran
(THF) and stirred vigorously; the precipitated NaCl was removed through centrifugation.

Table 1. Characterization data for the PDDSQ hybrids synthesized in this study.

Name
Monomer Feed

(g)
DDSQ-4OH in
hybrids (wt.%) Td

(◦C)
Char Yield

(wt.%)
Mn

(g/mol)
Phenol DDSQ-4OH CH2O NaOH FTIR

Pure
Phenolic 10.0 - 17.25 4.25 0 364 41.6 5440

PDDSQ-20 9.0 1.0 15.72 3.87 20.2 389 47.7 4670
PDDSQ-30 4.0 1.0 7.09 1.75 32.3 403 49.7 4320
PDDSQ-45 2.3 1.0 4.22 1.04 44.9 411 55.5 4580
PDDSQ-50 1.5 1.0 2.78 0.68 50.7 438 58.2 4160
PDDSQ-80 1.0 1.0 1.92 0.47 80.5 443 63.8 4460

Pure PDDSQ - 1.0 0.19 0.04 100 532 70.4 4500

2.3. Carbon/DDSQ Hybrids

A PDDSQ hybrid was stirred in THF until it had dissolved completely. The solution was poured
into a Teflon pan and then the solvent was evaporated at room temperature over 2 days. The resulting
solid was heated at 150 ◦C for 24 h to ensure complete thermal curing. Finally, the PDDSQ hybrid was
subjected to thermal treatment at 900 ◦C for 6 h under a N2 atmosphere in a tubular furnace to give a
carbon/DDSQ hybrid.

3. Results and Discussion

3.1. Synthesis of the Pure PDDSQ Hybrid

Scheme 1 displays our approach for the synthesis of PDDSQ hybrids featuring various contents of
DDSQ; we confirmed their structures using gel permeation chromatography apparatus (GPC, Waters
510, Labx, Midland, ON, Canada) and Fourier transform infrared (FTIR, Nicolet iS50, Thermo Fisher
Scientific, Waltham MA, USA) and nuclear magnetic resonance (NMR, Bruker 500, Billerica, MA, USA)
spectroscopy. First, we prepared the PDDSQ hybrid from DDSQ-4OH, synthesized as presented in
Scheme 1e,f, in the absence of phenol. Figure 1 provides the 1H NMR spectra of DDSQ-4OH and
its corresponding pure PDDSQ. The spectrum of DDSQ-4OH (Figure 1a) featured a signal for the
SiCH3 unit at 0.36 ppm and signals located between 7.14 and 7.50 ppm representing the aromatic
protons of the DDSQ unit. Furthermore, signals from the aliphatic protons of the ND units appeared
between 3.25 and 0.83 ppm, a broad signal appeared at 5.33 ppm for the OH units, and signals for the
aromatic protons derived from 4-aminophenol appeared at 6.24 (l) and 6.80 (k) ppm, confirming the
formation of DDSQ-4OH. The 1H NMR spectrum of the pure PDDSQ (Figure 1b) featured small signals
at 5.30 and 9.73 ppm, representing its aliphatic and phenolic OH units, respectively. The spectrum
of the pure PDDSQ also contained signals from various kinds of CH2 units: ArCH2Ar at 1.83 ppm
(peak a), methylene ether (PhCH2OR) at 3.73 ppm (peak b), and methylol (OCH2OH) (peak c) at
4.82 ppm. Furthermore, the intensity of the signal of the aromatic protons from the 4-aminophenol

3
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unit at 6.24 ppm (l) had decreased significantly (Figure S1b), consistent with the formation of those
bridging aromatic rings, ether, and methylol units.Polymers 2020, 12, x FOR PEER REVIEW  4 of 16 
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Figure 1. 1H NMR spectra of (a) DDSQ-4OH and (b) pure PDDSQ.

Figure 2 displays the 13C NMR spectra of DDSQ-4OH and its corresponding pure PDDSQ.
The spectrum of DDSQ-4OH (Figure 2a) featured a signal for the SiCH3 unit at 0.81 ppm, with signals
located between 116.3 and 133.0 ppm representing aromatic carbon nuclei. The signals of the aliphatic
carbon nuclei of the ND units appeared between 24.5 and 51.3 ppm and those of the aromatic C–OH
(peak a) and C=O (peak b) units appeared at 157.3 and 178.8 ppm, confirming the formation of
DDSQ-4OH. In the spectrum of the pure PDDSQ (Figure 2b), additional peaks appeared at 25.5 ppm
for the ArCH2Ar (peak c) units and at 68.1 ppm for the methylene ether (peak d) and methylol (peak
e) units, along with the other signals from the DDSQ-4OH moieties, confirming the synthesis of the
pure PDDSQ.

Figure S1 presents the FTIR spectra of DDSQ-4OH and its corresponding pure PDDSQ.
The spectrum of DDSQ-4OH featured two strong signals at 1090 and 1130 cm−1, corresponding
to the Si–O–Si and C–O units, as well as a signal at 1265 cm−1 representing the Si–CH3 groups.
The spectrum of the pure PDDSQ did not feature any obvious additional peaks when compared with
that of DDSQ-4OH, with only the intensity of the signal representing the OH groups having increased
in intensity after the reaction of CH2O to form the pure PDDSQ. Figure 3 displays the 29Si NMR
spectra of DDSQ-4OH and the pure PDDSQ. The spectrum of DDSQ-4OH featured three major peaks
at –79.05, –64.17, and –21.34 ppm representing the SiO3R (T3), SiO2R2 (T2), and Si-C units, respectively
(Figure 3a). In the spectrum of the pure PDDSQ (Figure 3b), two peaks at −79.05 and −64.17 ppm were
remained, suggesting that the cage structure had not been destroyed; nevertheless, the intensities of
these three peaks had decreased, as expected because the concentration of DDSQ units had decreased
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after the formation of the pure PDDSQ. The molecular weight of the pure PDDSQ (ca. 4500 g mol−1)
was determined through GPC analysis, with a polydispersity index of 1.10 (Figure S2).Polymers 2020, 12, x FOR PEER REVIEW  5 of 16 
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3.2. Synthesis of PDDSQ Hybrids

Having successfully synthesized the pure PDDSQ, we prepared PDDSQ hybrids incorporating
various amounts of DDSQ, as displayed in Scheme 1f. Figure 4 presents FTIR spectra of these PDDSQ
hybrids, recorded at room temperature. As mentioned above, the spectrum of the pure PDDSQ
featured two strong signals at 1090 and 1265 cm−1 representing the Si–O–Si and Si–CH3 units of
the DDSQ cage structure; in addition, two other obvious peaks appeared at 1702 and 1510 cm−1,
representing the C=O groups and aromatic units of the ND and phenolic moieties, respectively. Here,
we maintained the signal for the aromatic unit of the phenolic unit at 1510 cm−1, with the intensity of
the signal at 1702 cm−1 for the C=O groups increasing upon increasing the concentration of DDSQ
units in the PDDSQ hybrids. Thus, the composition of DDSQ could be determined readily by the
peak ratio A1702/A1510 (Table 1). Furthermore, the spectrum of the pure phenolic resin displayed two
major signals at 3375 and 3525 cm−1, corresponding to self-associated and free OH units, respectively.
The intensity of the signal for the free OH units at 3525 cm−1 decreased upon increasing the DDSQ
content in the PDDSQ hybrids from 20 to 100 wt %. The signal for the self-association of the phenolic
OH units shifted to higher frequency upon increasing the concentration of DDSQ units in the PDDSQ
hybrids, with the peak shifting to 3435 cm−1 as a result of the self-associative OH···OH bonding
transforming into inter-associative OH···siloxane bonding. The frequency difference (∆ν) between
the signals for the free and hydrogen-bonded OH groups can give a rough estimation of the average
hydrogen bonding strength [36]. The average strength of the phenolic OH groups interacting with
the DDSQ siloxane moieties (∆ν = 95 cm−1) appeared to be weaker than that for the self-associative
OH···OH bonding of the pure phenolic resin (∆ν = 150 cm−1). This result is consistent with our previous
finding that the inter-association equilibrium constant of phenolic/POSS (KA = 38.7) is smaller than
the self-association equilibrium constant of pure phenolic (KB = 52.3), based on the Painter–Coleman
association model [17,18]. Furthermore, Figure S3 presents 1H spectra of pure phenolic resin, PDDSQ-50
and pure PDDSQ recorded at room temperature. The peak assignment is similar with Figure 1 and we
could observe that the PDDSQ hybrids are also synthesized successfully based on NMR and FTIR
spectra analyses.
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Although we had detected only weak intermolecular interactions between the phenolic OH groups
and the DDSQ siloxane units, these interactions did still enhance the thermal stability of the PDDSQ
hybrids, as determined using thermal gravimetric analyzer (TGA, Q-50, TA Instruments, New Castle,
DE, USA). The TGA trace (Figure 5) of the pure phenolic resin revealed three thermal degradation
steps, typical of the degradation of phenolic resin [37] and the derivative curve was displayed in
Figure S4. The first step ca. 250 ◦C from the degradation of CH2 bridges, the second step at ca. 450 ◦C
is due the broken of crosslinking network structure, and the third at ca. 500 oC comes from the C–OH
units in phenol were broken and then form H2 gas. Table 1 also summarizes the thermal degradation
temperatures (Td10) and char yields at 800 ◦C of these PDDSQ hybrids. The char yields and values of
Td increased significantly upon increasing the DDSQ concentration, as expected. For example, the char
yield and value of Td increased by 12.2 wt% and 79 ◦C, respectively, for the PDDSQ-80 hybrid when
compared with those of the pure phenolic resin. This behavior can be explained by considering the
nano-reinforcement effect of incorporating inorganic DDSQ NPs into a phenolic matrix. The DDSQ
units were presumably dispersed well within the phenolic resin at the nanoscale, stabilized through
hydrogen bonding and covalent bonding, and, thus, they could enhance its initial decomposition
temperature. Furthermore, the DDSQ units could retard the thermal motion of the polymer through
the covalent bonding, and could also increase the chain spacing, giving rise to the lower thermal
conductivity. It has been proposed that DDSQ units prefer to be oriented toward the air side in related
nanostructures, because the low surface free energy of the siloxane units would screen out the polar
functional units (e.g., carboxyl, OH, and urethane) [38,39]. As a result, we suspect that the DDSQ
NPs in our PDDSQ hybrids would also have preferred to be oriented toward the air side, thereby
forming an inorganic silica protection layer on the phenolic surface, resulting in higher thermal stability.
To confirm this hypothesis, we used X-ray photoelectron spectroscopy (XPS) to examine the surface
behavior of our PDDSQ hybrids (Figure 6). Figure 6a reveals the presence of three major elements:
C atoms at 285.1 eV (Figure 6b), Si atoms at 103.6 eV (Figure 6c), and O atoms at 533.2 eV (Figure 6d).
Large amounts of Si (20.0 wt %) and O (33.8 wt %) atoms were present at the surface, indicating that
the DDSQ units had to migrated to the surface of the phenolic resin.
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3.3. Synthesis of Carbon/DDSQ Hybrids for Electrochemical Applications

To obtain carbon/DDSQ hybrids with potential electrochemical applications, we heated the
PDDSQ hybrids at 150 ◦C for 24 h to complete their thermal curing, and then subjected them to further
heating at 900 or 1000 ◦C for 6 h under a N2 atmosphere. Figure 7a displays FTIR spectra of the pure
PDDSQ before thermal curing, after thermal curing at 150 ◦C, and after heating at 900 ◦C to give
its carbon/DDSQ hybrid. We have already discussed the spectrum of the pure PDDSQ (Figure S1);
the spectrum of the sample obtained after thermal curing at 150 ◦C did not exhibit any major changes
in its absorption peak. After thermal heating at 900 ◦C, however, the signals at 1701 cm−1 for the
C=O groups and at 1432 cm−1 for the aliphatic CH2 units from the ND moieties both disappeared,
and new peaks appeared at 1385 and 1612 cm−1 representing the carbon structure. Most importantly,
the signals at 1090 cm−1 for the Si–O–Si units and at 1265 cm−1 for the Si–CH3 units were still present
after thermal heating at 900 ◦C, suggesting that the DDSQ units remained dispersed within the carbon
matrix in the carbon/DDSQ hybrids. Raman spectroscopy (HORIBA Jobin–yvon, T6400, Edison, NJ,
USA) revealed the local graphitic structure of this carbon/DDSQ hybrid (Figure 7b), with two major
carbonized structures identified by G- and D-bands representing sp2- and sp3-hybridized carbon atoms
at 1592 and 1340 cm−1, respectively [40,41]. The G- and D-bands correspond to first- and second-order
Raman scattering, respectively; this G-band had undergone a major shift from the wavenumber of a
typical G-band (ca. 1582 cm−1), suggesting the presence of oxidized graphene after thermal treatment
at 900 ◦C (1592 cm−1) or 1000 ◦C (1620 cm−1). Furthermore, the intensity ratio ID/IG can be used to
roughly characterize the degree of graphitization. The ID/IG ratio (1.35 after treatment at 900 ◦C)
decreased significantly to 1.01 after thermal treatment at 1000 ◦C, indicating a highly defected carbon
structure containing Si, O, and N atoms in the former system, as confirmed by the Transmission electron
microscope (TEM, JEOL, JEM-2100, Akishima, Japan) images in Figure 7c,d. The carbon/DDSQ hybrid
after thermal treatment at 900 ◦C exhibited an irregular structure (Figure 7c), but its interlayer spacing
was approximately 0.38 nm (based on the (002) plane of the carbon structure) in Figure 7d, confirmed

8



Polymers 2020, 12, 2151

by its WAXD pattern [42]. After thermal treatment at 1000 ◦C, the high value of q of 16.52 nm−1

(d = 0.38 nm) was due to the (002) plane of the carbon structure (Figure 7e). Therefore, the carbon/DDSQ
hybrids had highly defected structures after thermal treatment at 900 ◦C; we selected three carbon
materials—those prepared from the pure phenolic resin, PDDSQ-50, and the pure PDDSQ—to test
their suitability for use as electrode materials in supercapacitors.Polymers 2020, 12, x FOR PEER REVIEW  10 of 16 
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Figure 7. (a) FTIR spectra of pure PDDSQ before thermal treatment and after thermal curing at 150
and 900 ◦C. (b) Raman spectra of pure PDDSQ after thermal treatment at 900 and 1000 ◦C. (c,d) TEM
images of pure PDDSQ after thermal treatment at (c) 900 and (d) 1000 ◦C. (e) corresponding WAXD
pattern after thermal treatment at 1000 ◦C.

We used cyclic voltammetry (CV) and the galvanostatic charge/discharge (GCD) method in
1 M KOH as the aqueous electrolyte in a three-electrode system to investigate the electrochemical
performance of our PDDSQ hybrids after thermal treatment at 900 ◦C. Figure 8a–c reveal quite different
CV curves for the carbon/DDSQ hybrids derived from the pure phenolic, PDDSQ-50, and the pure
PDDSQ, measured at sweep rates from 5 to 200 mV s−1 in a potential window from +0.35 to –1.00 V.
The most distinct differences appeared at the lowest tested sweep rate of 5 mV s−1 (Figure 8d–f).
The CV curve of the carbon material derived from pure phenolic (Figure 8d) had a rectangle-like shape,
implying that its capacitive response resulted from electric double-layer capacitance (EDLC) [43,44].
The CV curve of the carbon material derived from PDDSQ (Figure 8f) had a quasi-rectangular shape
featuring a hump, indicating that its capacitive response originated from pseudocapacitance, due to
doping by heteroatoms (e.g., N and and O atoms), allowing a reversible redox process at the relatively
low sweep rate (5 mV s−1) [45,46]. A similar phenomenon appeared in the CV curve of the carbon
material derived from PDDSQ-50 (Figure 8e), suggesting a combination of pseudocapacitance and
EDLC. Because of the many electroactive centers (e.g., N and O atoms and electron-rich phenyl rings)
in the carbon material derived from the pure PDDSQ, reversible radical redox procedures occurred
during the charging and discharging processes [47]. Furthermore, the current density of the carbon

9



Polymers 2020, 12, 2151

material derived from pure PDDSQ increased dramatically upon increasing the sweep rate, while the
shape of its CV curve was retained (Figure 8c), indicating good rate capability and facile kinetics [48,49].Polymers 2020, 12, x FOR PEER REVIEW  11 of 16 
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Figure 8. Cyclic voltammetry (CV) curves of carbon/DDSQ hybrids derived from (a,d) pure phenolic,
(b,e) PDDSQ-50, and (c,f) pure PDDSQ, measured at (a–c) various scan rates and (d–f) a scan rate of 5
mV s−1 in 1 M KOH.

Figure 9 displays the GCD curves of the carbon/DDSQ hybrids derived from pure phenolic,
PDDSQ-50, and pure PDDSQ, measured at current densities from 0.5 to 20 A g−1. The GCD curves of the
carbon material derived from pure phenolic were triangular in shape, suggesting EDLC characteristics,
while those of the carbon materials derived from PDDSQ-50 and pure PDDSQ were triangular with a
slight bend, implying the presence of both pseudocapacitance and EDLC [49]. The discharging time of
the carbon material derived from pure PDDSQ (Figure 9c) was much longer than that of the carbon
material derived from pure phenolic (Figure 9a), suggesting that the former capacitance (pure PDDSQ)
was larger than that of the latter.
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We used Equation S1 to calculate the specific capacitances from the GCD curves (Figure 10). At a
current density of 0.5 A g−1, the specific capacitance of the carbon material derived from pure PDDSQ
(689.5 F g−1) was much larger than those of the carbon materials derived from PDDQ-50 (258.8 F g−1)
and pure phenolic (89.9 F g−1). The excellent performance of the carbon material derived from pure
PDDSQ was due to its many electroactive centers (e.g., N and O atoms and electron-rich phenyl rings)
making it easier for the electrolyte to access the electrode surface [50]. In addition, the cage structure
of DDSQ provided a large number of fine and interlaced channels for the free passage of electrolyte
ions. After cycling over 2000 times at 10 A g−1, all of the carbon/DDSQ hybrids displayed high cycling
stability, retaining over 90% of their original capacitances (Figure 10b). Although the carbon material
derived from pure PDDSQ allowed the electrolyte ions to pass freely, a current density that is too large
may cause many thermal effects, resulting in poorer durability. Interestingly, even though the specific
capacitance of the carbon material derived from pure phenolic was relatively low, its stability was
better than that of the carbon material derived from pure PDDSQ. After cycling the carbon material
derived from PDDSQ-50 over 2000 times at 10 A g−1, it displayed close to 99.9% retention; thus,
by adjusting the ratios of phenol and DDSQ-4OH during the copolymerization reaction we could
balance the electrode materials to obtain both a large specific capacitance and high stability.
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Figure 11 displays the specific energy plotted with respect to the specific power. The carbon
material derived from pure PDDSQ exhibited a maximum energy density of 174.5 W h kg−1 at a power
density of 337.5 W kg−1; its energy density was maintained at 49.5 W h kg−1 even at a high power
density of 13.5 kW kg−1. Compared with other materials prepared in previous studies, our present
carbon/DDSQ hybrids displayed excellent properties and were much simpler to prepare, suggesting
that they have potential for use as future electrode materials [50–61].
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4. Conclusions

We have synthesized PDDSQ hybrids incorporating various amounts of DDSQ and confirmed
their chemical structures using FTIR and NMR spectroscopy. All of these PDDSQ hybrids had
char yields and thermal stabilities higher than those of the pure phenolic resin, and they increased
upon increasing the DDSQ content in the hybrid systems. The DDSQ units provided an inorganic
protection layer on the phenolic surface, as confirmed through XPS analysis. We obtained carbon/DDSQ
hybrids after thermal curing and calcination of our PDDSQ hybrids; these carbon materials displayed
electrochemical properties superior to those of previously reported counterparts.
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Abstract: Carbon-coated Li4Ti5O12 (LTO) has been prepared using polyimide (PI) as a carbon source
via the thermal imidization of polyamic acid (PAA) followed by a carbonization process. In this study,
the PI with different structures based on pyromellitic dianhydride (PMDA), 4,4′-oxydianiline (ODA),
and p-phenylenediamine (p-PDA) moieties have been synthesized. The effect of the PI structure on
the electrochemical performance of the carbon-coated LTO has been investigated. The results indicate
that the molecular arrangement of PI can be improved when the rigid p-PDA units are introduced
into the PI backbone. The carbons derived from the p-PDA-based PI show a more regular graphite
structure with fewer defects and higher conductivity. As a result, the carbon-coated LTO exhibits a
better rate performance with a discharge capacity of 137.5 mAh/g at 20 C, which is almost 1.5 times
larger than that of bare LTO (94.4 mAh/g).

Keywords: Li4Ti5O12; polyimide; carbon coating; lithium ion battery; rate performance

1. Introduction

With the continuous depletion of fossil fuels and associated increasing air pollution,
it is essential to raise the proportion of renewable energy supplies. However, renewable
energy sources such as wind and solar are intermittent and cannot be stockpiled without
energy storage systems (ESSs). ESSs based on lithium ion batteries (LIBs) are emerging as
one of the key solutions to effectively integrate high shares of variable renewable energy
due to their high energy density, zero memory effect and long lifespan [1]. By introducing
an EES into the power generation system, it can smooth the output of wind or solar power
generation, and reduce the impact on the power grid. Unfortunately, most of the anode
and cathode materials suffer from low electronic conductivity and poor ionic diffusivity in
the lattice resulting in poor rate capability. Therefore, the rate performance of the active
materials must be further improved for use in voltage regulation and frequency modulation.
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To address the above issue, alien ion doping [2], the building of a nanoporous struc-
ture [3,4] and surface coating [5–7] have proven to be effective for improving the rate
performance by narrowing the band gap, shortening migration paths for Li+ ions and
reduction of interfacial resistance, respectively. Among these approaches, the surface
coating is a feasible strategy to improve the LIB performance due to the multi-functional
advantages such as enhancement of electric conductivity [8], structural stability [9] and
offering a physical protection to avoid side reactions with the electrolyte [10]. Several
compounds have been proposed to be an efficient coating layer such as carbon-based
materials [11,12], metal oxides/hydroxides [13,14], phosphide-based materials [15] and
glass-based materials [16]. Among these candidates, carbon coating is one of the most
effective and facile ways to improve the electrochemical performance of LIB materials
due to its excellent electron conductivity, low cost, and superior chemical/electrochemical
stability. Compared with the metal oxide coating, carbon coating can easily form a smooth
and uniform thin layer with high surface coverage on the active materials. Moreover, the
carbon coating layer can also serve as a buffer layer to accommodate the dimensional
variation of the active material during the lithiation and delithiation process leading to
improved structural stability [17].

Recently, polyimide (PI) has been found to be a high-quality carbon source for the
synthesis of graphene [18,19] and highly conductive carbon [20], because of the abun-
dant hexagonal crystalline carbon within the imide structures. The obtained PI derived
graphene reveals remarkable conductivity and electrochemical properties, which are useful
for various applications e.g., supercapacitors [21], sensors [22], electrocatalysts [23] and
electrothermal heaters [24]. Therefore, polyimide is expected to be suitable for forming
the conductive carbon layer of LIB materials. It has been reported that the carbon films
derived from PI with different structures can show quite different physical properties and
graphite microstructure. However, the effect of carbon coating derived from different PIs
on the LIB performance is still unclear.

In this study, two different PIs have been prepared from pyromellitic dianhydride
(PMDA), 4,4′-oxydianiline (ODA) and p-phenylenediamine (p-PDA). By introducing the
rigid planar moiety (p-PDA) into the main chain of classical PMDA/ODA PI (PO-PI),
the PMDA/ODA/p-PDA PI (POP-PI) shows an increased crystallinity and orientation
degree. Here, we used the PO-PI and POP-PI as carbon sources to modify the Li4Ti5O12
(LTO) anode material, followed by thermal treatment to obtain the carbon-coated LTO
materials. The results indicate that the uniformly coated carbon layer on LTO can reduce
its resistance and polarization leading to better rate performance and the corresponding
electrochemical properties. Moreover, with incorporation of the rigid p-PDA segment, the
carbon derived from the POP-PI exhibits better molecular packing and less defect. As a
result, the carbon-coated LTO prepared from the POP-PI can display an even better kinetic
performance than that obtained from the PO-PI.

2. Experimental Section
2.1. Material

The monomers ODA (97%), p-PDA (98%) and PMDA (97%) were purchased from
Jinyu Co., Ltd. (Kaohsiung, Taiwan). The TiO2 (85%, anatase, Hombikat 8602) and Li2CO3
(≥99%, Aldrich) used for the synthesis of LTO were purchased from World Chem Indus-
tries Co., Ltd. (Taipei, Taiwan) and Sigma Aldrich (St. Louis, MI, USA), respectively.

2.2. Preparation of Pyromellitic Dianhydride/4,4′-Oxydianiline Polyimide (PMDA/ODA PI) and
PMDA/ODA/p-Phenylenediamine (p-PDA) PI

In this study, the PI precursor, poly(amic acid) (PAA) was obtained through the two-steps
synthesis method from its monomers. First, the ODA monomer or mixed ODA/p-PDA (1:1)
were dissolved in N-methyl-2-pyrrolidone (NMP). Then, equimolar PMDA was added in the
diamine solution under continuous stirring at 25 ◦C with a solid content of 15 wt% to produce
the PAA solution. Here, the PAAs prepared from PMDA/ODA and PMDA/ODA/p-PDA are
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denoted as PO-PAA and POP-PAA, respectively. The PAA was then cast on glass substrate
by doctor blade coating, s followed by soft baking at 80 ◦C for 60 min. The soft-baked
precursor films were thermally imidized (150 ◦C for 30 min, 250 ◦C for 30 min, 350 ◦C for
60 min and 400 ◦C for 30 min) under N2 atmosphere to obtain the PMDA/ODA PI and
PMDA/ODA/p-PDA PI denoted herein as PO-PI and POP-PI, respectively.

2.3. Preparation of Carbon-Coated Li4Ti5O12 (LTO)

The carbon-coated LTO powders were prepared by spray drying precursor solution of
lithium titanium peroxide, followed by solid-state calcination. Firstly, the TiO2 and Li2CO3
were dispersed in de-ionized water with a Li:Ti molar ratio 4:5 and a solid content of 15 wt%.
The solution was ball milled for 12 h to produce the homogenous slurry, which was fed to
a pilot spray dryer (OHKAWARA KAKOHKI, model L-8i, No. 145874). The spherical LTO
precursor obtained was added to the PMDA/ODA or PMDA/ODA/p-PDA PAA solution,
which was then stirred for 60 min and subsequently centrifuged. The centrifuged powders
were dried in vacuum at 80 ◦C. Finally, the samples were thermally annealed via a stepwise
process (150 ◦C for 30 min, 250 ◦C for 30 min, 350 ◦C for 60 min, 400 ◦C for 30 min, 500 ◦C
for 60 min and 800 ◦C for 120 min). The modified LTO prepared from PO- and POP-PI are
denoted herein as PO-LTO and POP-LTO, respectively. For the preparation of the bare LTO
sample, the spray-dried precursor was directly annealed with the same heating program.

2.4. Characterization

The crystal structure of the sample was characterized by X-ray powder diffraction
(XRD, Philips X’Pert/MPD instrument, El Dorado County, CA, USA). The morphologies
were monitored by scanning electron microscopy (SEM, JEOL JSM-6701F, Tokyo, Japan)
and transmission electron microscopy (TEM, JEOL 2010, Tokyo, Japan). The absorption
measurement was taken using a Cintra 2020 (GBC scientific equipment, Australia) spec-
trophotometer. The differential scanning calorimetry (DSC) was measured on DSC 2500
(TA instrument, Lukens Drive, New Castle, DE, USA). Thermal gravimetric analysis (TGA)
was carried out using a TGA 8000 (PerkinElmer, Boston, MS, USA). Functional group
and chemical composition were characterized by using Fourier transform infrared (FTIR,
PerkinElmer, Boston, MS, USA) spectroscopy and X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI, Tokyo, Japan). Raman spectrum of the as-prepared samples was measured
using a Raman microscope (HR800, HORIBA, Tokyo, Japan).

2.5. Electrochemical Analysis

The energy storage performance of the samples was evaluated by fabricating the coin cells
in an argon filled glovebox. The working electrode was prepared by mixing active material,
polyvinylidene fluoride (PVdF), KS4 and Super P with a ratio of 8:0.5:0.5:1 in N-methyl-2-
pyrrolidone (NMP). The as-prepared slurry was cast onto a Al foil and then dried in a vacuum
oven at 120 ◦C overnight. The electrolyte comprises 1.0 M LiPF6 dissolved in a mixture of
ethylene carbonate and dimethyl carbonate at a volumetric ratio of 1:1. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were carried out on a potentiostat
(PARSTAT 4000 Potentiostat Galvanostat). The galvanostatic charge/discharge performance
was examined between 1 and 2.5 V (vs. Li+/Li) at various C rates (1 C = 175 mA/g).

3. Results and Discussion

In general, the molecular packing of PI can be improved by using rigid p-PDA units
to replace the rotatable ODA moiety. It has been reported that the regular PI with higher
orientation degree of molecular chains can produce better graphite structure after a car-
bonization process [25]. Therefore, in this study, we prepared the carbon-coated LTO
powders using the less-ordered PO-PI and more ordered POP-PI as carbon sources. PO-
and POP-PI were synthesized through a conventional two-step polycondensation of PMDA
dianhydride with ODA and p-PDA diamines and the reaction process is shown in Figure 1a.
The ultraviolet–visible (UV-vis) absorption spectra of the PO- and POP-PAA solutions are
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shown in Figure 1b. The inset in Figure 1b presents the digital photograph of the PO- and
POP-PAA solutions. The PO-PAA solution exhibits strong absorption in the UV region with
an absorption edge of 410 nm. With the incorporation of the PDA moiety into the polymer
backbone, the absorption profile of POP-PAA tends to be shifted toward the long wave-
length region. The red-shift of the absorption spectrum of POP-PAA can be explained by
the formation of a charge transfer complex (CTC) between the alternating electron-acceptor
(dianhydride) and electron-donor (diamine) moieties [26]. The C–O–C bond in ODA units
can separate the chromaphoric centers and cut the electronic conjugations [27]. As a result,
the PO-PAA shows a lighter color compared with that of POP-PAA due to its reduced
intra-/intermolecular CTC formation. These results indicate that the PDA diamine units
are successfully introduced into the copolymer. To study the effect of the p-PDA moiety on
the imidization process, the enthalpy of imidization for the PO-PAA and POP-PAA was
recorded by DSC measurement. As shown in Figure 1c, both the PAA samples exhibit
a distinctive endothermic peak centered at around 175.5~179.8 ◦C in the first run which
originated from the imidization reaction. In the second run, the DSC curves show a smooth
profile without any peak, indicating the imidization process is complete. In addition, the
enthalpy of imidization integrated from the DSC curve (first run) was calculated to be 228.6
and 235.6 J/g for PO-PAA and POP-PAA, respectively. The similar peak temperature and
enthalpy of imidization for the two PAAs suggest that the incorporation of the p-PDA unit
cannot alter the imidization behavior and the corresponding chemical conversion.
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The FTIR spectra of the as-prepared PAA and its corresponding PI are shown in
Figure 2a. Both the two PAAs exhibit a broad band located at 1630 cm−1, which can
be assigned to amide C=O stretching mode [28,29]. After thermal treatment, this peak
disappeared in the spectra of PO-PI and POP-PI (Figure 2b). Moreover, a new peak due to
the C–N–C stretching vibration appears at 1365 cm−1 [30]. Meanwhile, the C=C double
bond in the benzene ring at around 1500 cm−1 remains unchanged after the imidization
process. These results indicate that the two PAAs were successfully converted into PO-PI
and POP-PI after the imidization process. The peak at 1234 cm−1 is characteristic of C–O–C
stretching vibration belonging to the ODA moiety [25]. It is worth noting that the POP-
PAA and POP-PI reveal a much weaker intensity of C–O–C bond than their counterparts,
confirming the successful incorporation of PDA moiety into the polymer backbone. The
XPS O 1s and N 1s spectra of PO-PI are also shown in Figure 2c,d. After deconvolution,
the O 1s XPS spectrum of the PO-PI can be fitted with two peak components assigned to
C=O and C–O–C species at 531.9 and 533.2 eV, respectively [31]. For the N 1s spectrum of
the PO-PI, only one characteristic peak contributed from O=C–N specie at 399.7 eV can be
obtained after deconvolution [32]. These results indicate that the PAA has been successfully
converted into the PI structure after the thermal treatment.
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The microscopic molecular packing state of the PO- and POP-PI films was investigated
by XRD measurement. As shown in Figure 3a, the XRD pattern of PO-PI is blunt without
obvious diffraction signals, suggesting its amorphous nature. The amorphous state of
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PO-PI originated from the flexible ether linkage within the ODA unit which loosens the
chain packing of the PO-PI. In contrast, incorporation of the p-PDA unit in the polymer
backbone can significantly enhance the polymer chain stacking. The regularly ordered
structure of POP-PI is attributed to the rigid and planar skeletal structure of p-PDA leading
to the better crystallinity [33]. Figure 3b compares the TGA curves of the PIs to investigate
the thermal stability. Both the PI samples exhibit a major thermal decomposition ranging
from 530 to 720 ◦C. The 5 wt% thermal decomposition temperature (Td) of the POP-PI
is found to be 584 ◦C, which is higher than that of PO-PI (576 ◦C), suggesting its better
thermal stability of POP-PI. The improved thermal stability of POP-PI can be interpreted
by the presence of the p-PDA group, which increases the intra- and interpolymer chain
interactions, resulting in tight polymer chain packaging.
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Figure 4a displays the XRD pattern of the carbon materials derived from PO- and POP-
PI. The resultant carbon materials reveal two peaks located at 23.5 and 43.8◦, indicating the
development of (002) and (100) planes, respectively [34]. These results suggest that both the
two PI samples can be converted into the hexagonal structures of the carbonized materials
after the thermal treatment. Moreover, the POP-PI derived carbon exhibits much stronger
XRD peaks than that derived from PO-PI, indicating its higher degree of graphitization.
Figure 4b shows the Raman spectra of the two carbonized materials to further provide
atomic-scale structural information. The Raman spectrum of the two samples shows the
characteristic D band (1342 cm−1) and G band (1582 cm−1), which correspond to the sp3

and sp2 carbon, respectively [35,36]. In general, the intensity ratio between the D band
and G band (ID/IG) can be used to determine the graphitization degree of the carbonized
materials. The ID/IG values of the PO- and POP-PI derived carbons are calculated to be
1.04 and 0.75, respectively. The lower ID/IG ratio of POP-PI derived carbon also suggests
its more ordered structure and the increased sp2 content. The C 1s XPS spectra of the PO-
and POP-PI derived carbons are shown in Figure 4c,d to further characterize their chemical
composition. Both the samples show four peaks with binding energies of 284.5, 285.4,
286.5 and 288.0 eV, which correspond to the functional groups of C=C, C–C, C–O and C=O,
respectively. Based on the XPS analysis, the proportions of C=C for PO- and POP-PI derived
carbons are 63.3% and 66.4%, respectively. Conversely, the proportion of oxygen-containing
functional groups (C–O and C=O) of POP-PI based carbon (6.98%) is lower than that of the
PO-PI based one (10.77%). In addition, the electronic conductivity of the PI derived carbons
was directly measured with a four-point probe. The values of PO-PI and POP-PI derived
carbons are 89.5 and 100.1 S/cm, respectively. These results further confirm that it is crucial
to ensure the increased level of the structural arrangement of the initial PI precursor to
prepare high-quality carbon materials with graphite-like structure [37].
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The XRD pattern of the spray-dried LTO powders is exhibited in Figure 5a. All the
peaks between 5 and 70◦ can be assigned to the spinel LTO structure without any impurity
phases. The particle size distribution of the as-prepared LTO is shown in Figure 5b. The
particle size of the LTO powders ranges between 1.88 and 27.4 µm with a mean particle size
of 10.7 µm (D50). The micro-sized particles can be favorable for the powder packing during
the electrode fabrication leading to better energy density. The surface area of the LTO
was also evaluated by the Brunauer–Emmett–Teller (BET) analysis as shown in Figure 5c.
Based on the nitrogen adsorption/desorption isotherms, the surface area of the LTO was
calculated to be 11.3 m2/g. Figure 5d displays the Ti 2p core level XPS spectrum of the
as-prepared LTO samples. There are two pairs of Ti 2p peaks observed at 464.3, 458.5
and 462.2, 456.4 eV for Ti4+ 2p1/2, Ti4+ 2p3/2 and Ti3+ 2p1/2, Ti3+ 2p3/2, respectively. The
partial reduction of the Ti ions from Ti4+ to Ti3+ originates from the generation of oxygen
vacancies during the thermal annealing in N2 ambience [38]. The microstructure of the
LTO was investigated by SEM observation. The low-magnification SEM examination as
shown in Figure 5e reveals that the morphology of LTO sample is perfectly preserved as
highly uniform microspheres. In addition, the enlarged SEM image (Figure 5f) shows that
the surface of the microspheres is composed of a primary nanoparticle with an average
size of around 80 nm leading to a porous surface. The porous structure can facilitate the
ionic transport during the charge/discharge process.

The morphologies of the pristine and carbon-coated LTO are monitored by SEM and
TEM as shown in Figure 6. It can be observed that the whole sample reveals similar SEM
morphology, indicating the spherical structure can be maintained after the carbon coating
process. Moreover, the high-resolution TEM images of the PO-LTO and POP-LTO show a
carbon layer with a thickness of around 2 nm was uniformly deposited on the LTO surface.
In contrast, no carbon layer can be observed for bare LTO. It has been reported that the
carbon layer can offer a conductive pathway for the electron transport. In addition, the
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randomly distributed defects and vacancies within the carbon layer also can improve the Li+

ion migration [6]. As a result, the kinetic balance between the electronic and ionic transport
can be established leading to better rate performance. The XPS survey of the POP-LTO and
Raman spectrum of the three samples are also provided in the Supporting Information.
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The electrochemical properties of the bare and carbon-coated LTO samples were
studied by measuring their CV profiles with a scan rate of 1 mV/s between 1.0 and 2.5 V as
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shown in Figure 7a. All the samples reveal a pair of sharp redox couple which corresponds
to the transition between Li4Ti5O12 and Li7Ti5O12. The separation between the anodic and
cathodic peaks (∆E) of the LTO would be dramatically reduced with the incorporation
of carbon coating, indicating the reduction of polarization. The ∆E of LTO, PO-LTO and
POP-LTO is found to be 0.7, 0.63 and 0.52 V, respectively. The lower polarization is mainly
attributed to the enhancement of electric conductivity by the interfacial carbon modification.
As shown in Figure 4, the POP based carbon layer shows a more regular graphite structure
with a higher conductivity (100.1 S/cm) than that of PO based carbon layer (89.5 S/cm). As
a result, the POP-LTO reveals a much lower polarization (0.52 V) due than that of PO-LTO
(0.63 V). Furthermore, the EIS spectra of the three electrodes were taken to investigate
the interfacial impedance in the electrodes. Figure 7b shows the Nyquist plots of LTO,
PO-LTO and POP-LTO electrodes with a frequency range from 105 Hz to 10−2 Hz at an
amplitude of 10 mV. All the plots exhibit a semicircle with a sloping line. The charge
transfer resistance (Rct) determined from the size of the semicircle in the high frequency
is around 117, 43.7 and 21.5 Ω for LTO, PO-LTO and POP-LTO, respectively. The Rct of
POP-LTO is much lower than that of the bare one due to the deposition of the conductive
carbon layer. The rate performance of the three electrodes evaluated at various C rates is
displayed in Figure 7c. As expected, the POP-LTO with the modification of the POP-PI
derived carbon layer can deliver the best rate capability due to its low polarization and Rct.
The POP-LTO shows a high capacity retention of 83.2% (137.5 mAh/g) at a high rate of
20 C, which is higher than 70.7% (115.3 mAh/g) and 58.5% (94.4 mAh/g) for PO-LTO and
pristine LTO, respectively. The corresponding charge/discharge profiles of the POP-LTO
with different C rates are also provided in Figure 7d. The comparison of LTO performance
with different carbon coating is also summarized in the Supporting Information.
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4. Conclusions

In summary, a facile and scalable method has been developed for synthesizing carbon-
coated LTO, using PI as the carbon source. After carbonization treatment at 800 ◦C in N2
ambience, the PI coating can be transferred into the high-conductive carbon layer. The
nano-carbon layer on LTO can improve both the electronic and ionic conductivities. As
compared to pristine LTO, results show that the POP-LTO exhibits substantially improved
cell performances particularly in the rate capability. A high initial discharge capacity of
165.1 mAh/g is delivered at 0.1 C and the specific capacity still maintain 137.5 mAh/g
even at 20 C. It is believed that the developed method also can be extended to improve the
electrochemical performances of other alternative LIB materials with low intrinsic electrical
conductivity and poor Li+ diffusion coefficient.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13111672/s1, Figure S1: The XPS survey of the POP-LTO and the corresponding atomic
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comparison of LTO performance with different carbon coating.
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Abstract: Oleic acid (OA)-modified Fe3O4 nanoparticles were successfully covered with polyanilines
(PANIs) via inverse suspension polymerization in accordance with SEM and TEM micrographs.
The obtained nanoparticles were able to develop into a ferrite (α-Fe) and α′′-Fe16N2 mixture with a
superparamagnetic property and high saturated magnetization (SM) of 245 emu g−1 at 950 ◦C calci-
nation under the protection of carbonization materials (calcined PANI) and other iron-compounds
(α′′-Fe16N2). The SM of the calcined iron-composites slightly decreases to 232 emu g−1 after staying
in the open air for 3 months. The calcined mixture composite can be ground into homogeneous
powders without the segregation of the iron and carbon phases in the mortar without significantly
losing magnetic activities.

Keywords: polyaniline; ferrite; α′′-Fe16N2; superparamagnetic; inverse suspension polymerization

1. Introduction

Recently, with the advance of technology, the requirement for fast and wireless charg-
ing becomes more and more urgent. In particular, 3C mobile electronic products need to
charge within several hours using portable power sources that are usually heavy and take
one or two to recharge. Therefore, we also need a fast wireless power source to solve the
problem. The effective charging distance of wireless charging [1] and large-scale charging
development [2], thus, becomes very important. Wireless charging can be carried out
by absorbing electromagnetic (EM) waves that emit from the power generators. Addi-
tionally, we also require a stable EM wave absorbing material to transform it into power,
which can be fulfilled by superparamagnetic materials with high magnetization. There
are other interesting application fields related to the calcined carbon (polyaniline) coated
magnetic particles [3–6] such as nanoelectronics, catalysis, optical application, biosensors,
environmental remediation, energy, hydrogen storage, drug transport, magnetic resonance
imaging and cancer diagnosis [7]. Metamaterial theory is also used for the applications of
the magnetic materials [8].

The regular material that meets these requirements is magnetite (Fe3O4), which can
be obtained from the sol-gel method [9] conducted at room temperature. Although it
demonstrates a superparamagnetic property, its low magnetization (around 100 emu g−1)
shortens the wireless charging distance. Other possible candidates with a higher mag-
netization than Fe3O4 are cementite (Fe3C) [10], ferric nitride (FexNy) [11,12] and ferrite
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(α-Fe) [13]; they all demonstrate saturated magnetization over 150 emu g−1 and even over
200 emu g−1 for α-Fe and α′′-Fe16N2. However, α-Fe, which is the pure Fe element, is
vulnerable to the O2 in the open air to become iron oxide.

Consequently, we need to provide some solid protection on the α-Fe, and α′′-Fe16N2
itself can also provide additional protection to keep it from oxidation and maintain its high
magnetization in the air.

Usually, PANIs that provide carbon and nitrogen sources can be prepared in affluent
water [14–18] easily using water-soluble anilinium monomers. The Fe3O4 particles pre-
pared from the sol-gel method are usually hydrophilic materials with some –OH groups on
the surfaces. If it stays with anilinium monomers in the water, the prepared PANI molecules
cannot cover most of the Fe3O4 particles that become very mobile in the water [19–26] due
to the hydrophilicity. The obtained PANIs are not able to protect Fe3O4 particles during
calcination, since most of them will stay on the surface of PANI molecules, not inside.

Inverse suspension polymerization (ISP) is usually applied to cover functional parti-
cles with polymers that can be polymerized in the water phase [27–31]. In this study, we are
trying to prepare the protecting Fe3O4 particles by the ISP of PANIs. The sol-gel-prepared
Fe3O4 particles usually own surface –OH, which can be esterificated with OA to attach
some hydrophobic tails to the particles [32,33] and allow them to stably stay inside the
micelles in the toluene system. Moreover, the additional aliphatic tails that come from the
attaching OA can also stabilize the micelles or polymer droplets during the polymerization
of anilines. In other words, hydrophilic OA-modified Fe3O4 (Fe3O4(OA)) was first mixed
with the anilinium monomers in the water and became micelles in the hydrophobic toluene
solvents after stirring. Eventually, the Fe3O4(OA) particles can be surrounded with long
polyaniline molecules after water soluble initiators such as APS (ammonium persulfate)
are introduced. The composites prepared via ISP can then be subject to calcination in the
argon to transform into other iron-compounds with high magnetization.

2. Experimental
2.1. Preparation
2.1.1. Synthesis of Fe3O4(OA)

In a beaker, 7.08 g of ferric chloride hexahydrate (FeCl3·6H2O, J. T. Baker, NJ, USA)
and 2.58 g of ferrous chloride tetrahydrate (FeCl2·4H2O, J. T. Baker, NJ, USA) were mixed
with 40 mL of deionized water by a magnetic stirrer. The homogenized solution was
transferred to a round bottom three-necked flask equipped with a water condenser in one
of the mouths. One of the two remaining mouths was purged with high-purity nitrogen to
prevent the oxidation of the reaction mixture at a high temperature, the other one behaved
as the exhaust release outlet. The temperature of the reaction solution was ramped up to
80 ◦C in a silicone oil bath and kept with purging nitrogen for ten minutes. Then, 2 mL of
OA (Hitachi Astemo Ltd, Tokyo, Japan) and some ammonia water (Fisher Sci., Bridgewater,
NJ, USA) was introduced to tune the solution to become alkaline and then the reaction
was started. The reaction continued for 30 min and was finished by stopping the stirring
of the magnetic stirrer, followed by attaching a powerful magnet on the bottom of the
reactor to separate the magnetic precipitate. The precipitate was washed several times with
deionized water, and the clear, upper layer of the solution was discarded. The isolated
black precipitate was placed in an ultrasonic oscillator for 20 min and then dried in an oven
for 12 h at 60 ◦C, the Fe3O4(OA) was available.

2.1.2. Synthesis of PANI/Fe3O4(OA) Nanocomposite

An amount of 3 g (0.091 mol) of n-dodecylbenzenesulfonic acid (DBSA: Tokyo Kasei
Kogyo Co., Tokyo, Japan) was dissolved in 50 mL of de-ionized water, the mixture was
slowly stirred until a homogeneous solution was obtained, followed by the addition of 9 g
(0.0968 mol) of aniline monomer (Tokyo Kasei Kogyo Co., Tokyo, Japan) and the solution
was stirred to be clear. Eventually, the Fe3O4(OA) obtained from the previous experiment
was added and the mixture was stirred again to become homogeneous [32,33].
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A comparison emulsion polymerization prepared PANI(EB)/Fe3O4(OA) [29–31] was
obtained in water in the absence of toluene. The resultant composite was named as
PANI(EB)-Em/Fe3O4(OA).

2.1.3. Calcination of PANI Nanocomposites

PANI(EB)/Fe3O4(OA) prepared in Section 2.1.2 was calcined in a tube furnace, ramp-
ing up from RT to 600–950 ◦C at most and staying for 30 min in the argon atmosphere.
The obtained N, C-doped iron composites are named as FeNCs. When samples were kept
at room temperature for two or three months in the air, they are named as FeNC-2 and
FeNC-3, respectively. A sample prepared at 600 ◦C is named FeNC-600, etc.

2.2. Characterization
2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

The main functional groups of neat Fe3O4(OA) and calcinated FeNC were assigned in
accordance with the FTIR spectra recorded on an IFS3000 v/s FTIR spectrometer (Bruker,
Ettlingen, Germany) at room temperature with a resolution of 4 cm−1 and 16 scanning steps.

2.2.2. Ultraviolet and Visible, Near-IR Spectroscopy (UV–Vis–NIR)

The UV–Vis–NIR spectra of the PANI(ES) (PANI without dedoping by NH4OH(aq)) in
the PANI(ES)/Fe3O4(OA) nanocomposites were obtained from a Hitachi U-2001 and DTS-
1700 NIR Spectrometer (Nicosia, Cyprus). The wavelength ranged from 300 to 1600 nm.

2.2.3. TGA (Thermogravimetric Analysis)

The mass loss percentages of neat PANI(EB) and PANI(EB)/Fe3O4(OA) upon calci-
nation (thermal degradation) were monitored and recorded using TGA (TA SDT-2960,
New Castle, DE, USA) thermograms.

2.2.4. Scanning Electron Microscopy (SEM)

The sizes and morphologies of neat Fe3O4(OA), non-calcinated PANI(EB)/Fe3O4(OA),
and calcinated FeNCs were characterized using SEM (field emission gun scanning electron
microscope, AURIGAFE, Zeiss, Oberkochen, Germany).

2.2.5. Transmission Electron Microscopy (TEM)

Samples, of which photos were taken using the field emission transmission electron
microscope, HR-AEM (HITACHI FE-2000, Hitachi, Tokyo, Japan), were first dispersed in
acetone and put on carbonic-coated copper grids dropwise before subjecting to the emission.

2.2.6. Raman Spectroscopy

The Raman spectra of calcinated PANI(EB)s and FeNCs treated at different tempera-
tures were obtained from a Raman spectrometer (TRIAX 320, HOBRIA, Kyoto, Japan).

2.2.7. Powder X-ray Diffraction (Powder XRD)

A copper target (Cu-Kα) Rigaku X-ray source (Rigaku, Tokyo, Japan) generating X-ray
with a wavelength of 1.5402 Å after electron bombarding was used to create the diffraction
patterns of neat Fe3O4(OA) and FeNCs. The scanning angle (2θ) that ranged from 10◦ to
70◦ with a voltage of 40 kV and a current of 30 mA, operated at 1◦ min−1.

2.2.8. X-ray Photoelectron Spectroscopy (XPS)

The binding energy spectra of Fe 2p of FeNCs treated at different temperatures were
used to characterize the characteristic crystallization planes of α–Fe, Fe3C, FeNx and,
Fe3O4 after calcination, and were obtained from an XPS instrument of Fison (VG)-Escalab
210 (Fison, Glasgow, UK) using an Al Ka X-ray source at 1486.6 eV. The pressure in the
chamber maintained was under 10−6 Pa or lower during performance. Tablet samples
were prepared by pressing in a stapler with a ring mold.
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2.2.9. Superconductor Quantum Interference Device (SQUID)

The paramagnetic properties of neat Fe3O4(OA) and various FeNCs were measured
from a SQUID of Quantum Design MPMS-XL7 (San Diego, CA, USA)

3. Results and Discussion
3.1. FTIR Spectra

The hydrophilicity of Fe3O4(OA) nanoparticles comes from the hydroxylated surfaces
created during the sol-gel process, assigned at ~3300 cm−1 according to Figure 1. Some of
the hydroxyl groups are still present after esterification with OA, as described in Figure 1 as
well, indicating that some of the –OH groups remained intact after esterification and poly-
merization. The remaining hydrophilicity of the nanocomposite makes it still dispersible in
micelles before the polymerization mixing with anilinium monomers or staying in polymer
droplets after polymerization, which was randomly dispersed in the hydrophobic toluene
matrix. The polymerization of anilinium monomers after the addition of water-soluble
initiator APS in the presence of Fe3O4(OA) did not destroy the carbonyl groups of the ester
that link the OA onto the Fe3O4 surface of the nanoparticles either, illustrating that the long
hydrocarbon tails of the OA are still firmly connected to the Fe3O4 nanoparticle’s surface. It
provided the nanocomposites with some hydrophobicity and affinity to the toluene and the
large polymer droplets were still able to suspend in the solvent after polymerization. The
polymer droplets need to de-emulsify with acetone before collecting the nanocomposite
products through filtration. The symmetric and asymmetric stretching mode of aliphatic
methylene and the methyl groups of OA tails assign at 2920 and 2840 cm−1, respectively.
The additional peak around 587 cm−1 reveals the presence of the Fe–O bonding of both
the neat Fe3O4(OA) and the nanocomposite, revealing that Fe3O4(OA) nanoparticles are
staying inside the nanocomposite, even after de-emulsification and filtration. The assign-
ments of the main functional groups of polyaniline and Fe3O4(OA) are listed in Table 1 and
illustrated in Figure 1.
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Table 1. Assignments of FTIR spectra.

–OH 3400 cm−1

–CH3, –CH2 (stretching) 2900, 3000 cm−1

–C=O 1750 cm−1

–C=C– 1650 cm−1

Quinoid ring 1570 cm−1

Benzoid ring 1476, cm−1

–CH3, –CH2 (bending) 1400, 1350 cm−1

–C–N– 1307 cm−1

–C–OH 1250 cm−1

–B–NH–B– 1135 cm−1

Fe–O 590 cm−1

The obtained PANI(ES)/Fe3O4(OA) nanocomposites were then dedoped into PANI(EB)/
Fe3O4(OA) in NH4OH(aq) and its FTIR-spectrum is also demonstrated in Figure 1. The
feature functional groups of PANI(EB) can be found for PANI(EB)/Fe3O4(OA) in Table 1
and Figure 1, revealing that the polymerization did not change the characteristic functional
groups of PANI in the presence of Fe3O4(OA).

3.2. λmax of PANI in the Nanocomposite Obtained from UV–Vis–NIR Spectra

If most of the Fe3O4(OA) in the nanocomposite is completely covered or embedded
in the PANI matrix, it can also induce the shifting of the λmax of PANI in the UV–Vis
spectra due to the interaction. Figure 2 illustrates the flattening effect on the λmax in
the NIR region, the so-called free carrier-tail [14–18] in this region for the PANI(ES)-Em
prepared via emulsion polymerization. It also represents a nanofibrous morphology that
contributes to the carrier-tail due to the highly extended conjugation chain length. However,
in accordance with Figure 2, the PANI(ES) prepared via ISP does not demonstrate any
free carrier-tail, but the significant λmax peak and the morphology is not fibrous either,
which will be confirmed in the TEM micropicture. The λmax of PANI(ES) prepared by ISP
is around 860 nm, which is also in the near-IR region, indicating that its conjugation chain
length is still long, and the chain is still extended. After the Fe3O4(OA) nanoparticles were
introduced before the beginning of the polymerization, the λmax of PANI(ES) blue-shift
from 860 to 800 nm with increasing Fe3O4(OA) nanoparticles and curve became more
bent. The blue shift and the presence of the bended curves of the nanocomposites reflected
the shortening of the conjugation of the PANI molecules whose extensions were slightly
recoiled. Since the λmax is still high at 810 nm, a random-coil morphology (λmax = 780 nm)
is not thought to be present. The attracting force that causes the recoiling of the PANI(ES)
molecules is believed to stem from the formation of the H-bonding between the left –OH
groups and the amino groups of PANI(ES). The blue-shifting is enhanced when more
Fe3O4(OA) is introduced, referring to Figure 2. The ISP approach effectively polymerizes
the anilinium monomers inside micelles where lots of Fe3O4(OA) nanoparticles are already
present. It is believed that some of the H-bonds are already formed before the addition of
water-soluble APS initiator and most of the Fe3O4(OA) nanoparticles inside micelles can
be surrounded and protected by both monomers before polymerization and polymers after
polymerization, which is described in Scheme 1. The presence of the long aliphatic/long
tail of Fe3O4(OA) can improve the stability of the micelles in the toluene solvents as well
and less CTAB is necessary to create the inverse micelle (W/O). Moreover, the hydrophobic
tails of Fe3O4(OA) are extended to the toluene phase and can also immobilize the Fe3O4
inside water micelles, allowing the growing PANI molecules to entangle around them.
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Scheme 1. Preparing diagram of FeNCs via inverse suspension polymerization and calcination.

When PANI is prepared via common emulsion polymerization, most of the Fe3O4(OA)
particles will randomly distribute in the water and the fibrous PANI is created inside the
micelles where less water is present. Eventually, the obtained nanofibrous PANI molecules
can only attract lots of Fe3O4(OA) particles on the surface through H-bonding, which will
be seen in the SEM micropicture. The Fe3O4(OA)-covered fibrous PANI surely cannot form
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a stable/high magnetic FeNC compound after calcination, since the formed high magnetic
materials cannot be protected by the PANI during calcination.

3.3. TGA Thermogram

The mass loss and rate of the calcination at a high temperature can be monitored
by the weights vs. temperatures in the thermogram demonstrated in Figure 3. The
neat PANI(EB) experienced significant weight loss after 400 ◦C, which originated from
the crosslinking of the neighboring molecules [18], and the weight loss continued grad-
ually until 600 ◦C, when the crosslinking finished, and carbonization started. Almost
no mass loss occurred after 600 ◦C for PANI(EB), which is the reason why the lowest
calcination temperature chosen was 600 ◦C, after which the weight loss was entirely
contributed from the PANI(EB)-covered iron-compounds not from PANI(EB) only, in accor-
dance with Figure 3. If we check the difference of the residue weights of neat PANI(EB)
after 600 ◦C and weight of PANI(EB)/Fe3O4(OA) at 600 ◦C from Figure 3 and Table 2, it
is 22.4 wt% (35.9% − 13.5% = 22.4%). It means there is about 22.4 wt% of iron-compound
in the composite, which is thermally stable until 600 ◦C. There is only 1.7 wt% loss
(37.5% − 35.8% = 1.7%) after 600 ◦C for the composite, as seen in the inset of Figure 3,
which is all contributed from the thermal degradation of the FeNCs from 600 to 950 ◦C.
The actual degrading % for FeNC is around 1.7/22.4 ≈ 7.6 wt%. The composition variation
and the types of atoms (Fe, N, C, or O) that are lost during the calcination of the FeNCs
from 600 to 950 ◦C are strongly related to the magnetic activity, which will be characterized
from the powder X-ray diffraction patterns, XPS, and SQUID spectra.
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Table 2. Various properties of FeNCs vs. temperature.

T (◦C)

Properties Ms (a)

(emu g−1)
Weight (b) (%) ID/IG

(c)

PANI(EB) FeNC PANI(EB) FeNC

Room Temp. 17.7 100 100
(PANI(EB)/Fe3O4(OA)) 1.32 1.30

(PANI(EB)/Fe3O4(OA))
600 49.3 15.3 37.2 0.96 0.89
700 43.2 13.0 36.5 0.86 0.95
800 31.0 13.1 36.0 0.82 0.97
900 229.1 13.3 35.9 0.79 0.98
950 244.9 13.5 35.9 0.74 0.98

(a) Saturation magnetization at various temperatures obtained from SQUID; (b) Weight percentages at various temperatures obtained from
TGA thermograms; (c) Intensity of D-band over G-band at various temperatures, obtained from Raman spectra.
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3.4. SEM Micropicture

Unlike the neat Fe3O4 particles that demonstrate a pearl-like morphology, the Fe3O4(OA)
particles are found to be able to coagulate by the interactive long, aliphatic chains of OA
and become the huge cake-like morphology in Figure 4a after being treating with OA via
esterification. The PANI(EB) prepared in the presence of Fe3O4(OA) particles via common
emulsion polymerization demonstrates rib-like, juxtaposed nanofibers fully covered with
lots of Fe3O4(OA) particles on their surfaces in Figure 4b, which is commonly seen in the
traditional emulsion polymerization of PANI [31,34]. These exposed Fe3O4(OA) particles
on the fibrous PANI(EB) certainly can transform or convert to other iron-compounds with
higher magnetic activity. However, the formed iron-compounds would be directly exposed
to the O2 in the atmosphere at RT without any protection. Therefore, these iron-compounds
would easily oxidize and recover to iron-oxide, whose magnetic force is far below that
of the FeCx, FeNx, or α-Fe obtained after calcination. Consequently, an ISP system is
designed to encapsulate the un-protected Fe3O4(OA) particles with PANI(EB) that can
develop into a dense, strong protecting carbon layer after calcination at high temperature
through crosslinking and carbonization.Polymers 2021, 13, x FOR PEER REVIEW 10 of 19 
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The –OH groups of the sol-gel-prepared Fe3O4(OA) stay inside the micelles before
polymerization. Additionally, after the polymerization in the inverse suspended system,
most of the PANIs are formed in the micelles and become polymer droplets that then
coalesce and develop the morphology seen in Figure 4c when the ISP system was eventually
de-emulsified by the addition of acetone (the breaking of polymer droplets) and the fibrous
morphology is never seen.

Upon calcination at high temperatures, the Fe3O4(OA) that covered with PANI(EB)
would convert to other magnetic materials with a higher magnetic activity. Combining the
increasing magnetic attractive forces and thermal energy provided by the high temperature
calcination, these Fe3O4(OA) nanoparticles were able to transform and to merge into bigger
particles due to the increasing magnetic attraction forces with increasing temperatures, as
seen from Figure 4d–h. The sizes of the new particles are smaller when the calcination
temperatures are below 700 ◦C. Bigger cake-like ensembles are perceivable when tem-
peratures reach 800 ◦C. These cake-like ensembles even impinge further into huge slabs
around 900 ◦C, revealing the occurrence of extremely high magnetic attractive forces after
900 ◦C. The types of magnetic materials created when Fe3O4(OA) are calcined inside of the
PANI(EB) matrix at high temperatures can be studied by checking their X-ray diffraction
patterns and XPS spectra.

3.5. TEM Micropicture

The pearl-like chain morphology of the TEM micropicture in Figure 5a expresses
the neat Fe3O4(OA) particles that are connected to each other by the inter-entangled or
inter-digitized long alkyl tails of the attached OA. Most of the Fe3O4(OA) particles were
covered by the PANI(EB) after the ISP at RT, as seen in Figure 5b, where only some tiny
ones can be seen in the margins of the big ensemble. The pretty dark and homogeneous
color seen in Figure 5b reveals that Fe3O4(OA) particles are uniformly distributed in the
PANI(EB) matrix. When the temperature reached 600 ◦C, most of the PANI(EB) were
thermally degraded and only 13.5 wt% were left, according to Figure 3 and Table 2, the
sample became more transparent in Figure 5c, and some tiny Fe3O4(OA) nanoparticles
transformed and coalesced into bigger, dark particles after 600 ◦C. Whether they still
remain in the form of Fe3O4 and what kind of new iron-compounds formed after 600 ◦C,
can be analyzed using X-ray or XPS spectra. The particle-assembly phenomena were
enhanced with the calcination temperature and huge grain-like particles developed from
600 to 950 ◦C, in accordance with Figure 5c–h. The growing size of the dark particles
resulted from the increasing magnetic attractive forces with temperature, which originated
from the formation of some iron-compounds with a high magnetic activity. There are
N, C, and O atoms inside the nanocomposite, except Fe. Additionally, the FeNCs are all
derivatives of Fe3O4(OA) via calcination. The increasing magnetic forces compared to the
neat PANI(EB)/Fe3O4(OA) or the neat Fe3O4(OA) can be attributed to the newly formed
FeCx, or α-Fe, even the α′′-Fe16N2 compounds that own much higher magnetic forces than
the neat Fe3O4(OA). Furthermore, the obtained Fe3C (cementite) is the most stable FeCx
compound. The variation % of these atoms and types of iron-compounds in the composite
with increasing temperatures can be understood from either the XRD patterns or the XPS
for each compound.
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The juxtaposed fibrous PANI(EB), fully covered with Fe3O4(OA) nanoparticles (PANI(EB)-
Em/Fe3O4(OA)), can also be seen in Figure 6a. These fibers, which merged into a huge
ensemble, gradually became hard stone in Figure 6b and cannot be easily broken into small
pieces by simply grinding them in the mortar. It is believed that the surface Fe3O4(OA)
nanoparticles developed into hard covering materials and the calcined PANI(EB) (950 ◦C)
mostly remain inside the composites. In contrast, the ISP-prepared composite allowed
the inclusive Fe3O4(OA) nanoparticles to develop into individual small magnetic particles
inside the FeNCs, as seen in Figure 6c, which can be easily ground into tiny particles in
the mortar, as depicted in Scheme 1. Amazingly, some highly crystallized stone powders
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can be released from the cracked particles after grinding, as seen in Figure 6d, which is
also illustrated in Scheme 1. Actually, the breaching by grinding occurs following the
carbonized PANI(EB) boundaries. It means we are able to fabricate any shapes of high
magnetic stones by further sintering these magnetic powders in different shapes of molds at
a temperature far below the melting points of the magnetic stones. Moreover, the magnetic
powders can also be protected from oxidation during sintering by the carbonized coverings.
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3.6. Raman Spectra

The ratio (ID/IG) of –C–C– single bonds (sp3, D-band) with –C=C– double bonds
(sp2, G-band) demonstrated in the Raman spectrum can be used to monitor the degree
of the thermal degradation of organic compounds. When it increases with temperature
(more G-bands thermally destroyed to become D-band carbons), it means a rougher surface
structure is created after heating and vice versa. The ID and IG peaks assigned at 1348 and
1575 cm−1 in the Raman spectrum represent the D- and G-band of the covalent-bonded
carbons, respectively. The surface structures that vary with the calcination temperatures for
PANI(EB) and FeNCs are monitored using the Raman spectra in Figure 7 and their ID/IG
values are listed in the last two columns of Table 2. The ID/IG of PANI(EB) in Figure 7a
decrease with the calcination temperature due to the crosslinking and some degree of
the ordering of the graphene lattice, referring to the PANI(EB) matrix structure of the
FeNC composites that is actually becoming more and more smooth with the formation of
plane sp2 (C=C) bonding. However, the entire composite does not follow that trend with
increasing temperatures when Fe3O4(OA) is present. The degradation of OA tails and the
thermal transformation of the iron-compounds, which accompany the formation of bonds
between Fe and N, or the C atoms of the PANI(EB), can destroy more C=C bonding too
since it owns more active π-bonds. Moreover, the iron-compound itself would experience
a crystallographic transformation at high temperatures in accordance with the Fe–C phase
diagram after 900 ◦C. All these possible newly formed bonds and transformations at high
temperatures play significant roles in the eventual structures of the FeNCs obtained at
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different temperature calcination, resulting in the increasing ID/IG with temperature in
Figure 7b and Table 2. Certainly, the iron-compounds obtained at various temperatures all
demonstrate much higher magnetic forces than the starting material PANI(EB)/Fe3O4(OA),
which will be illustrated later.
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3.7. Powder XRD Patterns

The powder XRD patterns of neat Fe3O4 and FeNC treated at the various temperatures
displayed in Figure 8a significantly demonstrates the variation of the characteristic crys-
talline plane-peaks from Fe3O4 to FeO, Fe3C, Fe3N, and α-Fe (α′′-Fe16N2) with temperature.
In particular, when the temperature was close to 900 ◦C, α-Fe and α′′-Fe16N2 became the
dominant core product due to the migration of O, N, and C atoms out of the core materials.
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Other type of hard, stable iron-compounds such as Fe3C or Fe3N with lower magnetic
activities formed the covering materials protecting the inner α-Fe from oxidation and losing
magnetic activity in the atmosphere at RT. The presence of α′′-Fe16N2 in the core also pro-
vided additional protection for the formed α-Fe. The characteristic diffraction patterns of
α-Fe(110) and α′′-Fe16N2(220) illustrated in Figure 8b remain almost intact after staying in
the air for 3 months, which will otherwise become iron oxides in less than 1 month without
any protection for neat α-Fe (ferrite). It again illustrates the necessity and importance of
covering iron-materials with PANI(EB) via inverse suspension polymerization.
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Figure 8. X-ray diffraction patterns of (a) FeNCs and (b) FeNC-950 staying in the open air for months.

According to FWHM, the crystallite sizes for FeNC-900 and -950 are 1.15 and 3.75 nm,
respectively (calculated from the X-ray diffraction patterns of Figure 8b α-Fe(110) peak),
which are much smaller than TEM (Figure 6c) The size of α-Fe (or α′′-Fe16N2) crystallites
also increased with temperature from 900 to 950 ◦C. The size of Fe3C based on Fe3C (031)
plane in Figure 6c is 3.65 nm, which is also much smaller than the particles illustrated in
TEM (Figure 6c).
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3.8. XPS Spectra

Typical XPS spectra of FeNCs recording % of Fe, N, C, and O atoms in Figure 9a,b
provide the % variation of each atom at different temperatures. Additionally, the Fe(2p3/2)
of the composites calcined at various temperatures was revealed in Figure 9c. The character-
istic peaks of α′′-Fe16N2 (706.8 eV), α-Fe (707.7 eV), Fe3C (708.5 eV), Fe3O4 (710.8 eV), and
FeO (709.4 eV) [35–39], respectively, were illustrated in Figure 9c as well. Referring to the
magnetic data obtained from Figure 10, we are able to construct Figure 9d, which illustrates
how magnetic activity and each type of atom % varied with the calcination temperatures.
The positions of the Fe(2p3/2) patterns, which ranged from 700 to 714 MeV, can be ap-
plied to understand what kind of iron-compounds the ISP-prepared PANI(EB)/Fe3O4(OA)
composite became during calcination. Additionally, the satellite peaks that shift from
~715 up to ~725 eV when the thermal treatment temperature increases from 600 to 950 ◦C
correspond to the ferrous compounds [40,41]. According to Figure 9c, α-Fe was not the
dominant compound until the calcination temperature raised over 800 ◦C, but Fe3C is
already created above 700 ◦C by a reaction between the included Fe3O4(OA) nanoparticles
and the surrounding PANI(EB) matrix seen in Figure 9d and exists for all calcination
temperatures. In other words, Fe3C, which is a very stable, hard magneton, dominates in
the composite in the beginning of calcination and α-Fe formed later by driving some C
atoms out of the core area at a temperature higher than 800 ◦C. Therefore, we can find a
clear and sharp increase in the Fe % and a deep decease in the C % when the temperature
was over 800 ◦C in Figure 9d, which was also accompanied with a sudden increase in
magnetic forces. The formation of an α-Fe core and an Fe3C shell provides a facile way
to fabricate stable magnetons with ultrahigh SM values, which will be discussed in the
following section.

3.9. SQUID Spectra

Ferrite (α-Fe) and α′′-Fe16N2 are two of the magnetic materials with SM over 200 emu g−1,
α′′-Fe16N2 even reaches 300 emu g−1. Limited to its vulnerable structure, α-Fe easily fuses
with O, C, or N atoms to become iron oxide, Fe3C, and FeNx, respectively. Figure 10a
clearly indicates that the SM of ISP-prepared PANI(EB)/Fe3O4(OA) varies with calcina-
tion temperatures from 600 to 950 ◦C. The SM increases from 10 to 249 emu g−1 when
calcination increases from RT to 950 ◦C, in accordance with Figure 10a, due to the trans-
formation from Fe3O4 to α-Fe and α′′-Fe16N2, which has already been proven using the
X-ray and XPS spectra discussed in the previous sections. However, the SM does not
monotonously increase with temperature since different iron-compounds with a higher or
lower SM formed at different calcination temperatures. The SM slightly increased from
10 to 67 emu g−1 at 650 ◦C and fell back to 27 emu g−1 after the temperature increased to
800 ◦C. Briefly, the SM does not exceed 70 emu g−1 if calcination maintains below 800 ◦C.
The X-ray patterns in Figure 8a and the XPS spectra in Figure 9c demonstrated the presence
of mixtures of Fe3O4, FeO, and Fe3C and their SMs are well below 250 emu g−1 theoretically.
Until 900 ◦C is reached, the SM abruptly raises to 230 emu g−1 and then 245 emu g−1 at
950 ◦C. Again, their X-ray patterns and XPS spectra illustrate the formation of affluent α-Fe
and α′′-Fe16N2 at this stage by driving other atoms out of the core area with the help of
high thermal energy. Certainly, there might be the presence of the lattice transformation of
the iron-compounds after 900 ◦C, which also propels N, C, and O atoms to the outer area
of α-Fe and α′′-Fe16N2 to become protecting shell materials. Moreover, α′′-Fe16N2 is able
to prevent α-Fe from oxidation as well. According to the common Fe–C diagram, BCC-Fe
would convert to FCC-Fe after 912 ◦C. Therefore, it is very possible for the iron compounds
to undergo a significant atom rearrangement when the temperature is over 900 ◦C.
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Figure 10. Saturated magnetization of (a) FeNCs and (b) various FeNC-950.

Under the protection of these stable iron-compounds, the SM of a mixture of α-Fe and
α′′-Fe16N2 decays only to 232 emu g−1 after staying in the air for 3 months, referring to
Figure 10b. The slight decrease in the SM of FeNC-950 can be attributed to the possible
surface oxidation of the powders during grinding, which largely created the surface area.
All the FeNCs demonstrate superparamagnetic behaviors, referring to Figure 10a.

The ground FeNC-950 sample in the mortar retains the high SM of 245 emu g−1, as
shown in Figure 10a. The FeNC prepared from the calcination of ISP-prepared PANI(EB)/
Fe3O4(OA) is unlike other magnetic materials with a high SM, it can be easily broken
into small pieces by a low degree of milling without losing the SM. The breaching points
or parts of FeNC by grinding or milling are believed to follow the carbonized PANI(EB)
boundaries that are affluent with carbon material, as illustrated in Scheme 1. In other
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words, FeNC is composed of small particles made of α-Fe and α′′-Fe16N2 covered with
carbon materials, which is very similar to the TEM micropicture in Figure 6c.

4. Conclusions

Fe3O4 nanoparticles were successfully and fully covered by polyanilines via inverse
suspension polymerization in accordance with the SEM and TEM micrographs and the
nanoparticles were able to develop into magnetons protected by the carbonization ma-
terials developed from polyaniline at different calcination temperatures. The saturated
magnetization of the calcined iron-composites slightly increased from RT to 700 ◦C first
and depressed continuously until 800 ◦C. A surprising jump of the saturated magnetization
was found during 800~900 ◦C calcination. Based on the spectra of the X-ray diffraction
and the XPS of iron-compounds calcined at temperatures higher than 900 ◦C, we under-
stand a mixture of α-Fe and α′′-Fe16N2 was formed in the core area and protected by the
surrounding hard iron-compounds such as cementite (Fe3C). The composite obtained from
calcination at 950 ◦C slightly lost its saturated magnetization from 245 to 232 emu g−1 after
staying for 3 months in the air. Moreover, unlike the common high magnetic materials,
the calcined high magnetic product is not too hard to break by grinding or milling and
does not cause the loss of saturated magnetization either. The easily broken properties
do not originate from the presence of the cementite, since its hardness is also very high,
but from the weak surrounding carbonized materials developed from polyaniline. For the
time being, the application of inverse suspension polymerization to cover iron-magnetic
materials with polymers before subjecting them to calcination to prepare the high magnetic
materials proves to be very successful.

In the future, sintering approaches will be applied to shape the ground magnetic
powders into various shapes of magnetons with high saturated magnetization in specific
molds for different purposes.
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Abstract: Aromatic polyimine (PIM) was prepared through condensation polymerization between
p-phenylene diamine and terephthalaldehyde via Schiff reactions. PIM can be physically crosslinked
with ferrous ions into gel. The gel-composites, calcined at two consecutive stages, with temperatures
ranging from 600 to 1000 ◦C, became Fe- and N-doped carbonaceous organic frameworks (FeNC),
which demonstrated both graphene- and carbon nanotube-like morphologies and behaved as an
electron-conducting medium. After the two-stage calcination, one at 1000 ◦C in N2 and the other
at 900 ◦C in a mixture of N2 and NH3, an FeNC composite (FeNC-1000A900) was obtained, which
demonstrated a significant O2 reduction peak in its current–voltage curve in the O2 atmosphere, and
thus, qualified as a catalyst for the oxygen reduction reaction. It also produced a higher reduction
current than that of commercial Pt/C in a linear scanning voltage test, and the calculated e-transferred
number reached 3.85. The max. power density reached 400 mW·cm−2 for the single cell using FeNC-
1000A900 as the cathode catalyst, which was superior to other FeNC catalysts that were calcined at
lower temperatures. The FeNC demonstrated only 10% loss of the reduction current at 1600 rpm after
1000 redox cycles, as compared to be 25% loss for the commercial Pt/C catalyst in the durability test.

Keywords: FeNC catalyst; polyimine; two-stage calcination; oxygen reduction reaction

1. Introduction

The oxygen reduction reaction (ORR) is usually the bottleneck reaction for fuel cells,
implying that catalysts, which are usually precious and expensive, are needed to lower
the barrier of the reaction in order to improve the power and productivity of the fuel cells.
To carry out ORR in a cheaper way without depressing the catalyzing capability of Fe,
N-doped MOF (metal organic framework) composites are prepared, in which covalent-
bonded iron nitrogen (Fe–N) can become an active center in the carbonaceous matrix
after calcination.

The first MOF-based cathode catalyst was prepared using cobalt-coordinated with
large cycled phthalocyanine [1], which was, over the following year, modified via high-
temperature calcination to become Co-porphyrin. This did not increase the efficiency of
the catalyst; however, the ORR in the cathode improved significantly [2]. Eventually, it was
understood that calcination at a higher temperature than 800 ◦C is required to obtain an
MOF-based cathode catalyst. Some iron- and nitrogen -containing carbonaceous materi-
als [3] were calcined in the presence of N2 or NH3 to create the micro- or mesoporous areas
of FeNC with defined numbers of active sites. FeNC was made available after calcination
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at temperatures that were higher than 950 in the argon and ammonia atmosphere in a
study conducted by Mamtani [4]. Several closely related works for ORR and MOF can be
found. Refs. [5–8] In a conventional iron- and nitrogen-doped MOF (FeNMOF), Fe ions are
designed to be captured (complexed) with multi-nitrogen (usually 4-nitrogen) in a cyclic
compound that contains 4-nitrogens [9–13] before being subjected to calcination. However,
the preparation of FeNMOFs requires many tedious series of steps of organic reactions with
limited yield. In other words, the expense of obtaining FeNMOF is close to that needed
to purchase precious metals such as Pt or Pd. In this study, we attempted to avoid the
tedious steps of organic synthesis and the associated expenses by directly polymerizing a
nitrogen-containing polymer (polyaniline: PANI) in the presence of either Fe or Co ions to
allow ions to complex with the nitrogen-containing monomers before the initiation of poly-
merization. New publications [14,15] on the application of PANI in the design of biosensors
and biofuel cells are available. The polymerization of PANI on the carbonaceous surfaces
demonstrated significant ORR in both acidic and alkaline media [16–18]. Additionally, the
amino groups of the N-containing PANI on an XC72 (Vulcan) support could coordinate
with Pt ions, resulting in the presence of a well-dispersed Pt-catalyst on the XC72 surfaces
and the control of the pore sizes of the obtained PANI/XC72 composites [19,20]. However,
PANI can easily be prepared by polymerizing aniline monomers (NH4

+) in the acidic
aqueous solution [21–24]. The repulsive force between NH4

+ and Fe+2 or Co+2 hinders the
coordination (complex) and decreases the amounts of metal ion captured by the resultant
PANIs. Furthermore, due to the steric effect of the two huge benzene rings located on both
sides of the amino group (-NH) in the backbone of PANI, most of the metal ions are not
able to come close enough to induce the complexation with -NH, even when the PANI
was synthesized following polymerization. Therefore, the degree of coordination with
the metal ions by PANIs was too low to become an efficient cathode catalyst of fuel cell
after calcination. Consequently, additional small N-containing molecules such as ethylene
diamine (EDA) were added to capture most of the metal ions firmly in water before the
addition of anilinium monomers to increase the degree of coordination before and after
polymerization [25].

In this study, aromatic polyimine (PIM) replaced PANI to effectively remove the steric
hindrance and allow the approach of metal ions to form robust coordination bonding
before calcination, without the necessity of adding any small N-containing molecules
before polymerization and calcination. Since PIM can usually be prepared quickly with
a high yield, at temperatures slightly higher than room temperature, by means of Schiff
condensation between the diamine and the dialdehyde, we used p-phenylene diamine
(PDA) and terephthaldehyde (TPAl) as the monomers to obtain aromatic PIM. Compared to
PANI, it was found that there was a large empty space around the imine groups (-N=CH-)
without the presence of a huge benzene ring at one end, and that no hydrogen was
connected to the nitrogen of the imine. Furthermore, no positive charge was present on
PDA and TPAl monomers to repulse the positive metal ions before or after polymerization.
Theoretically, the addition of metal ions could be carried out before polymerization with
monomers or after polymerization with polymers, both of which could create a physically
crosslinked gel if the degree of complexation is high enough. In other words, we were able
to judge the degree of complexation according to whether or not gel was formed prior to
being subjected to calcination.

2. Materials and Methods
2.1. Materials

p-Phenylene diamine (PDA) (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan), tereph-
thaldehyde (TPAl) (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan), and iron(II) chloride
hexahydrate (FeCl2·6H2O, J.T. Baker, NJ, USA) were used in this study.
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2.2. Preparation of FeNC Catalyst

Quantities of 1.34 g of PDA and 1.62 g of TPAl were placed in 80 and 50 mL of alcohol,
respectively, before being mixed into a single solution. The mixture solution was stirred
at room temperature for 12 h, during which the color changed to thick orange, indicating
that the polymerization is complete. Then, 0.04 g of Iron(II) chloride hexahydrate was
introduced into the solution and the viscosity of the mixture gradually increased before
turning into a frozen gel. The gel-like composite was concentrated by centrifugation at
300 rpm for 10 min to obtain the precipitate in the bottom of the centrifugation tube. The
precipitate was dried at 80 ◦C for 8 h before cooling to RT.

The obtained PIM, which was the precursor of the FeNC catalyst, was heated to 600 ◦C
(700, 800, 900, 1000 ◦C) at 10 ◦C min−1 and maintained at 600 ◦C (700, 800, 900, 1000 ◦C) for
1 h in the argon atmosphere, then cooled to room temperature. The impurities and magnetic
parts of the obtained materials were removed via washing in 9 M H2SO4 (aq.) at 80 ◦C for
36 h, followed by filtration, and the cake was washed with de-ionized water and alcohol
before drying in a vacuum oven at 80 ◦C for 8 h. The acid-leached products were further
calcined at 500 ◦C (600, 700, 800, 900 ◦C) in N2 and NH3 atmospheres, at 10 ◦C min−1

(named as FeNC-600A500), and washed again in 1 M H2SO4 (aq.) at 80 ◦C for 3 h, followed
by drying in a vacuum oven at 60 ◦C. The sample was named FeNC-600A500 (-700A600,
-800A700, -900A800, and -1000A900). The schematic diagram depicting the preparation of
the FeNCs is shown in Scheme 1.
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2.3. FTIR Spectroscopy

The main functional groups of PDA, TPAl, and PIM were assigned in accordance with
the FTIR spectra that were recorded on an IFS3000 v/s FTIR spectrometer (Bruker, Ettlingen,
Germany) at room temperature with a resolution of 4 cm−1 and 16 scanning steps.
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2.4. X-ray Photoelectron Spectroscopy (XPS)

The different binding energy spectra of N1s of various FeNCs were used to character-
ize the percentage of nitrogen in pyridine, pyrrole, graphenec, Fe-N., etc. after calcination
with an XPS instrument produced by Fison (VG)-Escalab 210 (Fison, Glasgow, UK) using
Al Ka X-ray source at 1486.6 eV. The pressure in the chamber was kept at 10−6 Pa or less
during the measurement. The powered samples were shaped to become tablet samples
using a stapler. The binding energies of the N1s around 400 eV were recorded.

2.5. Wide Angle X-ray Diffraction: Powder X-ray Diffraction (WXRD)

A copper target (Cu-Kα) Rigaku x-ray source (Rigaku, Tokyo, Japan), with a wavelength
of 1.5402 Å, was the target for x-ray diffraction. The scanning angle (2θ) ranged from 10 to
90◦, with a voltage of 40 kV and a current of 30 mA, and was operated at 1◦ min−1.

2.6. Scanning Electronic Microscopy (SEM)

Using a SEM (field emission gun scanning electron microscope, AURIGAFE, Zeiss,
Oberkochen, Germany), the sizes and morphologies of the FeNCs were obtained.

2.7. Transmission Electronic Microscopy (TEM)

Photos of the samples were taken using an HR-AEM field-emission transmission
electron microscope (HITACHI FE-2000, Hitachi, Tokyo, Japan); the samples were dispersed
in acetone, and were subsequently placed dropwise on carbonic-coated copper grids before
being subjected to emissions.

2.8. Surface Area and Pore Size Measurement (BET Method)

Nitrogen adsorption–desorption isotherms (type IV) were obtained from an Autosorb
IQ gas sorption analyzer (Micromeritics-ASAP2020, Norcross, GA, USA) at 25 ◦C. The
samples were dried in a vacuum overnight at a temperature above 100 ◦C. The surface area
was calculated according to the BET equation when a linear BET plot with a positive C value
was in the relative pressure range. The pore size distribution was determined according to
methods derived from the Quenched Solid Density Functional Theory (QSDFT), based on
a model of slit/cylinder pores. The total pore volumes were determined at P/P0 = 0.95.

2.9. Electrochemical Characterization
2.9.1. Current–Potential Polarization-Linear Scan Voltammetry (LSV)

The performance of the electrocatalyst support was implemented in a three-electrode
system. The round working electrode, which had an area of 1.5 cm2, was prepared as
follows: Ag/AgCl, carbon graphite, and a Pt-strip were used as the reference, relative,
and counter electrode, respectively. The electrochemical test was carried out in a poten-
tiostat/galvanostat (Autolab-PGSTAT 30 Eco Chemie, KM Utrecht, The Netherlands) in
0.1 M HClO4 solution, and C-V curves were obtained with scanning potentials from −0.2
to 1.0 V at a scanning rate of 50 mV·s−1. The catalyst ink was prepared by mixing 3 mg
support powder in isopropanol and stirring until it became uniform. Subsequently, 5%
Nafion solution was added into the mixture as a binder, the mixture was ultra-sonicated for
1 h, and the obtained ink was uniformly spray-coated on the carbon paper for C-V testing.

The current-potential polarization curves obtained from LSV of the various FeNCs
were measured using a rotating-disk electrode (RDE: Metrohm, FL, USA) operating at 900,
1200, 1600, 2500, and 3600 rpm in O2-saturated 0.1 M HClO4, respectively. The reduction
current densities of various FeNCs, which were recorded at 1600 rpm within the measured
voltage range (0.0~1.2 V), were chosen for comparison.

2.9.2. MEA Preparation

A Nafion® 212 sheet, purchased from Ion Power Inc., New Castle, DE, USA, was
used as the proton exchange membrane. To remove the surface organic impurities and to
convert the membranes into protonated (H+) form, the Nafion-212 (4 × 4 cm), membrane
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was treated at 70 ◦C in 5 wt.% H2O2 aqueous solution for 1 h, and was then submerged in
1 M H2SO4 solution for 1 h. Subsequently, the treated membranes were dipped in distilled
water for 15 min and were then stored in deionized water. The catalyst inks were prepared
by mixing 20 mg of FeNC powders in isopropanol and were mechanically stirred until
they became uniform, followed by the addition of 5% Nafion solution, before stirring again
to reach uniformity. Eventually, the catalyst mixture was ultra-sonicated for 1h, followed
by dropwise coating on both sides of the treated Nafion sheet, as the anode and cathode
electrodes (2 × 2 cm), respectively, and hot-pressing at 140 ◦C with a pressure force of
70 kg cm−2 for 5 min to obtain the MEA.

2.9.3. Single-Cell Performance Testing

The MEA was installed in a fuel cell test station to measure the current and power
densities of the assembled single cell using a single-cell testing device (model FCED-P50;
Asia Pacific Fuel Cell Technologies, Ltd., Miaoli, Taiwan). The active cell area was 2 × 2 cm2.
The temperatures of the anode, cell, cathode and humidifying gas were maintained at
around 70 ◦C. The flow rates of the anode input H2 and the cathode input O2 fuels were set
at 200 and 100 mL·min−1, respectively, based on stoichiometry. To test the electrochemical
performance of FeNC cathode catalyst in the individual MEAs, both the C-V and output
powers were measured.

3. Results
3.1. FTIR Spectra

The IR-spectra of the PDA, TPAl monomers, and PIM obtained from the Schiff conden-
sation polymerization are demonstrated in Figure 1. The doublet peaks of the symmetric
and asymmetric stretching modes of the primary amine, which belonged to PDA, can be
clearly seen at around 3297 and 3201 cm−1, respectively. The –C–N– bond is also visible at
1520 cm−1 and para-substituted benzene ring contributed to the peak at 835 cm−1, which
overlapped with the para-substituted ones of TPAl and PIM, indicating that the Schiff
reaction was carried out at the para-positions for PDA and TPAl. The carbonyl group of
the aldehyde of TPAl contributed the peak at 1700 cm−1. The vanishing of the peaks of the
carbonyl and primary amine in PIM revealed that the condensation reaction successfully
occurred and that water was the by-product. The imine groups of the products of the Schiff
reaction caused the sharp peak at 1620 cm−1. The related polymerization reaction via Schiff
condensation is included in the upper part of Scheme 1.
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After heating, the alcohol solution containing a mixture of PIM demonstrated clear
swirls during stirring with a magnetic stirrer, as shown in Figure 2a. However, the liquid-
like solution gradually started to freeze with the addition of FeCl2 and eventually became
a gel, as seen in Figure 2b. We concluded that the gel resulted from the formation of
physically crosslinked PIM with Fe+2 ions, which could easily coordinate with the imine
groups belonging to different PIM molecules to build up the crosslinking network of the
gel, as depicted in Scheme 1. The gel was eventually calcined in the argon atmosphere to
prepare the FeNC (Fe, N-doped MOF), as described in Scheme 1.
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3.2. XPS

The active sites of FeNC were able to absorb O2 gas and form a peroxide that would
dissociate in the presence of protons during reduction (Scheme 2). The formed O2-captured
Fe-N catalysts were reduced following two approaches [26,27], with one involving the Fe-N
catalysts becoming diol and the other involving direct conversion into water following the
4-e route. The captured O2 could proceed with another possible ORR with the involvement
of two electrons, and H2O2, not H2O, being the final product. The possible formation
mechanism of H2O2, which is illustrated in Scheme 2, reveals that only two electrons were
involved. Two possible mechanisms of the formation of H2O2, depending on the reduction
reaction occurring before or after the proton doping, are also described in Scheme 2. The
produced H2O2 could be further reduced to become H2O, and an additional two electrons
would have become involved if the reduction reaction continued. The catalytic mechanism
followed the traditional six-coordinate catalytic reaction for Fe+2.

Theoretically, the O2 gas with two lone pairs could be attracted to the active sites
of FeNC through the coordination, or could be trapped in the porous holes with various
nitrogen-related bonds, in which case the increased polarity of the C-N bonding could
improve the O2 absorbing capability and cause the C-N bonds to behave as active sites, sim-
ilarly to transitional metals (Fe). The formation of active nitrogen-containing compounds
(–N), such as pyrrolic –N, graphitic –N, and pyridinic –N [28–33], is described in Scheme 3.
At higher temperatures in the N2 atmosphere, the first stage of calcination could create
various –N-containing covalent bonds as active sites. In the mixed gases of N2 and NH3 at
lower temperatures, the second calcination could create lots of micro- or mesopores on the
FeNC surfaces, resulting in increased surface area and allowing more active –N and –Fe
sites for the incoming O2 gas.
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Scheme 2. Possible electrocatalytic mechanism by FeNC for ORR.

PIM could crosslink with each other into ladder-like polymers in the initial stage of
thermal heating and higher temperature pyrolysis allowed the carbonization between the
ladder-like polymers, which could create FeNMOF of graphitic –N, pyridinic –N, and
pyrrolic –N (Scheme 3). Most of the pyridinic and pyrrolic –Ns were created on the edges
of the calcinated PIM, while graphitic –Ns were mostly formed inside the network. The
nitrogen-doped graphene (N-GF)-like structure of the calcined PIM also behaved as a
conducting medium, transporting electrons from the anode. This made it possible to avoid
the trouble of adding XC-72 during the preparation of the cathode ink. Depending on the
sp3 or sp2 bonding of –N- in the aromatic matrix, there were two types of laddered PIMs
formed, as illustrated in Scheme 3. For the ladder constructed mainly by sp3 –Ns, the strip
of the crosslinked PIM wrinkled slightly, and a more planar strip of the crosslinked PIM
formed for sp2 –Ns, as depicted in Scheme 3. The development of the laddered PIM with
the increasing of the temperature was able to create an N-GF structure, which is depicted
in the bottom of Scheme 3. These GF strips, which were either planar or wrinkled, could
self-assemble into thicker slabs, as will be discussed in the SEM section.

The atomic concentration of FeNCs (Fe, N, C, and O) listed in Table 1 clearly demon-
strates the increasing of the nitrogen and oxygen atom concentration upon higher tempera-
ture calcinations, as measured by XPS. This indicates that more nitrogen could dope into
the carbonaceous matrix at higher temperatures, regardless of whether they came from the
PIM or the influx of NH3 gas, which also caused damage on the catalyst surface and led to
an increased surface area, as will be discussed in the BET section. The N1s XPS spectra of
FeNCs calcined after acid leaching are presented in Figure S1 and the compositions of each
type of nitrogen-doped (-N) group are shown in Figure 3 and Table 2. The covalent-bonded
iron and nitrogen (Fe-N) were not found until calcination was higher than 700 ◦C, and
graphitic and pyrrolic –Ns were predominant at temperatures below 600 ◦C in the second
stage of calcination, according to Figure 3, Figure S1, and Table 1. Briefly, more pyridinic
–N and active centers of Fe-N (bottom of Scheme 1) bonding were created at the second
stage of calcination in the presence of mixed NH3 and N2 gases. Table 2 also illustrates two
major –Ns (pyridinic-N and Fe-N) when the calcination was performed according to the
1000A900 procedure. The increasing temperature created more active sites, which led to a
higher LSV current of the cathode and a higher power density of the single cell, which will
be discussed in the electrochemical sections.
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Table 1. Atomic concentration obtained from XPS of FeNCs prepared with different
calcination methods.

Catalysts
Atomic Concentration (at%)

C O N Fe
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3.3. XRD

The x-ray diffraction patterns, produced through the formation of GF after calcination
after 700 ◦C during the first stage, in which a diffraction peak at 2θ = 26.5◦ gradually grew
with the temperature, are seen in Figure 4. No significant peak is seen at 2θ = 26.5◦ for
neat PIM in Figure 4 except for the characteristic diffraction peaks ((111), (110), (200), and
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(210)) for pure, aromatic PIM before calcination. The PIM-related crystals were destroyed
after 600 ◦C and only an amorphous pattern remained, demonstrating that the crosslinked
PIM (ladder like) did not yet develop into GF or carbon nanotube (CNT) crystals. The
Fe was covalently bonded in the amorphous carbon networks at this stage (600 ◦C), and
both the carbonaceous and Fe domains started to create ordered domains after 700 ◦C,
undergoing GF (or CNT)- and Fe-related crystallization (Fe4N(111), Fe3C(031), α-Fe(110)),
respectively. For calcination temperatures over 700 ◦C, the solid crystallization resulted
in the formation of the C(002) plane and more GF (or CNT) crystals started to build up.
The characteristic diffraction peak (C(002)) of GF (or CNT) eventually became very sharp
at 1000 ◦C, indicating that the ordered, conducting carbon matrix was entirely formed.
Furthermore, the presence of Fe3C and α-Fe seeds was able to induce the formation of CNT
in the GF-dominating matrix with the increasing of the temperature [34], which will be
discussed in the TEM section.
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Figure 4. X-ray diffraction patterns of neat PIM and FeNCs prepared with different
calcination methods.

3.4. Raman Spectroscopy

Although, as seen in Figure 4, the C(002) plane (2θ = 26.5◦), which was related to the
formation of GF or CNT, became more and more significant with the increasing of the
calcination temperature, the intensity of IG (sp2) decreased with the temperature, resulting
in the increasing of the ID/IG ratio in the Raman spectra, as demonstrated in Figure 5.
Carbons with sp2 bonding outnumbered those with sp3 bonding (smaller ID/IG ratio) for
FeNC-600A500, indicating a more ordered form in their domain, as shown in Figure 5.
However, these ordered domains did not contribute to the crystallization, and their x-
ray diffraction spectra did not demonstrate significant crystallization peaks, as shown in
Figure 4. With the increasing of the calcination temperature for FeNC-700A600, -800A700,
the structures of the FeNCs were gradually destroyed by the active, large NH3 molecules,
which contributed to the increase in ID/IG when more sp2 bonds were converted to sp3

ones after the bombardment of NH3 molecules, in accordance with the results shown
in Figure 5. It seems that the damage on the structures of FeNCs did not occur on the
crystalline region, which developed into GF or CNT at higher calcination temperatures
according to the x-ray pattern shown in Figure 4. The robust crystalline structure of the
GF (or CNT) formed at high calcination temperatures was able to withstand the attacking
of NH3 molecules, and to continuously grow into more ordered crystals, as a result of the
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higher energy provided at higher temperatures. In other words, at high temperatures, the
active NH3 molecules could only create more surface area for the FeNCs by destroying the
amorphous part on the surface (see BET section); the conversion of sp2 bonds to sp3 but
not cause any damage in the crystalline region, which could possibly have been located
inside of the matrix.
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3.5. SEM

Only particles with disordered surfaces and short rods are perceivable in the SEM
micrographs of FeNC-600A500 and -700A600 demonstrated in Figure 6a,b. The short rods
might have originated from the accumulation of a strip of crosslinked PIM, as described
in Scheme 3. No significant flake-like self-assembled slabs of associated N-GF or CNT
were found. With the increasing of the calcination temperature, these crosslinked strips
were able to develop into N-GF planes that could have been associated with the thick
slabs due to either the polarity provided by iron and nitrogen doping or the formation of
covalent bonds between the planes (Figure 6c–e). The formation of Fe, N-doped GF slabs
contributed to the 3D GF structure shown in Figure 6e and Figure S2.

Due to the attacking of the NH3 molecules, more micro- and mesopores developed on
the surfaces of FeNCs after calcination at temperatures above 800 ◦C.

Most of the Fe-related articles were actually on the surface of the GF slabs, as seen in
the enlarged image in Figure 6f, where standing GF slabs are also perceivable and huge
pores are present. These pores could accommodate more input O2 molecules that were
able to make contact with the active centers of Fe-N or various –N-doped carbon regions,
catalyzing the ORR at the cathode. Furthermore, the highly conducting GF slabs that
behaved as conducting carbon black (CB) in the Pt/C catalyst were capable of introducing
more electrons that were transferred from the anode.

3.6. TEM

The TEM micrograph (Figure 7a) of the neat PIM calcined at 1000 ◦C demonstrates
a thick layer morphology with no significant pores or broken sites found in the N-doped
carbonaceous matrix. The introduction of iron doping could significantly break the thick
layers and generate some short rod-like morphologies at calcination temperatures as low
as 700 ◦C (Figure 7b). The iron doping created larger pores, and the iron atoms acted as
the seeds of the formation of CNT from the carbonaceous matrix when the calcination
temperature was over 800 ◦C, as shown in Figure 7c–e. A large number of generated
winding carbon nanowires and tiny iron nanoparticles are visible in Figure 7c–e. The iron
seed seen in Figure 7f was covered with carbon matrix, demonstrating the presence of the
C(002) plane of either GF or CNT. Furthermore, the iron seed is characterized as α-Fe by its
(110) plane according to its HR-TEM micrograph in Figure 7f. The full covering of α-Fe by
the carbonaceous materials provides further evidence that these covering carbon domains
(mainly C(002) planes) were actually growing from the α-Fe seed during calcination (>800 ◦C).
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Figure 7. TEM micrographs of (a) neat PIM-1000, (b) FeNC-700A600, (c) FeNC-800A700, (d) FeNC-
900A800, (e) FeNC-1000A900 and (f) HR-TEM of the tiny α-Fe particle in FeNC-1000A900.
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3.7. BET Surface Area

The type-IV isotherm, which was related to the characteristic N2 absorption and
desorption curves of the mesopores, can be clearly seen in Figure 8. FeNC-1000A900
(Figure 8a) had a much higher specific volume than the other FeNCs at all relative pressures.
Furthermore, in accordance with Figure 8a and Table 3, the surface area (specific volume)
became higher and higher with the increasing of the calcination temperature after two-
stage calcination in the NH3 atmosphere. The collapsing effect caused by NH3 at high
calcination temperatures could have resulted in increased surface area and the exposure of
more Fe-N active sites to O2 gas in the cathode. The specific area was increased from 329.0
to 546.6 m2·g−1 when the FeNC was exposed to increasing calcination temperatures, as
shown in Table 3 and Figure 8a.
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Table 3. Specific area and average pore sizes of FeNCs.

Catalysts BET Surface Area (m2·g−1) Ave. Pore Size (nm)

FeNC-1000A900 564.6 4.95
FeNC-900A800 468.5 4.63
FeNC-800A700 406.6 4.12
FeNC-700A600 364.1 4.29
FeNC-600A500 329.0 3.77

The pore size distribution, measured via the Barrett–Joyner–Halenda (BJH) method,
indicates the presence of both micro- and mesopores, as shown in Figure 8b. The increasing
of the surface area with the temperature could have originated from the collapsing power
of NH3, which not only caused damage on the surfaces but also created more micro- and
mesopores. The wide distribution of pore sizes indicates that the FeNCs were able to
improve the ORR, since the micropores were able to unveil the active sites and confine the
O2 inside FeNC catalysts, significantly decreasing the diffusion path. [35]. The average
pore sizes created on the FeNC surfaces ranged between 3.7 and 5.0 nm, as listed in Table 3;
this allowed more O2 molecules to stay inside.

3.8. CV and LSV Curve

The electrocatalytic activity of FeNCs, prepared at various temperatures, after acid-
leaching was evaluated using the CV and LSV curves of the FeNC catalysts, as shown in
Figures 9 and 10.
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Except FeNC-600A500, the CV curves of all catalysts demonstrated significant reduc-
tion peaks in the O2 atmosphere at around 0.4~0.6 V, revealing their abilities, as the cathode
catalysts of PEMFC, to cause ORR, as shown in Figure 9.

The LSV curves of all FeNC catalysts could be obtained in an O2-saturated 0.1 M
HClO4 aqueous solution at a scanning rate of 5 mV/s and a rotation rate of 1600 rpm,
as illustrated in Figure 10. The reduction current density at 0 voltage ranged from 2.5 to
5.8 mAcm−2 when the FeNC was calcined from 500 to 900 after acid-leaching, as can be
seen in Figure 10. In particular, the obtained reduction current density (5.8 mAcm−2) of
FeNC-100A900 was even higher than that of the commercial Pt/C catalyst (5.7 mAcm−2),
as illustrated in Figure 10. The high reduction current density could be attributed to the
presence of more active sites and highly conducting GF (or CNT), as well as the high
surface area, which were already discussed in the previous sections.

LSV curves for each FeNC could also be obtained from RDE at different rotating speeds.
The potential was selected at the region where the current underwent mixed control by
means of both kinetic and mass transfer (diffusion control) and the Koutecký–Levich (K–L)
plot was linear, in accordance with Equation (1)

1/I = 1/IK + 1/ID (1)

where:
IK—the current contributed by kinetic control
ID—the current contributed by diffusion control, which can be expressed in the form

of Equation (2):
ID = 0.62 × AnFD2/3ν−1/6C

√
ω (2)

A—the geometric area of the disk (cm2);
F—Faraday’s constant (C mol −1);
D—the diffusion coefficient of O2 in the electrolyte (cm2 s−1);
ν—the kinematic viscosity of the electrolyte (cm2 s−1);
C—the concentration of O2 in the electrolyte (mol cm−3);
ω—the angular frequency of rotation (rad s−1);
n—the number of electrons involved in the reduction reaction.
The LSV curves of every type of FeNC are illustrated in Figure S3 and can be used to

calculate ID. After plotting I−1 vs. ω−1/2, the K–L lines of FeNC-1000A900 were established,
and they are shown in Figure S4a. The slopes of these lines could be used to calculate the
numbers of electrons involved in the reduction reaction (n). The electrons transferred for
ORR differed from applied voltages and the average value was around 3.85 according to
Figure S4b. If the rotating speed became faster than 2500 rpm, both FeNC-1000A900 and
-900A800 demonstrated higher reduction currents than that of the commercial Pt/C catalyst,
as seen in Figure S3, indicating that it is possible to prepare FeNC at lower temperatures to
meet the requirement of gaining a comparable reduction in current density to that of Pt/C.
Actually, the ORR phenomenon was already present for FeNC-700A600, as indicated by
the CV curve shown in Figure 9. The low reduction current density for FeNCs prepared
below 800 ◦C could be attributed to the morphologies that were significantly related to the
performance of the catalysts in the ORR.

The numbers of e-transferred for each catalyst, at different potentials, were calculated,
and are listed in Table 4, where it can be seen that the average e-transferred numbers
increased significantly with the increasing of the calcination temperature. The average
numbers ranged from 3.30 to 3.85, and less than one electron followed the 2-e route
(Scheme 2); in other words, the ORR carried out via the 4-e route (Scheme 2) was between
65.0 and 92.5% according to Table 4.
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Table 4. Numbers of transferred electrons of various FeNCs.

Potential
FeNC

1000A900 900A800 800A700 700A600 600A500

0.4018 3.81 3.51 3.70 3.52 3.15

0.35053 3.82 3.93 3.72 3.58 3.24

0.30171 3.84 3.82 3.57 3.64 3.31

0.25044 3.87 3.65 3.54 3.66 3.37

0.20161 3.90 3.61 3.56 3.66 3.42

Ave. 3.85 3.70 3.61 3.61 3.30

% of 4-e route 92.5 85.0 80.5 80.5 65.0

3.9. Single Cell Testing

The limited max. power densities (Pmax less than 50 mWcm−2) or current densities
produced for the single cell with FeNC-700A600 as the cathode catalyst are shown in
Figure 11. The Pmax-values grew with the increasing of the calcination temperature
(700–1000 ◦C) from 40 to 400 mWcm−2, and increased by 10 times due to the creation
of more active centers and the increasing of the surface area. Even when calcined at a
lower temperature of 900 ◦C, the single cell prepared with FeNC-900A800 as the cathode
catalyst demonstrated a Pmax value equal to 310 mWcm−2. The current density curve
even extended to 1000 and 1300 mAcm−2 at 0.3 V for FeNC-900A800 and FeNC-1000A900,
respectively. The high percentage of electrons (92.5%) that adopted the 4-e route of ORR for
FeNC-1000A900 contributed to the higher power and current densities when they behaved
as the cathode catalyst, which effectively promoted the ORR without large quantities of
hydrogen peroxide being produced.
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3.10. Durablity Test

A simple test of durability in strong acids was performed by measuring the LSV curves
at various cycling times in O2-saturated 0.1 M HClO4 (aq.), which caused the FeNC catalyst
to corrode, resulting in a decrease in the reduction current (Figure 12). The reduction
current loss for the FeNC-1000A900 catalyst was only 10% compared to a loss of more than
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20% for Pt/C after 1000 cycles, revealing that the non-precious FeNC catalyst was more
acid-resistant as compared to Pt/C.
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Abstract: The diversification of current forms of energy storage and the reduction of fossil fuel
consumption are issues of high importance for reducing environmental pollution. Zinc and mag-
nesium are multivalent ions suitable for the development of environmentally friendly rechargeable
batteries. Nanocomposite polymer electrolytes (NCPEs) are currently being researched as part of
electrochemical devices because of the advantages of dispersed fillers. This article aims to review
and compile the trends of different types of the latest NCPEs. It briefly summarizes the desirable
properties the electrolytes should possess to be considered for later uses. The first section is devoted
to NCPEs composed of poly(vinylidene Fluoride-co-Hexafluoropropylene). The second section
centers its attention on discussing the electrolytes composed of poly(ethylene oxide). The third
section reviews the studies of NCPEs based on different synthetic polymers. The fourth section
discusses the results of electrolytes based on biopolymers. The addition of nanofillers improves both
the mechanical performance and the ionic conductivity; key points to be explored in the production
of batteries. These results set an essential path for upcoming studies in the field. These attempts
need to be further developed to get practical applications for industry in large-scale polymer-based
electrolyte batteries.

Keywords: polymer electrolytes; composites; biopolymers; zinc batteries; magnesium batteries;
properties

1. Introduction

The development of new ways of obtaining energy from environmentally friendly
materials is directly related to the need for developing devices capable of storing the power
generated. Some devices are designed to store energy, such as rechargeable batteries,
capacitors, sensors, and dye-sensitized solar cells (DSSC) [1]. Among these devices, bat-
teries are the most used in everyday life around the world. The main disadvantage of
the batteries currently in use, for example, lithium-ion batteries (LIBs), is that they can
undergo thermal runaway, form protrusions, show low energy density, and low cycling
efficiency [2–4]. Moreover, they are highly reactive, expensive, unsafe, and are a pollutant
for the environment [5–10].

Some of the devices that could resolve the disadvantages identified for LIBs are redox
flow batteries [11–13] and fuel cells [14–16], as they have no thermal runaway problem,
and they are safe and less expensive. Among these energy storage options, zinc and
magnesium are currently the multivalent ions in the sight of replacing lithium as the
most reliable options to develop eco-friendly rechargeable batteries. Magnesium is the 8th
most abundant metal in the Earth’s crust [17], while zinc is the 24th most abundant [18],
with an estimated 2800 million metric tons (Mt) of zinc contained in the Earth’s crust [19].
Furthermore, magnesium and zinc can be recycled cheaply; in addition, they do not
lose their physical properties [13,14] that contribute significantly to sustainability, aiming
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to reduce concentrate demand, energy consumption, and minimize waste disposal and
pollutant emissions. On the other hand, it is known that lithium reserves present an amount
of only 17 million Mt [20], and recycling lithium, which at present is heavily dependent
on cobalt content, requires improvement due to environmental and economic concerns,
besides the lower value of the recovered materials [21].

Zinc batteries present key features for battery’ performance including high volume
capacity [22] and little redox potential [23]. On the other hand, magnesium batteries
possess a low electrode potential and a high volumetric capacity, almost double the Li-
metal value [24]. Besides, zinc and magnesium have lower reactivity, lower cost, low
toxicity, and intrinsic safety [25–29], critical characteristics for developing sustainable
energy storage devices.

These batteries have a wide range of application fields in energy storage/release
systems ranging from technological and military applications, to vehicles and wearable
electronics [30–32]. To develop adequate energy storage devices for the end-users, one of
the crucial features is whether the battery is only suitable for base station energy storage, or
if it could also be employed for flexible devices. Hence, another point for the development
of eco-friendly batteries is the physical state of the electrolyte. Currently, batteries use the
electrolyte in a liquid state, which has safety, toxicity, flammability, and leakage drawbacks.
In addition, other characteristics of current batteries, such as bulky design, electrode
corrosion occurring at the interfaces, and dendrite growth on the metal electrode, reduce the
capacity and life cycle of the device [33–35]. They can even lead to preferential nucleation
and uneven currents during charging [36] and cause fires [37]. These issues are why current
battery development strategies focus on using solid or gel-based electrolytes, improving
the electrochemical properties.

Polymer electrolytes (PEs) have the most far-reaching advantages among all types
of solid-state and gel-based electrolytes. They stand out for their high flexibility and
good performance [38–40]. However, the main problem of these electrolytes is that they
present low battery efficiency, insufficient ionic conductivities for practical applications,
insufficient electrochemical stabilities, poor mechanical strength, and substantial interfacial
resistance [10]. Therefore, recent research has focused on incorporating inorganic phases;
these hybrid systems have higher ionic conductivity and mechanical stiffness and are
non-flammable [29,41,42].

From this approach, nanocomposite polymer electrolytes (NCPEs) were born. The
first report mentioning the addition of inorganic fillers in PEs was reported by Weston et al.
in 1982 [43]. These authors showed how the combination of both phases reduced the
drawbacks of electrolytes that did not combine inorganic/organic phases. Since then,
several papers have been published to assemble PEs and NCPEs for Zn and Mg that could
be considered for industrial applications [2,10,44–48].

Biopolymers are in the main scope of this review, focusing on developing electrolytes
that can be considered environmentally friendly and biocompatible. However, it is worth
mentioning that for a biopolymer to be considered environmentally friendly, the resource
and the production method are vital characteristics to be taken into account [49]. On the
other hand, biopolymers are characterized by their natural abundance, cost-effectiveness,
high solvent compatibility, and film-forming ability. Some reviews focusing on biopoly-
mer electrolytes have been published [50–52]. However, nanofillers are a new approach
discussed here to get a precedent for further research and obtain better results for practical
applications among this type of polymers.

NCPEs must meet specific requirements to be suitable rechargeable batteries. The
polymer that acts as the host should possess an amorphous or low crystalline nature [53].
The cation–polymer interaction must be sufficiently strong to promote dissolution but
not so strong as to inhibit ion exchange [54]. The designed electrolyte should be able
to take up polar groups with a high molecular weight in its chain apart from sufficient
electron-pair donors for coordination with cations [53], to achieve a good performance in
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cationic transport number, more significant than with anionic to reduce the concentration
gradients for obtaining repeated charge-discharge steps and high-power density [55].

The electrolyte should undergo no net chemical changes of the battery. All Faradaic
processes are expected to occur within the electrodes [56] since the electrolyte needs to be
an inert battery part. Figure 1 presents the discharge scheme for a typical battery, whose
circuit is closed so that electrons can get to the cathode. The performance level requires
ionic conductivities values of at least 10−3 S·cm−1. Moreover, it needs to show the lowest
glass transition temperature (Tg) [54] possible, key for obtaining the highest conductivities,
resulting in increased local segmental motion and, therefore, high diffusivity of the ions.

Figure 1. Schematic diagram of Zn-ion and Mg-ion battery discharge. Reproduced with permission
from Renew. Sustain. Energy Rev., 65, Singh et al., Perspectives for solid biopolymer electrolytes in
dye sensitized solar cell and battery application, 1098–1117, 2016 [50].

For good performance, it is also relevant to fulfill some electrochemical properties [57],
such as high decomposition potential, low interfacial resistance, as well as some degree
of stiffness, high chemical and thermal stability, to be durable for a long time under the
conditions in which the device in which it is to be used operates [53]. Finally, rentability in
the production process is indispensable since the main goal of the development is to take it
to the industrial scale. As reviewed so far, these are the most important characteristics to
consider when studying electrolytes used in zinc and magnesium batteries.

In this review, the recent advances of NCPEs for magnesium and zinc rechargeable
batteries are overviewed, with a particular interest in the results regarding their ionic
conductivities, electrochemical stabilities, and general performances in battery systems.
This field continues thriving; still, new aspects of the nanoparticles’ effects on the physical-
chemical properties of the polymer electrolytes and their based power sources are ever
discovered and need to be discussed to set an outline on future directions and challenges
that come with the development of NCPEs for new batteries on worldwide demand.

2. Poly(vinylidene fluoride co-hexafluoropropylene)’s-Based Nanocomposite
Polymer Electrolytes

Copolymerization is one of the most effective methods to improve the mechanical
stability and electrical conductivity of materials [58–60]. Poly(vinylidene Fluoride-co-
Hexafluoropropylene) polymer matrix (PVDF-co-HFP) has been extensively used for
different purposes. It has an excellent performance in fuel cells, dye-synthetized solar cells,
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membrane distillation, and other electrochromic applications [61–64]. The block copolymer
structure includes a crystallizable comonomer (-CH2-CF2-) and an amorphous HFP unit
with a high dielectric constant (ε = 8.4), thanks to the presence of highly electronegative
fluorine and the spontaneous alignment of C–F dipoles in the crystalline phases [65–67].

The copolymer presents a high solubility and lower crystallinity and glass transition
temperature [68] than Poly(vinylidene Fluoride) (PVDF), making it a promising matrix
for preparing nanocomposites, despite its non-biodegradability. Furthermore, the degree
of crystallinity remaining in the system helps retain sufficient mechanical stability and
structural rigidity to act as a separator between the battery’s electrodes [69]. At the same
time, the amorphous phase can serve as the conductive medium.

2.1. Magnesium-Ion Conduction

Within the field of rechargeable batteries, several studies have applied PVDF-co-HFP
as a component of the electrolyte. The most recent ones were compiled in a review article,
which focuses on lithium-sulfur batteries [70]. However, as reported, the balance between
industrial development and environmental protection makes it essential to develop high
energy density and non-pollutant rechargeable batteries, with magnesium ion and organic
electrode batteries as the directions for post-lithium batteries [71]. For reference, Table 1 lists
some properties of the nanocomposites employed along with PDVF-co-HFP as electrolytes
for magnesium batteries.

Table 1. A summary of NCPEs composed of PVDF-co-HFP for magnesium batteries.

Nanocomposite Ionic Salt Conductivity
(S·cm−1) 10−3

Activation
Energy (eV)

Electrochemical
Stability Window (V) State Reference

No added
Mg(Tf)2 0.15 - 5 Gel [72]

Mg(ClO4)2 0.293 0.33 4 Solid [73]

SiO2

Mg(ClO4)2 3.2 - 4.3 Gel [74]
Mg(ClO4)2 11 - 3.5 Gel [75]
Mg(ClO4)2 10 - 3.5 Gel [76]

Al2O3 Mg(Tf)2 3.3 - 3.3 Gel [77]
MgAl2O4 Mg(Tf)2 4.0 - 3.3 Gel [77]
Al2O3 * Mg(NO3)2 0.101 - - Solid [78]

MgO Mg(ClO4)2 8 0.235 3.5 Gel [79]
Mg(ClO4)2 6 0.032 3.5 Gel [75]

MgO * Mg(NO3)2 0.104 0.45 - Solid [80]
MgO and SiO2 Mg(ClO4)2 10 and ∼9 - - Gel [81]

ZnO MgCl2 0.12 0.45 - Solid [82]
ZnO * Mg(NO3)2 0.37 - - Solid [83]

BaTiO3 Mg(Tf)2 0.411 - - Solid [84]
TiO2 * Mg(NO3)2 0.010 0.30 - Solid [85]

* PVDF without copolymerization with HFP.

Maheshwaran et al. [72] studied the role that the salt added to the polymer had and
how its amount affected the results. They developed a magnesium ion conducting gel
polymer electrolytes (GPE) based on PVdF-co-HFP, magnesium triflate Mg(Tf)2, in ethylene
carbonate (EC), and diethyl carbonate (DEC). The analysis of this polymeric electrolyte
by X-ray diffraction (XRD) showed a decrease in the crystallinity with the addition of
salt. Moreover, FT-IR confirmed that magnesium triflate could suppress the nonpolar
α crystalline phase of PVDF. Consequently, the electrolyte offered a predominant ionic
character with a total ion transport number close to unity, making it considered to a certain
extent for batteries because it was freestanding and stable. However, its considerably low
ionic conductivity made it inappropriate, although it became a precedent for what can
be achieved.

Solid polymer electrolytes (SPE) with PVDF-co-HFP as a polymer matrix were also
studied. Ponmani et al. [73] blended this matrix with Poly(vinyl acetate) (PVAc) and
added magnesium perchlorate Mg(ClO4)2 salt. The SPE film was found to be flexible,
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and the maximum ionic conductivity found was 0.293 × 10−3 S·cm−1, obtained at 363 K.
Cyclic voltammetry (CV) studies confirmed the Mg ion reversibility that demonstrated its
conduction in the SPE.

One of the first electrolytes that employed PVDF-co-HFP was a magnesium-ion
conducting GPE, composed of 15% of PVdF-co-HFP, 73% of Mg(ClO4)2 in EC/propylene
carbonate (EC/PC), and 12% silicon dioxide (SiO2) [74]. The cell in which this electrolyte
was tested employed magnesium as anode and vanadium oxide (V2O5) as the cathode. The
tests demonstrated low initial discharge capacity and poor cycling performances. These
disadvantages could be attributed to high interfacial resistance at Mg anode [74]. The
main problem identified from this research was the blocking of the charge transfer reaction,
highlighting that further research on the interface should be conducted so that the cycling
performance could be improved to a practical level.

Magnesium oxide (MgO) showed beneficial features in inducing consistent improve-
ments in liquid electrolyte retention and the overall chemical, physical, and electrochemical
properties in the work performed by Pandey et al. [79]. They presented novel research
dispersing PVdF-co-HFP with nanosized MgO particles. It was analyzed by XRD patterns,
obtaining a semi-crystalline structure with predominant peaks in 2θ = 14.6, 17, 20, 26.6, and
38◦. These changes in the peaks showed the reduction in crystallinity of the PEs, caused by
the entrapment of liquid electrolytes. FT-IR spectroscopic analysis was conducted to look
over the ion-polymer interaction and the conformational changes, confirming the reduction
of crystallinity. The Tg was observed at −65 ◦C for pure PVDF-co-HFP film, while with the
addition of magnesium oxide, the value came down to −90 ◦C.

Electrodes play an important role when performing efficiency analysis. Pandey et al. [75]
demonstrated the previous NCPE in a prototype cell of magnesium and multiwalled carbon
nanotubes (MWCNT) composite as the negative electrode and the corresponding positive
one with vanadium pentoxide (V2O5). The rechargeability of the cell was enhanced by
substituting magnesium with Mg–MWCNT composite as the negative electrode. The dis-
charge capacity faded away after ten cycles, attributed to the passivation of the negative
electrode. Nevertheless, the electrolyte showed to be free-standing and flexible, with enough
mechanical strength.

The role of fillers has been shown to be of great importance. These nanocomposites
can form space-charge regions and induce a local electric field. This phenomenon was first
approached by Kumar [86], who revealed the electric charge and area associated with the
particle interact with the structure of the liquid electrolyte, provoking the space-charge region.
It can be described as containing free electrons at the surface of the nanocomposite, and
cations along with dipoles at the adjacent double-layer balance the surface electronic charge
(Figure 2). Magnesium oxide is known to be slightly electronegative in nature. In the systems
studied, a reversible reaction between the magnesium oxide and the magnesium (II) ion took
place and formed the space-charge region, giving place to the MgO:Mg2+ species [75].

Figure 2. Schematic representation of the space charge and local electric field formation around a
nanocomposite particle.

73



Polymers 2021, 13, 4284

Magnesium oxide nanoparticles were combined with nano-sized silicon dioxide in
a novel electrolyte by Pandey et al. [81]. When relating conductivity to filler content
(Figure 3), the presence of two conductivity maxima was noticed, explained by the dis-
sociation of ion aggregates/undissociated salt into free ions with the addition of filler
particles (the first peak). The second maximum was described using the composite effect
and based on a conducting interfacial space-charge double layer between the filler par-
ticles and the GPE. This local field was responsible for enhanced Mg2+ ion motion and
enhanced transport number up to the addition of ∼10 wt % of MgO. The cationic transport
number measurements (t+) also showed essential results, in which the best improvement
was obtained by the presence of MgO particles (∼0.44). On the other hand, with the
addition of SiO2 dispersion, the t+ value did not increase substantially. Finally, for this
polymer, it was pointed out that the nano-sized MgO supported the cationic motion. In
contrast, the nano-sized SiO2 supports the anion conduction in the filler/gel electrolyte
interfacial regions.

Figure 3. Room temperature conductivity peaks of composite gel polymer electrolyte films vs filler
content: (a) nano-sized MgO, (b) micro-sized MgO, and (c) nano-sized SiO2. Prepared from data in [81].

Nanosized silicon dioxide was ultimately tested with the addition of molybdenum
trioxide (MoO3) as the positive electrode in a posterior study [76]. This cell showed a
discharge capacity of ∼175 mAh·g−1 for an initial ten charge-discharge cycles. In addition,
it presented the same conductivity value as the last cell. Finally, good thermal stability with
a single-phase behavior was presented at a temperature range from −70 ◦C to 80 ◦C. En-
hanced conductivity was attributed once again to the space-charge layers formed between
the filler and GPE.

The effect of active and passive nanofillers, along with the copolymer, was studied
for Mg NCPEs by Sharma et al. [77], incorporating Mg-triflate salt mixed with EC and
PC, entrapped in PVDF-co-HFP. Aluminium oxide (Al2O3) and Mg aluminate (MgAl2O4)
were used as passive and active fillers. The reduction of crystallinity was achieved as
expected and confirmed by XRD, Field emission scanning electron microscopy (FESEM),
and Differential Scanning Calorimetry (DSC) studies. By FESEM (Figure 4), it was observed
that undispersed GPE showed larger grain sizes and possessed uniformly distributed
pores. The incorporation of nanofillers in the undispersed GPE changes its morphology
substantially. It was further proved that as the number of fillers increases its porosity leads
to the entrapment of liquid electrolyte in the pores (demonstrated by the fillers not being
seen in the NCPE (Figure 4c,f)), which further enhanced the ionic conductivity of the NCPE.
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The addition of the passive filler conferred the cell to have a relatively good mechanical
stability and thermally stability up to 100 ◦C. The active filler ensured an improvement in
the ion transport number. The obtained electrochemical stability window (ESW) was key,
showing their potential as electrolytes in ionic devices.

Figure 4. FESEM images of pure (a) PVdF-co-HFP film and nanocomposite GPE films containing (b) 0 wt %, (c) 6 wt %
Al2O3, (d) 30 wt % Al2O3, (e) 6 wt % MgAl2O4, and (f) 20 wt % MgAl2O4. Reproduced with permission from Polym.
Compos., 40, Sharma et al., Magnesium ion-conducting gel polymer electrolyte nanocomposites: Effect of active and passive
nanofillers, 1295–1306, 2019 [77].

The latest report of PVDF-co-HFP electrolyte for magnesium batteries known so far
implemented zinc oxide (ZnO) as nanofiller along with Magnesium chloride (MgCl2) as
ionic salt [82]. A transport number of 0.99 was achieved; the current change indicated
that conductivity in the NCPE was predominantly ionic. PVDF was incorporated without
copolymerizing it with HFP in a magnesium NCPE, along with MgO as a nanofiller [80].
The optimum nanofiller concentration (3wt %) was chosen to be the most suitable one with
a conductivity of 1.04 × 10−4 S·cm−1. On further increase in nanofiller concentrations, the
ionic conductivity value decreased. Thermal stability and reduced melting point temper-
ature were confirmed through thermogravimetric analysis (TGA) and XRD. Magnesium
oxide nanoparticles enhanced the ionic conductivity and dielectric constant, confirmed by
complex impedance spectroscopy [80]. The authors recently presented similar results with
the addition of zinc oxide particles [83].

The results presented until now (Table 1) confirm the enhanced high ionic conductivity
present in PVDF-co-HFP nanocomposite polymer electrolytes compared to the SPE systems
and better thermal and mechanical stability compared to liquid systems. The enhancement
in conductivity may be caused by the presence of the nanoparticles, facilitating the new
kinetic path for ionic transport and polymer segmental motion. However, another con-
clusive characteristic is that when a specific percentage of nanofiller is added, a decrease
in ionic conductivity is observed. Excessive fillers could provoke this in the NCPE that
may trigger the formation of ion pairs and ion aggregation, such as the non-conducting
phase presented as an electrically inert component blocking ion transport. So far, they
are probably one of the best options to study and meet all the requirements for future use
instead of lithium-ion conductive systems.
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2.2. Zinc-Ion Conduction

Besides magnesium, zinc presents many advantages associated with zinc chemicals,
as batteries of high specific/volumetric energy density can be fabricated. Ionic radii of
Zn2+ (74 pm) and that of Li+ (68 pm) are quite comparable, but Zn2+ has twice as much
charge as Li+ cation [87]. Furthermore, the natural resources of zinc are plentiful, and
its stability makes it able to be handled safely in oxygen and humid atmosphere. The
so-mentioned dielectric constant of PVDF-co-HFP is also known to generally assist in more
significant ionization of zinc salts and then provide a high concentration of charge carriers.
Consequently, Table 2 lists some properties of the nanocomposites employed along with
PDVF-co-HFP as electrolyte for zinc batteries.

Table 2. A summary of NCPEs composed of PVDF-co-HFP for zinc batteries.

Nanocomposite Ionic Salt Conductivity
(S·cm−1) 10−3

Activation
Energy (eV)

Electrochemical
Stability Window (V) State Reference

No Added
Zn(Tf)2 1.73 0.025 - Gel [88]
Zn(Tf)2 2.44 × 10−2 0.380 3.45 Solid [89]
Zn(Tf)2 0.144 - 4.14 Solid [90]

TiO2 Zn(Tf)2 0.34 - - Solid [91]
ZrO2 Zn(Tf)2 0.46 - 2.6 Solid [92]
ZnO Zn(Tf)2 6.7 - 4.5 Gel [93]

CeO2SiO2
Zn(Tf)2 0.3 - 2.7 Solid [57]

NH4CF3SO3 1.07 - - Solid [94]

Tafur et al. [88] studied GPEs composed of PVdF-co-HFP with different ionic liquids,
with and without zinc triflate salt. From attenuated total reflectance-Fourier transform
infrared (ATR-FT-IR) and XRD spectroscopies, it was deduced that incorporating the
ionic liquid and salt to the matrix produced more amorphous and polar membranes when
comparing it to the original PVDF-co-HFP film. Besides, the electrical properties had shown
to be dependent on the ionic liquid employed, aspect confirmed by measurements on ionic
conductivity, impedance, and voltammetry. This report also studied the influence of the
ionic liquid type on the performance of the GPE for Zn batteries. From ionic conductivity,
impedance, and voltammetry measurements, changes in the results were observed when
the salt was not added, or the added quantity was too low, indicating that the salt is the
important charge carrier independent of the ionic liquid.

In another report, Tafur et al. [95] designed a battery employing manganese dioxide
(MnO2) as the cathode, zinc as the anode, and the GPE was assembled by the use of PVDF-
co-HFP including 1-Butyl-3-methylimidazolium trifluoromethanesulfonate, 99% (BMIM
Tf), and zinc triflate (Zn(Tf)2). The electrolyte was then analyzed by X-ray photoelectron
spectroscopy and Energy Dispersive X-Ray techniques. The remarkable results from the
study showed the charge storage mechanism, which began with the reduction of Mn4+ to
Mn2+ species, at the same time as Zn2+ cations, together with triflate ions, intercalate the
cathode material during the discharge process. In the recharge process, it was evidenced
that Mn2+ species returned to the positive electrode, and they were oxidized mainly to
Mn4+. Moreover, Mn2+ was not reduced to Mn0 in the anode during the recharge process.
Nevertheless, in every completed process, Zn2+ cations were not expulsed, remaining
inside the electrode, probably stabilized by the triflate anions, which were not expulsed
either. Besides, with the addition of an ionic liquid to the GPE, it was observed that the
interaction between the zinc-ion and PVDF chains became weaker, enhancing ion mobility.

A zinc battery was designed with an SPE [89] based on PVDF-co-HFP with zinc
triflate, obtaining a low crystallinity elucidated by XRD and scanning electron microscopy
(SEM). CV of the SPE curve was flat without the presence of peaks. This fact indicated
that the film presented excellent stability. No decomposition occurred in the operating
voltage range and ESW of 3.45 V. These results were improved in a recent study performed
by Liu et al. [90], where 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMITf)
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was incorporated along with the PVDF-co-HFP membranes and zinc triflate salt. The
ionic liquid has shown to reduce the crystallinity, enrich the nanopores’ structure, and
enhance the electrical and electrochemical properties of the electrolyte membranes. The
ionic conductivity was enhanced by one order of magnitude. The electrolyte membrane
was able to sustain a high thermal decomposition temperature of ~305 ◦C, and thus its
mechanical performance was sufficient for considering it for practical applications.

Nanocomposites became first used with PVDF-co-HFP by Muda et al. [94], who
designed a cell composed of Zn + ZnSO4·7H2O + polytetrafluoroethylene (PTFE) as the
anode, MnO2 + PTFE as the cathode, and the electrolyte composed by PVDF-co-HFP as host
polymer, ammonium trifluoromethane sulfonate (NH4CF3SO3) as ionic salt with silicon
dioxide as filler. Herein was observed the so mentioned existence of two conductivity
maxima at the concentration of 1 and 4 wt % of SiO2, in this case, attributed to two
percolation thresholds in the NCPE. The voltage was able to achieve a value of ~1.50 V to
~1.29 V. The assembled cell performed fairly well when discharged at the low current drain
or with high load resistance, showing suitability for low current drain applications.

Titanium dioxide was incorporated in an NCPE designed by Johnsi et al. [91]. Differ-
ential scanning calorimetric results confirmed that with the addition of TiO2, a reduction in
the degree of crystallinity and the Tg value was obtained. The glass transition temperature
is a fundamental parameter to grasp the structural changes of PEs occurring under various
thermal conditions. The effect of filler content on the position of glass temperature could
be evaluated from Figure 5. When more TiO2 was added, these values increased slightly
instead, which could be caused by the possible agglomeration of an excess amount of
nanofillers. Furthermore, there was also evidence to ascertain that the decrease of the Tg
value reflected an increase in flexibility of polymer chains, provoking enabling fast ion con-
duction within the NCPE system. The low value of conductivity limited the applications
that could be obtained for this electrolyte.

Figure 5. Tg (◦C) of the NCPE systems vs the TiO2 content. Prepared from data in [91].

Active fillers were studied by Hashmi [93] with an electrolyte composed by the
addition of 1.0 M solution of zinc triflate in EC/PC immobilized in the host polymer
and ZnO nanofiller. The morphological/structural changes for this gel electrolyte were
monitored using SEM and XRD techniques. The micrographs obtained (Figure 6) showed
that the texture and morphology of the gel polymer system had also been modified,
revealing smaller crystallites and pores. For the highest amount (∼25 wt %) sample, ZnO
particles appeared to be disappeared in the SEM picture (Figure 6b), probably due to
the polymer fully covering the particles, changing the texture of polymer network. On
the other hand, with 10 wt % of filler, white spots could be seen, indicating the presence
of nanoparticles in the gel network, forming a separate phase. Dark regions showed
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the micron-sized porosity from the micrographs corresponding to the undispersed GPE,
where the liquid electrolyte could be retained. Thus, the polymer films established a
semi-crystalline nature with enough porosity to maintain the ionic liquid in the electrolyte.
For this gel, the increase in ionic conductivity with the dispersion of ZnO did not signify
more than an order of magnitude, obtaining that for the undispersed sample, its value
was ∼6.7 × 10−3 S·cm−1. Besides, with the increasing of temperature, for the sample
of ∼10 wt % ZnO particles, it offered ionic conductivities of 3.7 × 10−3 S·cm−1 at 30 ◦C
and 1.4 × 10−2 S·cm−1 at 85 ◦C, which gave a precedent for potential application as an
electrolyte in zinc batteries and other electrochemical applications over a wider temperature
range. Furthermore, for this NCPE, a local electric field was detected due to the reversible
reaction between ZnO and Zn2+, homologous to the one previously presented in Figure 1.

Johnsi et al. [57] continued their work with passive fillers. They constructed a flexible,
free-standing, transparent film composed of [75 wt % PVDF-co-HFP:25 wt % ZnTf2]-x wt %
cerium dioxide (CeO2) where x = 1, 3, 5, 7, and 10, respectively. The film’s detailed FT-IR
spectral analysis indicated the feasibility of complexation between the host polymer matrix
and the salt and nanofiller. The decomposition voltage that reached a range of 2.4 to
2.7 V was a key result for this cell. Johnsi’s et al. [92] work continued with implementing
zirconium dioxide (ZrO2), with the same proportion of PVDF-co-HFP and ZnTf2, with
7 wt % nanofiller. The obtained value of ionic conductivity represented an increase in an
order of magnitude. XRD confirmed an amorphous phase present in the matrix. The cell
achieved an ESW of 2.6 V with thermal stability up to 300 ◦C. The resulting cell exhibited
many attractive and stable discharge characteristics for room temperature applications.

Figure 6. SEM micrographs of EC–PC–Zn(Tf)2+PVdF-co-HFP (a) gel polymer electrolyte (magnifica-
tion, ×1000); (b) gel electrolyte with magnification ×5000; and (c) its nanocomposites dispersed with
ZnO particles of 10 wt % (magnification, ×5000); and (d) 25 wt % (magnification, ×5000) Reproduced
with permission from J. Solid State Electrochem., 16, Sellam, Enhanced zinc ion transport in gel
polymer electrolyte: Effect of nano-sized ZnO dispersion, 3105–3114, 2012 [93].

From the analysis presented in this section, it could be concluded that the addition
of active fillers has shown more promising results for the applicability of NCPEs, than
the ones with passive fillers. This assumption can be seen in Figure 7. The reports about
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PVDF-co-HFP, with the addition of zinc triflate salt and various nanofillers, are presented
versus their ionic conductivity obtained. Whereas the first bar, representing the NCPE
without nanofillers, has a shallow and almost imperceptible value, the bar corresponding
to the ZnO nanofiller has a clear advantage over the other nanofillers considered passive.
This assumption is explained by the fact that zinc oxide nanoparticles have been shown
to participate in the ionic conduction process. Hence, they deserve special attention for
further studies on the field, even with other polymers and ionic salts.

Figure 7. Plot of nanofiller versus ionic conductivity (×10−3) for nanocomposite polymer electrolyte
based on PVDF-co-HFP and zinc triflate salt. Prepared from data in [57,90–93].

3. The Poly(ethylene Oxide)’s Based Nanocomposite Polymer Electrolytes

Poly(ethylene oxide) (PEO) has been the focus of attention for many researchers among
various polyethers because it is considered to be the best solvent medium for various ionic
salts [96], and it is known to possess relatively high electrochemical stability [97]. It is
water-soluble and in a semi-crystalline state at room temperature [98]. It presents a single
helical structure, which also supports ionic conduction [99], favoring fast ion transport for
the electrochemical processes in the batteries. The main chain of the polymer, known to be
polar and flexible, owns vital electron-donating ether-oxygen groups, dissociating the salt,
and generating carrier ions. These ions can migrate through the amorphous region of the
polymer employing interchain/intrachain segmental motion. However, its high degree of
crystallinity makes it necessary to incorporate metal salts that impede crystallization [100].
PEO shows a low ionic conductivity of 3.32 × 10−9 S·cm−1 at pure state [101], a fact that
could be enhanced by the addition of nanofillers, along with other approaches discussed
in this section. A review article was recently published by Feng et al. [102], where the
interaction of ceramic fillers on the performance of PEO in lithium batteries is deeply
studied. The authors concluded that composite SPEs are one of the most efficient ways to
improve the electrolytes’ ionic conductivity.

3.1. Magnesium-Ion Conduction

The primary purpose of the subsequent studies has been to elucidate the ion transfer
mechanism in the nanocomposite polymer system and enhance the ion conductivity and
mechanical strength. The present section discusses how the addition of nanocomposites
decreases the degree of crystallinity in these electrolytes. Table 3 refers to the properties of
the nanocomposites employed along with PEO as electrolytes for magnesium batteries.
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Table 3. A summary of NCPEs composed of PEO for magnesium batteries in solid-state.

Nanocomposite Ionic Salt Conductivity
(S·cm−1) 10−3

Activation
Energy (eV)

Electrochemical
Stability Window (V) Reference

No added
Mg(Tf)2 56 0.49 4.6 [103]
Mg(Tf)2 0.277 0.40 - [101]

Mg(ClO4)2 0.277 0.30 - [104]

MgO
Mg(Tf)2 1.67 0.34 - [101]

(CH3COO)2Mg × 7H2O 363 0.013 7.6 [105]
Mg(ClO4)2 1.04 0.29 - [104]

TiO2
Mg(Tf)2 1.53 0.38 - [101]

Mg(ClO4)2 1.14 0.28 - [104]

SiO2
Mg(Tf)2 0.586 0.36 - [101]

Mg(ClO4)2 0.87 0.28 - [104]
B2O3 MgCl2 0.716 - - [106]

Starch nanocrystals
(SNCs) MgBr2 0.116 - - [107]

The studies involving PEO for magnesium-ion conduction began complexing mag-
nesium triflate and incorporating EMITf ionic liquid, reported by Kumar et al. [103]. The
ionic liquid happened to be vital in mediating the Mg2+ ion conduction and the gradual
enhancement in the Mg2+ ion transport number. Raman studies evidenced the interaction
of imidazolium cations with ether oxygen of PEO (Figure 8). The peak at 2871 cm−1 was
found to be affected due to the complexation of PEO with Mg(Tf)2 salt and the addition of
ionic liquid. A peak appeared at 2848 cm−1 in curve b indicated the conformational changes
of PEO chains after its complexation with Mg-salt. Besides, the PEO peak of 2871 cm−1

decreased and almost disappeared for the higher ionic liquid content. An additional peak
(shoulder) appears at ∼1025 cm−1 (Figure 8c–f), presumably because of the free triflate
anions from EMITf. Such anions would be free only when EMI+ ions have the possibility of
interaction with ether oxygen of PEO. Consequently, it has been shown to play an essential
role in substantially enhancing the cation transfer value.

Figure 8. Raman spectra of (a) PEO pure film, (b) PEO25·Mg(Tf)2 complex, and PEO25·Mg(Tf)2 + x wt %
EMITf system for (c) x = 5, (d) x = 10, (e) x = 20, and (f) x = 30 for spectral region of 1000–1080 cm−1.
Reproduced with permission from Electrochim. Acta, 56, Kumar et al. Ionic liquid mediated magnesium
ion conduction in poly(ethylene oxide) based polymer electrolyte, 3864–3873, 2011 [103].
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The approach of adding nanocomposites to PEO began with the report presented by
Sundar et al. [106], who created an SPE of PEO with MgCl2 as electrolytic salt and boron
oxide (B2O3) as the filler. DSC and FT-IR characterized this cell. The best ionic conductivity
was achieved with 2 wt % B2O3. The cell was assembled by adopting Mg as anode and
MnO2 as cathode, sandwiching the SPE between the electrodes. It got an open circuit
voltage (OCV) of 1.9 V. The low ionic conductivity obtained made this cell unsuitable for
practical applications. It indicated that this type of matrix could be considered for its cell
performance, using fillers in the nanoscale.

In the work presented by Shao et al. [108] comprised a novel electrolyte based on PEO,
magnesium borohydride (Mg(BH4)2), and MgO nanoparticles. A key feature presented
by this work was a high coulombic efficiency of 98% for Mg plating/stripping and high
cycling stability. The experiments and modeling performed established a correlation
between improved solvation of the salt and solvent chain length, chelation, and oxygen
denticity. A further development in experimentation with this polymer revealed that it
could be used in NCPE for other multivalent chemistry to delineate the ionic association
and solvation interactions within these electrolytes.

Another approach for a casting technique by dry/solution free hot press is presented
in the following studies as an alternate way of synthesis since no organic solvent as the
medium for mixing ingredients is needed, which is the most significant difference from
solvent casting [102]. The main steps for solvent-casting and hot-pressing are shown in
Figure 9a,b. Thermocompression avoids contact with air during the process, which results
in more stable productions. On the other hand, the solvent-casting method can disperse the
ceramic fillers more uniformly, resulting in more ductile films. Besides, the residual liquid
in this procedure can act as a plasticizer for the further performance of the SPE. These
features need to be taken into consideration depending on the application the electrolytes
will have.

Figure 9. Schematic procedures for preparing solid polymer electrolytes by (a) solvent casting technique and (b) thermo-
compression. Reproduced with permission from Nano Converg., 8, Feng et al.PEO based polymer-ceramic hybrid solid
electrolytes: a review, 2, 2021 [102].

Thermocompression was implemented in the work done by Agrawal et al. [104]. The
assembled electrolyte, composed of phases, has an SPE film of PEO and Mg(ClO4)2 salt, the
first phase host matrix with a conductivity of ∼2.77 × 10−6 S·cm−1. The second phase had
MgO nano/micro-sized particles as active fillers and TiO2/SiO2 nano-sized particles as
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passive fillers. The dispersion increased the room temperature conductivity of the SPE host
by ∼3–5-fold. The values of cation transport, however, remained in the range 0.21–0.30.

Casting by hot-press technique was performed as the synthesis process in the research
developed by Agrawal et al. [101], with a primary phase host composed of PEO and
magnesium triflate and micro/nano-sized materials TiO2 (passive filler) and MgO (active
filler). The employment of all of these substances together achieved an enhancement in the
room temperature conductivity of the SPE host. Characterization was performed with XRD,
FT-IR, DSC analysis. The total ionic transference number data (∼0.98–0.99) showed the
predominantly ionic character of the materials employed. Analyzing the concentration vs.
log of conductivity (Figure 10) obtained two maximum peaks that suggested the presence
of two conductivity mechanisms in the system, previously discussed in this report with
reference [81]. The first peak could be related to dissociating undissociated salt and ion
aggregates (if existed) into free ions. The second s-peak was then attributed to forming
a high conducting interfacial space-charge double layer around insulating filler nano-
particles that could correspond to a filler particle percolation threshold. It is also concluded
that nanofillers were more effective in increasing the cation transport number than micro
fillers, increasing the cation transport number t+.

Figure 10. Active filler concentration-dependent conductivity variation for NCPE films:
[80PEO: 20Mg(Tf)2] + xMgO micro/nano. Reproduced with permission from Mater. Chem. Phys.,
139, Agrawal et al., Investigations on ion transport properties of hot-press cast magnesium ion
conducting Nano-Composite Polymer Electrolyte (NCPE) films: Effect of filler particle dispersal on
room temperature conductivity, 410–415, 2013 [101].

One of the latest reports on electrolytes based on PEO for Mg batteries was reported by
Zaky et al. [105], with the incorporation of Mg salts treated with gamma irradiation to im-
prove the PEO-Mg salt particle sizes. The electrical conductivity evaluated was more than
three orders of magnitude than pure PEO, with a maximum value of 3.63 × 10−3 S·cm−1.
The optimum ionic conductivity of MgO in the irradiated sample was obtained with 20 mL,
while 30 mL was the best for un-irradiated. The addition of MgO also improved the
electrochemical potential window to about −3.2 to 4.4 V.

3.2. Zinc-Ion Conduction

In terms of zinc batteries, some works have been developed with the use of PEO. They
are summarized in Table 4. For this metal, the first attempts were also designed without
the addition of nanofillers. Therefore, an SPE with the addition of zinc chloride (ZnCl2)
was developed by Carrilho et al. [109] in a cell composed of zinc and niobium pentoxide
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(Nb2O5) as electrodes. Their studies were performed at a temperature of 55 ◦C, obtaining a
conductivity of 2.7 × 10−4 S·cm−1 and a cationic transference number value of 0.44 ± 0.05.

Table 4. A summary of NCPEs composed of PEO for zinc batteries in solid-state.

Nanocomposite Ionic Salt Conductivity
(S·cm−1) 10−3

Activation Energy
(eV)

Electrochemical
Stability Window (V) Reference

No added ZnCl2 2.7 * - 2.60 [109]

Al2O3
Zn(Tf)2 2.1 0.44 3.6 [110]
Zn(Tf)2 ~0.101 0.19 - [111]

TiO2 ZnCl2 ~100 0.087 - [112,113]
SiO2 NH4HSO4 0.61 - - [114]
ZnO Zn(Tf)2 0.184 0.23 - [115]

Zn Fe2O4 NH4SCN ~10−3 - - [116]

* Results obtained at 55 ◦C.

The cell testing showed a decrease in the cell voltage without attaining any constant
value. This result suggested the discharge product was the result of a topochemical
insertion. The capacity retention of the cell was observed to be very poor. After the second
cycle, the cell was not able to retain its charge. Galvanostatic/potentiostat cycles were
performed at a lower time (in discharges) and fixed potentials (in charges) to improve the
latter result. After this, shallower discharges were obtained, resulting in a longer cycle life,
with a less marked decrease in cell capacity at a constant voltage. Lifetime evaluation for
the studied cell was 4.9 years if maintained at 55 ◦C, under non-operating conditions.

Agrawal et al. [114] designed two cells that employed PEO and NH4HSO4 and SiO2
for the electrolyte that performed in two types of cells: MnO2 + C and PbO2 + V2O5 + C as
cathodes, respectively. The researchers achieved an enhancement in the room temperature
conductivity of polymer electrolyte approximately by an order of magnitude. Furthermore,
it obtained a substantial increase in the mechanical strength of the films. The OCV was
found to be in the range of 1.5–1.8 V for both batteries. The cell potential was stable
through the discharges, but it discharged more quickly during higher current drain or low
load resistance.

Gamma (γ) irradiation was presented as a novel technique to inhibit the crystalline
phase in an electrolyte composed of PEO and ZnCl2 as salt, with the addition of nanosized
TiO2 grains, by Turković et al. [112,113]. The polymer was subjected to γ-radiation from
a Co-60 source. This approach was attempted since high-energy radiation could induce
interchain linking of the polymer, inhibiting the crystalline phase in the polymer matrix.
Small-angle X-ray scattering (SAXS) was recorded simultaneously with DSC, and wide-
angle X-ray diffraction (WAXD) analyses were performed. Thanks to these techniques,
it was obtained that the nanostructure of the γ-irradiated electrolyte changed during the
crystalline-amorphous phase transition to a highly conductive superionic phase. Reduction
in the Tg was observed, and ionic conductivity was enhanced, two desired changes in
these processes. The conductivity of the nanocomposite prepared with irradiated pow-
der ensured an improvement of two orders of magnitude compared to its homologous
without irradiation.

An NCPE film was prepared using an SPE composed of PEO and zinc trifluoromethane-
sulfonate (Zn(Tf)2) and then incorporating Al2O3 nano-filler particles by Karan et al. [111]
using a completely dry hot-press cast technique. The complexation of the salt and the
dispersal of filler in the host substantially increased the amorphous region, which sup-
ported the increase in ionic conductivity and cationic transport number. Nevertheless, the
obtained values need to be improved for possible applications in high-energy batteries.

As another approach for employing nanocrystalline Al2O3, PEO was blended with
polypropylene glycol (PPG) and Zn(Tf)2 as dopant salt by Nancy et al. [110]. This matrix
resulted in an enhanced ionic conductivity of one magnitude, compared to the previous
work where this nanofiller was employed with alone PEO. This feature caused segmental
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flexibility and an increase in the amorphous phase. The SEM, XRD, and DSC measurements
showed that conductivity was controlled by segmental motions of the polymer chain and
ion hopping mechanism at Lewis acid-base sites and at elevated temperatures exhibited
Arrhenius behavior which was satisfactorily explained by free volume theory.

Zinc ferrite nanoparticles were presented as a relatively new approach for NCPEs
by Agrawal et al. [116] This nanofiller has been widely used in technological applications
because of its high magnetic permeability in the radio frequency region and low core loss.
In their research, they posited the changing of the bonding behavior of the system when
compared to the original PEO. Herein, the decrease in crystallinity was confirmed by the
DSC study of the system. The presumed hopping mechanism between coordinated sites,
local structural relaxation, and segmental motion of the polymer was stated because of the
increase of ionic conductivity with temperature. The rise in ~3–4 order of magnitude of
ionic conductivity concerning the pure polymeric host confirmed its promising results for
electrolyte applications.

The hot-press technique was attempted with ZnO active fillers by Karan et al. [115],
who composed a two-layer electrolyte. The first layer obtained the highest conductivity
of 1.09 × 10−6 S·cm−1. A 5 wt % of ZnO revealed an optimum conduction composition
with a conductivity of ~1.84 × 10−5 S·cm−1, meaning that the filler’s dispersal causes an
enhancement of one order. The overall enhancement of four orders of magnitude from the
pure PEO was obtained. The battery in which the films were assembled performed well
under a low current drain state.

Ultimately, the outlook of incorporating branched aramid nanofibers (BANFs) to PEO
was investigated by Wang et al. [117]. This combination enhanced the effective suppression
of dendrites and fast cation transport due to the high stiffness of the BANF network
combined with the high ionic conductivity of soft PEO, resulting in high tensile strength.
The resulting battery showed the ability to withstand elastic deformation during bending
and plastic deformation and remain functional (Figure 11). There have been different types
of batteries that have shown to be capable of elastic deformations [118–120]; the ability to
withstand plastic deformations while retaining the charge storage functions was a novel
feature presented in this work. These features set it apart from other promising storage
devices, improving the safety of the battery and its resistance to impact.

Figure 11. (A) Schematic of the mold used for plastic deformation studies. (B−F) Different plastically deformed shapes
of Zn battery with solid-state biomimetic electrolyte. (G) The open-circuit voltage of Zn/PZB-931/γ-MnO2 battery with
square wave shape plastic deformation. (H) LED light powered by the two serial structural batteries. Reproduced with
permission from ACS Nano, 13, Wang et al., Biomimetic Solid-State Zn2+ Electrolyte for Corrugated Structural Batteries,
1107–1115, 2019 [117].
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The review in this section of the paper has shown that active fillers are supposed to
be the first choice when choosing ceramic additives for PEO electrolytes. Moreover, the
most optimized concentrations for these nanofillers are between 10–20 wt % to obtain
the highest conductivity of each medium. Besides, the mechanical strength is shown
to get better with the doping of ceramic particles. Moreover, the interfacial stability is
assumed to be improved due to the water-scavenging effect of the nanofillers, previously
reported in similar systems designed with PEO [121] in lithium batteries. Hence, the
overviewed hybrid systems are in sight of being the most effective approach for improving
the performance of solid-state electrolytes.

4. Nanocomposite Polymer Electrolytes Based on Other Synthetic Polymers

As discussed, the development of electrochemical devices that make use of polymer
electrolytes has gotten considerable interest. It is currently developing PEs with suffi-
ciently high room temperature conductivity. The choice of the polymer is then known to
depend principally on the presence of polar groups with sufficient electron donor power
to form coordination with cations and a low hindrance to bond rotation [122], besides
biodegradability and recyclability. Some synthetic polymers have been successfully used
as a host material to prepare PEs for specific applications (Table 5). Few studies in the field
have developed electrolytes with these polymers. However, the results presented left a
precedent that deserves to be discussed for later studies that imply their use (Table 6).

Table 5. Chemical structures of some synthetic polymers employed in nanocomposite polymer
electrolytes NCPEs.

Name Structure Glass Transition
Temperature (Tg) (◦C) [123]

Poly(methyl methacrylate) (PMMA) 105

Poly(ethyl methacrylate) (PEMA) 65

Poly(vinyl chloride) (PVC) 83

Poly(vinyl alcohol) (PVA) 80

Poly(ε-caprolactone) (PCL) −66

Poly(vinylpyrrolidone) (PVP) 182
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Table 6. NCPEs for magnesium and zinc batteries using other synthetic polymers.

Polymer Nanocomposite Ionic Salt Conductivity
(S·cm−1) 10−3

Activation
Energy (eV)

Electrochemical
Stability Window (V) State Reference

Magnesium

PMMA + PVdF MgO
MgO
Al2O3

Mg(Tf)2 1.29 × 10−2 - - Solid [124]
PEMA Mg(Tf)2 0.12 0.46 3.4 Solid [125]

PVP MgCl2 · 6H2O 1.22 × 10−2 - - Solid [126]

Zinc

PMMA/PVDF-co-HFP SiO2 NH4SCN 43 0.196 3.2 Gel [127]

PVC/PEMA

SiO2 Zn(Tf)2 6.71 - 5.07 Gel [128]
Al2O3 + TiO2 Zn(Tf)2 4.27 - ~4 Gel [129]

ZrO2 Zn(Tf)2 3.63 - 3.87 Gel [130]
SnO2 Zn(Tf)2 4.92 - 4.37 Gel [131]

PCL ODAMMT Zn(Tf)2 0.95 0.46 4.5 Gel [132]
Al2O3 Zn(Tf)2 0.25 - - Gel [133]

PVA SiO2 - 5.73 × 102 - - Gel [134]
ZnO NH4NO3 4.71 0.92 - Solid [135]

Poly(methyl methacrylate) (PMMA) has been the focus of a few studies due to its
beneficial effects on the stabilization of the electrode-electrolyte interface [136]. PMMA is
non-biodegradable, and 100% recyclable [137]. Nevertheless, its recycling process is not en-
vironmentally viable due to the produced harmful products, limiting its use [138]. PMMA
based GPEs happen to present very high transparency in the visible region. Furthermore,
they present the ability to be diluted in various organic solvents [139]. However, they show
poor dimensional stability. Although they appear solid-like, they exhibit flow properties.
Poor mechanical properties offset a good conductivity achieved of such plasticized film
at a high concentration of the plasticizer [140]. To overcome the drawbacks presented by
PMMA film, it has been blended with other polymers to improve the segmental motion in
polymer hybrid systems and hence a more flexible and elastic material.

Sarojini et al. [124] developed a blended polymer matrix of PMMA and PVdF for
magnesium cells. It also included ethylene carbonate as a plasticizer, Mg(Tf)2 as ionic
salt and MgO as nanofiller. The best ionic conductivity increased the value by five orders
of magnitude (~10−6 S·cm−1). This result was obtained thanks to the addition of the
nanofiller, causing high conduction pathways. Nevertheless, the result was deficient to be
considered for any application.

A blended polymer matrix composed of PMMA and PVdF-co-HFP was developed by
Mishra et al. [127] for the design of an NCPE system for Zn cells. XRD and SEM studies
confirmed the desirable amorphous and porous structure for the electrolyte. The best ionic
conductivity, 4.3 × 10−3 S·cm−1, was obtained with 2 wt % of SiO2. The conductivity
variation for these films obeyed the behavior of having two maxima, previously reported
in other works [81,101]. A proton battery was assembled with the electrolyte, employing
Zn/ZnSO4·7H2O as anode and PbO2/V2O5 as the cathode. The OCV for the battery was
found at 1.55V. Besides, it showed rechargeability up to three cycles, and afterward, its
discharge capacity faded away substantially.

Poly(ethyl methacrylate) (PEMA) is a very similar material to PMMA but with a
lower Tg and has been shown to possess higher mechanical strength than PMMA [141].
Besides, PEMA shows excellent chemical and high surface resistance. In addition, it
offers high optical transparency [142], a property that could be desired for devices where
the electrolyte is located in a visible region of the device. PEMA was employed for an
NCPE in work [125], along with magnesium triflate and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide (EMITFSI), dispersed with MgO for Mg cell electrolytes.
SEM analysis confirmed the obtention of the amorphous nature of the films. In addition,
TGA curves revealed that the more significant amount of MgO in NCPE slowed down the
mass loss rate of decomposition products. However, the electrochemical potential window
for the highest conducting sample assumed that magnesium ion was not predominantly
the factor to the ionic conductivity enhancement of NCPE.
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A blended polymer matrix was developed with PEMA and poly(vinyl chloride) (PVC),
plasticized with zinc triflate, and EMIMTFSI ionic liquid was added for a novel NCPE by
Candhadai et al. [128]. After that, it was doped with fumed SiO2 as a nanofiller. This film
exhibited the highest ionic conductivity value of 6.71 × 10−4 S·cm−1 for a 3 et al SiO2. The
increment of the amorphous phase was confirmed by XRD analysis. It resulted in slight
progress in the zinc ion transport number and a wide ESW of ~5.07 V. This value ensured
feasible zinc stripping/plating in the redox process involved. TG and DSC ascertained the
improved thermal stability up to 180 ◦C and the reduction in Tg. The exact blend, PVC and
PEMA, was filled with nano-sized fillers Al2O3, TiO2 in the report by Prasanna et al. [129]
for a zinc rechargeable battery. A high transport number value of 0.67 was obtained. From
the studies analyzing glass transition temperature, the addition of fillers attenuated the
values obtained, effect understood in terms of the obstruction of the polymer chains by the
formation of cross-linking centers due to the interaction between the Lewis acid groups of
the ceramic particles and the polar groups of the polymer chains.

Based on the previous work, Prasanna et al. [130] continued the research by changing
the nanofiller employed, being zirconia (ZrO2) the object of the study. The zinc ion
transference number of 0.66 was almost the same obtained before with Al2O3 and TiO2.
DSC and TG analysis confirmed the improved thermal behavior of ZrO2 added GPE
compared to that of filler-free gel electrolytes. The interaction and complexation of the
polymer components were probed by ATR-FT-IR analysis (Figure 12). The amplified
coordination of Zn2+ cations and ceramic phase with C=O group was evidenced by the
existence of a peak at 1721 cm−1 ascribed to the C=O group of PEMA in Figure 12b–e, upon
the addition of 1 wt % nanofiller. The oxygen atoms of C=O group in PEMA generally acts
as an electron donor resulting in the formation of a coordinate bond with zinc ions, and the
addition of fillers enhances the intensity of this band, through hydrogen bonding between
carbonyl oxygen (C=O) and the hydroxyl surface group (Zr-OH) of ZrO2 thus forming
-Zr-O . . . H . . . O=C- species. Ultimately, it was observed better thermal stability up to
180 ◦C, and ESW to 3.87 V.

Figure 12. Room temperature ATR-FT-IR spectra of (a) pure ZrO2 (b–e) NCPEs with varying
concentrations of ZrO2 in the wavenumber ranging from 4000 to 400 cm−1 at room temperature.
Reproduced with permission from Polym. Compos., 40, Sai Prassana et al., PVC/PEMA-based
blended nanocomposite gel polymer electrolytes plasticized with room temperature ionic liquid and
dispersed with nano-ZrO2 for zinc ion batteries, 3402–3411, 2019 [130].

These authors, in another work, incorporated the use of nano-sized tin oxide (SnO2) [131].
XRD and SEM studies were performed, confirming the existence of porous morphologies.
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Furthermore, the dispersion of SnO2 improved the thermal behavior of the composite system
to 185 ◦C, which was ascertained by TG analysis. The ESW was found to be 4.37 V. Together
with a feasible zinc plating/stripping process of the gel composite sample, these features
implied good potential applicability of such films as electrolytes.

Poly(vinylpyrrolidone) (PVP) is a biocompatible polymer. It is a virtually non-
biodegradable polymeric lactam with an internal amide bond. The tertiary amide carbonyl
groups of PVP present a Lewis base character such that PVP can form a variety of com-
plexes with a wide range of inorganic salts [143]. It is also hygroscopic and easily soluble
in water and organic solvents such as alcohol. It presents a high Tg of 170 ◦C, because of
the rigid pyrrolidone group. However, water can be employed as a plasticizer lowering
this value to below 40 ◦C [144]. Besides, it is inert, shows good environmental stability,
easy processing, excellent transparency, and a strong tendency for complex formation
with smaller molecules [145]. This polymer is studied because of its thermal stability and
cross-linked composites having high mechanical strength. It also has good mechanical and
electrical characteristics.

Basha et al. [126] developed an SPE composed of PVP and MgCl2x6H2O, with the
addition of Al2O3 particles. Structural analysis showed orthorhombic lattice as evidence
of a semi-crystalline nature present in the films. Optical analysis was used to identify the
optical band gap of the material in the transmitting radiation. Graphs were plotted between
absorption coefficient α, (αhν)2 and (αhν)1/2 as a function of hν (Figure 13a–c) to calculate
bandgap energy values. The optical properties revealed that for the composition of 15%,
the bandgap energy was the lowest among all weight ratios. Hence, it was obtained that the
films with the lowest activation energy had the highest conductivity. UV–Vis spectroscopy
was performed in the 300–700 nm (Figure 13d). This tool showed to be helpful for the
identification of intra molecular vibrations of inorganic complexes in solution. Two spectral
peaks are observed at 350 nm, which is due to the π–π* transition. Besides, a small peak
was at 425 nm, correlated with the benzene and quinone rings in the polymer chain.

Figure 13. (a) hν vs α plots, (b) hν vs (αhν)2 (×107) plots and (c) hν vs (αhν)1/2 plots and (d) UV–Vis
spectra of polymer electrolyte films for different wt % ratios of pure PVP and polymer electrolytes:
(1) pure PVP, (2) (95:5), (3) (90:10), (4) (85:15), (5) (80:20), Reproduced with permission from Polym.
Sci.—Ser. A., 59, Shahenoor Basha et al., Optical and dielectric properties of PVP based composite
polymer electrolyte films. 554–565, 2017 [126].
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Poly(vinyl alcohol) is a semi-crystalline synthetic biodegradable polymer from petroleum
sources that presents various hydrophilic functional hydroxyl groups, which can favor water
absorption. As a result, it shows a very high dielectric strength (>1000 kV mm−1), good
charge storage capacity, good mechanical properties, high tensile strength, abrasion resistance,
and dopant-dependent electrical and optical properties [146]. In addition, PVA has several
advantages, such as high hydrophilicity, high gel strength, nontoxicity, and low cost [147].
Fan et al. [134] designed a zinc-air battery (ZAB) assembled with a semi-solid/solid-state
electrolyte constructed with PVA and the optimum addition of SiO2. The ZAB presented
excellent cycling stability over 48 h, stable discharge performance, and relatively high-power
output. Flexibility was an outstanding feature obtained with no degradation through bending
conditions. In the results, this cell was able to power a handheld electric fan, a light-emitting
diode screen, or even a mobile phone (Figure 14), showing its promising potential for high-
performance ZABs along with high safety, cost-effectiveness, excellent flexibility, electrolyte
retention capability, as well as good thermal and mechanical properties.

Figure 14. (a) Open circuit potential demonstration with two ZABs in series. A demonstration of (b) a mobile phone,
(c) a handheld electric fan, and (d) an LED screen powered by two ZAB sets. (e) Photographs of an LED watch powered
by a fabricated bracelet-type ZAB. (f) GCD curves of the ZAB under different bending conditions with corresponding
photographs. Reproduced with permission from Nano Energy, 56, Fan et al., Porous nanocomposite gel polymer electrolyte
with high ionic conductivity and superior electrolyte retention capability for long-cycle-life flexible zinc–air batteries,
454–462, 2019 [134].

The PVA electrolytes filled with nano ZnO transport parameters were conducted by
Abdullah et al. [135] using the Rice–Roth model for proton-conducting batteries, explaining
that the moderate addition of nanofiller enhances ionic conductivity by increasing mobility
and number density of mobile proton ions. Another ZAB was designed to implement
MWCNTs into the electrodes by Wang et al. [148], to improve the performance of the cell. It
was found that MWCNTs were effective conductive additives in the anode as they bridged the
zinc particles. The electrolyte was composed of poly(acrylic acid) (PAA) and PVA. A limitation
for this NCPE was water evaporation because of the volatility character of the films.

Poly(ε-caprolactone) (PCL) is a biodegradable polymer that is nontoxic and widely
used in biomedical applications because of its considerable degradation time in an aqueous
medium and contact with microorganisms [149]. It is a synthetic thermoplastic polymer
derived from crude oil and synthesized through the polymerization of ε-caprolactone
monomer by a stannous octanoate catalyzed ring-opening mechanism [150]. It presents
good mechanical properties [151]. Furthermore, it is a candidate polymer host for ionic
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conduction because it contains a Lewis base (ester oxygen) that can coordinate cations due
to carbonyl functional groups in its backbone structure.

PCL was doped with zinc triflate and octadecylamine modified montmorillonite
(ODAMMT) nano clay by Sownthari et al. [132]. The maximum electrical conductivity
was 9.5 × 10−5 S·cm−1 for 15 wt % loadings of nano clay into the polymer-salt complex.
XRD and DSC analysis confirmed the decrease in crystallinity. The electrolyte degradation
happened in 90 days, making this electrolyte a promising candidate for battery applications.

An optimized NCPE composed of PCL, zinc triflate and the incorporation of Al2O3
was prepared by Sownthari et al. [133]. The complexation of polymer, salt, and filler
was confirmed from FT-IR studies. The various relaxation processes associated with the
conductivity mechanism were also analyzed during the investigation. From this, it was
revealed that the chain length of polymer PCL was so long that the bond rotation was
favorable only at low frequency, so the filler increased the amorphicity within the polymer
network, and thus the rotation becomes feasible, making a shift toward higher frequency
side which meant a shorter relaxation time. The increase of conductivity was mainly due
to an apparent rise in the number density of charge carriers which was confirmed from
FT-IR and dielectric studies. The increasing trend of dielectric constant matched well with
the conductivity variation as a function of filler concentration.

5. Nanocomposite Polymer Electrolytes Based on Biopolymers

Most synthetic polymers are detrimental to the environment because of their non-
biodegradability [152]. Consequently, the application of biodegradable polymers in energy
storage devices is currently paramount in designing the next generation of batteries to reduce
environmental impact. For a biobased polymer to be considered ecological, its origin and
production technique are also of importance. Cellulose, starch, chitosan, agar, and carrageenan
are some of the most common polymers used as hosts for batteries [51] (Table 7).

Table 7. Chemical structures of some biopolymers employed in nanocomposite polymer electrolytes
NCPEs.

Name Structure Glass Transition
Temperature (Tg) (◦C) [123]

Agar 98

Carrageenan 41

Cellulose 220

Chitosan 200

Starch 227
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Among the wide range of applications available for batteries, there is a need to design
biocompatible batteries for implants that need a power source to perform their functions in
the biomedical field. They go from sensing or stimulation to influencing critical biological
processes like wound healing, tissue regeneration, or brain activity. Unfortunately, little
work has been done so far to develop bioresorbable electronics or self-deployable power
sources [153–155]. However, the present review pretends to show the promising results
obtained so far with electrolytes that, with some modifications, could be employed in the
biomedical field. Table 8 summarizes the features presented by these NCPEs.

Table 8. Polymer electrolytes based on biopolymers for electrochemical applications.

Polymer Nanocomposite Ionic Salt Conductivity
(S·cm−1) 10−3

Activation
Energy (eV)

Electrochemical
Stability

Window (V)
State Reference

Cellulose (NFC) No added - 0.1 - - Hydrogel [156]

Cellulose acetate SiO2 NH4BF4 7.9 × 10−3 - - Gel [157]
TiO2 NH4BF4 1.4 × 10−2 0.12 - Gel [158]

Hexanoyl Chitosan
TiO2 LiClO4 3.06 × 10−4 - - Solid [159,160]
TiO2 LiClO4 3.1 × 10−4 0.08 - Solid [161]
SiO2 LiClO4 1.96 × 10−4 0.12 - Solid [161]

Al2O3 NH4SCN 5.86 × 10−4 - - Solid [162]

Chitosan SiO2 Li(Tf)2 4.38 × 10−5 0.26 - Solid [163]
ZrO2 LiClO4 3.6 × 10−4 - - Solid [164]

Potato Starch No added Mg(C2H3O2)2 1.12 × 10−5 - - Solid [165]
Rice Starch TiO2 LiI 3.6 × 10−4 0.22 - Solid [166]
Corn Starch SiO2 LiClO4 1.23 × 10−4 0.25 3.0 Solid [167,168]

Corn Starch/Chitosan No added NH4Cl 5.11 × 10−4 - - Solid [169]
Sago (starch) No added KOH 4.45 × 10−1 - - Gel [170]
κ-carrageenan No added - 3.32 × 10−2 - - Solid [171]

No added MgCl2 4.76 × 10−3 - 1.94 Solid [172]

Agar
No added NH4SCN 1.03 × 10−3 0.25 - Solid [173]
No added Mg(Tf)2 1.0 × 10−3 - - Solid [174]

TiO2 LiI 5.12 × 10−4 - - Solid [175]

5.1. Cellulose

Cellulose is a biopolymer known to be the most abundant polymer in nature. It presents
a molecular weight ranging from 300,000 to 500,000 Da. Its molecule offers three hydroxyls
groups that can be modified to make the molecule water-soluble [176]. Many cellulose
derivatives can be obtained from this modification, classified between cellulose ethers
and cellulose esters. Cellulose has been applied in batteries for electrodes or separators
as GPEs [176] and as binders/surface modifiers for graphite anodes for batteries. More-
over, synthetic polymers often need high-temperature processing stages to prepare GPEs,
while with nanofiber cellulose (NFC) hydrogels, they can be cured at temperatures close to
ambient temperature [177].

Cellulose was never intensively used as a polymer electrolyte in advanced batteries
until Johari et al. [157] reported an NCPE based on cellulose acetate dispersed with SiO2 for
a battery with the configuration Zn/composite cellulose electrolytes/MnO2. The results
showed the expected increase in ionic conductivity and an OCV of 1.6V. The constancy of
the assembled cell was tested for 24 hours. However, no further electrochemical studies
were performed. In a posterior work [158], the same authors reported an NCPE based
on cellulose acetate dispersed with nanosized TiO2 particles for a battery with the same
composition as the previous one. The OCV characteristic of the cell at room temperature
showed that the initial voltage of the cell is 1.55 V, dropping to 1.40 V within the first two
hours of assembly. The cell voltage was observed to have stabilized at this voltage, and the
OCV remained constant at 1.40 V for a period of 24 h. The fabricated cell was reasonably
stable in the open cell condition.

An NFC hydrogel was synthesized by Poosapati et al. [156] by adding gelatine, poly-
acrylic acid (PAA), and potassium hydroxide (KOH) as additives. The hydrogel with the
most appropriate amounts of additives got an ionic conductivity of 0.1 S·cm−1, representing
an increase of five orders of magnitude from the pristine hydrogel. This report concluded
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that the small amounts of additive present helped enhance the mechanical stability and
ionic conductivity by changing the degree of crystallinity and ionic concentration in the
hydrogel layers.

Another approach for cellulose applications has been made by employing it as a
soaked separator electrolyte. Zhang et al. [178] studied a functionalized with quaternary
ammonium (QA) laminate-structured nanocellulose/GO membrane, developed for a
hydroxide-conducting electrolyte for zinc-air batteries. Herein, cellulose was utilized to
interconnect the framework to integrate GO into a flexible membrane with higher water
content. Achieving a laminated cross-linked structure eliminated the risk of pushing water
out of the membrane when handling or bending, besides good adhesion to the electrodes.
The membrane’s enlarged d-spacing enhanced the mobility of hydroxide ions by vehicle
mechanism, besides its lower activation energy. Water molecules also could have caused
mobility by the Grotthus mechanism. At 70 ◦C, the ionic conductivity of 0.0588 S·cm−1

and an OCV of 1.4 V was achieved.

5.2. Chitosan

Chitosan is environmentally friendly and an excellent membrane-forming polymer
material. It is known for being non-toxic, biodegradable, and biocompatible, making it
a good solution for many electrochemical applications that can be modified to get elec-
trolytes. Chitosan is produced from the deacetylation reaction of chitin. Chitin is a natural
polysaccharide generally found in the exoskeleton of arthropods and various fungi [179].
Chitosan is widely applied in lots of fields, as in biotechnology, biomedicine [180]. Its
molecule presents several polar groups, such as hydroxyl and amino groups, forming com-
plexes with inorganic salts. However, pristine chitosan shows a very low ionic conductivity
(10−9 S·cm−1) [181], the fact that it is tried to be enhanced by the addition of salts and
fillers. Very little work has been done for chitosan NCPE applied in zinc or magnesium
batteries. However, some authors have endeavored to implement nanofillers for lithium
electrolyte applications [160,182–188], so the most noteworthy ones are now discussed.

Hexanoyl chitosan was employed as a polymer matrix with TiO2 as filler and lithium
perchlorate (LiClO4) as doping salt to design NCPEs by Muhammad et al. [159]. The
electrolyte system was characterized by impedance spectroscopy. It was shown that the
increment in conductivity was caused by the increase in the mobility of free ions and the
increase in the free ion concentration. The XRD results obtained for this electrolyte in a
posterior work of the authors [189] confirmed the decrease in crystallinity, leading to the
expected increase in conductivity that was modeled by the Rice and Roth model.

A system of the same composition based on hexanoyl chitosan + LiClO4 + TiO2 was
reported by Winie et al. [190], who reported the complexation of the polymer and the salt
as a result of the shift of N(COR2), O=C-NHR, and OCOR bands of hexanoyl chitosan to
lower wavenumbers, and supported the use of chitosan as a polymer host in terms of the
presence of lone pair electrons at the nitrogen and oxygen atoms where inorganic salts can
be solvated. Results showed that both dielectric constant and dielectric loss decreased with
increased frequency and increased with increased temperature.

Aziz et al. [162] reported novel chitosan-ammonium thiocyanate (NH4SCN) complexes
doped with nanosized Al2O3 filler. FT-IR and XRD confirmed the complexation between the
cation of the salt and the donor atom in chitosan polymer. The high filler content increased
the Tg value since it increased the crystallinity of the sample, as depicted by XRD. Alumina
was employed in chitosan and lithium triflate (Li(Tf)2) [191], where the AC conductivity
studies showed the promising features already told for this kind of biopolymer system.

In a work by Navaratnam et al. [163] chitosan was used as the host polymer in a
designed system consisting on LiCF3SO3 as the dopant salt, EC and PC as the plasticizers,
and different concentrations of SiO2 as the inorganic filler. The obtained ionic conduc-
tivity for this system was very low to consider for practical applications. However, in
a following article by Rosli et al. [161], it was presented a study comparing the type of
filler and their effect on the electrical properties in the polymer electrolyte, resulting in a
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higher conductivity enhancement brought about by TiO2 compared to SiO2 for the system
hexanoyl chitosan-LiClO4 polymer electrolyte. This finding can be understood by the more
acidic nature of TiO2, which promoted a greater degree of salt dissociation. Zirconia was
employed as a nanofiller for the previous electrolyte composition of LiClO4 as salt and
chitosan by Sudaryanto et al. [164], and the films were characterized by XRD and EIS. The
obtained results were quite comparable to the previously discussed work since the ionic
conductivity was slightly higher. Besides, the obtained ion transference number of 0.55
was considered quite enough to apply it in an ion battery.

For magnesium batteries, a GPE based on chitosan, magnesium triflate, and EMITf
was developed by Wang et al. [192]. The results showed that the Mg-ion mechanism was
the complexation and decomplexation of Mg2+ with amine band (NH2) from chitosan.
The relaxation time of the electrolyte membrane was as low as 1.25 × 10−6 s, indicating
that the mobility of ions was relatively high. The electrochemical properties of this GPE,
presented in Table 7, were considered a precedent for future practical applications, and
some latest reports were reported until the present date for chitosan polymer electrolytes
for EDLC devices [193–195]. Still, they are out of the scope of this review. To the best of our
knowledge, no studies are reporting NCPEs made of chitosan for magnesium batteries.

5.3. Starch

Starch is one of the most popular renewables and biodegradable polymers found as
granules in plants. It is composed of a mixture of linear amylose (α(1,4) linked anhydroglu-
cose) and branched amylopectin (α(1,6) linked anhydroglucose) polysaccharide chains. At
the same time, it can undergo derivatization reactions. It is introduced some functional
groups into the starch molecule, resulting in the alteration of its gelatinization, pasting,
and retrogradation behavior [196]. Starch is known to be abundant in nature due to its
wide variety of sources, consisting of several kinds of food plants from which it comes.
Hence, besides its application in the food industry, it is applied industrially as binders
and adhesives, absorbents and encapsulants, as coatings and sizes on paper, textiles, and
carpets [197]. In addition, efforts have been made to use starch to create thermoplastic
materials [198,199].

In terms of application for magnesium batteries, potato starch was doped with magne-
sium acetate (Mg(C2H3O2)2) [165], and the effect of glycerol and 1-butyl-3-methylimidazolium
chloride (BmImCl) was studied in terms of conductivity and dielectric properties. It was
concluded that too much plasticizer causes the salt to recrystallize, causing the cations to
hardly coordinate at the polar atoms, decreasing the ionic conductivity. The effect of salt
concentration in the biopolymer electrolyte matrix is demonstrated through dissociated ions
model (Figure 15). Rice starch was employed for an NCPE composed of lithium iodide (LiI),
1-methyl-3-propylimidazolium iodide (MPII) as an ionic liquid, and TiO2 nanopowder by
Khanmirzaei et al. [166]. The resulting electrolyte was employed to build a DSSC, showing an
efficiency of 0.17 at 1000 W·m−2 light intensity.

From the variety of sources available for starch, a biodegradable corn starch–lithium
perchlorate (LiClO4)-based SPE with the addition of nano-sized fumed silica [167] was
prepared by solution casting technique. FT-IR results confirmed some complexation between
corn starch, LiClO4, and silica. Excessive SiO2 content decreased the ionic conductivity
through agglomeration of particles and cross-linking in the polymer, showed by DSC, TGA,
and SEM studies. The same investigation group reported the NCPE applied in electric
double-layer capacitors (EDLCs) [168]. The device was characterized by CV, galvanostatic
charge-discharge, and AC impedance spectroscopy. The discharge characteristics were almost
linear, which confirmed the capacitive behavior of the EDLC cell. The fabricated EDLC cells
performed good cyclability up to 500 cycles with more than 90% coulombic efficiency.

A solid electrolyte designed by blending chitosan with corn starch for application in
an electrochemical double-layer capacitor (EDLC) and proton batteries was reported [169].
From transference number measurements (TNM), the electrolytes’ transference number of
ion (tion) showed that ion is the dominant conducting species. The transference number
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of cation (t+) for the highest conducting electrolyte was found to be 0.56. Linear sweep
voltammetry (LSV) result confirmed the suitability of the highest conducting electrolyte
to be used to fabricate EDLC and proton batteries. The open-circuit potential (OCP) of
the primary proton batteries for 48 h was lasted at (1.54 ± 0.02) V, while that of secondary
proton batteries lasted at (1.58 ± 0.01) V.

Figure 15. Schematic diagram showing ion dissociation in biopolymer salt matrix. Reproduced with
permission from Renew. Sustain. Energy Rev., 65, Singh et al., Perspectives for solid biopolymer
electrolytes in dye sensitized solar cell and battery application, 1098–1117, 2016 [50].

Masri et al. [170] used sago powder (starch from various tropical palms) to design a
sago-KOH GPE. Then, it was employed in an experimental Zn-air battery using a porous
Zn electrode as the anode. The battery showed outstanding discharge capacity and practical
capacity obtained of 505 mAh·g−1. In parallel, Zahid et al. [200] designed a GPE for zinc-air
batteries based on cassava (Manihot esculenta), one of the most essential starch sources in trop-
ical and subtropical areas. The highest ionic conductivity obtained was 4.34 × 10−3 S·cm−1.

5.4. Carrageenan

Carrageenan is a linear sulfated polysaccharide polymer extracted from a marine red
seaweed called Rhodophyceae and Kappaphycus alvarezii. It is consisted of repeating units
of (1,3)-D-glucopyranose and (1,4)-3,6-anhydro-α-D-glucopyranose [201]. Besides, based
on the number of sulfate groups, it is classified into three types: Kappa (κ)-carrageenan
(one sulfate per disaccharide), iota (ι)-carrageenan (two sulfates per disaccharide, and
lambda (λ)-carrageenan (three sulfates per disaccharide). Carrageenan is hydrophilic
due to the presence of hydroxyl groups and the mentioned sulfate groups in it. In terms
of electrochemical properties, this polymer is known for being in rich hydroxyl groups
and oxygen atoms which are essential for interaction and coordination with cations [202].
Carrageenan has been used in various applications, including food, pharmaceutical, and
cosmetic industries as viscosity builders, gelling agents, and stabilizers [203], even proving
to have anti-tumor and anti-angiogenic activity [204], besides being applied in drug deliv-
ery systems and other biomedical applications [205]. In this field, Sabbagh et al. [206] have
investigated the nanocomposite positive effects on structural, functional, morphological,
and thermal properties of carrageenan hydrogels, obtaining promising results for drug-
delivery systems. Moreover, it is known that carrageenan could be used as a prominent
electrolyte in electrochemical devices with suitable modifications.

A rechargeable quasi-solid-state zinc ion battery using κ-carrageenan bio-polymer elec-
trolyte was reported by Huang et al. [171]. The mechanical robustness of the electrolyte was
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reinforced by using a rice paper scaffold, which reduced the chances of short circuits as well.
The κ-carrageenan electrolyte was found to be highly conductive. Furthermore, electrolyte
production did not need water and oxygen-free environment or other protection measures,
which is ideal for scaling up production. The zinc ion battery assembled with this biopolymer
electrolyte also showed excellent cycling stability; 80% of its initial capacity still remained
even the cyclic number extended to 450 cycles at 6.0 A·g−1 (Figure 16a). The morphology
of cathode and anode materials remained after 450 cycles, almost unchanged compared to
the morphology of the pristine MnO2 and Zn (Figure 16b,c). Experimental results showed
that the batteries maintained the discharge profile and AC impedance spectra after the test
(Figure 16d). Besides, after 300 bending cycles, 95% capacity was retained (Figure 16e). This
work brought new research opportunities in developing low-cost, flexible solid-state zinc ion
batteries using green natural polymer, besides being capable of powering a timer under bend-
ing condition (Figure 16f), and also powered a timer when the entire device was immersed in
water, demonstrating its good waterproofness (Figure 16g).

Figure 16. Cont.
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Figure 16. (a) Cycling stability of the solid-state ZIBs with KCR electrolyte cycled at 6.0 A·g−1 and
corresponding coulombic efficiency. SEM images of (b) the MnO2 cathode and (c) the electroplated Zn
anode after 450 charge/discharge cycles. (d) Discharge curves under normal and bending conditions.
(e) The bending test of solid-state ZIBs with KCR electrolyte for 300 cycles. (f) A solid-state ZIB
with KCR electrolyte powers a timer under 180 degrees of bending conditions. (g) A solid-state ZIB
with KCR electrolyte powers a timer when the battery is fully immersed in the water. Reproduced
with permission from RSC Adv., 9, Flexible quasi-solid-state zinc ion batteries enabled by highly
conductive carrageenan bio-polymer electrolyte, 16313–16319, 2019 [171].

For magnesium ion conduction, an SPE consisted of κ-carrageenan with MgCl2 salt was
designed by Sangeetha et al. [172], employing it in a primary magnesium battery. The resulting
OCV for the battery was 2.17 V. In another report, κ-carrageenan containing tri-iodide/iodide
redox couple was modified for dye-sensitized solar cell applications with nanofillers such as
TiO2, iron (III) oxide Fe2O3, and halloysite by Chan et al. [207]. For this system, the addition
of various fillers to the PE system increased the dissociation of iodide ions and improved
the ionic conductivity of the cells. DSSC characterization revealed a low efficiency due to
relatively high charge transfer resistances at the TiO2/dye/electrolyte interface.

5.5. Agar

Agar is defined as a strong gelling hydrocolloid from marine algae. It is constituted by
repetitive units of D-galactose and 3,6-anhydro-L-galactose, with few variations and low
content of sulfate esters [208]. Agar is widely known because of its gelling power, based
exclusively on the hydrogen bonds formed among its linear galactan chains, providing ex-
cellent reversibility. Its unique properties make it suitable for many applications, especially
in preparing microbiological culture media [209]. It is widely used in the food industry, in
cosmetics, and in microbiology [210]. In terms of electrochemical properties, agar forms a
slightly viscous solution on dissolving in hot water and then turns into a thermo-reversible
gel when cooled down. Agar attracts attention because of its best film-forming capability,
used in synthesizing agar hydrogel used as an electrode binder in fuel cells [211].

A novel PE based on agar and doped with NH4SCN was prepared for zinc cells
by Selvalakshmi et al. [173]. The obtained results ensured that it is a good candidate
for a low-cost biopolymer electrolyte membrane for fuel cell applications and solid-state
devices. Similarly, Alves et al. [174] prepared a PE-based on agar doped with magnesium
triflate for magnesium ion conduction, but the obtained results were not suitable for
practical applications.

In terms of the implementation of nanofillers, some studies of agar applied in elec-
trolytes for dye-sensitized solar cells have been presented. A polysaccharide GPE composed
of agar in 1-methyl-2-pyrrolidinone (NMP) as a polymer matrix, LiI)/iodine (I2) as a redox
couple, and TiO2 nanoparticles as fillers were reported by Yang et al. [212]. Results showed
that optimizing the electrolyte composition, such as agar and TiO2 concentration, is neces-
sary to improve the energy conversion efficiency of the DSSCs. Likewise, similar results
were obtained for the same electrolyte system by Wang et al. [175], where the effects of LiI
concentration were analyzed.
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All the presented results so far show that NCPEs based on biopolymers solve the issues
presented by all the kinds of PEs (increasing the low ionic conductivities and improving
the mechanical properties). Furthermore, nanofillers have been shown to help prevent
the dissolution of the salts provoked by the polar groups presented in the polysaccharide
structure of most of the studied biopolymers, enhancing the ionic conductivity. Moreover,
in contrast to the synthetic polymers mentioned in the previous sections, the presence of a
wide variety of functional groups in biopolymers make them capable of showing various
kinds of bonds and intermolecular forces. This feature is of vast importance in terms of
enhancing the mechanical stability of the matrix. Nevertheless, to confirm the benefits of
these kinds of forces, more attention to mechanical testing is recommended to determine
the best application for these matrixes after paying attention to the alternates of material
processing available so far.

6. Conclusions

According to the literature available so far, the key aspects related to nanocomposite
polymer electrolytes for batteries composed of zinc or magnesium have been presented and
discussed along with the review to know their suitability for application in rechargeable cells.

The copolymer matrix composed of PVDF-co-HFP has been shown to hold on to
the ionic liquid and retain it in the membranes. Moreover, according to the results by
the number of publications so far, the improved results in conductivity obtained for this
matrix along with the addition of nanofillers, provoke a space-charge region, understood
by the evistence of free electrons at the surface of the nanocomposite, facilitating the new
kinetic path for ionic transport and polymer segmental motion. This mechanism ensures
the electrolyte to be capable of ion transference. Improved high ionic conductivity and
better thermal and mechanical stability compared to liquid electrolyte systems have been
confirmed. Moreover, when a specific percentage of nanofiller is added, a decrease in
ionic conductivity is observed. Excessive fillers could provoke this in the NCPE that may
trigger the formation of ion pairs and ion aggregation, such as the non-conducting phase
presented as an electrically inert component blocking ion transport.

By adding nanoparticles, it has been possible to reduce the degree of crystallinity of
the polymers, an aspect proven in the investigations on PEO electrolytes. This feature is
a crucial issue because the membrane’s amorphous degree is responsible for conduction
along with the electrolyte. Furthermore, conductivity is improved because the nanoparticles
can act as a solid plasticizer, ensuring electrochemical properties and mechanical strength.
Besides, it is discussed the NCPEs assembled with other synthetic polymers. Despite some
minor variations, the results presented replicate the argument of improving the electrolyte
properties by adding nanofillers, setting a solid precedent regarding the applicability of
these polymers, where not much research has been found with the discussed approach.

Biopolymer electrolytes based on natural molecules have shown comparable ion con-
duction and electrochemical properties with traditional synthetic polymer electrolytes as
the ones discussed in previous sections. Besides, when discussing stability, the natural
polymer-based electrolytes are comparable, if not better, than the synthetic ones. The pro-
cesses for enhancing their properties are reachable by the same methods. The conduction
mechanism in both electrolytes is the same and is explained in terms of the exchange of
ions between complexed sites. Moreover, their abundance, low cost, and easier processing
ability make biopolymer electrolytes expected to bring a better future of green technologies
than non-biodegradable, toxic, and harmful materials used in commercial batteries today.

When choosing which state is better for the electrolyte, between making it a solid or a
gel, it is paramount to consider the device’s application. Gel polymer electrolytes have been
shown to be capable of being employed in conditions where flexibility is well appreciated.
However, GPEs currently need mobile liquids to perform the conduction process, and the
current ones present concerns in terms of stability, safety, and general sustainability. Hence,
the search for more benign and environmentally-friendly mobile liquids is a current issue
to increase the expectation on developing batteries based on sustainable components.
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In general, for all the polymer electrolytes, the addition of nanoparticles (ZnO, MgO,
TiO2, Al2O3, SnO2) has been proved to enhance the electrical conductivity by, in the least of
the cases, one order of magnitude. Moreover, conductivity is improved, but cationic species’
electrochemical properties, mechanical strength, and transport properties are. Ultimately,
the awareness of the addition of nanofillers improving the mechanical stability and ionic
conductivity is a crucial point to be explored in the production of batteries. However, the
state-of-the-art is still lacking in terms of the development of NCPEs based on biopolymers.
The few investigations overviewed so far set a precedent for the demand for further
research with this specific approach. These attempts need to be further developed to get
practical applications for the industry in large scale of polymer-based electrolyte batteries,
as well as other electrochemical devices, such as bioresorbable electronic devices that
include biobatteries, offering an innovative solution to the problems currently faced by
biomedical applications, generating positive impacts to the wellness of human beings and
the environment.

The research in this field needs to continue developing. Still, zinc and magnesium
are absolutely the future of batteries that present electrolytes in solid-state. These met-
als are likely to replace lithium, thanks to their high energy potential, inherent safety,
cost-effectiveness, and environmental-friendliness, along with the employment of the
biodegradable biopolymers discussed in this article for the electrolyte. These features set
the path for developing novel environment-friendly battery systems in the present world
that urges for more sustainable options.
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Abstract: The flexible, anti-fouling, and bionic surface-enhanced Raman scattering (SERS) biochip,
which has a Nepenthes peristome-like structure, was fabricated by photolithography, replicated
technology, and thermal evaporation. The pattern of the bionic Nepenthes peristome-like struc-
ture was fabricated by two layers of photolithography with SU-8 photoresist. The bionic struc-
ture was then replicated by polydimethylsiloxane (PDMS) and grafting the zwitterion polymers
(2-methacryloyloxyethyl phosphorylcholine, MPC) by atmospheric plasma polymerization (PDMS-
PMPC). The phospholipid monomer of MPC immobilization plays an important role; it can not
only improve hydrophilicity, anti-fouling and anti-bacterial properties, and biocompatibility, but it
also allows for self-driving and unidirectional water delivery. Ag nanofilms (5 nm) were deposited
on a PDMS (PDMS-Ag) substrate by thermal evaporation for SERS detection. Characterizations of
the bionic SERS chips were measured by a scanning electron microscope (SEM), optical microscope
(OM), X-ray photoelectron spectrometer (XPS), Fourier-transform infrared spectroscopy (FTIR), and
contact angle (CA) testing. The results show that the superior anti-fouling capability of proteins and
bacteria (E. coli) was found on the PDMS-PMPC substrate. Furthermore, the one-way liquid transfer
capability of the bionic SERS chip was successfully demonstrated, which provides for the ability to
separate samples during the flow channel, and which was detected by Raman spectroscopy. The SERS
intensity (adenine, 10−4 M) of PDMS-Ag with a bionic structure is ~4 times higher than PDMS-Ag
without a bionic structure, due to the multi-reflection of the 3D bionic structure. The high-sensitivity
bionic SERS substrate, with its self-driving water capability, has potential for biomolecule separation
and detection.

Keywords: Nepenthes structure; bionic replica; zwitterion polymers; self-driving water; unidirectional
water delivery; surface-enhanced Raman scattering (SERS) detection

1. Introduction

There are many micro- or nano-scale structures with different functions and special
characteristics in nature, which have not yet been discovered because of the limitations
of existing detection technologies. A benefit of the progress of manufacturing and the
advancement in detection techniques in recent years has been that the micro-scale structure
can now easily be observed, encouraging more researchers to invest in micro biomaterial
structures. For example, lotus leaves possess a super-hydrophobic and self-cleaning ability
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due to the unique nanostructure of their surface [1,2]. This nanostructure contains structural
wax on the surface layer, which not only increases surface roughness, but also traps air
between the solid and liquid interface [3]. Biomimetic technology [4–12] is a technology
that imitates the 3.8 billion years of evolutionary experience of living things. Every lifestyle,
growth process, and ecosystem is a source of inspiration for simulation. It has the two
major contradictions of “nature but primitive” and “technology but pollution”, which are
currently significant [13]. Biomimetic technology has three advantages: low costs, high
efficiency, and low pollution. With the proper utilization of this technology, we can achieve
low resource and energy consumption while obtaining optimal production capacity and
benefits. For example, aircraft coatings based on shark skin resistance [6,14–16], radar sonar
based on bats [17], solar applications inspired by photosynthesis, bullet train heads based
on kingfisher beaks [18,19], antifouling coatings based on frog skins [20], etc. Biomaterials
have also been widely applied in SERS substrates due to their 3D periodic microstructures,
such as butterfly wings, cicada wings, and rose petals [21–23]. The best case for the
continuation, this study focuses on the surface structure of nepenthes.

Nepenthes lives in a barren environment. Uniquely, they can capture insects with their
peristome to meet their fundamental nutrient needs [2]. Most species obtain their nutrients
from trapped and food animals. The inner surface of the insect trap is covered with slippery
and fragile wax [24], forming an effective trap. The peristome on the top aims to attract
and capture prey by forming a smooth liquid film. Previous studies indicated that the
peristome structure of Nepenthes consists of radially arranged ribs. Rain, dew, and honey
form a layer of liquid film on the surface, transforming the peristome in a super-hydrophilic
surface. The surface of the epidermal cells of Nepenthes peristome is smooth and wax-free.
The addition of wax-free crystals and hygroscopic honey increases the capillary force and
promotes the formation of the liquid film, further enhancing the liquid transport speed on
the surface of the Nepenthes peristome [25], which even resists gravity. Nevertheless, the
continuous radial arrangement of the peristome grooved structure exhibits liquid trans-
mission characteristics without other external forces. Fabricating a surface with the same
structural features as the replica molding method is ideal to achieve the one-way liquid
transfer (self-driving water) capability, which has potential to apply in microfluidic devices
without pumping. Directly using the natural peristome as a template, the peristome struc-
ture can be replicated by artificial poly (dimethylsiloxane) (PDMS); however, the surface is
curved and difficult to reprocess. Therefore, we propose a high-precision photolithography
process to imitate the Nepenthes peristome.

The plane structure is reproduced on PDMS through transfer-printing technology [13,26,27].
Most studies choose PDMS as the transfer material due to its excellent pattern reproduction
accuracy, easy preparation, and ease of observation, etc. A microfluidic chip is a very
promising analytical platform for the sample pre-treatment, separation, and detection [28];
for example, a microfluidic based surface-enhanced Raman scattering (SERS) chip was ap-
plied to detect creatinine in blood for 2 min [28,29]. The microfluidic SERS chip was proven
to effectively detect bio-samples. However, the replica PDMS is an extremely hydrophobic
material, whereas Nepenthes peristome has hydrophilic structure; to address this, we
propose a hydrophilic modified material with 2-methacryloyloxyethyl phosphorylcholine
(MPC), which contains a phospholipid structure that was polymerized and grafted on
the PDMS surface by atmospheric plasma. MPC is a zwitterionic monomer with good
antithrombotic and blood compatibility [30–32]. This polymer is highly hydrophilic due
to the phospholipid polar tail in the MPC molecular structure. Moreover, the inhibitory
effect on the adhesion of cells, platelets, enzymes, and proteins in the blood can also reduce
the chances of the organism recognizing the material as a foreign object, and increases
the biocompatibility of the material [33,34]. Therefore, the hydrophilic bionic structure
was imitated to exhibit the same liquid transport capability as the Nepenthes peristome in
this study.
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2. Materials and Methods
2.1. Photolithography

The photolithography process of a Nepenthes peristome-like structure is shown in
Figure 1. The silicon wafer substrate was consecutively cleaned with acetone, ethanol, and
deionized water, and cleaned by vacuum plasma for 10 min after being dried by N2 gas.
After the plasma treatment, the surface achieved temporary hydrophilicity to increase the
adhesion of the substrate and photoresist. SU-8 negative photoresist (KAYAKU SU8-2025)
was spin-coated at a gradual acceleration speed of 500 rpm for 10 s, 1500 rpm for 10 s, and
3000 rpm for 30 s, which could make the homogenous coating for the SU-8 photoresist.
Then, incubation occurred for 30 min before soft baking. Soft baking following gradual
heating (65–90 ◦C) can avoid bubbles caused by an excessive heating rate. SU-8 negative
photoresist was cross-linked with a mercury lamp (365 nm) for 25 s, with an exposure
process of two layers of photomask patterns. After exposure, adhesion of the exposed
pattern and the substrate were improved by post-exposure baking at 90 ◦C, and then
immersed in the developer to remove the un-crosslinked SU-8 photoresist. Following
developments, we rinsed with deionized water and hard baked for 3 min to remove the last
remaining solvent. The SU-8 mold of the Nepenthes peristome-like structure was then used
in the further replica of the PDMS membranes. The easy-cleaning coating solution, Naegix
E720 (Senguan Tech Co., Ltd., Tainan City, Taiwan), was used as the control to evaluate the
surface energy of a replica of a bionic Nepenthes peristome-like structure.
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Figure 1. Diagram of the photolithography process of a Nepenthes peristome-like structure.

2.2. Replica of a Nepenthes Peristome-like Structure by PDMS

Polydimethylsiloxane (PDMS, Dow Corning® Sylgard 184, part A) and a crosslinking
agent (Sylgard 184, part B) were mixed with a 10:1 PDMS base to a curing agent ratio.
The stiffness of the PDMS can be manipulated by the addition of a curing agent. To
avoid bubbles, the mixed PDMS must be placed in a vacuum desiccator until the bubbles
disappear. The PDMS solution was then poured into a 35 mm dish and placed in the oven
at 60 ◦C for 4 h until the structure stabilized. SU-8 based bionic (Nepenthes peristome-like)
structure was cleaned with deionized water before plasma cleaning for 1 min. Moreover,
the platinum was coated on the surface of the SU-8 based bionic structure. After all these
steps were completed, the mixed PDMS solution was poured into the SU-8 mold and
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vacuumed to remove extra bubbles. Then, it stood in the oven at 65 ◦C for 4 h. The bionic
replica of the PDMS membrane was slit to generate the Nepenthes peristome-like structure
(Figure 2).
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Figure 2. Diagram of the replicated Nepenthes peristome-like structure process by polydimethyl-
siloxane (PDMS).

2.3. MPC Immobilization by Atmospheric Plasma

The zwitterion polymer (2-methacryloyloxyethyl phosphorylcholine, MPC) modifi-
cation flowchart is shown in Figure 3. The bionic replica of the PDMS membrane was
pre-treated by plasma cleaning for 1 min (Figure 3a) and then immersed in MPC solution
(Figure 3b) [27,28]. In addition to activating the surface functional groups, the hydrophilic
treatment can effectively improve the uniformity of the modification. Subsequently, the
pre-treated PDMS was treated by oxygen atmospheric plasma (AP Plasma Jet, Feng Tien
Electronic Co., Ltd., Taipei, Taiwan) (Figure 3c) to polymerize the MPC monomers to MPC
polymer brushes (Figure 3d) at an operating power of 1.2 kW and oxygen flux rate of
10 slm (L/min) for 10 s, and a 1.2 cm distance was maintained from the plasma torch.
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Figure 3. Schematic diagram of the replica of the PDMS-based bionic Nepenthes peristome-like
structure with 2-methacryloyloxyethl phosphorylcholine (MPC) immobilization by atmospheric
plasma. (a) The replica PDMS membrane was pre-treated by plasma cleaning for 1 min; (b) PDMS
immersed in MPC solution; (c) MPC monomers were polymerized by oxygen atmospheric plasma
and formed (d) MPC polymer brushes.

2.4. Anti-Bacterial Adhesion Capability

The antibacterial effect of PDMS and PDMS-PMPC against bacteria (E. coli) was
inspected with the bacterial adhesion method. The samples were shaken with the lysate of
E. coli at 37 ◦C. After 24 h, the samples were stained with SYTO 9 (green fluorescence nucleic
acid stain) and stood for 5 min. The results were obtained with fluorescence microscope.
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2.5. Anti-Protein Adhesion Capability

The PDMS and PDMS-PMPC were incubated in a 10 mL phosphate-buffered solution
(PBS) solution of albumin from human serum (HSA) in the 24-well tissue culture plate at
37 ◦C for 1 h. Afterward, the samples were gently washed 3 times using PBS in the 24-well
tissue culture plate. Then, the samples were incubated with 1 wt% aqueous solution of
sodium dodecyl sulfate (SDS). The BCA kit was used to determine the concentration of the
proteins in the SDS solution, and the concentration was detected by UV-vis spectroscopy.

2.6. Cell Attachment Tests

The cell attachment was detected with cells adhesion. The PDMS and PDMS-PMPC
were placed in the 24-well plate, injected with NIH 3T3 mouse embryonic fibroblast cells
(3T3 cells) to the substrate surface, and incubated at 37 ◦C for 24 h. The cells’ attachment
behavior would be evaluated by fluorescent staining (nucleus staining and cell membrane
staining) to observe the amount of cell adhesion by fluorescent microscopy.

2.7. Biocompatibility

Biocompatibility is defined as the ability of a material to perform with an appropri-
ate host response in a specific application [28]. The biocompatibility of pristine PDMS
and PDMS-PMPC was evaluated with the proliferation of 3T3 fibroblast. The substrates
(1 cm × 1 cm) and 1 mL solution of 3T3 cells (105 cells/mL) were placed in the 24-well
plate under a 5% CO2 atmosphere The cell viability was determined at 37 ◦C for 24, 48, and
72 h by thiazolyl blue tetrazolium bromide (MTT) assay and absorbance at 570 nm.

2.8. One-Way Liquid Transfer Capability

One-way liquid transfer capability of PDMS and PDMS-PMPC substrates was mea-
sured by the stained deionized water dropped on the PDMS and PDMS-PMPC substrates.
The distance of stained deionized water flowing was recorded after 4 min. The flowing
distance would be evaluated between pristine PDMS and PDMS-PMPC substrates. The
longer flowing distance shows the greater one-way liquid transfer capability.

2.9. Characterizations

The morphology of the bionic SERS substrate was observed by scanning electron
microscopy (SEM) (JEOL JSM-6701F, Tokyo, Japan). FT-IR spectroscopy (FT-IR, Perkin-
Elmer Spectrum-One, Shelton, CT, USA) was used to differentiate the composition and
chemical structure of the bionic SERS substrate. The chemical-binding energy of the bionic
SERS substrate was carried out by a K-Alpha X-ray photoelectron spectrometer (XPS)
(Thermo Fisher Scientific, Waltham, MA, USA). The hydrophilicity of the bionic SERS
substrates was recorded by a contact angle goniometer (DSA 100, Krüss GmbH, Hamburg,
Germany). Raman spectroscopy (HORIBA, LabRAM HR Evolution) was used to evaluate
the SERS spectra of the bionic SERS substrate, with a 632.8 nm He-Ne laser, operated under
a 10× objective lens with a detection range of 400–2000 cm−1.

3. Results and Discussion
3.1. Optical Microscope (OM) Analysis

The photomask patterns of the Nepenthes peristome-like structure were shown in
Figure 4a–c. The arrow arrays (Figure 4a) were fabricated in the first (bottom) layer.
Then, the straight pattern arrays (Figure 4b) were covered as the second layer to develop
the bionic Nepenthes peristome-like structure (Figure 4c). Figure 4d–f show the OM
images of the first layer (Figure 4d), the second layer (Figure 4e), and the overlaid layers
pattern (Figure 4f) of SU-8 photoresist during the photolithographic process. The resulting
three patterns are similar to the three photomask patterns. The line point A to point B
(Figures 4d and 5) passes through the plane and the pattern represents the segmented
plane of the cross-section from the first layer of SU-8 photoresist. Although the arrow
array (Figure 4d) becomes broader during the photolithographic process, compared to the
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pristine photomask patterns (Figure 4a), the gap channels between the arrow arrays do
not change too much. Furthermore, the cross-section of the first layer replicated by PDMS
was observed in Figure 5. The depth of the gap channel could be clearly observed in the
cross-section image, showing the pattern integrity after the photolithographic process.
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the plane and the pattern indicates the segmented plane of the cross-section from the first layer of
SU-8 photoresist.
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3.2. Scanning Electron Microscope (SEM) Observation

From Figure 6a–c, the continuous radially arranged furrows were observed with
grooves at the real (pristine) Nepenthes peristome structure. The width was 30–40 µm
and the length was 130–160 µm. In comparison, the replica of the PDMS-based bionic
Nepenthes peristome-like structure is shown in Figure 6d–f. The double layer structure
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was successfully fabricated by the replicated process, and the detail structure is very similar
to the pristine Nepenthes peristome.
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Nepenthes peristome-like structure of PDMS.

3.3. Hydrophilicity by Contact Angle Measurements

The contact angle of the pristine Nepenthes peristome exhibiting a super-hydrophilic
surface leads to an unapparent water contact angle (almost 0◦), as shown in Figure 7a,b.
However, the replica of the bionic PDMS surface (without modified MPC) shows the
super-hydrophobicity (CA: ~142◦) in Figure 7c,d, which is higher than the coating of
commercial self-cleaning products (Naegix E720) (~90◦). The structure of the replica of
bionic PDMS is similar to the pristine Nepenthes peristome, but the surface energy is
completely different. The reason for that is because the hydrophilic functional group was
found on the pristine Nepenthes peristome, whereas the replica of the bionic PDMS surface
is more hydrophobic. Therefore, MPC polymer brushes (PMPC) were grafted on the PDMS
substrate by atmospheric plasma to improve hydrophilicity. The contact angle displayed
was ~28◦ after PMPC was immobilized on the PDMS-replicated Nepenthes peristome,
which is closer to the pristine Nepenthes peristome (Figure 7e,f).
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Figure 7. The contact angle of (a,b) the pristine Nepenthes peristome (almost 0◦), (c,d) Nepenthes
peristome-like structure replicated by PDMS without MPC modification, and (e,f) the Nepenthes
peristome-like structure replicated by PDMS with MPC modification.
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3.4. FTIR Spectrum Analysis

Figure 8 shows the FTIR spectra of pristine PDMS and PDMS coated with PMPC.
The FTIR spectrum of PDMS shows the characteristic peaks at a stretching frequency of
789 cm−1 bending vibration modes of Si-CH3 and Si-(CH2)n-Si, the characteristic peaks
at the stretching frequency of 1020 cm−1 due to the bending vibration modes of the
asymmetric Si–O–Si stretching vibrations, and the characteristic peaks at 1259 cm−1 due
to the bending vibration modes of Si-CH3 symmetric bending [35,36]. PDMS coated with
PMPC has the characteristic peaks of 971 cm−1, 1090 cm−1, and 1247 cm−1 due to P-O,
R-N+(CH3)3, and the P=O stretching vibrational band [37,38]. The results confirmed that
PMPC polymer brushes were successfully immobilized on the PDMS substrate.
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Figure 8. FTIR spectrum of PDMS and MPC polymer brushes (PMPC) were grafted on the PDMS
substrate and PDMA-PMPC substrate.

3.5. XPS Spectrum Analysis

The binding energy change between the PDMS and PDMS-PMPC substrates was
measured by an XPS analysis (Figure 9). The full spectra (Figure 9a) show that the surface
primarily contained O, Si, C, P, and N. Compared with the PDMS surface, the characteristic
peaks of N-1s and P-2s orbitals were observed at the PDMS-PMPC substrates, which
contribute to the phosphorus and nitrogen bonds of MPC polymer brushes. The element
ratios of N and P element contents of PDMS-PMPC were 4.43% and 4.66%, whereas the
characteristic peaks of N-1s and P-2s were barely observed on the pristine PDMS. From the
XPS spectra of C-1s (Figure 9b), new characteristic peaks were observed at C-O (286 eV)
and C=O (288.5 eV) for the PDMS-PMPC substrates. In addition, an additional peak of
N-1s spectra (Figure 9c) was found at 402.4 eV, which is the functional group of N+(CH3)3
on the PDMS-PMPC substrate. These results are similar to the FTIR analysis (Figure 8),
indicating that the PMPC polymer brushes can grow on the replica of the bionic PDMS
surface after atmospheric plasma polymerization.

114



Polymers 2022, 14, 2465Polymers 2022, 13, x FOR PEER REVIEW 9 of 14 
 

 

 

 

Figure 9. (a) XPS full spectra, (b) C-1s spectra, and (c) N-1s spectra of the PDMS and PDMS-PMPC 

substrates. 

3.6. Antibacterial Adhesion Test 

The antibacterial effect of PDMS and PDMS-PMPC against bacteria (E. coli) was as-

sessed using the bacterial adhesion method. The fluorescence images of bacterial mor-

phology (Figure 10) demonstrate that the bacteria are attached to the sample surface. We 

noticed a higher number of bacteria on the pristine PDMS substrate (Figure 10a) than on 

the PMPC-coated PDMS substrate (Figure 10b). This is because the PMPC structure forms 

the steric hindrance, and the steric hindrance enables the PDMS surface to display anti-

bacterial properties [28]. 

(a) 
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3.6. Antibacterial Adhesion Test

The antibacterial effect of PDMS and PDMS-PMPC against bacteria (E. coli) was
assessed using the bacterial adhesion method. The fluorescence images of bacterial mor-
phology (Figure 10) demonstrate that the bacteria are attached to the sample surface. We
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noticed a higher number of bacteria on the pristine PDMS substrate (Figure 10a) than on the
PMPC-coated PDMS substrate (Figure 10b). This is because the PMPC structure forms the
steric hindrance, and the steric hindrance enables the PDMS surface to display antibacterial
properties [28].
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PMPC substrate.

3.7. Anti-Protein Adhesion Test

The anti-protein adsorption performance of the PDMS and PDSA-PMPC surfaces were
quantitatively evaluated by a BCA protein assay (Thermo Fisher, USA). Figure 11 shows the
amounts of human serum albumin (HSA), which adhered to the pristine and PMPC-coated
PDMS substrates. The adsorbed amount of HSA on the pristine PDMS was 60% higher
than the PDMS-PMPC substrate. The PMPC was very effective in preventing the protein
from adsorption. This result corresponded with the contact angle. The smaller the water
contact angle after PMPC grafting, the greater the anti-fouling capability of proteins [34].
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Figure 11. The anti-fouling capability of proteins (human serum albumin, HSA) on the pristine PDMS
and PDMS-PMPC substrates (n = 3).

3.8. Cells Attachment Test

The results of 3T3 cells attachment on PDMS and PDMS-PMPC substrate are shown
in Figure 12. Although the PDMS surface was hydrophobic, the amount of surface cell ad-
hesion was concentrated and dense (Figure 12a). The PDMS grafted on PMPC (Figure 12b)
made it difficult for the cells to attach to the substrate due to the change in surface charge,
reduced the number of cells attached, and kept the cell adhesion survival rate.
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Figure 12. 3T3 cells attachment test on the (a) pristine PDMS and (b) PDMS-PMPC substrates.

3.9. Biocompatibility Test

Biocompatibility is defined as the ability of a material to perform with an appropriate
host response in a specific application [31]. That is, the material will respond appropriately
when it comes into contact with the host. In this study, the biocompatibility of pristine
PDMS and PDMS-PMPC was evaluated with the proliferation of NIH 3T3 cells, which are
mouse embryonic fibroblasts and have been widely used in biocompatibility tests. Figure 13
shows that 3T3 cells proliferated on the control, PDMS, and PDMS-PMPC substrates at
1–3 days. The results show that cell viability (%) at day 1 was almost the same in the three
samples, but pristine PDMS and PDMS-MPC dropped to about 70% at day 2. At day 3,
the cell viability (%) of 3T3 cells on the PDMS continued to decline, whereas that on the
PDMS-PMPC increased to 85%, similarly with the control group. This demonstrates that
PMPC immobilization on the surface can effectively improve biocompatibility at day 3,
compared to the pristine PDMS.
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3.10. One-Way Liquid Transfer Capability

The liquid channels (20 mm) were fabricated by imitating channels of the real Ne-
penthes peristome, as shown in Figure 14a. The stained deionized water (10 µL) was
utilized for its one-way liquid transfer capability. The results indicated that the ability of
self-driving and unidirectional water delivery was found in the PDMS-PMPC substrate
(red-stained water) after 4 min incubation (running distance: ~10 mm), compared with
the sticky blue stained water in the PDMS substrate (Figure 14b). The delivery rate of
PDMS-PMPC was about 2.5 mm/min, which provides the chromatographic capability of
the complex samples. The complex samples could be separated in the chromatographic
process (depending on the polarity or molecular weight of the samples), and then detected
using the SERS technique.
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cated by a flexible PDMS substrate and then immobilized with MPC polymer brushes by 

an atmospheric plasma treatment to improve its hydrophilicity, antibacterial attachment, 

Figure 14. (a) The liquid channels (20 mm) of the PDMS-based substrate were used for the channels
of the real Nepenthes peristome; (b) the stained deionized water (10 µL) was used for the one-way
liquid transfer capability (blue water for PDMS and red water for PDMS-PMPC).

3.11. SERS Detection by Raman Spectroscopy

To enable the SERS detection (Figure 15), the replica PDMS-PMPC with a bionic
structure was deposited on 5 nm of Ag nanofilm (PDMS-PMPC-Ag (W/)) by thermal
evaporation, and pristine PDMS-PMPC with Ag (PDMS-PMPC-Ag (W/O)) deposition
was used as the control. The 633 nm laser was used for Raman spectroscopy, and adenine
(10−4 M) was used as the model biomolecules analytes. The results indicated a characteristic
peak of adenine at 733 cm−1, and the SERS intensity of PDMS-PMPC-Ag (W/) was ~4 times
stronger than that of PDMS-PMPC-Ag (W/O), which indicated that multi-reflection by the
3D bionic structure enhanced SERS intensity. The pristine PDMS without Ag deposition
and bionic structure (PDMS (W/O)) is displayed as a black line in the background.
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Figure 15. Raman spectrum of PDMS without (W/O) bionic structure, PDMS-PMPC-Ag without
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4. Conclusions

In this study, we successfully fabricated a bionic Nepenthes peristome-like structure by
photolithography with SU-8 photoresist. Furthermore, the bionic structure was replicated
by a flexible PDMS substrate and then immobilized with MPC polymer brushes by an
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atmospheric plasma treatment to improve its hydrophilicity, antibacterial attachment, anti-
protein adsorption, and biocompatibility. The self-driving capability of SERS detection and
the one-way liquid transfer were demonstrated on the replica of the bionic PDMS-PMPC
substrate. A benefit of the Nepenthes peristome-like structure with PMPC modification
was that the delivery rate was about 2.5 mm/min, unlike the sticky stained water on the
unmodified PMPC surface. This can provide the chromatographic capability to separate
complex samples, and further detect them by Raman spectroscopy. The flexible and multi-
functional SERS chips could potentially be applied in a wearable device for biomedical and
environmental detection.
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Abstract: To achieve a preferable compatibility between liquid silicone rubber (LSR) and cable main
insulation in a cable accessory, we developed SiC/LSR nanocomposites with a significantly higher
conductivity nonlinearity than pure LSR, whilst representing a notable improvement in space charge
characteristics. Space charge distributions in polarization/depolarization processes and surface
potentials of SiC/LSR composites are analyzed to elucidate the percolation conductance and charge
trapping mechanisms accounting for nonlinear conductivity and space charge suppression. It is
verified that SiC/LSR composites with SiC content higher than 10 wt% represent an evident nonlin-
earity of electric conductivity as a function of the electric field strength. Space charge accumulations
can be inhibited by filling SiC nanoparticles into LSR, as illustrated in both dielectric polarization
and depolarization processes. Energy level and density of shallow traps increase significantly with
SiC content, which accounts for expediting carrier hopping transport and surface charge decay.
Finite-element multiphysics simulations demonstrate that nonlinear conductivity acquired by 20 wt%
SiC/LSR nanocomposite could efficiently homogenize an electric field distributed in high-voltage
direct current (HVDC) cable joints. Nonlinear conductivities and space charge characteristics of
SiC/LSR composites discussed in this paper suggest a feasible modification strategy to improve
insulation performances of direct current (DC) cable accessories.

Keywords: cable joint; liquid silicone rubber; nonlinear conductivity; space charge

1. Introduction

Recent electrical energy supply raises the requirements for delivering electricity over
long distances in which traditional high-voltage alternating current (AC) transmission
systems are facing inevitable challenges. Compared with conventional AC transmission,
the major advantages of high-voltage direct current (HVDC) transmissions, such as long
transmission distances, low losses, and large transmission capacities, need to competently
provide long-distance transmissions [1–4].

HVDC cable accessories are essential connecting devices in power transmission and
transformation systems. However, the multi-layer structures of composite insulation in
cable accessories lead to great discrepancies and incompatibilities in the electrical conductiv-
ities of internal insulation materials. In particular, the conductivity of accessory insulation
is far lower than that of the main insulation cross-linked polyethylene (XLPE), where the
electric field is distributed inversely proportional to the material conductivity [5,6]. As
a result, the poor accessory insulation results in local electric field distortions and space
charge accumulations under long-term polarization electric fields, which degrades the
insulation and breaks down the resistance of cable accessories. Therefore, cable accessories
are the weakest insulation points in direct current (DC) cable lines.
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Recently, homogenizing the electric field by optimizing the geometry of the insulation
structure and using nonlinear-conductivity composite materials has been found capable
of alleviating local electric field concentration, improving the insulation performances of
cable accessories [7,8]. With the development of large-capacity and high-voltage power
equipment, nonlinear materials have shown significant advantages for improving practical
efficiency and ensuring electrical compatibility in insulation equipment. The SiC/silicone
rubber (SiR) composites with SiC content greater than 20 vol% exhibit evident conductivity
nonlinearity which is attributed to carrier hopping conductance introduced by SiC fillers [9].
The dielectric properties of ZnO/SIR composites show significant conductivity nonlinearity
when the volume fraction of spherical ZnO fillers is higher than 30 vol%, with relative
permittivity being increased by five times [10]. It has been reported that calcium copper
titanate (CaCu3Ti4O1) nanofibers/liquid silicone rubber composites present notable nonlin-
ear conductivity and an improvement of space charge characteristics due to the introduced
charge traps by CaCu3Ti4O1 nanofillers [11]. SiC nanofillers with nonlinear conductivity
can effectively suppress interface charge accumulations in SiC/polymer nanocomposites
by introducing shallower traps [12]. In addition, coatings prepared by filling inorganic non-
linear nanoparticles (e.g., SiC and ZnO) into polymers exhibit self-adaptive conductivity in
response to the applied electric field. The coating of SiC/Epoxy resin on insulator surfaces
could promote the dissipation of surface charge and effectively improve the flashover
voltage [13].

The previous studies concerning electric field homogenization using nonlinear addi-
tive fillers mainly focused on the influence of the type and content of fillers on the nonlinear
conductivity of internal insulation, without elucidating clear pictures of nonlinear con-
ductance in combination with space charge characteristics. Therefore, in this study, SiC
nanoparticles filled into liquid silicone rubber (LSR) were used to render nanocomposites
with appreciable nonlinear conductivities. The abnormally varying carrier transport and
space charge suppression are analyzed to reveal the underlying mechanism of the com-
prehensive improvements in both nonlinear conductance and insulation strength, which
provides a basic reference for the engineering application of nonlinear composites.

2. Materials and Methods
2.1. Material Preparation

Two-component (A and B) liquid silicone rubber (LSR, Wacker, Germany) was selected
as the raw material for the composite matrix. SiC material (Deke Daojin, Beijing, China) with
a particle size of 40 nm was adopted as the filling additive. SiC/LSR nanocomposites with
SiC contents of 0, 5.0, 10.0, and 20.0 wt% were prepared by the mechanical stirring method.
The preparation process was as follows: (1) same masses of A and B, and appropriate mass
of SiC nanoparticles were accurately weighed according to filling content to be poured
into an beaker and stirred continuously at room temperature; (2) the SiC/LSR mixture was
poured into a 10 mm × 10 mm × 0.2 mold in a vacuum environment at a constant room
temperature for 2 h; and (3) the mold containing the SiC/LSR mixture was placed into a
flat vulcanizing instrument and vulcanized for 15 min under 15 MPa at 393 K, and then
cured at 473 K for 4 h to finally obtain the material samples.

2.2. Microstructure Characterization

The insulation properties of nanodielectrics are closely related to the dispersion of
the doped nano-phases in a polymer matrix. Thus, the dispersion of the SiC nanofillers
in an EPDM polymer matrix was characterized by a scanning electron microscope (SEM)
(SU8020, Hitachi High-Technologies Corporation, Tokyo, Japan). The specimens were
cold-brittle ruptured in a vessel containing liquid nitrogen to acquire the cross section to be
observed by SEM after being sprayed with a gold film.
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2.3. Mechanical Tensile Test

According to the standard of ISO 37:2005, the stress–strain characteristics were mea-
sured with an elongation speed of 5 mm/min. The tested sample was made into dumbbell
type sample 1 mm thick, with a total length of 75 mm and an effective test width of
4 ± 0.2 mm. The surface was smooth. without visible defects.

2.4. Electric Conductivity

Electric conductivities of the SiC/LSR nanocomposites in samples of 50 mm diameter
and 300 µm thickness were measured with a three-electrode system consisting of a high-
voltage DC power supply (HB-Z103-2AC, Tianjin Hengbo High Voltage Power Supply Co.,
Ltd., Tianjin, China), a picoammeter (Est122), three electrodes, and an oven at temperatures
from 30 to 70 ◦C. The current values were predicted approach a quasi-steady sate after
applying voltage for 30 min. Three aluminum electrodes were evaporated in a vacuum
in which the measuring disc-shaped electrode with a 50 mm diameter was encircled by a
protective annular-shaped electrode with a 75 mm diameter on one side of the film samples;
a high-voltage circular electrode with a diameter of 78 mm was placed on the other side.
Each group of samples was measured several times, and the average value was taken to
ensure the accuracy and reliability of the tested results.

2.5. Space Charge Distribution

The pulsed electro-acoustic (PEA) method was used to measure the space charge charac-
teristics of the SiC/LSR composites in samples with a dimension of 50 mm × 50 mm × 0.3 mm
at room temperature in which the polarization electric field, the pulse voltage and width, and
the input impedance were specified as 30 kV/mm, 400 V and 8 ns, and 1.368 Ω, respectively.
After voltage was applied for 30 min to test the space charge accumulation in the polarization
process, the tested sample was short-circuited to obtain depolarization decaying of the space
charge distribution. The total space charge Q(t) was calculated as follows [14]:

Q(t) =
∫ h

0
|ρ(x, t)|Sdx (1)

where Q(t) denotes the total charge quantity internal material at time t, h signifies the
sample thickness, ρ(x,t) symbolizes the space charge density at the position of x in the
sample at t, and S is the electrode area.

Considering the small space charge injection under a low electric field, the waveform
at a low electric field intensity of 3 kV/mm was adopted as the waveform reference for
the space charge measurement system to restore the measured signal of a space charge
distribution under a high electric field.

2.6. Isothermal Surface Potential Decay

The isothermal surface potential decay (ISPD) method can characterize the energy
level distribution of charge traps and the charge transport in a detrapping process in which
the corona-discharge method is used to charge the film sample, as shown by the schematic
measurement system in Figure 1.

The distance between the needle tip and the grid was 5 mm, and the distance between
the grid and the sample surface was 5 mm. The needle and grid electrodes were con-
nected to a high-voltage source with an aluminum back electrode being grounded during
measurement. The electrostatic probe was fixed on the sliding guide bracket about 3 mm
from the sample surface. Under negative corona charging, the needle and grid electrodes
were charged by −8 kV and −5 kV voltage, respectively, for 5 min. Then, the sample was
transferred below an electrostatic probe to be measured for 25 min.
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Double exponential function was used to numerically fit the decaying surface potential
over time very well, as expressed by:

U = Ae
−t
τ1 + Be

−t
τ2 (2)

where A, τ1, B, and τ2 are fitting parameters by which the trap energy level distribution
can be calculated by the surface potential decaying curve [14,15] which could be considered
as the volume trap characteristics. The trap energy level and trap density are calculated by
the following formulas:

Et = kbT ln(νt), N(E) =
4ε0ε1

qkbTd2

∣∣∣∣t
dU
dt

∣∣∣∣ (3)

where Et denotes trap energy level, N(E) indicate trap density, d represents sample thickness,
ε0 and ε1 are vacuum permittivity and relative permittivity, respectively, v symbolizes the
electron escape frequency, and q and kb signify the electron charge and Boltzmann constant,
respectively.

Figure 1. Schematic test system of isothermal surface potential decay.

2.7. Finite-Element Electric Field Simulation

We investigates the electric field distributions in the 200 kV DC cable joint with
the SiC/LSR composites used as reinforced insulation, as schematically shown by the
geometrically modeled structure in Figure 2. The diameter of the cable core was 30 mm,
and the thicknesses of the main insulation (XLPE material), inner shield, outer shield, and
reinforced insulation were specified as 16, 2, 1, and 68 mm, respectively. The length of
the simulation model was 2600 mm. To make the simulation more identical to the actual
situation, an air environment domain was added to the simulation model. The convective
heat transfer parameter at the interface of the cable joint and the air was set to 10 W/(m2·K).
DC high voltage was loaded to the edge of the cable core. The inner edge of the outer
semi-conductive shield layer of insulation and the boundary of the stress–cone were set as
the electric ground boundary. For thermal simulations, which were coupled to the electrical
field based on the electrical properties of each conduction or insulation component, the
core and ambient (outside outer protective layer) temperatures were set as 70 ◦C and 30 ◦C,
respectively. The thermal–electrical coupling simulations were implemented by COMSOL
Multiphysics according to reference [16], employing material parameters of electrical and
thermal parameters for each constituent as listed in Table 1.

Numerical simulations with the finite-element method were performed to calculate
the electric field distributed in the cable accessory using the modified electrical properties
of reinforced insulation materials characterized by the prepared SiC/LSR nanocomposites,
such as the nonlinear conductivity and the higher relative permittivity than cable main
insulation materials as listed in Table 1. A free triangular cell was utilized for finite-element

124



Polymers 2022, 14, 2726

meshing by the Delaunay triangulation algorithm, which was refined locally at the positions
where the electric field strength varies significantly in the cable terminal. The maximum and
minimum numbers of elements were adjusted until no obtuse angles in the triangulation
meshing process appeared. The element growth rate was specified as 1.5, which means
that the element size increased by about 50% from one element to another. The slack in
narrow regions was set as 1.0 to prevent the triangular meshing from generating different
sizes of elements.

Figure 2. Geometry model of cable joint: 1, inner shield; 2, outer shield; 3, XLPE; 4, connection
fittings; 5-high-voltage shielding tube; 6, reinforced insulation; 7, outer protective layer; 8, stress cone;
9, conductor core.

Table 1. Electrical and thermal parameters of materials specified in the electric field simulations.

Materials Density/(g·cm−3) Relative Permittivity Coefficient of Thermal
Conductivity/(W·m−1·K−1)

XLPE 910 2.27 1640
Inner Shield 950 100 2500

3. Results and Discussion
3.1. Microstructure and Mechanical Property

The microscopic morphologies of the SiC/LSR nanocomposites observed by SEM are
shown in Figure 3 in which the highlighted areas indicate SiC nanofillers. For 5.0 wt%
filling content, SiC nanofillers are evenly dispersed without any obvious agglomeration.
With the increase of SiC content up to 20.0 wt% content, the highlighted parts inside the
nanocomposites increase slightly in size, while retaining a high dispersivity of homoge-
neous spatial distributions, as shown in Figure 3. The SEM images verify that the SiC/LSR
nanocomposites were successfully prepared as expected to maintain a high dispersion of
SiC nanofillers even for the filling content approaching 20.0 wt%.

The tensile modulus and broken-elongation of the SiC/LSR nanocomposites, as illus-
trated by the stress–strain characteristics in Figure 4, increase and decrease, respectively,
with the increase of SiC content. When SiC content approached 20.0 wt%, the tensile
strength and broken-elongation of SiC/LSR nanocomposites were maintained at 6 MPa and
350%, respectively, which meet the mechanical requirement for cable accessories. However,
due to the fact that the mechanical performances of cable accessories are greatly influ-
enced by operating conditions and cable manufacturing technology, the applications of
the SiC/LSR nanocomposites need to be further investigated for improving mechanical
properties.

3.2. Electrical Conductance

Electrical conductivity was normalized as the dependence of the current density on
the electric field (J-E variation curves) to investigate the charge transport characteristics of
the SiC/LSR nanocomposites, as shown by the J-E curves of the SiC/LSR composites in
Figure 5. The critical points arise around electric field strength of 107 V/m, as a threshold
Eth at which point the charge transport mechanism changes from Ohmic conductance to
space charge limited conductance (SCLC). Nonlinear coefficients β1 and β2 distinguished
by Eth are obtained by the linear fitting for the logarithm J-E curves, as listed in Table 2.

125



Polymers 2022, 14, 2726

Figure 3. SEM images of SiC/LSR nanocomposites.

Figure 4. Stress–strain characteristics of SiC/LSR nanocomposites.
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Figure 5. Electric conductance characteristics in the logarithm J-E curves of pure LSR and SiC/LSR
nanocomposites at diverse temperatures of: (a) 30 ◦C; and (b) 70 ◦C; hopping conductance character-
istics of fitting conductivities for the SiC/LSR nanocomposites at (c) 30 ◦C; and (d) 70 ◦C.

Table 2. Nonlinear coefficients of the SiC/LSR nanocomposites.

Materials
30 ◦C 70 ◦C

Eth (kV/mm) β1, β2 Eth /(kV/mm) β1, β2

pure LSR - - - -
5.0 wt% 21.1 1.14, 2.31 10.1 1.10, 2.26

10.0 wt% 20.4 1.37, 3.31 14.9 1.23, 2.85
20.0 wt% 14.8 1.37, 3.56 10.5 1.29, 2.99

When E < Eth, the nonlinear coefficient β1 < 2 complies with the Ohmic conductance
mechanism that the charge transport is produced by impurity ionization in the SiC/LSR
composites. In contrast, when E > Eth, the nonlinear coefficient β2 > 2 which means
the carrier concentration and carrier mobility increase drastically. The process of carrier
increment in polymers is a thermal excitation process. According to hopping conductance
theory, most of the charges involved in conducting current are in local states, and the charge
transfer between localized states is the main process. The process of charge passing from
one localized state to another is graphically described as hopping conductance, the current
density formula of the jump conductance model can be described as follows:

Jn = 2ndυe exp
(
− χ

kbT

)
sinh

(
elE

2kbT

)
(4)
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where n represents carrier concentration, χ denotes activation energy, l symbolizes hop-
ping distance of the carrier, and T is thermodynamic temperature. To judge whether the
conduction mechanism under a high electric field is dominated by hopping transport, the
J-E curves of Figure 5a,b are fitted by Equation (4) according to the hopping conductance
model, as shown in Figure 5c,d. The hopping distance of the SiC/LSR composites can be
seen in Table 3. The fitting curves are highly consistent with the tested conductivities of the
SiC/LSR nanocomposites. Based on the fitting curves in the hopping conductance model,
the hopping distance of 5.0 wt%, 10.0 wt%, and 20.0 wt% for the SiC/LSR nanocomposites
are calculated by Equation (4), as shown in Table 3. The hopping distance becomes evi-
dently larger with the increase in SiC content, implying that SiC nanofillers facilitate the
charge detrapping and thus expedite hopping transports to acquire or increase conductivity
nonlinearity. Therefore, the higher the temperature, the higher the density of trap that
can be disentangled, and the shorter the hopping distance. Moreover, according to the
classical percolation theory [17], when the content of SiC nanoparticles in the LSR matrix
exceeds the percolation threshold, the SiC nanofillers are close enough to form a random
conductive network, resulting in the macroscopic performance of nonlinear conductivity of
the SiC/LSR nanocomposites.

Table 3. Hopping distance of percolation conductance in the SiC/LSR composites.

Materials 30 ◦C 70 ◦C

5.0 wt% SiC/LSR 4.0 3.5
10.0 wt% SiC/LSR 5.0 4.9
20.0 wt% SiC/LSR 5.4 5.2

3.3. Space Charge Characteristics

In high-voltage DC cable systems, the XLPE cable and its cable accessories bear a
high electric field for long periods in which the insulation layer suffers space charge
accumulation under electric field distortion at the interface of the multilayered composite
insulation structure, accelerating dielectric aging and finally causing insulation failures.
For cable accessories, the maximum electric field intensity resides at the stress-cone root
of reinforced insulation. This is the part that requires high resistance to space charge
accumulations. Space charge characteristics of pure LSR and SiC/LSR nanocomposites in
polarization and depolarization processes are shown in Figure 6. Space charge accumulation
appears inside the pure LSR sample in the polarization process, which can be significantly
inhibited by filling SiC nanoparticles and becomes more obvious for higher SiC content,
as comparatively illustrated by the left panels of Figure 6a. Due to the lower mass of
negative carriers compared to positive carriers, it is more likely that the negative charge can
approach the anode without neutralization in the electrical migration process, accounting
for the evident heterocharge accumulations arising near the anode which can be inhibited
by filling SiC particles and alleviated with the increase of SiC content.

Homocharge and heterocharge as two classes of space charges are accumulated by
trapping the electrode-injected carriers and the impurity ionized carriers that form the
applied electrode and the dielectric material interior, respectively [18–20]. Therefore, in
the depolarization process, heterocharges decay more quickly than homocharges under
a short-circuit as shown in the right panels of Figure 6. There, the space charge decaying
near the anode is rather faster than that of the homocharges near the cathode. Meanwhile,
the charge density of pure LSR at the initial stage of short-circuit depolarization is much
higher than that of the SiC/LSR nanocomposites in which charge density has been further
decreased by the increasing SiC content.
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Figure 6. Space charge distribution in: (a) pure LSR; (b) 5 wt%; (c) 10 wt%; and (d) 20 wt% SiC
contents in the polarization process of applying voltage (left panels) and in the depolarization process
under a short-circuit (right panels).

129



Polymers 2022, 14, 2726

Mean space charge densities in pure LSR and SiC/LSR nanocomposites during a
depolarization process are calculated by Equation (1), with the results being shown in
Figure 7. The space charges decaying with an almost constant rate in the initial depolar-
ization stage of 0~300 s derives mainly from the detrapping of the charges captured in
shallow traps, while the significantly lower decaying rate of the space charge density after
depolarization for 300 s implies that the space charge decaying is derived from detrapping
the charges captured in deeper traps. In particular, it is evident that the space charges
density of the SiC/LSR nanocomposites decreases with the increase in SiC content. In
comparison with pure LSR, SiC/LSR nanocomposites acquire a higher resistance to space
charge accumulation, while persisting at a higher depolarization rate due to the higher
electrical conductance derived from carrier hopping transport through the conductive
channels formed between SiC nanofillers.

Figure 7. Space charge density of pure LSR and SiC/LSR nanocomposites during depolarization.

3.4. Charge Trap Characteristics

Surface charge dissipation is generally fulfilled by transporting along the material
surface or from interior material toward electrode neutralization with charged particles
in gas material. As indicated by Figure 8a, the SiC/LSR nanocomposites have achieved a
notably higher rate of surface charge dissipation than pure LSR. For the electrode structure
and the sample size used for our study, the strength of the normal electric field between
the sample surface and the ground electrode is much higher than that of tangential electric
fields along the sample and electrode surfaces in the process of surface charge dissipation.
This process is dominated by the surface charge transports through the trapping and
detrapping processes in the sample interior (volume conduction) to the ground electrode.
The potential decay rate of the material surface increases significantly with the increase
in SiC content due to the hopping transport of the charges percolated from the traps
introduced by the SiC nanofillers. This is manifested by the higher threshold electric field
of the SiC/LSR nanocomposites compared with pure LSR at which the electric conduction
alters into the highly nonlinear region. Space charge characteristics or surface charge
dissipation of the SiC/LSR nanocomposites is dominated by carrier trapping and de-
trapping processes. Meanwhile, the energy level and spatial density of trap distributions
determine the activation energy (carrier concentration) and hopping distance (carrier
mobility) of percolation conductance in the nonlinear region. According to ISPD curves,
we calculate trap level distributions of pure LSR and the SiC/LSR nanocomposites by
Equations (2) and (3), as shown by the results in Figure 8b.
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Figure 8. (a) Isothermal surface potential decay (ISPD) curves; and (b) trap level distributions of
SiC/LSR nanocomposites.

At about 0.86 and 0.93 eV of trapping depth, two peaks of trap density appear in
the energetic spectra for the SiC/LSR nanocomposites, which could be referenced as the
shallow and deep trap levels, respectively. It is noted that the SiC/LSR nanocomposites
present distinctly lower and considerably higher densities of deep and shallow traps,
respectively, compared with pure LSR, which is more obvious for higher SiC content. The
multi-core model [21,22], which is competent to characterize the interface region between
the nanofillers and the polymer matrix in nanodielectrics, is composed of a bonding layer, a
binding layer, and a loose layer. In the bonding and binding layers, deep traps are derived
from the imperfect chemical bonding in the molecular structure, while the amorphous
structure in the loose layer mainly contributes to shallow traps. When the filling content is
raised to a sufficient level, generally higher than 5.0 wt%, the interface areas as described
by the loose layer between the SiC nanofillers overlap to form conductive channels for
hopping transports of the charge carriers detrapped from shallow traps, as described
by the percolation effect. The significant increase of shallow trap density by filling SiC
nanoparticles results in the substantial percolation conductance at room temperature,
which will be aggravated by increasing temperature or SiC content, accounting for the
extraordinary conductivity nonlinearity given by the SiC/LSR nanocomposites.

3.5. Electric Field Simulation

For DC cable in operation, the temperature in the metallic cable core would be raised
by Joule heating, leading to a specific temperature gradient from the cable core to the
external insulation. The conductivity of polymer insulation materials, which determines the
electric field distribution of the DC cable joint, depends greatly on operation temperature
and heat production. For pure LSR or SiC/LSR composites as the reinforced insulation
material, the electric field distributions in a 200 kV DC cable joint are simulated under a
thermal–electrical fully coupling condition, as shown in Figure 9.

Electric field distribution is inversely proportional to conductivity under DC voltage,
and the conductivity of pure LSR is much lower than that of XLPE. Thus, high electric
field is distributed in LSR reinforced insulation, as shown in Figure 9a. Maximum electric
field strength appearing at the stress-cone root approach 43.40 kV/mm when pure LSR
is used for reinforced insulation, which will be effectively reduced by using SiC/LSR
nanocomposites as reinforced insulation material, as shown in Figure 9b,c. The position
of maximum electric field strength can be ameliorated by locating it in the main XLPE
insulation when using the SiC/LSR nanocomposite with a high SiC content approaching
20 wt%, as shown in Figure 9d.
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Figure 9. Steady-state electric field distributions in a cable joint with reinforce insulation of: (a) pure
LSR and SiC/LSR nanocomposites of (b) 5 wt%; (c) 10 wt%; and (d) 20 wt% SiC contents.

4. Conclusions

The effect of SiC nano fillers on the conductivity and the charge trap characteristics of
LSR composites was investigated in this study. Conductivity nonlinearity and threshold
electric field strength of SiC/LSR nanocomposites increases and decreases, respectively,
with the increase of SiC content, which will be intensified at a higher temperature. The
highest density peak of trap level distribution shifts from deeper traps to shallow traps by
introducing SiC nanofillers into the LSR matrix, which accounts for hopping conductance
and impeding space charge injection. Based on the established cable joint model of finite-
element multiphysics simulations, it is concluded that the highest electric field strength at
the stress-cone root can be effectively reduced by using SiC/LSR nanocomposites as rein-
forced insulation, compared with using pure LSR material, which can even be intensified
by raising the SiC content. As a consequence, the approximate SiC particles doped LSR can
suppress the accumulation of space charge and improve conductivity nonlinearity, which
provides a possible method for the improvement of cable accessory performance.
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Abstract: In this current work, propargyl methacrylate (PMA) was successfully adopted to be an
efficient electrolyte additive to stabilize the formation of a solid electrolyte interface (SEI) layer on
mesoporous carbon microbeads (MCMB) in Li-ion batteries, especially at elevated temperatures.
According to a series of material and electrochemical characterizations, the optimized concentration
of PMA additive in the electrolyte was found to be 0.5 wt.%. The MCMB electrode cycled with the
optimized 0.5 wt.% PMA-containing electrolyte exhibited impressive capacity retention of 90.3% after
50 cycles at 0.1C at elevated temperature, which was remarkably higher than that using the PMA-free
electrolyte (83.5%). The improved electrochemical stability at elevated temperature could be ascribed
to the rapid formation of stable and thin SEI layer on MCMB surface, which were investigated and
suggested to be formed via PMA copolymerization reactions.

Keywords: propargyl methacrylate (PMA); mesoporous carbon microbeads (MCMB); solid electrolyte
interface (SEI)

1. Introduction

Lithium-ion battery (LIB) has been turned into one of the promising energy storage
devices due to its excellent performance related to energy density, lifetime, ease of use, and
low cost of maintenance over other traditional batteries [1–3]. Nevertheless, conventional
graphite-based anodes still suffer from severe issues in the significant concerns of safety,
cyclic performance, and high-rate performance although they commonly possess high
energy density, low operating potential, and long cycle life during the charge and discharge
process. The low working potential of graphite generally results in the formation of
dendrites due to the continuous lithium deposition, which would therefore cause the safety
issue during charging and discharge. During the initial charging/discharging process, an
electrically insulating and ionically conductive surface passive film is formed by electrolyte
decomposition, which is named a solid electrolyte interface (SEI) [4]. SEI layer formation
process would suppress the efficiency of LIBs since it consumes a considerable part of the
anode material and electrolyte. However, it also effectively prevents the electrolyte from
further reduction reaction on the surface of the anode, thereby protecting the structure
of the graphite anode and improving the cycling life and safety of the graphite-based
LIBs [5]. Since the properties of SEI film would be necessary for achieving better battery
performance, it is necessary to form a suitable SEI passive layer. Consequently, great deals
of electrolyte additives have been used in the electrolyte to improve the quality of the SEI
passive film and efficiently suppress the electrolyte decomposition [6,7].

Several electrolyte additive systems have been widely reported for LIB application
for improving their cycliability and/or coulombic efficiency as collected and illustrated in
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Table S1, such as vinylene carbonate (VC) [8–12], borate/boronic acid [13,14], vinyl acetate
(VA) [15], propane sultone (PS) [16], ethylene sulfite (ES) [17,18], propargyl methane-
sulfonate (PMS) [18–20] and other sulfur-containing compounds [21–25]. Most of the
electrolyte additive compounds are with sulfonyl (-SO2-), carbonyl (-C=O), and vinyl
(CH2=CH2) functional groups for tuning the polarity. In general, electron-withdrawing
oxygen and sulfur units make the vinyl group as electrophilic, which facilitates the reduc-
tion process to stabilize the formation of the SEI film [26,27]. Among the various electrolyte
additive materials, VC is found to produce a durable, stable, cohesive network SEI forma-
tion, which can efficiently prevent from cracking and continuously re-exposing of the active
materials to the electrolyte during charging and discharging processes [28]. As forming
the SEI layer on graphite electrode by introducing PMS electrolyte additive agent, the
layer consists of organic components produced by the decomposition of the alkyne moiety,
indicating that the related low contents of inorganic components, such as LiF, Li2CO3 inside
the SEI layer [15]. Owing to the dense structure and low impedance characterization of the
SEI layer, the freshly formed SEI by alkyne additive could provide efficient electrochemical
behavior as a passivated layer in Li-ion batteries. They also observed that the SEI layer
grown in the presence of VC can efficiently facilitate suppressing the salt anion (PF6) de-
composition. Normally unsaturated terminal functionality like vinyl, allyl, and propargyl
groups can efficiently promote the polymerization of electrolyte additives on the electrode
surface and thereby, increase the resistance. This process generally forms a passive film or
a network structure on the electrode surface to improve the long-term performance of LIBs.
The formation of SEI film can efficiently suppress the electrolyte-electrode reaction, which
results in reduced gaseous ethylene generation during elevated temperature storage and
cycling operations.

By taking the advantage of electrolyte additives, we systemically investigated the
role of propargyl methacrylate (PMA) with a redox-active functional group as an efficient
electrolyte additive (Scheme 1) to address the formation of SEI films on MCMB anodes
and improve their long-term electrochemical stability, especially at elevated temperature.
Moreover, the polymerization mechanism of the PMA additive during cycling operation
was investigated in this research.
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Scheme 1. Chemical structure of propargyl methacrylate (PMA).

2. Materials and Methods
2.1. Materials

MCMB and PMA were purchased from China Steel Chemical Corporation, Taiwan.
Conductive carbon black, Super P, polyvinylidene fluoride (PVDF) Kynar 7200 were pur-
chased from Arkema Technical Polymers. Anhydrous N-methyl-2-pyrrollidine (NMP)
was obtained from Merck. Ethylene carbonate (EC) and diethyl carbonate (DEC) were
mixed with 1.0 M LiPF6 obtained from Formosa Plastics Group, Taiwan. All reagents,
as mentioned above, were in the analytical grade and used directly without any further
purification.

2.2. Fabrication of Coin Cells

The MCMB electrodes were fabricated by stirring continuously with 85 wt.% MCMB,
10 wt.% super P and 5 wt.% PVDF in NMP for 2 h, and subsequently the well-mixed slurry
was evenly coated on a thin Cu foil by using a blade-coating method with an automatic
coater, and then dried at 120 ◦C for 12 h in a vacuum to remove the most residual NMP
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solvent and water. Prior to the assembly of the coin cells, the coated MCMB foils were
punched into circular electrodes of 10 mm in diameter. Afterward, the 2032-type coin cells
were assembled using the MCMB electrodes as the anodes and the lithium metal foils
as cathodes in addition to Celgard 2500 monolayer polypropylene (PP) was used as the
membrane separator. The assembly of the coin cells was performed in a glove box filled
with argon. The as-fabricated coin cells were kept at room temperature for 12 h to ensure
the complete impregnation of the electrodes and separators with electrolyte. The base
electrolyte solution without PMA additive was composed of 1M LiPF6 in ethylene EC/DEC
with a volume ratio of 1:1. Additionally, the base electrolytes containing different weight
ratios of PMA from 0.5 to 2 wt.% were prepared and employed.

2.3. Methods

The morphology and microstructure of the samples were analysed by field-emission
scanning electron microscope (FE-SEM, JEOL JSM-7000F, JEOL Ltd., Tokyo, Japan). The
chemical bonding of the samples was examined via an attenuated total reflection–Fourier
transform infrared (ATR-FTIR) spectroscopy (Jasco 6700, Jasco Inc., Tokyo, Japan). The
surface chemical state was characterized using X-ray photoelectron spectroscopy (XPS,
VG ESCA Scientific Theta Probe). PHI Quantera SXM X-ray photoelectron spectrometer
(ULVAC-PHI Inc., Kanagawa, Japan) with an Al Ka X-ray radiation. The negative ion
depth profiling method from the secondary ion mass spectrometry (SIMS) analyzed the
pristine and cycled electrode materials. A pulsed 30 keV Bi+ primary ion source was
used on 100 × 100 µm area for testing with the current density of 1 pA for all electrodes.
Depth profiling was measured by sputtering with 1 keV Cs+ ion gun, which produces
the 40 nA target current over a 260 × 260 µm area for all electrodes. The galvanostatic
charge/discharge tests of the assembled coin cells were performed with a battery autotest
system (BAT-750B, AcuTech Systems Co., Ltd.) between 0.005 V and 2 V at room tempera-
ture (25 ◦C) and elevated temperature (55 ◦C). The cyclic voltammetry (CV) was conducted
using a CHI 614D electrochemical workstation at a sweep rate of 0.01 mV s−1 between 0.005
and 2 V. Electrochemical impedance spectroscopy (EIS) was performed using a Zahner IM6
potentiostat in the frequency range of 100 kHz to 10 MHz with an AC amplitude of 10 mV.

3. Results and Discussion

To investigate the SEI formation of the PMA-modified MCMB electrodes with different
concentrations, CV experiments were conducted and depicted in Figure 1. The PMA-free
system in Figure 1a shows an obviously irreversible cathodic peak generated around 0.2 V
after the first cycle scan, which represents the reasonable processes of lithium intercalation
into the MCMB electrode [29]. Figure 1b–d shows all the CV curves of MCMB electrodes
measured in the base electrolyte containing different concentrations of PMA additive. As
represented in Figure 1a, the well-defined peaks appeared at 0.66 and 0.73 V vs. Li+/Li in
the first cycle and then disappeared in the subsequent cycles due to the rapid SEI formation
from EC and DEC electrolytes [11]. More importantly, the cathodic peak below 0.2 V and
anodic peak between 0.2 V to 0.5 V are representative peaks corresponding to the lithium
intercalation into and de-intercalation from the MCMB electrode, respectively [30]. All
PMA-modified MCMB electrodes represent the same peak caused by SEI formation at
around 0.66 V in addition to the peak at around 1.20 V. The intensities of peaks at 1.20 V
increase with the amount of PMA, confirming that it should be related to the electrochem-
ical reduction behavior of PMA additives. The anodic peak between 0.6 and 0.7 V can
be assigned to the two-electron reduction of EC converted into Li2CO3 and ethylene as
following equation 1 and the peak at 0.73 V is associated with EC one electron reduced into
alkyl lithium carbonate (ROCO2Li) as shown in Equations (2) and (3), respectively [31].

EC + 2 e− + 2 Li+ → Li2CO3 + CH2=CH2 (1)

EC + e− + Li+ → [Li+ EC−] (2)
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2 [Li+ EC−]→ LiOCO2CH2CH2CO2OLi + CH2=CH2 (3)
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scan rate of 0.1 mV/s.

On the other hand, an additional reduction peak at the higher potential of around
1.20 V vs. Li+/Li is observed for the MCMB anodes in the PMA-containing electrolytes,
which can be ascribed to the initiation of SEI formation on the MCMB electrode surface due
to the decomposition of PMA. However, the reduction peaks are found to be vanishhed
in the consequent CV cycles. Since the reduction potential of PMA (1.20 V vs. Li+/Li)
is higher than that of the EC/DEC based electrolyte (0.7 V vs. Li+/Li), indicating that
PMA is preferentially reduced on the MCMB surface before the reduction of the EC/DEC
based electrolyte. Moreover, the current density of the reduction peak due to the PMA
decomposition at the first cycle is found to be increased with increasing the PMA concen-
tration in the electrolyte. This signifies that more decomposition of PMA on MCMB surface
could occur with increasing PMA concentration. On the other hand, the current density
of the reduction peak derived from the decomposition of the EC/DEC based electrolyte
considerably diminishes upon the presence of the PMA additive, which can dynamically
retard the further decomposition of the EC/DEC electrolyte. Furthermore, it is observed
that the cathodic peak below 0.2 V and an anodic peak between 0.2 V to 0.5 V become
decreased with increasing the amount of PMA additive. This reveals that the thick SEI
derived from the decomposition of high PMA concentration would be a barrier for reducing
lithium intercalation/de-intercalation in the MCMB electrode.

Figure 2a presents the ex-situ ATR FT-IR spectra of the pure PMA, EC/DEC electrolyte,
and their mixture. As depicted in Figure 2a, the pure PMA reveals a strong peak at
3298 cm−1 and a medium-intensive peak near 2130 cm−1, which can be attributed to the
alkyne H-C≡C and C≡C triple bond stretching vibrations, respectively. Moreover, the C=C
stretching and =C-H out-of-plane bending vibration peaks at 1637 cm−1 and 943 cm−1,
respectively, are associated with the alkene group of PMA. Furthermore, the vibration
peak located at 1723 cm−1 is responsible for the acrylate ester functional group (O-C=O) of
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PMA. As for the EC/DEC electrolyte, the strong transmittance peaks at 1772 and 1805 cm−1

related to the C=O stretching vibrations from alkyl (for DEC) and cyclic (for EC) carbonate
nature, can be obviously found, in addition to a vibration peak at around 1150 cm−1

correlated to the C-O bending vibrations. Figure 2b presents the ex-situ ATR FT-IR spectra
of the fresh MCMB electrode and the cycled MCMB electrode in the electrolyte with various
concentrations of PMA additive. As shown in Figure 2b, the three peaks located around
1700 to 1800 cm−1 for different carbonyl (C=O) groups, 1635 cm−1 (C=C), 1401 cm−1 (-CH2),
1034 cm−1 (C–O) are apparently found for all samples except the pristine MCMB electrode.
These peaks mainly correspond to the formation of lithium alkyl carbonate (ROCO2Li)
species [31]. Due to its relatively less content of PMA additive on the MCMB samples, the
signals of alkyne group (H-C≡C and C≡C) are not easy to be observed in the FT-IR spectra,
as shown in Figure 2b. Furthermore, the carbonyl groups (C=O, C-O) of EC and DEC are
found to be a little shifted to the lower frequency for the cycled MCMB electrode with PMA
additive. This phenomenon indicates that the introduction of PMA additive could enhance
the solvation interactions of Li+ ions with the oxygen elements of carbonyl group (C=O,
C-O) from EC/DEC-based electrolyte instead of the hydrogen bonding behaviors [32].
According to Aurbach et al. [11,33] Li2CO3 can be formed over the surface of Li electrode
from decomposed open ring carbonates of electrolyte. They also demonstrated that EC
and DEC could undergo two-electron redox reactions to form the nucleophilic carbonate
intermediates and alkylene. Furthermore, unstable nucleophilic carbonates can readily
react with the remained EC and DEC electrolytes to form alkyl carbonates, as described in
Equations (4) and (5), respectively.

EC + DEC + 2e− → CO2
−+ CH2=CH2 (gas) (4)

CO2
− + DEC→ CH3CH2(OCO2

−)2 (5)
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Figure 2. (a) ATR FT-IR spectra of PMA, EC/DEC electrolyte and EC/DEC containing PMA, and
(b) ATR FT-IR spectra of fresh MCMB electrode and cycled MCMB electrode in the base electrolyte
containing different PMA concentrations.

These dissociated carbonates combined with the Li+ ions would precipitate as well-
known SEI thin films. Due to the low concentration of electrolyte near to counter electrode,
the nucleophilic reaction can effectively be suppressed. Hence, the carbonate ion easily
reacts with the Li+ ions to form a major surface species Li2CO3 and become as an important
passive agent to stabilize the Li counter electrode. The ATR FT-IR spectra of the MCMB
electrode cycled in the presence of PMA electrolyte additive show that the peaks associ-
ated with the ROCO2Li become much smaller than that in the absence of PMA additive,
confirming that the formation of ROCO2Li corresponds to the two-electron electrochemical
reduction process of EC, which exhibits a good agreement with the CV studies.

Figure 3a presents the cycling performance of MCMB electrodes charged/discharged
in the base electrolyte containing various PMA concentrations at 0.1 C for 50 cycles at
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room temperature. It is clearly seen that the MCMB anodes in PMA-free and 0.5 wt.%
PMA-containing electrolytes displayed superior electrochemical stability compared to those
tested in 1.0 wt.% and 2.0 wt.% PMA-containing electrolytes. To further investigate their
long-term cycling performance, the galvanostatic charge-discharge tests were performed
at 0.1 C for 100 cycles. As can be seen in Figure 3b, the discharge capacity of the MCMB
electrode in the absence of PMA was decreased along with the significant capacity decay
after 80 cycles. The capacity retention of the MCMB electrode in the PMA-free electrolyte
was estimated as ca. 80.4%. However, with the introduction of 0.5 wt.% PMA in the
base electrolyte, the capacity retention of the MCMB electrode was then improved to ca.
86.9%. This signifies that the introduction of 0.5 wt.% PMA can slightly improve the
electrochemical stability of MCMB anodes when operated at room temperature.
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Figure 3. (a) Cycling performance of the MCMB electrodes charged and discharged in the base
electrolyte containing various PMA concentrations at 0.1C for 50 cycles at room temperature. (b) The
comparison of long-term cycling performance between the MCMB anodes tested in PMA-free and
0.5 wt.% PMA-containing electrolytes at 0.1 C for 100 cycles at room temperature.

Figure 4a further shows the initial charge/discharge curves of the MCMB electrodes in
the base electrolyte containing various PMA concentrations at elevated temperature. Dur-
ing the discharging process, the MCMB electrode in the additive-free electrolyte showed an
obvious voltage plateau at around 0.75 V, which is highly associated with the reduction of
the ECDEC-based electrolyte. However, that typical behavior almost disappeared in the
charge/discharge curves of the cells in the presence of PMA additive. This confirms the
findings from the CV curve that the PMA decomposition film could efficiently suppress
the formation of SEI film due to the reduction of EC/DEC base electrolyte. The MCMB
electrode with the PMA-free base electrolyte and 1.0 wt.% PMA-containing electrolyte
exhibited a discharge capacity of 393.35 and 392.16 mAh g−1, respectively. When the PMA
concentration was increased to 1.0 and 2.0 wt.%, the discharge capacity was further in-
creased to 400.44 and 411.12 mAh g−1, respectively. The increased initial discharge capacity
of the MCMB in the presence of high PMA concentration can be ascribed to the decomposi-
tion of PMA in the first discharge process. As depicted in Figure 4b, the cycling stability
of the MCMB electrodes in the base electrolyte containing various PMA concentrations
at elevated temperature was verified. It is worth noting that the capacity retention of the
MCMB electrode was achieved up to 90.3% in the based electrolyte containing 0.5 wt.%
PMA, which was significantly superior to that of using the additive-free electrolyte (83.5%).
Nevertheless, the capacity retention of the MCMB electrode became decreased with further
increasing the PMA concentration to 1.0 wt.% (86.3%) and 2.0 wt.% (81.3%). After 50 cycles,
the discharge capacity of the MCMB electrode was found around 354.04 mAh g−1 in the
base electrolyte containing 0.5 wt.% PMA, which was even significantly higher than that in
the additive-free electrolyte (328.48 mAh g−1). As a result, the cycling performance of the
MCMB electrode at elevated temperature could be remarkably improved when the base
electrolyte contained 0.5 wt.% PMA.
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Figure 4. (a) Initial galvanostatic charge and discharge curves and (b) cycling performance of MCMB
electrodes in the base electrolyte containing various PMA concentrations at 0.1C for 50 cycles at
elevated temperature.

To investigate the morphology, change of the MCMB electrode in the presence of
PMA electrolyte additive, the FE-SEM images were taken for the MCMB electrodes
charged/discharged for 3 cycles at a current density of 0.1 C at elevated temperature.
As can be seen in Figure 5a,b, the surface morphology of the MCMB electrodes before and
after charged/discharged in the PMA-free electrolyte did not have an obvious difference,
suggesting that the growth of the SEI film from the decomposition of EC/DEC electrolyte
is relatively slow. Nevertheless, the surface evolution of the MCMB electrodes was ob-
viously observed when the PMA was introduced. It was found that the surface of the
MCMB electrodes became smoother with increasing the PMA concentration, as depicted in
Figure 5b–e. This confirms the decomposition of PMA additive, as shown in the CV studies.
Figure S1 further presents the FE-SEM images of the MCMB electrodes after 100-cycle
charged/discharged tests in the PMA-free and 0.5 wt.% PMA-containing electrolytes. As
depicted in Figure S1a, the MCMB electrode in the absence of PMA additive reveals uneven
and rough surface morphology, which could be due to the continued/uncontrolled growth
during the prolonged cycles. In contrast, the smooth and compact SEI layer is found to be
formed on the MCMB surface (Figure S1b) when operated in the 0.5 wt.% PMA-containing
electrolyte. This suggests that the small amount of PMA additive could efficiently stabilize
the SEI layer growth.

Lots of previous studies reported that the SEI layer would be rapidly formed at
elevated temperature [11,31,33]. Therefore, the surface morphology of the MCMB electrodes
after being charged/discharged at 0.1C for 50 cycles at elevated temperature in the base
electrolyte containing various PMA concentrations was investigated. Figure 6a presents
that the surface of the MCMB electrode tested in the PMA-free electrolyte at elevated
temperature was covered with a relatively thicker SEI layer compared with that tested
at room temperature (Figure S2a). Additionally, the relatively smooth and even MCMB
surface was observed with increasing PMA concentration in the base electrolyte, as depicted
in Figure 6b–d. This signifies that the decomposition rate of the PMA additive was also
significantly accelerated at elevated temperature.
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Figure 6. FE-SEM images of MCMB electrodes tested in the base electrolyte containing (a) 0.0 wt.%,
(b) 0.5 wt.% (c), 1.0 wt.% and (d) 2.0 wt.% PMA at elevated temperature.

To further investigate the effect of PMA additive on the chemical composition of
the SEI films on the MCMB electrode surface, the 3rd and 50th cycled MCMB electrodes
at elevated temperature were examined by using XPS analyses, as shown in Figure 7.
The selected and detailed XPS results are also summarized in Figure 7 and Figure S3,
respectively. The obtained C 1s spectra reveal that the decomposition products of the
SEI film consist of C-O and C-C containing groups. As shown in C 1s spectra, 284.5 eV
belongs to the sp2 carbon-carbon bonding, and it confirms the presence of inherent as
graphite nature. The broad peak around 285 to 288 eV can be assigned to the presence
of hydrocarbon (C-H) (285.8 eV), which could be possibly derived from alkyl carbonate
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(R-CH2OCO2-Li) (286.8 eV) and PVDF (286.0 eV) binder, respectively. Moreover, the peak
observed at 286.8 eV is associated with C=O bond of lithium alkyl carbonate when cycled
in the base electrolyte with 0.5 wt.% PMA. When compared to the MCMB cycled in the
PMA-free electrolyte, the MCMB electrode tested in the base electrolyte containing 0.5 wt.%
PMA displays noticeable weaker signals of C-C, R-CH2OCO2-Li, C=O bonds. Moreover,
C=O located at binding energies of 289.0 and 290.5 eV mainly corresponds to Li2CO3
and ROCO2-Li, which are generally regarded as a pair of the essential decomposition
products of PMA [34]. Interestingly, it can be found that the intensity of the Li2CO3 for
the MCMB electrode cycled in the base electrolyte in the presence of PMA is relatively
weaker when compared to that of the MCMB electrode test in the PMA-free electrolyte. This
clearly reveals that the PMA can efficiently retard the formation of organic and inorganic
carbonate compounds.
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Figure S3 presents the O 1s spectra of MCMB electrode cycled in the base electrolyte
with and without 0.5 wt.% PMA additive. It reveals the main C-O peak at 531.3 eV
originating from R-OCO2-Li and a relatively weak peak at 532.5 eV due to the formation of
Li2CO3 compound in the SEI film. As for the F 1s spectra depicted in Figure 7, a clear and
strong peak appears at 685.0 eV for the MCMB electrode cycled in the PMA-free electrolyte,
which would be inorganic LiF resulting from electrolyte salt decomposition. It is found that
the intensity of LiF for the MCMB electrode in the PMA-free electrode is relatively higher
than that in the 0.5% PMA-containing electrolyte. This signifies that LiF easily grows on
the surface of MCMB electrode in the absence of the PMA additive. The large amount of
deposited LiF on the MCMB electrode generally leads to high interfacial impedance [17]. In
the case of P 2p spectra shown in Figure S3, the peak at 137.2 eV and 133.9 corresponds to
that of the LiPxOFy and LixPFy, respectively. The MCMB electrode cycled in the PMA-free
electrolyte shows a much higher amount of lithium alkyl carbonate compounds compared
to that in the PMA-containing electrolyte, suggesting that a stable interfacial structure of
SEI to prevent the electrolyte from further decomposition could be well established in the
presence of PMA additive. This indicates that the addition of 0.5 wt.% PMA can efficiently
promote the rapid growth of stable SEI film on MCMB surface and therefore improve its
cyclability, especially when operated at elevated temperature.

To investigate the deep profiles of composition for the SEI layers formed on MCMB
electrodes, SIMS analyses were conducted. Figure 8 depicts the content of C, F, O, Li, P
elements of the MCMB electrodes charged/discharged in the base electrolyte containing
various concentrations of PMA additive for consecutive 50 cycles. According to the vari-
ation in depth of the C, F, O, Li, P signals, the SEI thickness on the MCMB surface could
be approximately evaluated. The thickness of the SEI layer is estimated to be 110, 36, 45
and 60 nm for the MCMB electrode cycled in the base electrolyte containing 0, 0.5, 1 and
2 wt.% PMA, respectively. It is interesting to note that MCMB electrodes cycled in the
base electrolyte containing 0.5 and 1 wt.% of PMA exhibit the SEI layer in the thickness of
around 16~18 nm. Hence, it is noteworthy to mention that the addition of 0.5 and 1 wt.% of
PMA can help to grow the thin SEI layers on the MCMB surface when compared to that
with PMA-free and 2 wt.% PMA-containing electrolytes.
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Additionally, EIS measurements for the MCMB electrodes cycled in the base electrolyte
containing different PMA concentrations at elevated temperature were carried out and the
resultant Nyquist plots are depicted in Figure 9. The inset of Figure S4a is the equivalent cir-
cuit model used to fit the obtained EIS spectra [31,34,35]. The equivalent circuit parameters
obtained from the Nyquist plots are given in Table 1. Rs represents the electrolyte resistance
or solution resistance, the resistance at the first depressed high-frequency semicircle was
related to the SEI film formed on the electrode surface (Rsei), and the resistance at the
second depressed mid-frequency difference is related to the charge transfer resistance of
both cathode and anode (Rct), and the inclined line in the lower frequency represents the
Warburg impedance (W). After cycling for 50 cycles, it can be found that the Rsei value of
the MCMB electrode is remarkably decreased from 10.34 Ω to 4.56 Ωwhen only introducing
0.5 wt.% PMA into the electrolyte. Nevertheless, the Rsei value of MCMB electrode is
observed to be significantly increased with further increasing the PMA concentration from
0.5 wt.% to 2 wt.%. When introducing a large amount of PMA, the increased Rsei value at a
high concentration of PMA could be ascribed to the severe decomposition of PMA. This
EIS result also confirms that the optimized addition of 0.5 wt.% PMA in the base electrolyte
can rapidly stabilize the SEI growth and form a compact and thin SEI layer on the MCMB
surface. Therefore, it would efficiently promote the electron transfer between the electrolyte
and MCMB electrode and facilitate the rapid Li-ion diffusion process, thus resulting in the
low Rct and Zw values.
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Figure 9. Nyquist plots of MCMB electrodes after cycled in the base electrolyte containing different
concentrations of PMA additive for (a) 3 cycles and (b) 50 cycles at 55 ◦C.

Table 1. EIS fitting results obtained from Nyquist plots of MCMB.

PMA Content
(wt.%)

After 3 Cycles After 50 Cycles

Rs (Ω) Rsei (Ω) Rct (Ω) Zw (Ω) Rs (Ω) Rsei (Ω) Rct (Ω) Zw (Ω)

0.0 2.167 9.837 7.101 49.54 6.68 10.34 10.41 84.19
0.5 3.046 14.04 4.432 96.1 3.72 4.60 4.39 43.40
1.0 2.106 26.43 4.993 107.1 3.45 7.13 2.16 122.00
2.0 2.487 34.65 10.49 305.6 5.25 22.91 15.30 188.90

According to the aforementioned results, we postulated a possible mechanism of SEI
formation in the base electrolyte in the presence of PMA, as illustrated in Scheme 2. As
depicted in Scheme 2, the dominant SEI components are suggested, which include the
Li2CO3, RCO2Li, ROCO2Li, etc. Since PMA additives consist of both triple bond and
double bond, which are highly prone to decompose and produce both the radical and
anion species, and it leads to the uniform formation of the SEI film via route A, B and
C, respectively. Simultaneously, the decomposition of the carbonate-based solvent and
electrolytes would be effectively suppressed, especially operated at elevated temperature.
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The triple and double-bonded (CH2=CH2, CH=CH-CH2-COO-CH=CH(CH3) compounds
and the inorganic (Li2CO3) SEI products could possibly originate from the PMA additives.
As illustrated in Scheme 2, the triple-bond in the PMA compound decomposed by the
reduction process would produce the propynyl and methyl methacrylate radicals on the
negative electrode. At the initial charge/discharge process, as also shown in Scheme 2,
copolymerization reactions of double and triple bonds took place on the negative electrode
surface, and it forms a stable SEI film before the electrolyte decomposition. The humidity
sensitive LiPF6 electrolytes exhibit inferior thermal stability at elevated temperatures, and
it can produce the PF5, HF and LiOH combined with the trace amount of H2O as shown in
Equation (6) [36].

LiPF6 + H2O→ PF5 + HF + LiOH (6)
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Moreover, LiPF6, LiBF4, and LiAsF6 have been shown to generate the Lewis acid
PF5, BF3, and AsF5 which are known to catalyse the ring-opening polymerization of poly
(ethylene carbonate) (PEC) (as shown in route D) or poly (ethylene oxide) (PEO)-like
products with accompanying production of CO2 gas [30]. On the other hand, DEC-based
electrolyte attacked by PF5 is decomposed, resulting in producing HF by side reactions [37].

Due to the copolymerization reactions, the reduction potential of PMA is higher than
that of the base electrolyte, therefore the stable SEI film formation by PMA could also
protect MCMB electrode from HF attack and result in improved cyclability. On the other
hand, part of the propynyl and methyl methacrylate radicals react with EC and Li cations
to form lithium alkyl carbonates. Therefore, an excessive amount of PMA added to the
electrolyte system causes additional side reactions, which would result in the reduced
cycling performance of LIBs [36,38]. The XPS results in Figure 7 also further support and
confirm the SEI products formed by the proposed reaction mechanism.

4. Conclusions

In summary, the PMA was successfully used as an electrolyte additive to stabilize
the SEI formation on MCMB electrode for LIB applications. It is found that the compact
and thin SEI layer was formed on MCMB electrode surface when introducing optimized
0.5 wt.% PMA in the base electrolyte. The MCMB electrode cycled with 0.5 wt.% PMA-
containing electrolyte exhibited an impressive discharge capacity retention of 86.9% (after
100 cycles, 0.1C rate), and 90.3% (after 50 cycles, 0.1C rate) at room temperature and 55 ◦C,
respectively. The improved cyclability of MCMB electrode in the presence of 0.5 wt. % PMA
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was ascribed to the formation of a stable and thin SEI layer. The formation of the stable
SEI layer was then suggested via a rapid copolymerization reaction of PMA compounds.
Therefore, in view of these results, PMA can be regarded as an efficient electrolyte additive
for stabilizing the SEI layer on MCMB anodes in LIBs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14214491/s1, Figure S1. FE-SEM images of (a) Bare MCMB,
MCMB material (b) after charge/discharge tests of 100 cycles using additive free electrolyte (c),
0.5 wt.% (d), 1 wt.% (e) and 2 wt.%; Figure S2. FE-SEM images of MCMB anodes after 100 cycles (a)
without additive and (b) 0.5 wt.% PMA. Figure S3. XPS spectra of C 1s, F 1s, O 1s and P 2p for MCMB
cells containing 0.0 and 0.5 wt.% PMA additive in electrolyte at 3 cycles and 50 cycles; Figure S4. The
electrical equivalent circuit (EEC) was employed for simulating the obtained EIS spectra. Table S1.
Comparative results of commonly used electrolyte additives to stabilize the graphite anode
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Abstract: The flexible surface-enhanced Raman scattering (SERS) sensor, which has the bionic 3D
nanoarray structure of a beetle-wing substrate (BWS), was successfully prepared by replicated
technology and thermal evaporation. The bionic structure was replicated with polydimethylsiloxane
(PDMS) and then silver (Ag) nanoisland thin films were deposited by thermal evaporation. The
deposition times and thicknesses (25–40 nm) of the Ag thin films were manipulated to find the
optimal SERS detection capability. The Ag nanoisland arrays on the surface of the bionic replicated
PDMS were observed by scanning electron microscope (SEM), X-ray diffraction (XRD), and contact
angle, which can generate strong and reproducible three-dimensional hotspots (3D hotspots) to
enhance Raman signals. The water pollutant, rhodamine 6G (R6G), was used as a model molecule
for SERS detection. The results show that 35 nm Ag deposited on a PDMS-BWS SERS substrate
displays the strongest SERS intensity, which is 10 times higher than that of the pristine BWS with
35 nm Ag coating, due to the excellent 3D bionic structure. Our results demonstrate that bionic 3D
SERS sensors have the potential to be applied in wearable devices and sensors to detect biomolecules
and environmental pollutants, such as industrial wastewater, in the future.

Keywords: surface-enhanced Raman scattering detection; water pollutants; bionic nanostructure;
silver nanoislands; thermal evaporation

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) detection is a powerful analytical tool
for trace-level detection with high sensitivity to characteristic vibrational fingerprints. SERS
enhancement is divided into two main mechanisms for improving the SERS enhancement
effect of the analyte. Firstly, the charge transfer between the analyte and the SERS-active
metal substrate improves the signal; this is called chemical enhancement (CE) [1,2]. When
the metal nanoparticles and the molecules are in direct contact, an adsorbate–surface
complex is formed due to the electronic coupling effect of the molecules and the metal
nanoparticles. Adsorbed molecules in this complex display larger cross-sectional effects
than free molecules in typical Raman experiments. For example, some researchers syn-
thesized low-dimensional semiconductor substrates, such as ZnO and GaN, to study the
chemical enhancement. Moreover, using molecules such as 4-mercaptopyridine (4-MPY),
4-mercaptobenzoic acid (4-MBA), and 4-adenosine triphosphate (4-ATP) as analytes to
measure SERS spectra can elucidate the charge transfer mechanisms between substrate
and analyte molecules, leading to chemical enhancement. Hence, the charge transfers
responsible for chemical enhancement have a mainly enhancing effect in SERS. Secondly,
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the metallic surface irradiated by a specific laser will generate an electromagnetic field,
which then induces localized surface plasmon resonance (LSPR) [3,4] to enhance the signal;
this is called the electromagnetic effect [5,6]. The electromagnetic effect originates from the
plasmonic resonance of the conductive electrons on the surface of noble metal nanoparticles
and the lasing light at the nanoscale, thus forming a huge local electric field on the surface,
i.e., the surface plasmon. Surface plasmons are surface electromagnetic waves that exist
at the interface of metals and dielectrics. Surface plasmon modes are localized around
the surface of metal nanoparticles, creating a highly enhanced near field. According to
the formation characteristics of surface plasmons, they can be divided into two categories:
surface plasmon polariton (SPP) and localized surface plasmon (LSP). For example, the gold
nanorods exhibit two well-divided LSPR bands. These bands have optical characteristics
and high stability in solution, so gold nanorods can be conveniently used for the detection
and characterization of absorbed molecules. Since SERS was discovered in the 1970s [7,8],
it has had constant improvement along with the advancement of nanotechnology. How-
ever, traditional SERS sensor platforms were based on robust materials, such as glass [9],
FTO glass [10], and silicon wafers [11]. There are also some different procedures of SERS
substrate, such as nanoimprint lithography and sylgard 184. Ding et al. used composite
nanoimprint lithography of etched polymer/silica opal films with electron-beam evapo-
ration to fabricate a high-performance sensing substrate for UV-SERS [12]. The UV-SERS
performance of DNA base adenine had been enhanced, revealing that it matched well with
the UV plasmonic optical signatures and simulations. Moreover, Anindita Das et al. applied
nanoimprint lithography on a flexible SERS substrate through electron-beam lithography
(EBL), which was utilized as a master template, and the mold was later replicated via a
nanoimprinting process to prepare a gold-coated polymer nanopyramid three-dimensional
(3D) SERS substrate [13]. The intense electric field confinement at nanotips and four edges
of a gold-coated polymer nanopyramid enhanced the Raman signal of probe molecules,
which meant that rhodamine 6G, with a limit of detection down to 3.3 × 10−9 M, was
achieved. Furthermore, Manuel Gómez et al. presented the potential of combining a plas-
monic Bragg grating structure, which obtained a rough Al layer to tune SERS enhancement
in the visible region [14]. The potential structure with excellent analytical reproducibility
and amazing enhancement factors (107–109) are produced by the scalable procedure, which
means it corresponds to the development of producing sustainable SERS substrates. Abeer
Alyami et al. also fabricated some flexible, sensitive, and on-site detection-enabled sub-
strates via Ag NPs/PDMS composites [15]. The Ag NPs/PDMS composites were obtained
by self-assembly of Ag nanoparticle solutions on flexible PDMS surfaces. As a result, thiram
concentrations and crystal violet (CV) within 10−5 M and 10−7 M were measured on fish
skin and orange peel, which revealed the analytical versatility of SERS substrates. These
SERS sensors are usually accompanied by complex fabrication techniques and numerous
complicated procedures that are disadvantageous to the manufacturing stability of the
product. These SERS sensors generally have high performance and sensitivity. Neverthe-
less, there are strong demands for the development of SERS sensors with high performance
via facile and efficient fabrication processes.

Recently, flexible substrates have attracted enormous attention in the SERS field be-
cause of various advantages over rigid substrates, such as facile fabrication and shape
control [12]. In contrast to conventional rigid substrates, flexible materials, such as poly-
mers [16,17], papers [18], and nanofiber [19] films, have excellent flexibility that allows
them to be attached to arbitrary surfaces for in situ detection. This property could further
collect analytes, by pasting and peeling off from irregular surfaces, for rapid detection
that avoids complex pretreatment. Moreover, bionic materials, such as butterfly wings,
cicada wings, mantis wings, lotus leaves, and rose petals, have been widely considered to
be excellent SERS substrates because of their 3D periodic microstructures. Moreover, there
are studies with SERS substrates synthesized using a simple, low-cost, and environment-
friendly method, wherein the component chitosan/chitin was utilized as an in situ reducer
to synthesize gold nanoparticles in natural 3D photonic architectures [20–22]. The results
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show that a SERS substrate could detect 10−9 M of 4-ATP and exhibited the lowest rela-
tive standard deviation (RSD) with a moderate SNR [23]. Zhang et al. reported that the
tip-based continuous, different dimensions of micro/nanostructure arrays were fabricated
by the overlap of pyramidal cavities with different adjacent distances [24]. The 1362 cm−1

peak of Raman intensity of Au-coated PDMS substrate is about eight times higher than that
of the commercial substrate. The SERS enhancement factor achieved an ideal level by using
the nanostructured Au-coated PDMS surface. In the procedure of the PDMS substrate,
the PDMS-BWS substrate displays a convenient way to replicate the nanostructure from
the beetle wings, making the commercial biosensor possible in the future. Additionally,
polymers such as PDMS have plasticity, and polyamide is most suitable for transfer to a
bionic structure. Some studies have successfully transferred the structure of shark skin
onto the outer layer of PDMS membranes to manufacture an ultrahydrophilic exterior for
inhibiting bacterial adhesion. As a result, the use of PDMS not only inhibited bacteria and
protected the wound, but also improved the hydrophilicity and biocompatibility of the
wound repair [25].

In this study, polydimethylsiloxane (PDMS) was used to replicate the 3D structure of
beetle wings to fabricate PDMS-BWS SERS substrates. The morphology, surface energy,
and roughness could be tuned by depositing various thicknesses (25–45 nm) of silver (Ag)
nanoisland thin films, and the SERS performance of the PDMS-BWS SERS substrates was
evaluated by the water dye, rhodamine 6G (R6G). A novel, flexible, and reproducible
bionic-nanostructure SERS substrate is demonstrated for the rapid determination of water
pollutants, such as heavy metal, toxic molecules, and pesticides.

2. Experimental Section
2.1. Material

Beetle wings from Anomalocera olivacea insularis were purchased from a specimen store
in Taipei. Ethanol and rhodamine 6G (R6G) were purchased from Aldrich Chemical Co
(Milwaukee, WI, USA). Sliver slug was purchased from the Gredmann Group. SYLGARD™
184 was purchased from Dow Corning.

2.2. Preparation of Beetle Wings

First, the beetle wings were immersed in acetone, ethanol, and deionized (DI) water,
respectively, for 10 min under the ultrasonicator to remove surface impurities. Subsequently,
the beetle wings were washed with DI water to remove the redundant solvents and dried
in a circulator oven at 60 ◦C for 30 min.

2.3. Fabrication of PDMS-BWS-Ag SERS Substrate

PDMS-BWS-Ag was fabricated as a SERS substrate to rapidly detect water pollutant
molecules through replication of the bionic 3D structure and deposition of Ag nanoislands.
First, the silicone elastomer base reagent and the curing reagent were mixed to homogeniza-
tion in a ratio of 10:1. The mixed reagent was poured on the beetle wings, removing bubbles
in a vacuum, and then heated for 2 h at 60 ◦C until completely cured. After finishing the
curing process, PDMS gel was split from the beetle wing to obtain the PDMS-BWS. As
illustrated in Scheme 1, PDMS-BWS-Ag was prepared from the PDMS-BWS by depositing
Ag nanoislands with thermal evaporation at a rate of 0.5 Å/s and rotating at 10 rpm under
high vacuum (10−6 Torr) to ensure homogenous deposition. Various Ag thicknesses (25, 30,
35, and 40 nm) were deposited onto the PDMS-BWS substrate, termed PDMS-BWS-Ag25,
PDMS-BWS-Ag30, and PDMS-BWS-Ag35, respectively.
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Scheme 1. Preparation of PDMS-replicated beetle-wing substrate with Ag deposition (PDMS-BWS-Ag)
SERS substrates.

2.4. Characterization and SERS Detection

The 10 µL of R6G solution, with the concentrations of 10−4, 5 × 10−5, 10−5, 5 × 10−6,
and 10−6 M, was dropped onto the PDMS-BWS-Ag substrate to measure the SERS spectra.
The SERS measurements (632.8 nm He–Ne laser and 0.1 mW laser beam) were acquired
by using a confocal Raman microscope (LabRAM HR Evolution, HORIBA France SAS,
Kyoto, Japan) with a 50× objective lens with a detection range of 400–2000 cm−1. The
contact-angle measurements were obtained using a contact-angle goniometer (DSA 100,
Krüss GmbH, Hamburg, Germany). The XRD pattern was measured using a PANalytical-
X’Pert PRO MPD operated at a scanning speed of 2◦/min with a Cu Kα X-ray radiation
(λ = 1.5405 Å). Scanning electron microscopy (SEM) (JEOL JSM-6701F) and an atomic force
microscope (AFM) (Dimension Edge, Bruker, Berlin, Germany) were used to determine the
morphology of the PDMS-BWS-Ag substrates.

3. Results
3.1. XRD Spectra

The crystalline structure of the PDMS-BWS-Ag SERS substrate was examined us-
ing XRD spectra. Figure 1 shows the XRD pattern of the PDMS-BWC-Ag SERS sub-
strate, in which five diffraction peaks can be observed, corresponding to the 38.2◦ (111),
44.3◦ (200), 64.5◦ (220), 77.6◦ (311), and 83.3◦ (222) given by the Joint Committee on
Powder Diffraction Standards (JCPDS, file numbers 04-0783 and 84-0713). These diffrac-
tion peaks were assigned to the crystalline nature of silver nanoparticles and demon-
strate that the silver nanoislands had been successfully deposited onto the surface of the
PDMS-BWC substrates.
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3.2. Wettability of SERS Substrate

Figure 2 demonstrates the surface energies of the BWS-Ag, PDMS-BWS-Ag, and PDMS-
Ag SERS substrates (Ag deposited thickness is 35 nm) using the contact-angle goniometer.
The Ag deposited onto the pristine BWS (BWS-Ag) substrate was more hydrophilic, with a
contact angle of 72.22◦ (Figure 2a). After transferring the BWS nanostructure to PDMS and
then depositing the Ag (PDMS-BWS-Ag), the contact angle of the PDMS-BWS-Ag SERS
substrate increased to 89.26◦ (Figure 2b), which was attributed to the more hydrophobic
PDMS and the replica of the bionic nanostructure. Compared with the contact angle of the
Ag deposited onto the pristine PDMS (PDMS-Ag, 81.72◦, Figure 2c), the contact angle of
the PDMS-BWS-Ag SERS substrate increased by 7.54◦, which confirmed that the bionic
(beetle wing) nanostructure has been replicated on the PDMS polymer gels.
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Figure 2. Contact angles of (a) BWS-Ag, (b) PDMS-BWS-Ag, and (c) PDMS-Ag SERS substrates
(thickness = 35 nm).

3.3. Surface Topography Analysis

Figure 3 shows the SEM and AFM images of various thicknesses of a PDMS-BWS-Ag
SESR substrate. Ag deposited onto the bionic PDMS-BWS by thermal evaporation forms a
metal nanoisland film. The roughness of the PDMS-BWS-Ag SERS substrate increased with
increasing thickness, which is similar to our previous findings [16]. According to the SEM
image (Figure 3), Ag with a thickness of 25 nm deposited onto PDMS-BWS (abbreviated
as PDMS-BWS-Ag25) demonstrated a relatively smooth surface, the root-mean-square
roughness of which (Rq) was 0.44 nm (Figure 3d). In contrast, PDMS-BWS-Ag30 and
PDMS-BWS-Ag35 exhibited a rougher surface by thickness increase, showing Rqs of
1.56 nm (Figure 3e) and 1.86 nm (Figure 3f), respectively. The results show that the Ag
nanoislands successfully immobilized on the bionic beetle-wing nanostructure. The rougher
nanostructure was beneficial to generating higher localized surface plasmon resonance
(LSPR) effects, which obtain a higher Raman enhancement factor. The Raman enhancement
analysis is discussed in detail in Figure 4.
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Figure 4. SERS spectra of rhodamine 6G (R6G) molecules (10−4 M) measured by PDMS-BWS-Ag25,
PDMS-BWS-Ag30, PDMS-BWS-Ag35, and PDMS-BWS-Ag40 SERS substrates.

3.4. SERS Spectra

The various thicknesses (25–40 nm) of Ag deposition by thermal evaporation influence
the extent of the SERS enhancement. Here, the water dye of R6G was used as a model
molecule. According to a previous report [26–28], the characteristic SERS peaks of R6G
are 612, 1361, 1510, and 1649 cm−1, which are assigned to C-C-C ring in-plane bending,
C-H in-plane bending, and aromatic C-C stretching, respectively [29]. Figure 4 shows the
SERS spectra of R6G with varied thicknesses of the PDMS-BWS-Ag SERS substrate. The
R6G characteristic peak located at 612 cm−1 was used as the characteristic indicator to
evaluate the SERS enhancement. The results show that the SERS intensity increased in
relation to the increasing thickness of Ag deposition from 25 to 35 nm (Figure 5). However,
the SERS intensity was significantly reduced when the thickness was 40 nm. This suggests
that the saturated Ag nanoparticles were coated on the PDMS-BWS substrate, causing
a reduction in SERS intensity. Comparing the results, it could be inferred that 35 nm of
Ag coating (PDMS-BWS-Ag35) the SERS substrate demonstrates the highest SERS signals.
Therefore, the following experiment utilized PDMS-BWS-Ag35 as a SERS substrate to detect
the different concentrations of R6G. The relation between the Ag thin film thickness and
the Raman intensity of R6G can also be verified in the reference [30].

Herein, the change in SERS intensity was investigated with various SERS substrates
after the deposition of 35 nm Ag nanoislands, i.e., PDMS-BWS-Ag35, BWS-Ag35, PDMS-
Ag35, and glass-Ag35 (Figure 6). A 10−5 M R6G solution was dropped onto the different
SERS substrates to evaluate their SERS enhancement. The results indicate that the order
of SERS intensity is PDMS-BWS-Ag35 > BWS-Ag35 > PDMS-Ag35 > pristine glass-Ag35
SERS substrates. The pristine glass slide with 35 nm Ag nanoislands (glass-Ag35 SERS
substrate) showed a very weak (almost absent) SERS signal. However, a stronger SERS
signal with R6G was displayed using PDMS-Ag-35 due to the rougher surface structure
compared to the glass slide. Furthermore, it was also possible to detect an obvious SERS
signal with a 35 nm Ag coating on natural beetle-wing substrates (BWS-Ag-35 SERS
substrate). Nevertheless, the SERS intensity increased ~10 times with the PDMS-replicated
bionic beetle-wing substrate coated with 35 nm Ag nanoislands (PDMS-BWS-Ag35 SERS
substrate). This means that PDMS with a beetle-wing nanostructure could create the
optimal hotspot effect to induce the strongest SERS intensity.
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Figure 6. SERS spectra of PDMS-BWS-Ag-35 nm, BWS-Ag-35 nm, pristine PDMS-Ag-35 nm, and
glass with R6G (10−5 M).

For limit of detection (LOD) measurement, various concentrations of the R6G solution
were measured using the PDMS-BWS-Ag35 SERS substrate. The SERS intensity of the
characteristic peaks (612 cm−1) progressively decreased until it reached a concentration of
10−6 M (Figure 7). It should be noted that the SERS intensity decreased when the concentra-
tion approached 10−4 M, which can be attributed to the decreasing induction of the SERS
signals due to R6G molecular aggregation. We tried to calculate a calibration curve for
the PDMS-BWS-Ag35 SERS substrate using various concentrations (5 × 10−5~10−6 M) of
R6G molecules as a function of the SERS intensity (integrating the area of the characteristic
peaks, 612 cm−1) in Figure 8. The result shows a good linear relationship, suggesting that
the calibration curve exhibits high reliability. Although the result of the LOD measurement
compared with other similar research [31] was not good enough, this unique 3D bionic
structure demonstrates the potential possibility of SERS detection. In addition, the PDMS-
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BWS substrate has more flexibility within the advantages of being an environment-friendly
and easy procedure than the cicada wings.
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Figure 8. Calibration curve of PDMS-BWS-Ag35 for R6G at different concentrations.

In addition to using LOD analysis to evaluate the SERS performance of the PDMS-BWS-
Ag35 SERS substrate, we utilized the following (Equation (1)) to calculate the enhancement
factor (EF) of Raman spectroscopy:

EF = (ISERS/NSERS)/(IRaman/NRaman) (1)

where ISERS and IRaman are the intensity of the SERS spectra and Raman spectra, respectively,
for R6G molecules at 612 cm−1. NSERS and NRaman are the numbers of R6G adsorbed on
the SERS and blank substrates, respectively. According to Figures 6 and 7, the EF of the
PDMS-BWS-Ag-35 SERS substrate was 1.9 × 104 in optimized conditions.

Therefore, the proposed technique of PDMS replication and Ag deposition by thermal
evaporation allows us to achieve SERS intensification through the utilization of LSPR plas-
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monic coupling phenomena and the generation of a huge electric field; this enhancement is
attributed to the nanostructure of the bionic beetle wing replica.

4. Conclusions

We successfully developed a novel bionic nanostructure replication technique from
beetle wings, with deposited Ag nanoislands, as a SERS substrate (PDMS-BWS-Ag) to
detect water pollutants. Comparing with other references of nanoisland substrates (the
dragonfly wings [32]), the beetle wings display unique and natural nanostructures to
produce enormous hotspots for Raman enhancing. In addition, the BWS-PDMS-based
substrate exhibits a flexible, environment-friendly, and easier to produce procedure, which
makes the chance for the commercialization of the products. Subsequently, the SERS per-
formance is optimized through the deposition of different thicknesses of Ag nanoislands
by facile thermal evaporation methods. The results indicate that PDMS-BWS-Ag35 demon-
strates excellent SERS enhancement performance, which is 10 times stronger than pristine
BWS-Ag35 (without the replication process). The LOD of PDMS-BWS-Ag35 SERS is lower
than 10−6 M and displays a linear calibration curve from 5 × 10−5~10−6 M. These results
illustrate that the PDMS-BWS SERS substrate has the potential to be applied in detecting
biomolecules and water pollutants, such as adenine from DNA, bacteria, viruses, water
toxicity, and water heavy-metal ions.
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Abstract: This study presents a novel approach to increase the oxygen permeability of hydrogel by
the addition of silica sol. Herein, 2-hydroxyethyl methacrylate (HEMA) was copolymerized with
N-vinyl-2-pyrrolidone (NVP) after mixing with silica sol. The resultant hydrogel was subject to
characterizations including Fourier-transform infrared (FTIR), equilibrium water content (EWC),
contact angle, optical transmittance, oxygen permeability (Dk), tensile test, anti-deposition of proteins,
and cytotoxicity. The results showed that with the increase of silica content, the Dk values and
Young’s moduli increased, the optical transmittance decreased slightly, whereas the EWC and contact
angle, and protein deposition were not much affected. Moreover, the cytotoxicity of the resultant
poly(HEMA-co-NVP)-SNPs indicated that the presence of silica sol was non-toxic and caused no
effect to the growth of L929 cells. Thus, this approach increased the Dk of soft contact lenses without
affecting their hydrophilicity.

Keywords: silica sol; soft contact lens; poly(HEMA-co-NVP); oxygen permeability; hydrophilicity

1. Introduction

Currently, contact lenses are manufactured from hydrogels of hydrophilic monomers such as
2-hydroxyethylmethacrylate (HEMA) and 1-vinyl-2-pyrrolidinone (NVP). Hydrogel lenses were
required to supply sufficient oxygen to the eyes during walking and sleeping. In general, for
soft contact lenses, there are two possible avenues to increase oxygen permeability: develop the
materials with higher water content or develop the hydrophobic materials. Oxygen can be absorbed
and permeate through the soft lens by water phase or its matrix [1,2]. In conventional hydrogel,
oxygen permeability is essentially governed by the equilibrium water content (EWC). Higher water
content in soft lens can achieve higher oxygen transmissibility. However, the permeability of
water (Dkwater) was approximate 80 barrer, restricting the delivery of oxygen to the eyes through
hydrogel lenses [1]. In addition, high water content in hydrogel matrix may reduce the mechanical
properties and increase protein deposition of contact lenses [3]. In the other permeation path based
on the matrix, hydrophobic silicon-containing ingredients, such as polydimethylsiloxane (PDMS)
and 3-(methacryloyloxy) propyltris(trimethylsiloxy) silane (TRIS), are incorporated into hydrogels
to deliver sufficient oxygen to the eyes. Combining hydrophilic and hydrophobic components
often incurs phase separation that impairs the transparency of the lens. Feasible approaches were
developed in the manufacturing of commercial silicone hydrogel lenses [4,5]. Other than the lens’s
transparency, silicone materials exhibit some problems because of their characteristics. High oxygen
supply with high silicone content is frequently in the expense of water absorbability as well as wetting

159



Polymers 2020, 12, 2087

surface [3,6–9]. High silicone content may also reduce resistance to protein deposition and mechanical
properties [3,6,10–12].

A new approach to solve problems associated with silicone and to achieve high water content
may be developed based on tetraethyl orthosilicate (TEOS) via Stöber process. Silica nanoparticles
(SNPs) synthesized from TEOS were reported when blending into polymers could increase the gas
permeability [13,14]. The oxygen permeability was enhanced to about 40% higher than the theoretical
prediction. Based on this finding, we proposed a novel approach to increase the oxygen permeability
by blending silica nanoparticles while keeping the hydrophilicity of the base hydrogels. In this
study, SNPs were synthesized from TEOS through sol-gel process before mixing with the matrix of
hydrophilic materials such as HEMA and NVP. All the resultant SNPs-loaded poly(HEMA-co-NVP)
were characterized by dynamic light scattering (DLS), Fourier-transform infrared spectrometer (FTIR),
equilibrium water content (EWC), oxygen permeability (Dk), contact angle, optical transparency,
mechanical properties, protein adsorption, and in vitro cytotoxicity.

2. Materials and Methods

2.1. Materials

Tetraethyl orthosilicate (TEOS), 1-vinyl-2-pyrrolidinone (NVP), phosphate buffered saline powder
(PBS, 0.1 M, pH 7.4), and 2-hydroxy-2-methylbenzene acetone (D-1173) were purchased from
Sigma-Aldrich, St. Louis, MO, USA. Glycerol, 2-hydroxyethylmethacrylate (HEMA), and ethylene
glycol dimethacrylate (EGDMA) were obtained from Acros Organics (Morris Plains, NJ, USA).
Phosphate buffered saline solution (1 wt%, pH 7.4) was prepared in our laboratory.

2.2. Preparation of Silica Nanoparticles and Hydrogels

Silica nanoparticles (SNPs) were prepared through the sol-gel process. Briefly, 1 g of TEOS was
slowly added into 5 mL of 0.5 M HCl at room temperature and stirred for 24 h. Afterward, the size of
the SNPs in the sol was analyzed through dynamic light scattering (DLS-DKSH, Nano-ZS90, Malvern
Instruments Ltd., UK). After verifying the synthesis of SNPs, an aliquot of the silica sol, ranging
from 0 to 2 g, was added to 4 g of HEMA followed by 1 g of NVP, 0.5 g of glycerol, 0.1 g of EDGMA
(crosslinking agent), and 0.1 g of D-1173 (photo-initiator). The solution was mixed for 1 h and molded
before exposing to UV light (365 nm) at 5 mW/cm2 for 20 min. After demolding, the resultant 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 presents the compositions of the samples.
Figure 1 shows the synthesis of the hydrogels.

Table 1. Hydrophilicity, oxygen permeability, wettability and protein deposition of SNP-loaded
contact lenses.

Sample SNP Content
(wt%)

EWC (%) Dk
(barrer)

Dk/t
(barrer/mm)

Contact
Angle (◦)

Protein Deposition
(nmol/cm2)

HSA Lysozyme

S0 0 52.5 ± 1.6 20.6 ± 1.0 198 ± 9 60.5 ± 2.3 0.76 ± 0.01 3.10 ± 0.05
S1 0.18 51.5 ± 2.1 26.6 ± 1.2 257 ± 11 60.1 ± 3.1 0.78 ± 0.01 3.21 ± 0.05
S2 0.46 53.5 ± 1.7 36.7 ± 1.5 355 ± 19 61.1 ± 2.9 0.75 ± 0.01 3.27 ± 0.04
S3 0.92 52.9 ± 1.9 42.8 ± 1.7 414 ± 11 59.5 ± 4.1 0.76 ± 0.01 3.16 ± 0.05
S4 1.37 51.9 ± 2.0 50.3 ± 1.9 494 ± 13 60.1 ± 3.3 0.75 ± 0.01 3.23 ± 0.06
S5 1.82 53.1 ± 1.8 54.3 ± 2.2 534 ± 15 61.2 ± 4.5 0.76 ± 0.01 3.29 ± 0.05
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Figure 1. The reaction of poly(HEMA-co-NVP) lenses. 
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2.3. Characterization of SNPs and Hydrogel Lenses

2.3.1. Size of Particles and Chemical Structure

The size of the SNPs in the sol was analyzed through dynamic light scattering (DLS-DKSH,
Malvern Instruments Ltd., Malvern, UK). The chemical structure of SNPs was examined using Raman
Spectroscopy (iHR550, Horiba Scientific, Kyoto, Japan) via the wavenumber range of 400–4000 cm−1.

2.3.2. Fourier-Transform Infrared Spectrometer

The structure of the hydrogels was characterized in the wavenumber range of 600–4000 cm−1

by using a Fourier-transform infrared spectrometer (FTIR, Nicolet 170 SX, Thermo Fisher Scientific,
Madison, WI, USA).

2.3.3. Equilibrium Water Content

Equilibrium water content (EWC) of lenses was calculated as follows:

EWC (%) =
Ww −Wd

Ww
× 100 (1)

where Wd and Ww are, respectively, the weights of the dry and rehydrated samples. The rehydrated
lenses were immersed in distilled water for one day at room temperature before being weighed.

161



Polymers 2020, 12, 2087

2.3.4. Oxygen Permeability

The oxygen permeability (Dk) of poly(HEMA-co-NVP)-SiO2 was determined using an oxygen
permeometer (Model 201T, Createch, CA, USA) based on polarographic method.

2.3.5. Contact Angle

The contact angle was determined using a contact angle goniometer (DSA 100, Krüss GmbH,
Hamburg, Germany) at 37 ◦C.

2.3.6. Optical Transparency

The optical transparency of the contact lens was measured based on light transmittance (T%) in
a wavelength range of 400–700 nm using a UV-Vis spectrometer (Cary 300, Agilient Technologies,
Santa Clara, CA, USA).

2.3.7. Mechanical Properties

The mechanical properties of all specimens were measured using a tensile tester (MTS 810, Material
Test System, MN, USA). The hydrated specimens were cut into dog bone shape before measuring the
modulus at a crosshead speed of 50 mm/min.

2.3.8. Protein Deposition

Protein deposition on the contact lenses was studied against human serum albumin (HSA) and
lysozyme using a UV-Vis spectrometer. Specimens (1 × 1 cm) were immersed in 1 mL PBS containing
2 mg/mL of either HSA or lysozyme. After being incubated at 37 ◦C for 24 h, specimens were rinsed
3 times with PBS. Then, specimens were placed into 2 mL of 1 wt% sodium dodecyl sulfate (SDS),
and shaken at 100 rpm at 37 ◦C for 1 h to remove the protein adsorbed on the lenses surface. Finally,
the protein deposition on the lenses were analyzed based on BCA assay after being incubated in 2 mL
of bicinchoninic acid at 37 ◦C for 1 h.

2.3.9. Cytotoxicity Test

The cytotoxicity test of the soft lenses was analyzed according to ISO 10993-5. The cell culture
medium for determining cytotoxicity was a mixture of 94% Dulbecco’s Modified Eagle’s medium
(DMEM), 1% penicillin antibiotic (PNC), and 5% fetal bovine serum (FBS). After being sterilized under
the UV light for 4 h, specimens (1 × 1 cm) were soaked in cell culture media for 24 h at 37 ◦C. Then,
the extracted media were filtered by passing through a 0.22 µm filter. L929 cells were cultured with the
extracted media, positive control, and negative control. Thiazolyl blue tetrazolium bromide (MTT)
reagent was mixed into the cells at 37 ◦C for 4 h after being incubated for 48 h at 37 ◦C in a humidified
atmosphere containing 5% carbon dioxide. Afterwards, dimethyl sulfoxide (DMSO) was added into
the media to dissolve the purple product. Finally, the cytotoxicity test was analyzed at 570 nm using
an Elisa reader (M965, Accu reader, Taiwan).

3. Results

3.1. Dynamic Light Scattering and Raman

Figure 2 shows that the mean diameter of the resultant SNPs was 13.5 nm determined by DLS
measurement. In general, the hydrolysis and condensation of TEOS in water would first result
in a sol, which is composed of SiO2 nanoparticles suspending in water. After a period of time,
these nanoparticles would further condense to become gel. In this present study, the condensation was
terminated before the gelation by adding the sol directly to the monomer solution. Glycerol was added
to improve the miscibility of the silica sol and the monomers. The solution was polymerized under UV
(365 nm) followed by rinsing with ethanol and water to remove glycerol and unreacted monomers.
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Figure 3 presents the Raman spectrum of SNPs through the sol-gel process. The peak of Si–O
group was detected at 805 cm−1 while the peaks of C2H5OH were respectively observed at 430 cm−1

and 1086 cm−1 (C–O groups) and at 1456 cm−1 (CH2 groups).
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3.2. Fourier-Transform Infrared Spectrometer

Figure 4 shows the FTIR spectra of HEMA, NVP, and poly(HEMA-co-NVP)-SNPs, where the peaks
of C–H groups (2878 cm−1) and C=O groups (1720 cm−1) were observed. Additionally, in SNP-loaded
lenses, the peaks of Si–O–Si group in SiO2 were appeared at 720 and 1068 cm−1 while the C–N group
of NVP were observed in 1150 cm−1 [6,15]. The characteristic peaks of C–C double bond were absent
from the infrared spectrum of the resultant lens, indicating the successful synthesis of the hydrogel.
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Figure 4. FTIR spectra of SNPs lenses.

3.3. Equilibrium Water Content

Table 1 shows that the equilibrium water content (EWC) of SNPs lenses was influenced by loading
of SNPs various concentrations. The EWC value of lenses varied slightly around 52%, regardless of the
content of SNPs. The quantity of nanoparticles added was small, and that SNPs had little interaction
with the matrix of HEMA and NVP Thus EWC was maintained for the hydrogel of hydrophilic HEMA
and NVP [3,16].

3.4. Contact Angle

Table 1 presents that contact angle was basically independent on the SNP content. The contact
angle was varied around 60◦ while the SNPs concentration increased from 0 wt% to 1.8 wt%.
The possible reason was that the SNPs exhibit content was less than 1.8%hydroxyl groups on the
surface, making them hydrophilic and was embedded in the hydrogel matrix, thus affected little the
hydrophilicity wettability of the hydrogel. This result also has the same tendency as stated in literature.
The combination of small amount of SiNPs silicone nanoparticlescontent with hydrophilic monomers
had the slight influence on the wetting surface of soft lenses [17].

3.5. Optical Transparency

Figure 5 presents the photos of SNPs hydrated contact lenses. Figure 6 shows that the light
transmittance decreased with the increase of SNP content. The transparency of commercial contact
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lenses is usually above 90% [3,17], thus in this work, the maximum SNP content was limited to 1.8 wt%.
The decrease in the light transmittance is probably caused by the formation of nodules due to the
interaction between SNPs and functional groups in poly(HEMA-co-NVP), which scattered the light.
A higher SNP content leads to more nodules, and thus impairs light transmission.

Polymers 2020, 12, x FOR PEER REVIEW 7 of 11 

 

3.5. Optical Transparency 

Figure 5 presents the photos of SNPs hydrated contact lenses. Figure 6 shows that the light 
transmittance decreased with the increase of SNP content. The transparency of commercial contact 
lenses is usually above 90% [3,17], thus in this work, the maximum SNP content was limited to 1.8 
wt%. The decrease in the light transmittance is probably caused by the formation of nodules due to 
the interaction between SNPs and functional groups in poly(HEMA-co-NVP), which scattered the 
light. A higher SNP content leads to more nodules, and thus impairs light transmission. 

 

Figure 5. Photos of SNPs hydrated contact lenses. 

 

Figure 6. Effect of SNPs content on optical transparency. 

3.6. Oxygen Permeability 

Increasing Dk for hydrogel lenses using hydrophobic groups is important to restrict the corneal 
damage such as hypoxia, corneal edema, and red eyes [18,19]. Figure 7 shows that the oxygen 
permeability of SNP-loaded hydrogel increased with the increase of SNP content. The highest Dk 
reached at 54.3 barrer corresponding to the highest SNPs ratio (1.8 wt%). This trend is quite unusually 
because SiO2 exhibits an oxygen permeability much lower than polymers and water. The presence of 
silica should hinder the diffusion of oxygen through the hydrogel. However, in SNPs-loaded 
hydrogel, these particles were entrapped in a hydrated environment. This would confer SNPs 
mobility, facilitating the creation of free volumes for oxygen to pass through, thus accelerating the 
diffusion of oxygen. This finding would be useful for developing novel materials for contact lens. 

y = -4.3028x + 98.406
R² = 0.9717

50

60

70

80

90

100

0 0.5 1 1.5 2

Li
gh

t t
ra

ns
m

itt
an

ce
 (T

%
) 

SNPs content (wt%)

S0 S1 S2 S3 S4 S5 

Figure 5. Photos of SNPs hydrated contact lenses.

Polymers 2020, 12, x FOR PEER REVIEW 7 of 11 

 

3.5. Optical Transparency 

Figure 5 presents the photos of SNPs hydrated contact lenses. Figure 6 shows that the light 
transmittance decreased with the increase of SNP content. The transparency of commercial contact 
lenses is usually above 90% [3,17], thus in this work, the maximum SNP content was limited to 1.8 
wt%. The decrease in the light transmittance is probably caused by the formation of nodules due to 
the interaction between SNPs and functional groups in poly(HEMA-co-NVP), which scattered the 
light. A higher SNP content leads to more nodules, and thus impairs light transmission. 

 

Figure 5. Photos of SNPs hydrated contact lenses. 

 

Figure 6. Effect of SNPs content on optical transparency. 

3.6. Oxygen Permeability 

Increasing Dk for hydrogel lenses using hydrophobic groups is important to restrict the corneal 
damage such as hypoxia, corneal edema, and red eyes [18,19]. Figure 7 shows that the oxygen 
permeability of SNP-loaded hydrogel increased with the increase of SNP content. The highest Dk 
reached at 54.3 barrer corresponding to the highest SNPs ratio (1.8 wt%). This trend is quite unusually 
because SiO2 exhibits an oxygen permeability much lower than polymers and water. The presence of 
silica should hinder the diffusion of oxygen through the hydrogel. However, in SNPs-loaded 
hydrogel, these particles were entrapped in a hydrated environment. This would confer SNPs 
mobility, facilitating the creation of free volumes for oxygen to pass through, thus accelerating the 
diffusion of oxygen. This finding would be useful for developing novel materials for contact lens. 

y = -4.3028x + 98.406
R² = 0.9717

50

60

70

80

90

100

0 0.5 1 1.5 2

Li
gh

t t
ra

ns
m

itt
an

ce
 (T

%
) 

SNPs content (wt%)

S0 S1 S2 S3 S4 S5 

Figure 6. Effect of SNPs content on optical transparency.

3.6. Oxygen Permeability

Increasing Dk for hydrogel lenses using hydrophobic groups is important to restrict the corneal
damage such as hypoxia, corneal edema, and red eyes [18,19]. Figure 7 shows that the oxygen
permeability of SNP-loaded hydrogel increased with the increase of SNP content. The highest Dk
reached at 54.3 barrer corresponding to the highest SNPs ratio (1.8 wt%). This trend is quite unusually
because SiO2 exhibits an oxygen permeability much lower than polymers and water. The presence
of silica should hinder the diffusion of oxygen through the hydrogel. However, in SNPs-loaded
hydrogel, these particles were entrapped in a hydrated environment. This would confer SNPs mobility,
facilitating the creation of free volumes for oxygen to pass through, thus accelerating the diffusion of
oxygen. This finding would be useful for developing novel materials for contact lens.

In general, the inverted correlation frequently appears between Dk and EWC in soft lenses whereby
the increase of hydrophobic ingredients such as PDMS and TRIS will affect the water absorbability of
soft lenses as reported previously [7,20,21]. However, in this study, the inverted relationship of Dk

165



Polymers 2020, 12, 2087

and EWC was absent with the addition of SNPs. Therefore, the result of this study proposed the new
approach to solve the frequent trouble of hydrogel lenses.

3.7. Mechanical Properties

Generally, lower modulus lenses can provide more comfort and fit for wearers [6,22]. Figure 7
shows that Young’s modulus of SNPs-loaded hydrogel increased almost linearly with the SNP content.
The Young’s modulus of lenses increased from 0.41 MPa to 1.02 MPa with increasing SNPs ratio (0 wt%
for S0 and 1.8 wt% for S5). The reinforcement of the hydrogel suggests that SNPs did serve as the
crosslinker for the poly(HEMA-co-NVP) molecular chains. It is also reported in the literature that silica
nanoparticles can increase the mechanical properties [14].
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3.8. Protein Deposition

Basically, the deposition of protein has the close relationship with the wettability of hydrogel
lenses. Because the wettability was not affected by the addition of SNPs, the deposition of proteins
was not affected significantly either, as shown in Table 1. Comparing with 0 wt% of SNPs, the apparent
amount of protein adsorption slightly varied around 0.75 and 0.78 nmol/cm2 for HSA and between 3.1
and 3.3 nmol/cm2 for lysozyme. The high HSA and lysozyme adsorption may be explained based on
the properties of hydrogel materials, especially NVP monomers [3,17,23–25].

3.9. Cytotoxicity Test

The biocompatibility of an ophthalmic device, especially contact lenses, is significant factor
determined via cellular behavior [6,21]. The in vitro cytotoxicity test was applied to observe the growth
of L929 cells based on sample’s extracted medium. In comparison to positive and negative controls,
the L929 cells using extracted medium could growth normally after three days culture as shown in
Figure 8. The result determined that the addition of SNPs content in hydrogel lenses did not influence
the growth of L929 cells through cytotoxicity test.
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3.10. Comparison with Commercial Contact Lenses

The Dk and EWC of SNPs hydrogel lenses were comparable or higher than those non-silicone
commercial products such as Biomedics XC, Biomedics 38, Acuvue 2, and Acuvue Advance
(Table 2) [3,26]. Although the Dk values of these SNP-loaded lenses were lower than those silicone
commercial lenses such as Air Optix Night & Day, Air Optix, Acuvue Oasys, and PureVision, the EWC
values were higher and the moduli were similar. The results of this research indicated that a small
amount of SNPs would confer conventional hydrogel lenses improved ophthalmic properties to
non-silicone commercial contact lenses including Biomedics XC and Acuvue Advance. These SNPs
lenses can be considered to apply for ophthalmology materials as contact lenses.

Table 2. Properties comparison of this study and commercial lenses.

Product Manufacturer Dk
(barrer) EWC (%) Contact

angle (◦)
Modulus

(MPa) Principle Monomers

Air Optix
Night & Day CIBA Vision

140 24 1.52 DMA, TRIS, siloxane monomer

Air Optix 110 33 44.4 1.00 DMA, TRIS, siloxane monomer

Acuvue Oasys Johnson &
Johnson

Vision Care

103 38 78.7 0.72 MPDMS, DMA, HEMA, siloxane
macromer, TEGDMA, PVP

Acuvue
Advance 60 47 65.6 0.43 MPDMS, DMA, HEMA, EGDMA,

siloxane macromer, PVP
Acuvue 2 19 58 HEMA, MAA, EGDMA

Pure Vision Bausch &
Lomb 91 36 93.6 1.10 TEGDMA, NVP, TPVC, NCVE,

PBVC

Biomedics XC CooperVision 44 60 HEMA, MAA, PC, TEGDMA
Biomedics 38 8.4 38 30 0.81 HEMA, EGDMA

S4
This work

50.3 51.9 60.1 0.88 HEMA, NVP, SNPsS5 54.3 53.1 61.2 1.02
PVP polyvinyl pyrrolidone; MPDMS monofunctional polydimethylsiloxane; DMA N,M-dimethylacrylamide; TEGDMA
tetraethyleneglycol dimethacrylate; TRIS trimethyl siloxysilyl; TPVC tris-(trimethyl siloxysilyl)propylvinyl carbamate;
NCVE N-carboxyvinyl ester; PBVC poly-(dimethysiloxy) di-(silylbutanol) bis-(vinyl carbamate).
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4. Conclusions

Silica sol was prepared through the hydrolysis of tetraethoxysilane (TEOS) followed by blending
with hydroxyethyl methacrylate (HEMA) and N-vinylpyrrolidone (NVP) before photoinitiated
polymerization. With the silica content increasing to 1.8 wt%, the oxygen permeability of the
resultant hydrogel was increased from 20 barrer to 54 barrer, while the equilibrium water content and
contact angle remained around 52% and 60◦, respectively. In addition, the Young’s modulus increased
from 0.4 MPa to 1 MPa when the content of silica nanoparticles increased to 1.8 wt%.
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Abstract: A regulatable bioremediation capsule material was synthesized with isolated single-strain
bacteria (Bacillus species, B. CMC1) and a regulator molecule (carboxymethyl cellulose, CMC) by a
vapor-phased encapsulation method with simple steps of water sublimation and poly-p-xylylene
deposition in chemical vapor deposition (CVD) process. Mechanically, the capsule construct exhibited
a controllable shape and dimensions, and was composed of highly biocompatible poly-p-xylylene
as the matrix with homogeneously distributed bacteria and CMC molecules. Versatility of the
encapsulation of the molecules at the desired concentrations was achieved in the vapor-phased
sublimation and deposition fabrication process. The discovery of the fabricated capsule revealed
that viable living B. CMC1 inhabited the capsule, and the capsule enhanced bacterial growth due to
the materials and process used. Biologically, the encapsulated B. CMC1 demonstrated viable and
functional enzyme activity for cellulase activation, and such activity was regulatable and proportional
to the concentration of the decorated CMC molecules in the same capsule construct. Impressively,
13% of cellulase activity increase was realized by encapsulation of B. CMC1 by poly-p-xylylene, and a
further 34% of cellulase activity increase was achieved by encapsulation of additional 2.5% CMC.
Accordingly, this synergistic effectiveness of the capsule constructs was established by combining
enzymatic B. CMC1 bacteria and its regulatory CMC by poly-p-xylylene encapsulation process. This
reported encapsulation process exhibited other advantages, including the use of simple steps and
a dry and clean process free of harmful chemicals; most importantly, the process is scalable for
mass production. The present study represents a novel method to fabricate bacteria-encapsulated
capsule for cellulose degradation in bioremediation that can be used in various applications, such as
wastewater treatment and transforming of cellulose into glucose for biofuel production. Moreover, the
concept of this vapor-phased encapsulation technology can be correspondingly used to encapsulate
multiple bacteria and regulators to enhance the specific enzyme functions for degradation of various
organic matters.

Keywords: parylene; CVD; bioremediation; polymer; cellulase; Bacillus

1. Introduction

Bioremediation provides promising solutions for the removal of environmental pol-
lutants, toxic elements, and poisoning management for clinical purposes [1–3]. Various
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remedial approaches were developed by precision screening of efficient bacteria from con-
taminated environments [4,5] to isolate genetically engineered bacteria with enhancement
of catabolic pathways and microbial physiology [6–8]. To protect bacteria/cells from acidic
environments and to elongate the treatment length, circulation time, and shelf life, different
techniques, including spray drying/coating, freeze drying, emulsification, coacervation, ex-
trusion, and microfluidics, have been developed for probiotic bacterial encapsulation [9,10].
However, the issue of the low vitality of the encapsulated bacteria used for bioremediation
remains [11]. Imperatively, the technique used to create a microenvironment that can
provide solid protection for bacteria, whose growth may be suppressed by parasites or
predators [12] as well as control the release of either enzymes and/or bacteria to target
pollution [13], is very important in the encapsulation of bacteria for bioremediation use.
Therefore, the development of prospective encapsulation techniques for bioremediation
has been pursued to provide additional properties that include (1) a favorable habitation
microenvironment for functional bacteria with enhanced growth activities and (2) a reg-
ulatory mechanism to customize the enzymatic functions of bacteria, allowing increased
efficiency and adjustment to the required bioremediation conditions.

We herein provide a vapor-phased encapsulation method for bacterial capsules with
an elegantly equipped mechanism for increasing bacterial populations and the correspond-
ing enzymatic functions. A vapor-deposited polymeric matrix system of poly-p-xylylenes
of United States Pharmacopeia (USP) class VI with high biocompatibility and chemical
resistance to strong acids, bases, and solvents was used for encapsulation during the fabri-
cation process. The fabrication is performed in one step with a dry and clean vapor phase,
which is desirable for sensitive biological substances such as cells, enzymes, growth factors,
and other functional peptides and proteins [14,15]. The overall encapsulation process
was realized based on our previously reported mechanism to deposit a vapor-phased
poly-p-xylylene polymer on a template substrate that is eventually sublimated, and by
manipulating the mass transport during the processing conditions, diverse species with
distinct thermodynamic properties were subjected to sublimation and deposition within
the confined space of the templates. Finally, transformation of the template resulted in the
construction of composite materials with defined physical properties in terms of porosity,
bulk size and geometry, and chemical functionality by the compartmentalized functional
entities and the devised interfacial chemistries [16]. With respect to the vapor sublimation
and deposition process, which has been reported to result in the precise localization and
distribution of substances such as metals, molecules, and liquids to form composites with
controlled homogeneity or anisotropy from various materials [15,17], we hypothesized
that the benign and versatile vapor-phased process was able to encapsulate (i) unmodified
native bacteria of the Bacillus species CMC1 (hereafter referred to as B. CMC1) with specific
enzymatic function and the same precision to localize and distribute B. CMC1 due to the
encapsulation technique, enabling well-controlled bacterial growth activities and functions,
and (ii) a regulator molecule, carboxymethyl cellulose (CMC), with a customizable encapsu-
lation concentration to provide the same customizable stimulation dosages to regulate the
enzymatic functions of the neighboring B. CMC1 bacteria. The fabricated and encapsulated
capsules were composed of inhabitant bacteria from (i) and the surrounding conditioning
regulator molecules from (ii), and the synergistic activities exhibited by (i) and (ii) were able
to deliver a combination of controlled enzymatic factors for bioremediation in the devised
microenvironments (Figure 1a). The synergistic conditioning mechanism was effective
in regulating the bacterial number and the corresponding enzymatic reactivity, and was
proportional to the CMC regulator composition. The encapsulation process is versatile
and is completed in simple steps with mass production scalability (Figure 1a,e), and the
resultant bacteria/CMC capsules represent an advanced bacteria/polymer combination
for bioremediation models and have potential for unlimited combinatorial composting
configurations for bioremediation applications.
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Figure 1. Fabrication of regulatable bioremediation capsules via vapor-phased encapsulation of bacteria. (a) Schematic
illustration of the capsule fabrication process by vapor sublimation and deposition to encapsule (i) functional bacteria and
(ii) regulatory molecules within a poly-p-xylylene polymer matrix. (b) Image by cryo SEM showing the iced templates
of array cubes with dimensions of 400 µm × 400 µm × 400 µm used for encapsulation. (c) SEM images of the capsule
products by the encapsulation process; the products showed the same replicated dimension and shape and comprised
poly-p-xylylene as the matrix and encapsulated bacteria and CMC molecules. Panels (b,c) show the scalability of mass
production potentials. (d) A 3-D image by micro-CT examination of the capsule product. (e) An illustration of the vapor
deposition system, containing a sublimation zone, a pyrolysis zone, and a deposition chamber in the main body. (f) The
fabricated column-shaped bioremediation capsule products with the dimension of 5 mm in diameter and 5 mm in height.

2. Materials and Methods
2.1. Bacterial Strain Isolation

Wastewater and activated sludge were collected from the sewage of a pig farm in
Taoyuan, Taiwan. All tools and reservoirs were sterilized before sampling. Activated sludge
was stored immediately at 4 ◦C after collection. The wastewater and activated sludge were
used for further culturing of environmental bacteria in liquid nutrient medium. In one liter
of culture medium, 3 g peptone (BD biosciences, San Jose, CA, USA), 1 g yeast extract (BD
biosciences, USA), 5 g NaCl (Sigma-Aldrich, St. Louis, MO, USA), 0.2 g MgSO4·H2O (Sigma-
Aldrich, USA), 0.2 g CaCl2 (Sigma-Aldrich, USA), 0.2 g KNO2 (Sigma-Aldrich, USA), 2
g NH4NO3 (Sigma-Aldrich, USA), 0.3 g Na2HPO4 (Sigma-Aldrich, USA), 5 g glucose
(Sigma-Aldrich, USA), and 2.5 mL tween 80 (Sigma-Aldrich, USA) were added and then
pH with NaOH to 7.0. The genomic DNA of the isolated bacterial strain was extracted using
a commercial genomic DNA extraction kit (Qiagen, Germantown, MD, USA). Then, the
sequence of its 16S rRNA was confirmed by polymerase chain reaction by using the primers
F8 (5′GAGAGTTTGATCCTGGCTCAG3′) and R1492 (5′GGTTACCTTGTTACGACTT3′).
The obtained 16S rRNA sequence from the isolated bacteria was
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TGCTATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCG
GCGGACGGGTGAGTAACACGTGGGTAACCTGCCTGTAAGACTGGGATA ACTCCGGG
AAACCGGGGCTAATACCGGATGGTTGTTTGAACCGCATGGTTCAAACATAAAAGGT
GGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTA
ACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACT
GGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGC
AATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATC
GTAAAGCTCTGTTGTTAGGGAAGAACAAGTACCGTTCGAATAGGGCGGTACCTTGA
CGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGT
AGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTT
AAGTCTGATGTGAAAGCCCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGA
ACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGA
GATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGA
GGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTA
AACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCAT
TAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGG
GGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCT
TACCAGGTCTTGACATCCTCTGACAATCCTAGAGATAGGACGTCCCCTTCGGGGGCA
GAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT
CCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAG
GTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCC
CTTATGACCTGGGCTACACACGTGCTACAATGGACAGAACAAAGGGCAGCGAAACC
GCGAGGTTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCTGCAACTC
GACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACG
TTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAGT
CGGTGAGGTAACCTTTTAGGAGCCAGC.

The sequence was further confirmed according to the 16S rRNA database at https:
//www.ezbiocloud.net/. The isolated bacteria were the Bacillus species with the top
ranking of B. subtilis and was named Bacillus species CMC1 (B. CMC1) in the study.

2.2. Encapsulation Process

B. CMC1 was cultured for 30 h at 30 ◦C and then washed twice with diH2O by cen-
trifugation and resuspended into final solutions (either diH2O, 0.25% CMC (Showa, Tokyo,
Japan), 1.5% CMC, or 2.5% CMC) to prepare samples with the same concentration of bacte-
ria (~1 × 108 bacteria/mL) on the same day of capsule fabrication. The prepared bacterial
solution with/without CMC was solidified by liquid nitrogen for later encapsulation. A
home-built vapor deposition system was used for the encapsulation and fabrication process
in this study (illustrated in Figure 1e), and the specifications and detailed installations of the
system are described elsewhere [18,19]. First, the precursor dichloro-[2,2]-paracyclophane
(Galxyl C, Galentis, Venice, Italy) was transformed into di-radical monomers by pyrolysis
at 670 ◦C for the subsequent vapor deposition of poly-p-xylylenes. Subsequently, the
monomers started both polymerization and deposition under the conditions of 100 mTorr
and 25 ◦C. Simultaneously, the solid ice in the bacterial ice templates was transferred into
water vapor via a sublimation process with respect to the same conditions of 100 mTorr
and 25 ◦C. The deposition of poly-p-xylylenes and sublimation of solid ice into water vapor
produced porous poly-p-xylylene bacteria capsules of the desired size and shape.

2.3. Enzyme Activity Assays

Cellulase activity was examined on 9 cm agar plates by quantifying the size of the
enzyme functioning zones. To one liter of cellulase visualizing agar, 1 g yeast extract (BD
Biosciences, USA), 1 g NH4H2PO4 (Sigma-Aldrich, USA), 0.2 g KCl (Sigma-Aldrich, USA),
and 1 g MgSO4·7H2O (Sigma-Aldrich, USA) were added, and then the pH was adjusted
to 6.3 with NaOH. Then, 9 g agar (Sigma-Aldrich, USA) and 10 mg trypan blue (Sigma-
Aldrich, USA) were added. A single bacterial capsule (100 µL in volume) was seeded
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in the center of one 9 cm plate and left at 30 ◦C for up to 140 h for subsequent enzyme
functioning zone quantification. For the quantification of DNA and RNA, a single bacterial
capsule (100 µL in volume) was seeded in a 50 mL centrifuge tube with 30 mL of growth
culture medium inside, and the culture was left at 30 ◦C for 50 h on an orbital shaker with a
100 rpm shaking speed. The same volume of the culture (5 mL) from encapsulated bacteria
was centrifuged for genomic DNA extraction using a commercial extraction kit (Zymo
Research, Irvine, CA, USA) for the following DNA quantification. The same number of
bacterial cells (2 × 108 cells) was used for total RNA extraction by using a commercial
extraction kit (Zymo Research, USA) for total RNA quantification. The concentrations
of DNA and RNA were measured by a NanoDrop Spectrophotometer (ThermoFisher,
Waltham, MA, USA). For this, 1 µL of purified DNA and RNA were used in the analysis.
Note that only the DNA and RNA with the 260/280 ratio between 1.8 and 2.0 were used for
concentration measurements, ensuring the sufficient purity of DNA and RNA for further
quantification analysis.

2.4. Characterizations

A Nikon ECLIPSE 80i fluorescence microscope (Nikon, Tokyo, Japan) with a visible
light source was used to visualize the crystal violet-stained B. CMC1 in the porous parylene
structure. A VK-9510 3D profile microscope (Keyence, Osaka, Japan) was used to analyze
the external architecture of the bacterial capsules and the existence of the bacteria inside
the structure. SEM images were recorded using a NovaTM NanoSEM (FEI, Hillsboro,
OR, USA) operated at a primary energy of 10 keV and a pressure of 5 × 10−6 Torr to
detailed the internal structure of the bacterial capsule. EDS elemental point analyses were
captured for the quantification of the studied elements. 3D analysis of the interior structure
was performed by using Bruker Skyscan 2211 (Bruker micro-CT, Kontich, Belgium) at
2.0 µm/pixel resolution. The setting of the voltage was 40 kVp, whereas the current was
700 µA at 8 Watt output with microfocus mode. Image reconstruction, ring artifacts, and
beam-hardening correction were performed using reconstruction software, Instarecon
(Bruker micro-CT, Belgium). FT-IR spectra of the fabricated capsules were recorded by a
Spectrum 100 spectrometer equipped with an ATR detector (PerkinElmer, Waltham, MA,
USA). The recorded spectra ranged from 600 to 4500 cm−1 with 4 scan times at 4 cm−1

resolution.

3. Results and Discussion
3.1. The Fabrication of Regulatable Bioremediation Capsules

The bacteria-encapsulated capsule was fabricated by first preparing ice templates
by directly transforming the liquid-phased bacteria-cultured media into a solidified ice
template in a liquid nitrogen-conditioned bath. Subsequently, the fabrication exploited
the previously described sublimation of ice and deposition of poly-p-xylylene in one
continuous step [16,17] to construct a bacterially encapsulated polymeric capsule. A second
transformation was performed with vapor-deposited poly-p-xylylene molecules to replace
the resulting space when the sublimated ice/water molecules evaporated from the ice
templates. The resultant construct consisted of a three-dimensional porous poly-p-xylylene
matrix with encapsulated B. CMC1 bacteria in the matrix (Figure 1). The shape of the
final capsule construct replicated the shape of the transformed ice template, which was
theoretically shaped by molding, sculpting, or solidifying droplets to obtain various sizes
and geometries [15]. Ideally, shrinkage or dislocation of the construct is avoided owing to
the continuous sublimation and deposition process [16]. As a result, the dimension of the
fabricated capsule is depended on the size and shape of the mold used in the ice template
preparation. The present technology supports to fabricate the bacteria-encapsulated capsule
as little as 400 µm cubic shape to a larger 5mm columnal shape. As shown in Figure 1b, a
cubic shape with dimensions of 400 µm× 400 µm× 400 µm was used for the preparation of
the ice templates and the fabrication of the construct of the bacterial-encapsulated capsule.
The subsequent CVD process replaced ice with poly-p-xylylene to form a three-dimensional
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porous structure (Figure 1c). Characterization by microcomputed tomography (micro-CT,
Figure 1d) also indicated the overall homogeneous porous structure of the polymer matrix.
By using the column-shaped mold with the dimension of 5 mm in diameter and 5 mm in
height, the larger size of bacteria-encapsulated capsule was obtained (Figure 1f).

In order to characterize the internal structure of the bacteria encapsulated capsule,
the 400 µm cubic capsule was examined by using a combination of optical microscopy,
scanning electron microscopy (SEM), and confocal microscopy to verify the localization
and distribution of the bacteria (Figure 2). The image recorded by optical microscopy
clearly showed that the crystal violet-stained bacteria were found only in the polymer
matrix but not in the void pores, verifying the successful encapsulation of bacteria by the
fabrication process (Figure 2a). Both confocal microscopy and SEM further confirmed
that rod-shaped B. CMC1 with dimensions of 0.5–1 µm existed in the fabricated capsule
structures (Figure 2a). The anticipated homogeneity of the distributed bacteria was also
observed and was believed to be due to the controlled mass transport of solidified ice
templates and the continued sublimation and deposition process that prevented dislocation
of the encapsulated substances. As the same concentration of bacteria was used to prepare
the ice template, the quantity of the bacteria was depended on the volume of the ice
template prepared for the capsule fabrication. Therefore, the larger column-shaped bacteria-
encapsulated capsules which contained sufficient number of bacteria in the fabricated
capsules were used for cellulase activities examination on 9 cm agar plates.

Figure 2. Viability analysis of B. CMC1 activities of the fabricated capsule. (a) Micrographs showing stained (crystal violet,
purple color), 3-D structural, and SEM topological images of encapsulated B. CMC1 within the capsule products. The
yellow marks indicate the presence of B. CMC1 within the polymer structure. (b) Bacterial growth curves and (c) enzymatic
functions were compared in parallel for pure bacteria to verify viability.

3.2. Viability and Cellulase Activities of Encapsulated B. CMC1

The cell viability of the encapsulated bacteria was further analyzed, and due to the
natural self-protective mechanism of the cell wall in B. CMC1, we hypothesized that the
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bacteria were resistant to low temperatures during iced template preparation and low-
pressure conditions (approximately 10−3 Torr) during the sublimation and deposition
process. Cultured samples of encapsulated B. CMC1 were compared to samples of B. CMC1
without encapsulation (positive control), and their cell densities were monitored by OD600
measurement. The results showed comparable bacterial growth patterns and activities in
liquid medium for both types of bacteria during the culture time frame of 10 h (Figure 2b),
indicating the viability of cells and negligible disturbance of B. CMC1 by the encapsulation
process. In addition, by comparing the enzymatic function for cellulase decomposition on
9.0 cm agar plates for both groups of samples, the data at 140 h showed a 4.3 cm enzyme
functional zone diameter for the encapsulated B. CMC1 compared to a 3.8 cm diameter for
samples without encapsulation (Figure 2c). Unambiguously, these results were found to
support the hypothesis that the B. CMC1 bacteria were preserved during the encapsulation
and fabrication process. Interestingly, it was discovered that a higher population and a
larger enzyme effective zone size were found for the B. CMC1-encapsulated samples, which
indicated their enhanced bacterial growth and cellulase enzymatic activities compared
to those of the nonencapsulated sample at the studied time point of 140 h, and it is
believed that the highly biocompatible poly-p-xylylene [20–22] played an important role
and provided an agreeable microenvironmental niche for B. CMC1.

3.3. Regulation of the Fabricated Capsules by CMC

CMC was found to enhance the cellulase activity of Bacillus species bacteria [23].
Here, in this study, the proposed regulation approach exploited the cellulase self-induction
mechanism by supplying a various number of CMC molecules for B. CMC1 in the same
controlled volume in the capsule construct, and our second hypothesis was thus raised
to validate whether increasing the concentration of CMC would proportionally increase
the resultant enzymatic activity of B. CMC1 in the same capsule construct. While the
versatility of the sublimation and deposition process was able to encapsulate/include
multiple ingredients with a precisely administered composition and without molecular
phase separation [16], the fabrication was straightforward and conducted by preparing
iced templates containing both (i) B. CMC1 and (ii) various concentrations of CMC (0.25%,
1.5%, or 2.5% were selected for the demonstration in the study). Subsequently, the same
sublimation and deposition process was performed to resolve the capsule construct that
comprised a poly-p-xylylene matrix with simultaneous encapsulation (i) and (ii) the same
matrix structure. In addition to the already confirmed encapsulation of B. CMC1, the use
of FT-IR analysis indicated that the intensity of the characteristic –C=O and –CH–O–CH2
peaks from CMC observed at 1558 and 1050 cm−1, respectively, gradually increased from
a low concentration to higher concentrations of CMC content in the fabricated capsules
(Figure 3a). Moreover, quantification of the peak area for –C=O and –CH–O–CH2, which
were normalized with respect to nonshifted peaks (–C–H at approximately 2800 cm−1) from
poly-p-xylylene, additionally showed consistency by stoichiometry of the encapsulated
CMC concentrations (Figure 3b). On the other hand, the consistent increases in elemental
concentrations of oxygen (0% to 27.98%) and sodium (0% to 4.73%) and decreases in carbon
(95.22% to 65.25%) and chloride (4.78% to 2.03%) in SEM-EDS analysis were also in close
value to the theory, which also verified the proposed encapsulation and regulation of CMC
compositions (Figure 3c). The SEM and optical microscopic images of bioremediation
capsules containing various concentrations of CMC (0.25%, 1.5%, 2.5%) did not show
any obvious difference in the porous structure within the capsules. This is because the
poly-p-xylylene matrix replaced sublimated water to constitute the main structure of
the capsule during the vapor encapsulation process, the poly-p-xylylene matrix might
deposited directly on the CMC molecules when water sublimated. The function of CMC
molecular in these bioremediation capsules was only to upregulate the function of cellulase
activity [23]. However, the pore size of the capsule can be controlled by the deposition rate
of the poly-p-xylylene [16].
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Figure 3. Regulation and encapsulation of CMC molecules. (a) FT-IR analysis showed regulated concentrations of CMC
in the capsule products. (b) Quantified and normalized peak intensity of C=O and CH-O-CH2 in panel (a) indicated a
consistent increase according to the increased stoichiometric concentrations of CMC. (c) EDS elemental analysis revealed
similar trends in the carbon and oxygen composition variations corresponding to the regulations of CMC concentrations.

With respect to the effectiveness of increasing CMC compositions toward the growth
activities of B. CMC1 in the same fabricated capsules, separate experiments were performed
by culturing B. CMC1 in liquid medium for samples with varied CMC compositions and
were compared to the samples without CMC encapsulation. As shown in Figure 4a, the
cultured regulation capsule samples (both B. CMC1 and CMC were encapsulated) exhibited
approximately 10 h of bacterial growth in the lag phase and showed consistency with the
samples with only B. CMC1 encapsulation (Figure 2b), indicative of negligible disturbance
by the surrounded and encapsulated CMC molecules, and the bacteria adapted themselves
well to the engineered microenvironments of the capsules. Interestingly, and surprisingly,
the encapsulation of CMC molecules showed a positive influence on the growth of B. CMC1
in the exponential phase; the presence of CMC resulted in the enhancement of B. CMC1
growth activities, and such an enhancement was found to be proportional to the increase in
CMC composition. Two stages in the exponential phase of showing a steep growth curve
in the early exponential growth phase from approximately 10–15 h and a second gradual
incline stage from 15–40 h were found. The bacterial growth finally reached a stationary
phase after 40 h, and due to the regulation and enhancement of varied CMC compositions,
increasing the final bacterial number was found accordingly for the studied groups.
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Figure 4. Regulation and quantification of bacterial biochemical activities of the bacterial capsules. (a) Regulation to
enhance bacterial growth with respect to increasing CMC concentrations was verified in a studied culture time frame. (b)
Regulated and enhanced enzyme activities of B. CMC1 were discovered with increasing CMC concentrations on agar plates
for up to 140 h. (c) Quantification of the effective zones in panel (b) was compared. (d) Analysis of the genomic DNA
for the studied groups confirmed the upregulated expression of the corresponding DNA according to the increments of
CMC concentrations. (e) The same upregulated expression of total RNA unambiguously verified the proposed regulation
mechanism by increasing CMC concentrations in the bacterial capsules. Statistical data were expressed as the mean value
and the standard deviation based on three independent samples.

The important expressions of regulated enzyme activities were finally analyzed for the
synergistic capsules. Capsule samples containing both B. CMC1 and CMC (with the same
varied compositions of 0.25%, 1.5%, and 2.5%) were studied in parallel to bare samples
with unregulated B. CMC1 (0% CMC), and their enzymatic cellulase activities were first
examined on agar plate results for up to 140 h (enzyme functioning zone measuring col-
lected from three independent experiments were listed in Table 1). As shown in Figure 4b,c,
comparisons of the size of the enzyme functioning zones were measured and quantified
for these plates, and anticipated results indicated that increased zone sizes were found
with increasing CMC compositions. More specifically, the quantification of the zone size
revealed a 9.7% increase from 0% to 0.25% of CMC composition variation and a 26.5% and
35.6% increase for 1.5% and 2.5%, respectively, demonstrating a regulatable and enhanced
enzymatic cellulase activity of the synergistic capsules in accordance with the encapsulated
variation of CMC compositions.
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Table 1. The diameter of enzyme functioning zones recorded in the enzymatic cellulase examination in Figure 4b,c.

0%
CMC

Time (h) Diameter of the Functioning Zone (cm)

0.25%
CMC

Time (h) Diameter of the Functioning Zone (cm)

Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3

0 0 0 0 0 0 0 0

30 1.2 1.1 1.3 30 1.6 1.7 1.7

50 1.9 1.8 2.3 50 2.6 2.2 2.5

110 3.9 4.1 4 110 4 4.1 4.3

140 4.3 4.5 4.4 140 5 4.8 4.7

1.5%
CMC

Time (h) Diameter of the Functioning Zone (cm)

2.5%
CMC

Time (h) Diameter of the Functioning Zone (cm)

Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3

0 0 0 0 0 0 0 0

30 2 2.1 1.9 30 2 2.2 2.1

50 2.5 2.4 2.6 50 2.7 2.9 2.6

110 5.1 4.9 5.2 110 5.1 5.3 5

140 5.6 5.4 5.7 140 5.9 6.2 5.8

More evidence showing the enhancement of the enzyme activities was further verified
through the analysis of the genomic information, including the amount of genomic DNA
and total RNA from the cultured samples of the capsules at a time point of 50 h, which
was in the early stage of stationary phase in the bacterial growth curve. Calculation and
quantification of the genomic DNA was performed based on the same volume of bacteria
obtained from the capsule samples, and as shown in Figure 4d, an increase by 7.5% of
the DNA concentration from unregulated B. CMC1 (0% CMC) to a 0.25% regulation was
found, and an anticipated enhancement of the expression with increasing CMC regulation
compositions was accordingly discovered with a 13.1% increase for 1.5% CMC and 27.4%
for 2.5% CMC of the studied capsule samples. On the other hand, based on the same
bacteria number to extract their total RNA, the results in Figure 4e also indicated a similar
trend with anticipation, with a 9% increase for 0.25% CMC, 14% increase for the 1.5%
CMC sample, and 18.4% increase for the 2.5% CMC capsules. The genomic information
specifically verified the enzymatic ability of B. CMC1 was regulated for the synergistic
capsules, and the synergy was found to be consistent with the same regulatable and
enhancement of the bacterial population in the aforementioned study. Collectively, the
results unambiguously verified the hypothesis that synergic effectiveness was achieved
by vapor encapsulation of (i) B. CMC1 and (ii) the CMC regulator in the same fabricated
capsule constructs, and the regulation was achievable through the versatile use of the
encapsulated CMC compositions.

4. Conclusions

Synergistic and regulatable bioremediation of cellulose by encapsulated B. CMC1
was achieved in the current study. Because of the versatility of various types of remedial
bacteria and regulator molecules, unlimited applications are expected beyond those shown
in the report. In addition, the use of water/ice templates and a dry and clean vapor-
phased process preserved the sensitive biomolecules and their biological functions, and
the final fabricated capsule construct was composed of a USP Class VI compatible poly-
p-xylylene matrix. Due to this specific production process, this novel fabrication process
can not only encapsulate functional bacteria, regulating molecules, but also other potential
absorbing material to concentrate the organic matters for degradation. It was reported
that the encapsulation of phenol metabolic bacteria in microfiltration membrane capsules
alone can create a confined environment to enhance the bioremediation of efficiency of
encapsulated bacteria [24]. The poly-p-xylylene fabrication technology can constitute a
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defined inner porous structure to capture different size of organic particles to further
concentrate organic matters and a controllable size and shape of the products to fit to
different situations. Until now, most of the present studies still focused on identifying
the bacteria with specific enzyme functions to use in the bioremediation process [5,25,26].
We foresee the application of capsule products to the degradation of organic compounds,
wastewater, and environmental pollution, as well as the removal of potential hazardous
chemicals.
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Abstract: The combination of β-tricalcium phosphate (β-TCP) with polycaprolactone (PCL) has been
considered a promising strategy for designing scaffolds for bone grafting. This study incorporated
PCL with commercially available β-TCP (OsteoceraTM) to fabricate an injectable bone substitute
and evaluate the effect of PCL on compressive strength and setting time of the hydraulic cement.
The mechanical testing was compliant with the ASTM D695 and ASTM C191-13 standards. Results
showed that PCL-TCP composite presented a well-defined architecture with uniform pore distri-
bution and a significant increase in compressive strength compared with β-TCP alone. Eighteen
rabbits, each with two surgically created bone defects, were treated using the PCL-TCP composites.
The composite materials were resorbed and replaced by newly formed bone tissue. Both PCL-TCP
and β-TCP demonstrated equivalent clinical effects on osteoconduction property in terms of the
percentage of newly formed bone area measured by histomorphometric analysis. PCL-TCP was
proven to be as effective as the commercially available β-TCP scaffold (OsteoceraTM).
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1. Introduction

Repair of large bone defects remains an unmet clinical need in modern orthopedics.
These defects have resulted in poor quality of life for aging populations and have become
a growing socioeconomic concern around the world [1]. Bone regeneration occurs with
a balance of signaling events in osteoblasts, bone-forming cells and osteoclasts to restore
bone structure and function [2]. Natural bone is made of inorganic and organic components
such as extracellular matrix (ECM) and calcium phosphate ceramics [3]. To address the
continuous resorption of bone because of age or disease, use of biomaterials that are
compatible with bone and are inert to the immune system has been developed.

Biomaterials such as polymers, metals and ceramics used in clinical applications of
orthopedics and dentistry procedures have been known to contain several disadvantages.
Synthetic and biodegradable polymers with tunable properties used as bone scaffolds have
been reported to raise the risk of immunogenicity and toxicity [4,5]. Metals such as titanium
(Ti), magnesium and stainless steel possess great mechanical strength and excellent fatigue
resistance. However, they can have poor integration properties with surrounding tissues
and may release metal ions [6,7]. Currently, use of calcium phosphate-based biomaterials
is considered as the gold standard [8].

Depending on osteoinduction, an ability to induce osteoblastic differentiation and
osteoconduction, different types of calcium phosphate were developed. Based on the Ca/P
atomic ratios of 1.5 to 2, calcium phosphates such as hydroxyapatite, tricalcium phosphate
and Whitlockite are widely used. Further, a variety of applications of these materials are in

183



Polymers 2021, 13, 2552

use to enhance bioactivity as coatings, to fill and heal bone defects as cements and to control
the porosity and biocompatibility as scaffolds [9]. β-phase form of tricalcium phosphate (β-
TCP; Ca3(PO4)2) has been extensively investigated and widely used clinically because of its
similar chemical composition to the apatite naturally present in bone tissue [10]. Although
β-TCP demonstrates various favorable characteristics for its clinical use, it is difficult to
deliver to the target site and hard to compact adequately. To overcome the difficulty in
shaping the material, a combination of different biomaterials has become a major area of
research. Several polymers such as poly(L-lactic acid), PCL, poly(lactide-co-glycolide) and
poly(3-hydroxybutyrate) have been reported for their potential to improve the handling
properties of β-TCP [11–14].

PCL is a semicrystalline linear aliphatic polyester with a high degree of crystallinity
and hydrophobicity, and it has been widely studied in tissue engineering due to its high
level of biocompatibility and biodegradability [15]. It has already been approved for use,
along with a range of medical and drug delivery devices. In this study, we evaluated the
use of 25% PCL as an additive to improve the mechanical and osteoconductive properties
of the β-TCP in terms of physicochemical analysis; static compression test, in vivo study
and bone histomorphometric were performed. The formulated combination of ceramic
scaffold PCL–TCP is considered a promising strategy for designing useful scaffolds for
bone grafting in clinical practice.

2. Materials and Methods
2.1. Preparation of PCL–TCP Composites

The PCL–TCP composites were prepared from the combination of PCL (inherent
viscosity: 1.0–1.3 dL/g, Sigma-Aldrich, St. Louis, MO, USA) and β-TCP (0.25–0.5 mm,
Wiltrom Co. Ltd, Hsinchu County, Taiwan) with a biocomposite weight proportion of 1:3.
PCL was stirred vigorously in dichloromethane (CH2Cl2, Sigma-Aldrich, St. Louis, MO,
USA) for 2 h, followed by mixing with TCP for 2 min. Sodium chloride particles (Sigma-
Aldrich, St. Louis, MO, USA) were then incorporated into the suspension. The ratio of
TCP/PCL/sodium chloride was 3/1/17. Finally, the dispersion was cast into a Ti mold and
air-dried for 24 h to allow the solvent to evaporate. Subsequently, the TCP/PCL/sodium
chloride powders were immersed in deionized water for 6 h, and the water was changed
approximately every 2 h at room temperature in order to leach the salt out. The PCL–TCP
powder was dried for 24 h in an oven at 30 ◦C.

2.2. Physicochemical Analysis

The physicochemical properties of the scaffolds were evaluated based on the porosity,
swells, flow rate and pore size analysis. SEM (SEM, JEOL 5565, Tokyo, Japan) was used
to examine the microstructure of PCL–TCP powder. Pore size distribution and porosity
were determined by analyzing the SEM images using the ImageJ software (NIH, Bethesda,
MD, USA). Ten fields were randomly selected for each SEM image. In total, five replicates
were conducted.

2.3. Setting Time and Static Compression Test

PCL–TCP was heated to 70 °C in a water bath. The setting time of PCL–TCP was
then measured by Vicat Needle (HCH-122, Hsinchu County, Taiwan) on a Material Test
Equipment (Instron®ElectroPuls™ E10000, Norwood, MA, USA) at 37 ◦C. The mean setting
time was recorded from three individual batches.

Compression test was performed to examine the compressive strength (MPa) in response
to an applied compression load using a universal testing system (Instron®ElectroPuls™
E10000, Norwood, MA, USA). A constant extension of 1.3 ± 0.3 mm/min was applied
up to a strain value of 0.1 mm/min. The resulting force displacement response was
recorded continuously.

184



Polymers 2021, 13, 2552

2.4. Surgical Procedures and Implantation

Eighteen New Zealand rabbits (BioLASCO Taiwan Co., Ltd., Taipei, Taiwan) with a
weight of at least 2.8 kg were used in this study. The investigation was approved by Insti-
tutional Animal Care and Use Committee (IACUC) of MASTER LABORATORY Co., Ltd.
(IACUC approval number: MS20161101). All experimental procedures were conducted in
accordance with National Institutes of Health Guidelines. The rabbits were divided into
three groups according to the implantation time (Table 1). The rabbits were anesthetized by
intramuscular injection of a mixture of 0.5 mL/kg Zoletil (Virbac, France) and 0.5 mL/kg
Rompun (BAYER KOREA LTD., Seoul, KOREA) and 2% Xylocaine (Recipharm Monts,
Monts, France) subcutaneously. Both hind legs of each rabbit were shaved and a 2.5 cm
skin incision was made (Figure 1A,B). The skin was then retracted laterally to allow lateral
arthrotomy on the stifle joints (Figure 1C). A surgical drill bit and a stopper set were used to
create a bony defect of 5 mm in diameter and 10 mm in depth in the femur at the midpoint
of the lateral condyle from the lateral fabella to the anterior portion of lateral trochlea
(Figure 1D,E). The target sites were then filled with appropriate bone substitute cylindrical
filaments, followed (Figure 1F,G) by endodermis and muscle tissue being stitched using
absorbable suture and skin stitches with nylon suture (Figure 1H). The PCL-TCP bone
substitutes were prepared by a heating device and injected into the irregular bone dam-
aged during the surgery to facilitate the process. All rabbits were monitored before the
designated implantation observation time at 4, 12 and 24 weeks when the left and right
femora were collected. Tissues were placed in 10% formalin until further analyses.

Table 1. Grouping, treatment details and implantation time of each rabbit.

Group No.
Treatment Implantation

Time (Week)Left Right

A

1 PCLTCP β-TCP 4
2 β-TCP PCLTCP 4
3 PCLTCP Empty 4
4 β-TCP Empty 4
5 Empty PCLTCP 4
6 Empty β-TCP 4

B

7 PCLTCP β-TCP 12
8 β-TCP PCLTCP 12
9 PCLTCP Empty 12
10 β-TCP Empty 12
11 Empty PCLTCP 12
12 Empty β-TCP 12

C

13 PCLTCP β-TCP 24
14 β-TCP PCLTCP 24
15 PCLTCP Empty 24
16 β-TCP Empty 24
17 Empty PCLTCP 24
18 Empty β-TCP 24
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Figure 1. Surgical procedure for creating lateral femur lesion site and implantation. Both hind legs of each rabbit were
shaved and a 2.5 cm skin incision was made (A,B). The skin was then retracted laterally to allow lateral arthrotomy on the
stifle joints (C). A surgical drill bit and a stopper set were used to create a bony defect of 5 mm in diameter and 10 mm in
depth in the femur at the midpoint of the lateral condyle from the lateral fabella to the anterior portion of lateral trochlea
(D,E). The target sites were then filled with appropriate bone substitute cylindrical filaments, followed (F,G) by endodermis
and muscle tissue being stitched using absorbable suture and skin stitches with nylon suture (H).

2.5. Radiological and Histomorphometric Analyses

The X-ray of the femoral condyles obtained at the designated implantation time were
taken using the Siemens Arcadis Varic C-arm system (SOMA TECH INTL, Bloomfield,
CT, USA). The femurs for undecalcified sectioning were dehydrated and embedded in
polymethyl methacrylate (PMMA) (Merck, Germany). A section cut was made in the
sagittal plane of the target region and surrounding bone with 5–10 mm thickness and
5 mm from the top of the defect at the lateral condyle for each specimen. Sections with
a final thickness of 5 µm were obtained and stained with Masson–Goldner trichrome
for histomorphometric analyses. The sections were examined under a light microscope
(Olympus BX43) to identify the newly formed bone and the implant. Area measurements
were made using the “Tile Overlapping Image” function in Media Cybernetics’ Image Pro
Plus (IPP) program (Image Pro Plus, Media Cybernetics, Inc., Rockville, MD, USA).

2.6. Statistical Analysis

Data are presented as mean ± standard deviation. Statistical differences were deter-
mined by one-way analysis of variance with Tukey’s HSD post hoc tests to compare the
mean changes between difference composite scaffolds. p-values of <0.05 were considered
statistically significant.

3. Results
3.1. Morphology and Mechanical Analysis

The physicochemical characterization of the β-TCP (OsteoceraTM) and PCL–TCP
focused on the pore size, porosity, compressive strength and the material setting time.
Results showed that the designed scaffolds presented a well-defined architecture with
uniform pore distribution. The pore size of the PCL–TCP scaffolds was 235.28 ± 113.50 µm,
which was smaller than the β-TCP (463 ± 88.75 µm, p < 0.001), while the porosity percentage
was 43.00 ± 15.98% and 83.05 ± 1.52%, respectively (p < 0.001) (Table 2). A significant
increase in the compression load of PCLTCP was observed at a strain of 0.1 (PCL–TCP:
15.10 ± 0.53 MPa vs β-TCP: 0.85 ± 0.19 MPa, p < 0.001). PCLTCP was further tested for
a maximum setting time of 85 s, and the final curing time was recorded as 72.6 ± 8.5 s
(Table 2 and Figure 2B). Figure 2A showed SEM images (top and cross section views) of
PCL–TCP scaffolds with a uniform pore distribution.
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Table 2. The physicochemical characterization of the composite scaffolds.

PCL-TCP β-TCP

Product name “Wiltrom” Bitrans Bone Graft Substitute “Wiltrom” Osteocera Bone Graft Substitute

Composite β-tricalcium phosphate, β-TCP 75%
polycaprolactone, PCL 25% β-tricalcium phosphate, β-TCP > 95%

Pore size
From SEM 235.28 ± 113.50 (µm) 463 ± 88.75 (µm)

Porosity
From SEM 43.00% ± 15.98% 83.05% ± 1.53%

Compressive strength 15.104 ± 0.530 (MPa) 0.85 ± 0.19 (MPa)

Setting time 72.6 ± 8.5 (s) NA

Figure 2. Physicochemical characterization of PCLTCP composite. (A) SEM images of: (a) top and
(b) cross section view of PCL-TCP scaffolds. (B) Stress–strain curve obtained by static compres-
sion test.

3.2. Clinical Observation and Gross Bone Morphology

All animals were carefully monitored throughout the study period with body weights
taken daily. The average body weight increases were 249.5 ± 53.8 g, 490.2 ± 74.8 g and
608.3 ± 45.3 g in groups A, B and C, respectively. There were no differences in intragroup
body weight, suggesting that different treatments did not affect the growth of the animals.
All surgical wounds were closed and healed with no signs of infections at the time of the
final evaluation. There were no complications observed throughout the study period. The
appearances of the femurs obtained from all eighteen rabbits are shown in Figure 3. All
implant sites were successfully healed without any abnormalities.
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Figure 3. Gross bone morphology at 4-, 12- and 24-weeks post-implantation with PCL–TCP. The femurs with appropriate
treatments of all 18 rabbits at designated implantation observation time points are shown. Yellow arrows indicate the
implant sites.

3.3. Radiographic Analyses

X-ray images were taken to examine bone regeneration at different implantation time
points (Figure 4). Cylindrical filaments of PCLTCP and β-TCP were clearly seen at the
implant sites at 4 weeks post-implantation, while part of the boundaries between implant
and surrounding bones were indistinct in β-TCP (2/4 specimen) but not in PCLTCP filled
implant sites at 12 weeks. We observed smeared and less distinguishable boundaries in
all the implant sites from PCL–TCP and β-TCP at 24 weeks post-implantation, indicating
bone graft degradation of PCL–TCP and β-TCP after 24 weeks. The injury in the control
group remained throughout the study period.
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Figure 4. Radiographic images at 4- 12-, and 24-weeks post-implantation with PCLTCP. X-ray was
taken from all the femurs with appropriate treatment of eighteen rabbits at designated implantation
observation time points.

3.4. Histomorphometric Examinations

The clinical effectiveness of PCLTCP and β-TCP were harvested at each implant
site for histomorphometric evaluations (Figure 5 and Table 3). The results showed that
PCLTCP possessed the same biological affinity as β-TCP without adverse effects one
month after rabbit femur condyle implantation. The newly formed bone area (NFBA) of the
PCLTCP was significantly increased at 24 weeks compared to 4 weeks (p < 0.001). However,
no statistical significance in percentage of NFBA between the PCLTCP and β-TCP was
observed at 4 (p = 0.219), 12 (p = 0.139) and 24 weeks (p = 0.331). The boundary of the
implants showed no surrounding soft tissue. The growth of newly formed bone was
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observed inside the materials. After three to six months, bone cavities were filled with new
bone tissue and then reconstructed into secondary bone structure with a cancellous-like
bone structure. Data suggested that the composite materials were resorbed and replaced by
newly formed bone tissue. Both PCL-TCP and β-TCP demonstrated equivalent effects on
biological affinity and osteoconduction property at 4-, 12- and 24-weeks post-implantation.

Figure 5. Representative photomicrographs from PCL–TCP implants at (A) 4, (B) 12 and (C) 24 weeks post-implantation.
The treatments in each implantation observation time group are labelled as (a) empty, (b) PCL–TCP and (c) β-TCP (OC). NB
represents newly formed bone. (Scale bar = 200 µm in 40×, 50 µm in 100×, 20 µm in 200×).

Table 3. Summary of histomorphometric analysis. Values are presented as mean ± standard deviation.

Group/Treatment Remaining
Implant (%)

Void Space Area
(%)

Newly Formed
Bone Area (%)

A
PCLTCP 50.22 ± 7.61 31.06 ± 7.36 18.72 ± 4.48
β-TCP 51.73 ± 8.22 26.57 ± 6.92 21.70 ± 7.44
Empty NA 98.00 ± 0.92 2.00 ± 0.92

B
PCLTCP 53.72 ± 4.61 18.25 ± 5.66 28.03 ± 4.82 *
β-TCP 32.94 ± 6.96 * 35.41 ± 10.72 31.32 ± 5.91 *
Empty NA 98.05 ± 0.92 1.95 ± 0.92

C
PCLTCP 36.51 ± 6.84 * 28.80 ± 4.04 34.69 ± 6.06 *
β-TCP 23.02 ± 7.22 * 39.87 ± 11.14 37.11 ± 10.65 *
Empty NA 98.10 ± 0.76 1.90 ± 0.76

Asterisks (*) indicate significance (p < 0.05) compared with Group A.
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4. Discussion

The aim of our study was to fabricate an injectable and mechanically strong bone
substitute that can be better applied to irregular bone defects during surgery. We have
successfully demonstrated the injectability of PCL–TCP composite material, and character-
ized the mechanical properties of a PCL–TCP composite and its osteoconduction property
following the implantation in rabbit bone injury model. The fabricated PCL–TCP provides
higher compressive strength and better shaping characteristics than β-TCP, and enhances
new bone growth from residual bone into the cancellous bone-like structure. The newly
formed bone that connects both ends of the injury could compensate for the loss of mechan-
ical strength due to degradation of β-TCP scaffolds [16]. The void left by β-TCP dissolution
additionally increases the available surface area. Physiologically, β-TCP degrades quickly
through both osteoclastic resorption and material dissolution [10,17], hence promoting
the bone regeneration process [18]. Although spontaneous bone regeneration has been
reported in rabbit bone defect model [19], a superior new bone formation was observed in
the groups treated with filling composites compared to the control group.

The mechanical property and setting time of the hardened materials are also impor-
tant indexes for bone repair in clinical practice, as setting time gives an advantage for the
surgical operation with more time. Huang et al. incorporated different concentrations
of β-TCP into PCL, with the aim of developing injectable and highly flexural strength
materials [20]. They have shown that PCL containing a higher ratio of β-TCP resulted in
declining mechanical strength but longer setting time. Ramay et al. combined β-TCP and
hydroxyl apatite (HA) to fabricate a biodegradable nanocomposite porous scaffold that
contained a compressive strength of 9.8 ± 0.3 MPa and stiffness of 1.72 ± 0.02 kN/m [21].
Recently, a composite of poly (propylene fumarate) (PPF) and β-TCP as a potential bone
repair material with a maximum compressive strength of 133 ± 6 MPa and curing tem-
perature of 54.7 ± 1.69 ◦C was also developed [22]. In yet another study, a composite of
hydroxyapatite and β-TCP was mixed with polycaprolactone (PCL) to improve mechanical
properties [23]. PCL-based β-TCP has been reported to have high mechanical strength and
low degradation rate, which is considered a promising strategy for long-term hard tissue
engineering [24].

The quality of bone integration is related to pore size and porosity as a function
of structural permeability and biomechanics [25]. β-TCP is more hydrophilic than PCL
by acting as a conductor to facilitate water diffusion [26]. The pore size and porosity
percentage determine the solvent convective flow and describe the capacity of composites
for bone substitution in terms of solutes and nutrient transportation [27]. The reported
minimum pore size for a bone substitute is 100 µm [28]; however, the recommended
pore size for great osteogenesis is over 300 µm [29,30]. Although PCL–TCP used in our
study had a relatively small pore size and porosity, our data demonstrated equivalent
effectiveness on osteoconduction property compared to the commercially available β-TCP
scaffold (OsteoceraTM). Results implied the potential of 25% PCL with heterogeneous pore
size β-TCP scaffolds for rapid bone ingrowth.

The primary limitation in this study was the sample size of animals and the assessment
of the PCLTCP degradation. The remaining implants of PCLTCP were 36% while β-TCP
showed 23% left after 24 weeks implantation in rabbit femur. Previous in vivo study
demonstrated 33% degradation of PCL-based β-TCP scaffold from 6 to 9 months after
implantation in canine mandible [31]. More investigation is necessary for long-term
observation of degradation of scaffolds and associated inflammatory response. Even with
these limitations, the findings showed favorable and acceptable potential for further clinical
implementation on patients using PCL–TCP scaffolds.

5. Conclusions

This study aimed to develop an injectable and mechanically strong bone substitute,
and investigate the efficacy of PCL–TCP scaffolds for bone regeneration in rabbit defect
model. Results were compared against β-TCP (OsteoceraTM), a commercially available
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composite, which is commonly used in the clinical setting. PCL–TCP was proven to be as
effective as the commercially available β-TCP scaffold in terms of the percentage of NFBA
measured by histomorphometric analysis. The incorporation of 25% PCL with β-TCP leads
to a relatively smaller pore size and porosity in scaffolds and higher compression load
with good shaping characteristics, which also contributes to the clinical effectiveness of the
in vivo model. Future work should further explore the bio-affinity, adaptability and the
rate of desired degradation of PCL–TCP composite.
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Abstract: New technologies based on nanocomposites of biopolymers and nanoparticles inspired
by the nature of bone structure have accelerated their application in regenerative medicine, thanks
to the introduction of reinforcing properties. Our research incorporated chitosan (CS) covalently
crosslinked with glutaraldehyde (GLA) beads with graphene oxide (GO) nanosheets, titanium dioxide
nanoparticles (TiO2), and blackberry processing waste extract (BBE) and evaluated them as partial
bone substitutes. Skullbone defects in biomodels filled with the scaffolds showed evidence through
light microscopy, scanning electron microscopy, histological studies, soft tissue development with
hair recovery, and absence of necrotic areas or aggressive infectious response of the immune system
after 90 days of implantation. More interestingly, newly formed bone was evidenced by elemental
analysis and Masson trichromacy analysis, which demonstrated a possible osteoinductive effect from
the beads using the critical size defect experimental design in the biomodels. The results of this
research are auspicious for the development of bone substitutes and evidence that the technologies
for tissue regeneration, including chitosan nanocomposites, are beneficial for the adhesion and
proliferation of bone cells.

Keywords: bone tissue regeneration; chitosan nanocomposites; critical size defect; graphene oxide;
titanium dioxide nanoparticles

1. Introduction

Bone connective tissue is crucial to the human body, protecting vital organs, housing
the bone marrow and minerals such as calcium and phosphate, supporting the body, and
allowing its locomotion [1]. The global collective lawsuit for bone grafting grows daily
due to many accidents and increased human osteoporosis, neoplasm, and osteoarthritis.
Autografts are usually a common surgical practice for bone defects, removing material
from the patient’s iliac crest, femur, or tibia [2].

Safety due to the absence of an immune response, histocompatibility, and the stim-
ulation of the growth of new bone cells and their development (osteogenesis), make this
technique attractive. On the other side, allografts include using bone from a donor (usually
a cadaver) to repair and implant the bone-critical size defect [3].

Both autographs and allografts present osteoconduction, since their three-dimensional
structure and bone morphogenetic proteins, together with various growth factors, facilitate
the incorporation of vascularity and other osteoprogenitor cells through the differentiation
of mesenchymal stem cells, stimulating bone renewal [4]. However, all these benefits are
clouded by the report of numerous cases of chronic pain, bleeding, infection, and even
patient morbidity [5]. A decrease in availability in conjunction with the previously reported
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problems of the gold standard techniques for bone grafting has generated a growing
demand for safer and more practical solutions with sufficient availability.

On the other hand, the use of biomaterials to mimic the biological, mechanical, and
structural properties of connective tissues has grown significantly in the last decade by
leaps and bounds [6]. Thanks to their similarity to the bone, many of these materials
showed that they could stimulate genes for cell differentiation, extracellular matrix growth,
and osteogenesis [3]. The design of three-dimensional and porous materials, organized at
the microscopic and even the molecular level, allowed many investigations to demonstrate
that biomaterials, including nanoparticles, can stimulate the growth of new bone and other
connective tissues [7–9].

Even though promising biomaterials such as polysaccharides and proteins have been
used for bone regeneration [10], there is still a great need to develop materials that meet
all the requirements to be considered scaffolds for bone regeneration due to their low
mechanical resistance. Biocompatible synthetic polymers such as polylactic acid (PLA) [11],
poly ε-caprolactone (PCL) [12], polyvinyl alcohol (PVA) [13], among others, have even
been used for tissue regeneration, with promising results. However, the selection of
synthetic polymers has concerns related to environmental contamination and low-rate
biodegradability. For this reason, the use of biopolymers reinforced with nanomaterials
and nanofillers has been introduced in the last few years [14].

Chitosan is a derivative obtained from the chemical modification of chitin, a polysac-
charide abundant in nature (mycelium of fungi, exoskeleton of crustaceans and insects) as
cellulose or starch [15]. Chitosan has biological properties that meet the criteria required to
prepare scaffolds that stimulate bone cells and new tissue growth and differentiation [16].
Many investigations reported excellent results in tissue regeneration using chitosan as a ma-
terial for the construction of scaffolds. However, chitosan reinforcement with nanomaterials
and natural extracts such as the blackberry extract (BBE) would guarantee biocompatibility,
excellent durability, and better mechanical resistance, which are essential requirements
in the regeneration of bone tissue not fulfilled yet. In this sense, incorporating graphene
oxide (GO) and titanium dioxide (TiO2) nanoparticles would provide a greater contact
surface and more excellent mechanical resistance without affecting biocompatibility, as we
previously demonstrated in subcutaneous tissue studies [17]. Motivated by the observed
biocompatibility in the previously prepared chitosan beads [18], we decided to study the
possible stimulating effect for bone tissue regeneration of the chitosan beads implanted in
critical bone defects of Wistar rats during 90 days of implantation. The objective was to de-
termine by histological and SEM-EDS studies whether the CS/GLA/GO/TiO2/BBE beads
can promote bone neoformation under critical size defect experimental design, which to the
best of our knowledge, has not been reported yet with chitosan/graphene oxide/titanium
dioxide beads. The present work results demonstrated that CS/GLA/GO/TiO2/BBE
beads are potential bone tissue substitutes and are an open a window for new nanocom-
posites, including nanoparticles and natural extracts with durability and stability under
physiological conditions.

2. Materials and Methods
2.1. Materials

Chitosan (CS) (deacetylation ≥ 75%; medium molecular weight, Merck KGaA, Darm-
stadt, Germany), graphite (325 mesh, Alfa-Aesar, Tewksbury, MA, USA) for GO synthesis
following Marcano’s procedure [19], Titanium isopropoxide (TTIP; reagent grade, 99%,
Aldrich, Palo Alto, CA, USA) for TiO2 nanoparticles synthesis as reported previously [20].
GLA for crosslinking CS was provided by (Fischer Chemical, Philadelphia, PA, USA). The
blackberry residues were obtained from a fruit and vegetable pulper distributor located in
the Santa Elena neighborhood of the city of Cali, in the southern region of Valle del Cauca,
at coordinates 3◦27′00′′ N, 76◦32′00′′ W. The residues consisted of a mixture of seeds, peel,
and pulp of the fruit, preserved in a −20 ◦C freezer (Barnstead/Lab-line, Waltham, MA,
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USA) until use. The extraction and characterization procedures were presented in a recent
publication [21].

2.2. Synthesis of Chitosan Beads

CS/GLA; CS/GLA/GO; CS/GLA/TiO2; CS/GLA/GO/TiO2, and CS/GLA/GO/TiO2/
BBE beads (Table 1) were synthesized and characterized elsewhere [18]. The different
formulations used were:

Table 1. Composition of chitosan beads for the critical bone defect study.

Name System Formulation

F1 CS/GLA Chitosan, glutaraldehyde
F2 CS/GLA/GO Chitosan, glutaraldehyde, graphene oxide

F3 CS/GLA/TiO2
Chitosan, glutaraldehyde, titanium

dioxide nanoparticles

F4 CS/GLA/GO/TiO2
Chitosan, glutaraldehyde, graphene oxide, titanium

dioxide nanoparticles

F5 CS/GLA/GO/TiO2/BBE Chitosan, glutaraldehyde, graphene oxide, titanium
dioxide nanoparticles, blackberry waste extract

2.3. Critical Bone Defect Studies

For the study, 15 biomodels (male Wistar rats, three months old and 380 g of aver-
age weight) were used in an experimental design of critical size bone, with defects of
5 mm × 0.8 mm (diameter × deep) in parietal bones. According to the five formulations
of beads used (Table 1), the biomodels were organized into five groups of three animals.
Two intraosseous preparations were made for each biomodel; in one, the corresponding
bead formulation was implanted, and in the other, it was left as an empty defect control.
The preparations were made with a trephine bur with an external diameter of 5 mm at low
speed and constant irrigation with physiological saline. Anesthetic medications used were
an intramuscular solution of Ketamine 70 mg/kg (Holliday Scott S Laboratory, Buenos
Aires, Argentina) and Xylazine 30 mg/kg (Laboratorios ERMA, Celta, Colombia).

After 90 days of implantation, the biomodels were euthanized by an intraperitoneal
application of 0.3 mL of Eutanex™ (Euthanex-INVET, Medellín, Colombia) consisting
of 390 mg Pentobarbital sodium and 50 mg of diphenylhydantoin sodium/mL of saline
solution. Subsequently, the samples were recovered and fixed in buffered formalin for
48 h. They were then decalcified in five days with TBD-2™ Decalcifier, Epredia™ and
processed with the Tissue Processor™ (Leica Microsystems, Mannheim, Germany) and
Thermo Scientific™ Histoplast Paraffin™ equipment. Finally, for histology studies, the
samples were cut to 5 µm with the Leica microtome equipment (Leica Microsystems
Mannheim, Germany). The sections were stained with Masson’s Trichrome (MT) and
Hematoxylin-Eosin (H&E) stains to be analyzed by a Leica microscope with the Leica suite
application for imaging (Leica Microsystems, Mannheim, Germany).

The surface morphology of the samples and their respective elemental analysis was
assessed using a scanning electron microscope (SEM) JEOL Model JSM 6490 LV coupled to
an X-ray Energy Dispersion Spectrometer (EDS) (Akishima, Tokyo, Japan) after metalized
coating on its surface with gold using the Denton Vacum Model Desk IV equipment.
Finally, the guidelines for Animal Research: Reporting in vivo experiments (ARRIVE) were
considered [22]. The protocols applied in this research were based on the ethical principles
for animal research adopted by the LABBIO Laboratory of the Universidad del Valle (Cali-,
Colombia). The Ethics Committee approved them with Biomedical Experimental Animals
(CEAS) from the Universidad del Valle (CEAS 012-019).
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3. Results
3.1. Characterization of the Synthesized Chitosan Beads

We previously discussed the preparation and characterization of the CS beads (Table 1)
by Fourier Transformed Infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and thermogravimetric analysis (TGA) [18]. The character-
ization of the ethanolic extract used to prepare the F5 presented the main component,
cyanidin-3-rutinoside, as shown by ultra-high-performance liquid chromatography (UH-
PLC, Figure S1) [21]. Briefly, the FT-IR spectrum confirmed the crosslinking reaction of
CS with GLA through the band at 1641 cm−1, usually attributed to the imine-like bond
from the amino groups of CS and the carbonyl groups of GLA. On the other hand, the XRD
analysis for the formulations including TiO2 showed characteristic angles 2θ = 25◦, 38◦,
48◦, 54◦, 62◦, 68◦, 74◦, and 82◦, of the anatase phase of TiO2. The CS/GLA/GO/TiO2 beads
presented a small peak at 2θ = 13◦ attributed to GO intercalation. SEM microstructure
studies demonstrated alterations in the surfaces of the CS/GLA beads, increasing the
roughness when GO and TiO2 were added due to the intercalation of the nanomaterials
with the polymeric chains.

3.2. Critical Bone Defect Studies

In orthopedic, trauma, and maxillofacial surgery procedures, bone tissue grafts (auto-
grafts) or bone substitutes in patients to regenerate or rebuild lost tissue [23]. Most of the
bone substitutes currently available commercially come from mainly dead human donors
(allograft) or from animals (xenograft), which tend to be rejected by patients because of
their origin or because of the belief that they can transmit diseases [24]. In our research,
the possibility of manufacturing bone substitutes of a synthetic origin (polyvinyl alcohol)
combined with a safe and biocompatible polysaccharide (chitosan), which was also rein-
forced with graphene oxide and titanium dioxide nanoparticles, was explored to improve
durability without sacrificing the biocompatibility of the beads. Blackberry residue extract
was introduced to provide anthocyanins that improve biocompatibility and provide an-
tioxidant characteristics. This system has not been reported so far for applications as a
bone substitute in critical bone defects. This approach, if successful, will make it possible
to end the dependence on grafts of human origin, which depend on the donation made
by patients or family members before they die. Likewise, it could be a good alternative to
grafts of animal origin.

Under the ISO 10993-6 standard, a macroscopic inspection of the biomodels and
samples was carried out in search of alterations related to inflammation or necrosis. Figure 1
corresponds to the recovery of the samples after 90 days of implantation. The figure shows
how the hair in the cranial area was completely recovered. After the trichotomy, the skin
presented a healthy appearance without scars or inflamed areas. Besides, after tissue
separation accessing the intervened area, it was easy to appreciate that all the beads were
covered with soft transparent tissues in the bone area without necrosis.

The macroscopic observation of hair recovery and the absence of inflammation or
necrotic tissues is the first indication of biocompatibility, because the implanted materials
allowed the tissues to heal generally without interfering in this process. The macroscopic
observation of the tissues is a recommendation of the iso 10993-6 standard, and the finding
of good skin conditions after implantation of compatible materials has been reported by
other authors [25].

On the other hand, the microscopic images of the samples recovered with bone
fragments are observed in Figure 2. In all cases, the samples were covered by a soft
scar tissue of a transparent appearance that seems to integrate with the periosteum. The
periosteum is a part of the soft tissue (skin, gum, or oral mucosa) that covers the bone tissue
and can repair it when injured. Our investigation’s histological results showed that the
intraosseous preparation healing is carried out at the expense of a fibrous tissue composed
of bundles of type I collagen fibers that seem to continue with the periosteum, which seems
to be to indicate typical intraosseous scarring. What is interesting is that type I collagen is
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one of the main components of the extracellular bone matrix, and the process is occurring
in a critical size defect, which would not be expected to regenerate unless the implanted
material has the property of activating this process.
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Figure 1. Macroscopic image of the skull intervened area. (A): Presence of hair. (B): Trichotomy.
(C): Exposed bone area. IZ: Implantation zone. Bd: Beads. Ed: Empty defect.

However, little reabsorption of the implanted materials is observed without the pres-
ence of a severe or necrotic immune response. The minimum reabsorption observed in the
implanted beads is due to the material’s stability, and this guarantees its presence during
the creeping substitution process, which ranges between six and twelve months to have a
partial replacement of the material [26], and years for a complete replacement, depending
on the type of material used [27]. In the case of the critical size design in parietal bone,
it would be expected that the reabsorption of the implanted materials will be difficult
due to the characteristic of the parietal bone, which is very cortical and therefore not very
vascularized [28].

In this work, the critical size defect experimental design was applied. The critical
size of the defect has been defined as an intraosseous preparation that did not heal spon-
taneously during the experiment [29] and is considered an ideal scenario to evaluate
biomaterials that may have utility in bone regeneration [30]. In Figure 3, it is possible to
observe how in the control samples (empty defect), the preparation is also covered by a
soft tissue with a transparent appearance, without evidence of regeneration of the bone
defect. The absence of regeneration of the control defect agrees with what was expected
because this type of preparation should not show an appreciable regeneration during the
duration of the experiment, which in this case was 90 days [31].

Using the SEM technique (Figure 4), it was identified that the covering soft tissue is
made up of fibrous bundles, and in some places, the integration between the tissue that
covers the beads and the periosteum that covers the surrounding bone tissue, is appreciated.
Other authors have already reported the bundles of collagen fibers that cover the surgical
preparations, but especially in histological studies with trichrome staining [32], which are
also reported as a fibrous membrane covering the preparations [33].

Histological and histochemical studies also confirmed soft tissue covering the im-
planted areas and individually surrounding each bead. The first column of images in
Figure 5 shows the five types of beads surrounded by soft tissue that appears to integrate
with the periosteum of the adjacent bone. Utilizing Masson’s Trichromacy staining con-
firmed that this tissue corresponds to collagen type I and surrounds each bead individually.
However, it joins the bone tissue, having continuity with the periosteum, which has also
been reported in implanting other compatible materials [34].
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In a critical size defect, it would not be expected to find bone tissue formation unless 
the material that is implanted has an osteogenic potential as has been reported in other 
studies in which materials such as calcium phosphates have been implanted [35], or as we 
reported previously with graphene oxide [36]. In this investigation, the presence of newly 
formed bone tissue was found in the interface area between the grains and the surround-
ing bone tissue, corresponding to the area of F5 implantation (Figure 5Ñ), where it can be 
seen that these structures have a slightly different appearance compared with the tissue 
surrounding the bone, indicating a lower level of maturity (Figure 6).  

Figure 5. Samples implanted in the cranial bone defect. (A–C): F1. (D–F): F2. (G–I): F3. (J–L): F4.
(M–Ñ): F5. (A,D,G,J,K) at 4 × H-E technique. (B,E,H,K,N) at 10 × MT technique. (C,F,I,L,Ñ) at
40 ×MT technique. Bd: Bead. Black arrow P: Periosteum. Blue arrow: Soft tissue that covers the
beads. Purple Oval: Areas where there is continuity of bone-bead soft tissue. White Circle: area of
new bone formation.

In a critical size defect, it would not be expected to find bone tissue formation unless
the material that is implanted has an osteogenic potential as has been reported in other
studies in which materials such as calcium phosphates have been implanted [35], or as we
reported previously with graphene oxide [36]. In this investigation, the presence of newly
formed bone tissue was found in the interface area between the grains and the surrounding
bone tissue, corresponding to the area of F5 implantation (Figure 5Ñ), where it can be
seen that these structures have a slightly different appearance compared with the tissue
surrounding the bone, indicating a lower level of maturity (Figure 6).
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Figure 6 corresponds to the image of F5, where newly formed bone tissue was evi-
denced. The image clearly shows that the newly formed bone tissue is not fully mature and
occupies the interface area, filling the space between the bead and the muscle and continu-
ing with the peripheral bone tissue. This finding contrasts with the results obtained with
the other formulations with which bone tissue formation was not evidenced in the areas
of the preparations. The presence of bone tissue in the implantation area of this specific
material would indicate that the implanted material has stimulated the regeneration of
the critical size defect, since it is accepted that this type of preparation does not regenerate
spontaneously [37].

Masson’s trichromacy technique is accepted in histology as specific staining to identify
collagen fibers in connective tissues [38]. Figure 5, for example, shows solid blue staining
that is explained because the organic component of the bone extracellular matrix mainly is
collagen Type I [39].

The presence of collagen fibers in the bone defect, surrounding the beads and occu-
pying the space between them, is a finding that could be related to mineralization if the
relationship between fibrillogenesis and mineralization is taken into account, because the
collagen fibers present in the extracellular bone matrix are the scaffold used by osteoblasts
as a support for mineralization [40].

Size defects are an experimental design widely used to test materials that show
potential bone regeneration applications. This design is characterized by the preparation of
intraosseous defects that, due to their dimensions, do not allow spontaneous regeneration
through new bone formation [31]. In this way, everything observable in the experiment
can be attributed to the properties of the material. In this work, the empty defect did not
show evidence of regeneration, remaining as a preparation covered by tissue similar to
the periosteum.

The periosteum is the tissue that lines the bone surfaces and is considered to have
great osteogenic potential. Here, the periosteum is removed to perform intraosseous
preparations; however, it recovers and recoats the surfaces when healing occurs. This can
be observed when reviewing histological images of similar works, in which the periosteum
covers both the neighboring bone tissue and the intervening areas [41].

Despite the tremendous osteogenic capacity of the periosteum and its role in the
regeneration of other types of bone defects [42], the potential of this tissue is not sufficient
to stimulate the regeneration of the control preparations (empty defects), which are the
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main characteristic of this experimental design. Usually, when a material with osteogenic
potential is implanted, periosteum cells can contribute to the healing of the defect [43].

In this work, the control preparations remained empty, while, of the experimental
defects, only F5 showed new bone formation at the preparation site (Figure 6). The
formation of new bone seems to be stimulated by the additional presence of the anthocyanin
cyanidin-3-rutenoside that could function as an elicitor to produce growth factors or as
a gene activator for cell differentiation. Anthocyanins have previously been shown to
benefit human health (anticancer activity, anti-inflammatory activity, neuroprotective
activity, prevention of cardiovascular disease, anti-obesity, and anti-diabetic activities) [44].
Anthocyanins stimulate nuclear reprogramming through the increased transcription factor
expression, which could also stimulate cell differentiation [45]. For this reason, this study
is of great interest, adding value to waste from a pulping company that does not re-use
this waste.

SEM-EDS analysis was performed for all the formulations used in the present study.
Figure 7 shows the elemental analysis, confirming the presence of calcium in F3 and F5.
However, F5 also has phosphorus, which is an essential component in the mineralization
process. As previously stated, the mineralization process might be stimulated for the
anthocyanin present in the blackberry waste extract.
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Figure 7. SEM-EDS analysis for F3 and F5 formulations inside after bone implantation studies.

4. Conclusions and Future Perspectives

This research found that the materials behaved as compatible in the five formulations,
allowing soft tissue healing with hair recovery and the absence of necrotic areas. At
the level of intraosseous implantations, the materials were covered by soft tissue with a
transparent appearance that seems to come from the periosteum and histologically is made
up of bundles of collagen type I.

Histologically, the presence of newly formed bone tissue could only be identified in
the sample corresponding to F5. The presence of calcium (~10%) in F3 can be explained
by the beginning of mineralization and extracellular bone matrix formation. Moreover,
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calcium and phosphorus (~1%) in F5 indicates a maturation process of the bone matrix,
stimulated by the anthocyanin from the BBE.

The results obtained with the formulations F3 and F5 concerning the new extracellular
material deposited observed with SEM indicate potential use as a bone substitute. However,
it is imperative to assess a study with a more significant number of biomodels to quantify
the newly bone matrix formed area and the percentage of calcium deposited.

The results of this research are auspicious for the development of bone substitutes and
evidence that the technologies for tissue regeneration, including chitosan nanocomposites,
are beneficial for the adhesion and proliferation of bone cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13223877/s1. Figure S1. UHPLC chromatogram of anthocyanin cyanidin-3-rutinoside.
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Abstract: Living creatures involve several defense mechanisms, such as protecting enzymes to protect
organs and cells from the invasion of free radicals. Developing antioxidant molecules and delivery
systems to working with enzymes is vital. In this study, a supramolecular polymer PNI-U-DPy
was used to encapsulate C60, a well-known antioxidant that is hard to dissolve or disperse in the
aqueous media. PNI-U-DPy exhibits characteristics similar to PNIPAM but could form micelles even
when the environment temperature is lower than its LCST. The U-DPy moieties could utilize their
strong complementary hydrogen bonding–interaction to create a physically crosslinked network
within PNIPAM micelles, thus adjusting its LCST to a value near the physiological temperature.
Morphological studies suggested that C60 could be effectively loaded into PNI-U-DPy micelles with a
high loading capacity (29.12%), and the resulting complex PNI-C60 is stable and remains temperature
responsive. A series of measurements under variable temperatures was carried out and showed that
a controlled release process proceeded. Furthermore, PNI-C60 exhibits hydroxyl radicals scavenging
abilities at a low dosage and could even be adjusted by temperature. It can be admitted that the
micelle system can be a valuable alternative for radical scavengers and may be delivered to the desired
position with good dispersibility and thermo-responsivity. It is beneficial to the search progress of
scientists for drug delivery systems for chemotherapeutic treatments and biomedical applications.

Keywords: supramolecular micelle; C60; hydroxyl radical scavenger

1. Introduction

Medical technology is constantly improving to combat the harm caused by diseases
to human beings. Among these techniques, the drug delivery system is critical in treating
various conditions. Scientists have worked hard to develop drug carriers that are simple,
accessible to process, have high stability, good biocompatibility, and are sensitive to en-
vironmental stimuli. As a proven effective drug carrier, micelles have been reported in
quite a few works in the literature [1,2]. Generally, micelles are formed using multi-block
copolymers or amphiphilic macromolecules as their main structures. These polymers can
self-assemble in aqueous media and include various morphologies, such as core–shell
type micelles, rods, cylinders, and vesicles [3,4]. Among these microstructures, micelles
are very suitable for entrapping hydrophobic compounds such as drugs since their inner
hydrophobic core can isolate them from the external medium [5,6]. It was also reported
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that when environmental factors (such as temperature, pH, etc.) were changed, the micelles
changed their structure so that the drug could be released [7]. However, the synthesis
procedure of multi-block copolymers is usually more complicated. The polymeric micelles
formed via covalent bonds often exhibit inefficient stability, low stimuli response, and poor
drug release rates [8,9], limiting their practical usage in clinical treatments.

On the other hand, polymers with supramolecular interactions, as another way to
form micelles, have attracted extensive attention in recent years [10]. This kind of material
can be assembled into micelles of different sizes, and the stimuli-responsivity can be ma-
nipulated by the strength of interactions [11]. The physical crosslinking network offered by
supramolecular functionalities may contribute to a more stable system in the aqueous media
compared to traditional materials. The continued dedication to developing supramolecular
micelles is of considerable value for drug delivery and chemotherapy research.

Free radicals, a critical species in nature, are involved in many functions of the or-
ganism to maintain good health. Reactions involving free radicals can also be observed in
other fields, such as atmospheric and polymer chemistry. Even though our bodies produce
some antioxidants, excessive free radicals may still affect the biosystem. Reactive oxygen
species (ROS), such as hydrogen peroxide and hydroxyl radicals, may cause severe and
irreversible damage to tissues and organs [12]. Efficient and safe free radical scavengers
were persuaded. Fullerenes, such as C60 and C70, exhibited high electron affinities and reac-
tive exteriors and are the ideal candidate for quenching ROS [13]. However, the poor water
solubility strictly limited the applications of fullerenes in the biomedical field. Chemical
modification is one of the common approaches to improving their solubility. Nevertheless,
the derivatives and isomers produced after the change may lead to uncertain toxicity.
There were some strategies to encapsulate C60 to fabricate fullerene-involved composites,
such as through carbohydrate polymers [14], silver nanoparticles [15], and metal-organic
frameworks (MOFs) [16]. The hybrid materials and encapsulation techniques can be used
for drug release, electrode fabrication, and guest molecule adoption [14–16]. Another way
is toward supramolecular complexation, but this still suffers from low complex stability
and a low drug loading content (DLC)(~1 wt%) [13]. Wang and co-workers presented a
thermo-responsive polymer P(NIPAM-co-CD), which could form a supramolecular com-
plex by self-assembling β–cyclodextrin and adamantane. This idea could incorporate C60
into an aqueous medium [17]. This complex can scavenge hydroxyl radicals, and the
antioxidative property can be controlled by temperature. Eom and co-workers recently
prepared fullerene-containing nanoparticles through solvophobic and aromatic interac-
tions, followed by a core crosslinking process, which led to a high DLC (~8.12 wt%) of C60.
However, even if covalent cross-linking provides more stability in the core, it still brings
some practical limitations. On the other side, physical cross-linking via non-covalent inter-
actions, such as H–bonding or π–π interactions, are spontaneous and can be accomplished
under relatively mild conditions [18]. Therefore, establishing a strategy to improve the
water solubility and to reach the target of the controlled release of C60, especially through
non-covalent interactions, has a significant value in expanding the application of fullerenes.

Polymers with supramolecular interactions have been developed as an ideal strat-
egy to form physically crosslinked micelles. It was proposed that N-(6-(3-(2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)propanamido)pyridin-2-yl)undec-10-enamide (U-DPy) was a
suitable functionality to form supramolecular polymers due to its sextuple complementary
hydrogen–bonding interaction. The strong H–bonding interaction can be proved by 1H
NMR varian temperature experiment and the 1H NMR titration experiment, which is
stronger than other base pairs such as adenine-thymine (two-point hydrogen bonding
system) and diaminopyridine-uracil (three-point hydrogen bonding system) [19]. It was
also mentioned in another work that the Polyethylene glycol (PEG) oligomer with the
U-DPy end group can form telechelic supramolecular polymers through the U-DPy:U-DPy
interaction, suggesting that the recognition units possessing an extremely high Ka could
lead to new supramolecular polymers in bulk as well as in solution [20]. In the previous
study, we proposed two supramolecular poly(N-isopropylacrylamide) (PNIPAAm), PNI-
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DAP and PNI-U-DPy, which contained quadruple and sextuple hydrogen bonding groups
on the polymer side chain, respectively [9]. The association constant (Ka) of the DAP:DAP
complex was 170 M−1 [21], and U-DPy:U-DPy was over 106 M−1 [19]. The significant
difference of Ka between the two hydrogen bonding pairs led to totally different properties
of two PNIPAAm derivatives, such as the value of a lower critical solution temperature
(LCST), particle sizes (PNI-DAP: 38 nm; PNI-U-DPy: 164 nm), kinetic stabilities under
surfactants, and micelle morphologies [9]. The strong hydrogen–bonding interaction can
also be evidenced by the increase in the polymer’s Tg, the supramolecular aggregation
in the GPC trace, the decrease in LCST, and the increased stability against long-time SDS
treatment. Owing to the strong self-complementary hydrogen–bonding interaction, PNI-
U-DPy exhibits excellent micelle stability and drug loading capacities, which are suitable
for application as a drug carrier. We have studied PNI-U-DPy as a carrier to load planar
compounds such as doxorubicin (DOX). It was proved that the loaded micelle could suc-
cessfully endocytose cancer cells [9]. However, to our knowledge, there are few examples
of using supramolecular polymeric micelles to encapsulate 3D molecules such as fullerene.
Herein, we proposed an efficient and rapid route to use PNI-U-DPy to load C60, which
is difficult to load and hard to use without chemical modification. The self-assembly of
hydrogen bonding moieties and phase transition behaviors of PNI-U-DPy lead to stable
micellar structures in aqueous solutions. These micelles show good C60 encapsulation
capabilities and can effectively release C60 upon heating. The loaded micelles (PNI-C60)
exhibit hydroxyl radicals and scavenging activities at a low dosage and could even be
enhanced by ramping the temperature. Such results suggest the micelle system may have
the potential to use as a vehicle for C60 radical scavenger and provide the possibility of
fullerene dispersion and delivery, which expand its application on biomedical applications.

2. Materials and Methods
2.1. Materials

The supramolecular polymer PNI-U-DPy was synthesized and characterized in the
previous literature [9]. C60 (purity 99.5%) was purchased from Alfa Aesar (Ward Hill, MA,
USA). Organic solvents were purchased from TEDIA (Fairfield, OH, USA) and used as
received. DMF was distilled over CaH2, and THF was refluxed with sodium lumps and
distilled to remove water. All other reagents not mentioned were obtained from Sigma–
Aldrich (St. Louis, MO, USA), Alfa Aesar (Ward Hill, MA, USA), Showa (Osaka, Japan), or
TCI (Tokyo, Japan) without further purifications.

2.2. Characterization

The molecular weight information, such as the number of the average molecular
weight (Mn), weight average molecular weight (Mw), and polydispersity (PDI) was in-
vestigated by Waters 510 gel permeation chromatography (GPC) system equipped with
three UltrastyragelTM columns (100, 500, and 1000 Å), and Dimethylformamide (DMF)
was used as the eluent at a flow rate of 1.0 mL min–1 at 50 ◦C. Polystyrene standards with
a narrow PDI were used to calibrate the GPC system. UV-Vis spectra were recorded by
HP 8453 spectrometer in the concentration described in the following paragraph. The
measurements proceeded with a scanning speed of 200 nm/min and UV-Vis bandwidth
of 1.5 nm. The recording wavelength ranged from 190 nm to 1100 nm with a sampling
interval of 0.9 nm. Each sample was measured three times to make sure the result was
consistent. Dynamic light scattering (DLS) measurements were performed by Brookhaven
Instrument Corporation 90-plus at a scattering angle of 90◦. C60-loaded micelle samples
for DLS measurement were prepared in 1,1,2,2-tetrachloroethane (TCE) and first dialyzed
against N,N-Dimethylacetamide (DMAC), then dialyzed against DI water. Transmission
electron microscopy (TEM) images were recorded using an FEI Tecnai T12 microscope
operating at 120 kV, and the Image J program was utilized to calculate the number and
diameter of micelles from TEM micrographs. Samples for the TEM observation were
prepared using micelle dispersant in DI water, which was dropped onto the carbon-coated
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copper grids and dried under 10 ◦C for 72 h. The sample of the PNI-U-DPy micelle was
stained with RuO4, and the C60-loaded micelle samples were observed without stain. The
micelle morphologies were observed with Hitachi S-4200 field-emission scanning electron
microscopy (FE-SEM, Hitachi, Tokyo, Japan), and the samples were sputtered with Pt before
imaging. Wide-angle-X-ray scattering (WAXS) patterns were performed using the wiggler
beamline BL17A1 of the National Synchrotron Radiation Research Center (NSRRC), Taiwan,
and the radiation with a wavelength of 1.33 Å was carried out under room temperature.
Atomic force microscopy (AFM) images were recorded in tapping mode with Dimension
3100 (Digital Instrument) equipped with silicon cantilevers (PPP-NCH-50, 204–497 kHz,
10–130 N/m) at room temperature. The scan rate was 0.5 Hz with a tip velocity of 5 µm/s.
The resonance frequency was 394.8 kHz, and the spring constant was 42 N/m. All images
were subjected to a first-order plane-fitting procedure to compensate for the sample tilt.

2.3. Preparation of C60-Loaded Micelles

To prepare C60-loaded micelles, PNI-U-DPy were first dissolved, and C60 was sus-
pended in TCE with a concentration of 6 mg mL−1, respectively, then mixed in a 5:1 ratio
and stirred for 10 min. The solution was transferred to an MWCO 6–8 kDa dialysis bag and
dialyzed against N,N-Dimethylacetamide (DMAC) for 48 h, then dialyzed against DI water
for another 48 h to remove the organic solvent. The resulting dispersion was centrifuged at
1000 rpm for 10 min to give a transparent supernatant. The supernatant was lyophilized
for 24 h, then redispersed and diluted with DI water or a pH 7.4 Phosphate buffered saline
(PBS) solution.

2.4. Determination of Fullerene Loading

The lyophilized product was dissolved in TCE with sonication. After 10 min, the ab-
sorbance of the mixture was recorded by the UV-Vis spectrometer at 410 nm and compared
to the calibration curve for C60 in TCE (Figure S2 and Table S1).

The drug loading (DL) and encapsulation efficiency (EE) of the micelles were deter-
mined using Equations (1) and (2):

DL =
mass o f drug encapsulated in micelles

mass o f drug− loaded micelles
× 100% (1)

EE =
mass o f drug encapsulated in micelles
the initial mass o f drug be f ore dialysis

× 100% (2)

2.5. Hydroxyl Radical (•OH) Scavenging Activity

To determine the interception of hydroxyl radicals by the C60-loaded micelles, we
measured the UV absorption of Rhodamine-B (Rh-B) in the Fenton reaction. Based on
Equation (3), hydrogen peroxide could dissociate into hydroxide ions (OH−) and hydroxyl
radicals (•OH) at low pH in the presence of ferrous ions (Fe2+) [22,23].

Fe2+ + H2O2 → Fe3+ + OH− + •OH (3)

First, we prepared the Rh-B solution with different concentrations, then mixed it
with 25 mM FeSO4 solution with the ratio of 2.8:0.2 (v/v). The calibration curve was
set up by measuring the UV absorption at 554 nm with different concentrations. The
radical scavenging experiment was carried out by mixing 0.012 mM Rh-B solution (2.8 mL),
PNC60, 25 mM FeSO4 (0.1 mL), and 6.25 mM H2O2 (0.1 mL) together. The UV absorption
was measured and compared to the calibration curve described above to calculate the
scavenging activity. The molar concentration of PNC60 is defined by C60. The percentage
inhibition was calculated with Equation (4) using the following expression [24]:

Inhibition% =

∣∣∣Acontrol −Asample

∣∣∣
Acontrol

× 100% (4)
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where Acontrol = absorbance of the control (containing all reagents except the test compound)
and Asample = absorbance of samples (containing all reagents including the test compound).
Hydroxyl radical (•OH) scavenging activity under different temperatures was measured
with a similar procedure. However, the mixture’s temperature was kept at a specific value
(26, 28, 30, 32, 34, 36, 38, 40, 44 ◦C) for 5 min before the H2O2 solution was added. The
scavenging activity was calculated with the method mentioned above.

3. Results and Discussion
3.1. Preparation and Characterization of PNI-U-DPy and Supramolecular Micelles

The preparation of the supramolecular polymer PNI-U-DPy and micelles were briefly
depicted in Scheme 1. A precursor polymer with the propargyl group (PNIPAAm-PA) was
“clicked” with UPy-N3, a compound containing the azide group and U-DPy hydrogen
bonding motif, to give a PNIPAAm derivative with a complementary sextuple hydrogen
bonding group at the side chain [9]. The PDI of PNI-U-DPy is 5.97, and Mn is 18,073.
The relatively broad PDI is caused by the multimodal distribution observed at the GPC
measurement, which was attributed to the formation of aggregation by the strong hydrogen–
bonding interaction and has been described before [9]. The pendant group containing the
U-DPy moiety only occupied 5.1% of the whole amount of the repeat unit. This is different
from PNIPAM, which can only form an extended coil in water when the temperature is
lower than its LCST. PNI-U-DPy was proved to form stable micelles with a low critical
micelle concentration (CMC) in the aqueous media due to its strong hydrogen–bonding
interaction (Scheme 1c). The LCST of PNI-U-DPy was investigated by observing the
turbidity under different temperatures in the DI water and PBS solution, respectively
(Figure S1). After calculating the 50% transmittance value from each curve (Figure 1a), the
obtained LCST of PNI-U-DPy was 37 ◦C in DI water and 31 ◦C in the PBS buffer, which
is lower than PNIPAAm’s LCST due to the strong supramolecular network contributed
by U-DPy moities [9]. During the temperature ramping process, the forming PNI-U-DPy
micelles still exhibited a phase transition ability at temperatures higher than LCST. The
transition of PNI-U-DPy in PBS was sharper and faster than in DI water, which may explain
the different hydration behaviors between water molecules and PNI-U-DPy in the two
media [25]. It also suggested that PNI-U-DPy can form a more stable physically crosslinked
network in PBS.
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Scheme 1. (a) Synthesis of PNI-U-DPy; (b) Schematic illustration of supramolecular micelles formed
by the strong U-DPy:U-DPy complementary multiple hydrogen bonding–interactions and the forma-
tion of C60-loaded micelles; (c) Illustration of complementary hydrogen–bonding interaction within
PNI-U-DPy.
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To investigate the thermal responsivity after drug encapsulation, we used the same
method to monitor the release profile of C60-loaded PNI-U-DPy micelles (PNI-C60) (Figure 1b).
The lyophilized PNI-C60 was redispersed in DI water with 5 mg mL−1. There was no
precipitate during the redisperse process, suggesting that the structure of the PNI-U-DPy
micelle was strong enough to sustain the C60 inside the micelles. As shown in Figure 1b, the
change in the transmittance profile of PNI-C60 is similar to the PNI-U-DPy obtained in the
DI water. However, it should be mentioned that after loading, the transmittance of PNI-C60
becomes relatively low (~30%) at 600 nm because C60 could absorb the radiation at visible
light [26,27]. PNI-C60 releases half of C60 at 35 ◦C, near the original LCST of PNI-U-DPy,
suggesting its suitability and non-selectivity as a drug loading and release system.

3.2. C60 Encapsulation

PNI-U-DPy can form stable micelles due to the dimmerizable side-chain U-DPy func-
tionality. It also exhibits suitable LCST near the physiological temperature, which is
especially important for drug delivery systems. Here, we proceeded with the C60 encap-
sulation experiment by mixing the C60 solution with PNI-U-DPy solution, then removing
the organic solvent and transferring the mixture to DI water through dialysis, as men-
tioned above. Because C60 has an intrinsic hydrophobic nature, which may aggregate into
the PNI-U-DPy micelles’ hydrophobic core, we successfully encapsulated C60 during the
PNI-U-DPy self-assembly process in water. The comparison of the size of the PNI-U-DPy
micelles before and after C60 loading is shown in Figure 2. When C60 was loaded into
PNI-U-DPy, the resulting micelle composite PNI-C60 exhibited a broad single distribution
with a PDI of 0.177 ± 0.013, which was significantly different from the result obtained from
the PNI-U-DPy micelles. Additionally, the particle size increased from 170 nm to 345 nm
after loading, which suggests that C60 was successfully encapsulated into the micelles. To
calculate the C60-loading efficiency, we first set up the calibration curve by dissolving C60
in TCE under different concentrations and measuring the absorbances with a UV-Vis spec-
trometer (Figure S2). The lyophilized PNI-C60 was then dissolved in TCE and measured for
UV-Vis absorbance, followed by calculations with Equations (1) and (2). The DLC is 29.12%,
and EE is 5.83%, comparable with the proposed PNIPAM micelles [28] loading with the
drug in a planar structure such as doxorubicin (DOX). The moderate loading efficiency
compared to other carrier systems, such as MOFs, may be due to the nature of the smaller
size and surface area of the micelle carrier [29]. However, it should be mentioned there
is relatively little in the literature on unmodified C60 encapsulating with micelles. It is
difficult to find comparison standards from other studies. Thus, the excellent DLC and EE
value for micelles may lead to easier control of the loading content actually needed.
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To investigate the morphology of PNI-C60, we prepared samples by redispersing
the lyophilized PNI-C60 in the water and dropping it onto silicon wafers and carbon-
coated copper grids for SEM and TEM measurements, respectively. PNI-U-DPy micelles
were also used to compare in TEM observation, which was stained with RuO4. The
corresponding images were collected, as shown in Figure 3. The TEM image of C60
is shown in Figure S3. PNI-U-DPy micelles exhibit vesicle-like structures with average
diameters near the DLS measurement values (Figure 3a,b). In contrast, PNI-C60 micelles
show different morphologies from the PNI-U-DPy micelles (Figure 3c,d). The interior
of the micelles became extremely dark compared with the PNI-U-DPy micelles, which
suggested that the high electron density species, C60, were encapsulated. The mean size
of the complex calculated by the 76 micelles in the TEM image (Figure 3c) is 342 ± 7 nm,
which was in good agreement with the DLS results. Additionally, we can observe that
several PNI-C60 micelles may gather closely to form large aggregates, but the structure
did not collapse to form huge micelles, indicating that the PNI-U-DPy micelles were stable
enough to maintain the network even in the dialysis process due to the strong–hydrogen
bonding interaction. SEM images of PNI-C60 also show the aggregate formed from tiny
micelles (Figure 3e,f). AFM images were recorded with a drop-coated sample, as shown
in Figure 4. The height of the complex is 79 ± 20 nm, which was calculated by the AFM
z-scale measure results. The mean size calculated from the AFM image is 212 ± 125 nm.
It presents similar results to SEM, which contains particles with a diameter ranging from
150 nm to 350 nm. The combined results of DLS, TEM, SEM, and AFM prove the formation
of the supramolecular micelle complex.

C60 was reported to show strong crystallinity even in the solvated state [30–32]. There-
fore, we decided to use the wide-angle X-ray technique to check the crystalline behavior of
the samples discussed in this study. As shown in Figures 5 and S4, PNIPAM-PA displays a
classic amorphous pattern without any crystalline peaks. In contrast, C60 reveals a series of
crystalline peaks that contributes to its FCC crystalline nature [32]. Interestingly, PNI-C60
exhibits a mixed state containing both amorphous and crystalline peaks. The broadband
should be offered by the PNI-U-DPy, which is an amorphous polymer, while the intense
peak is from C60. The 2D WAXS images also imply crystalline in the interior of the PNI-C60
micelles (Figure 5d and Figure S4). When the C60 was encapsulated by the micelles, it
still maintained a partial crystallinity since there were several peaks in the WAXS pattern.
However, it contains not only FCC but other crystalline structures, as shown in Figure 5b.
It may be explained by the close aggregation of C60 inside the PNI-U-DPy micelles, which
was indicated through the TEM observation results. Accordingly, the encapsulation of C60
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through the PNI-U-DPy micelles remained crystalline, which may offer a new strategy for
fabricating the bottom-up fullerene materials [33].
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(e) SEM of PNI-C60 micelles; (f) SEM of PNI-C60 micelles (magnified).
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3.3. Drug Release Study of Micelles

A fast and controlled release behavior is quite essential for a drug delivery system. We
have confirmed that PNI-U-DPy exhibits LCST near the physiological temperature above.
Here, we continued to discuss the release behavior of PNI-C60 through morphological
analyses. The variable-temperature of the DLS measure result was carried out from 25 ◦C
to 65 ◦C (Figure 6). As described before, PNI-C60 exhibits a diameter of 345 nm at room
temperature, with a relatively broad polydispersity (Table 1). The diameter dramatically
changed to 268 nm when the temperature increased to 35 ◦C, near the LCST of PNI-U-DPy.
While the temperature became higher, the diameter continued to decrease, though only
slightly. The diameter seems to be gradually tending to a value of about 220~230 nm when
the temperature is over 45 ◦C. This indicates that most encapsulated C60 may be released
between the temperature range of 35 ◦C to 45 ◦C. On the other hand, TEM observation of
the samples prepared under 25 ◦C and heated at 45 ◦C is collected in Figure 7. The sample
prepared with an anneal process shows a collapsed structure that did not contain a dark
interior as the sample prepared at 25 ◦C. Furthermore, the size of the micelles decreased
significantly, and some shadow surrounded the released micelles. It further proves that the
loading and controlled release of PNI-U-DPy micelle system is successfully proceeding.
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Table 1. DLS measure results of PNI-C60 under different temperatures.

Temperature 25 ◦C 35 ◦C 45 ◦C 55 ◦C 65 ◦C

Dh (nm) 345 ± 3 268 ± 2 247 ± 4 235 ± 2 234 ± 2
polydispersity 0.277 ± 0.01 0.247 ± 0.01 0.227 ± 0.01 0.198 ± 0.01 0.194 ± 0.01
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3.4. Hydroxyl Radical Scavenging Ability

The hydroxyl radical scavenging activity of PNI-C60 was evaluated through the Fenton
reaction [34]. According to the literature, because fullerene species could quench the
fluorescence of Rh-B, the analyses were recorded through a UV-Vis spectrometer [17]. Rh-B
shows a strong absorption at 554 nm in the aqueous medium [35], and the absorption will
decrease when the structure of Rh-B has been reacted by the hydroxyl radicals. PNI-C60
was used as an antioxidant to protect Rh-B against oxidation. A PBS solution with 0.1 M
EDTA was used as a solvent in the experiment. Stock solutions of 0.012 mM Rh-B, 25 mM
FeSO4, and 500 mM H2O2 were prepared. The Rh-B solution, PNI-C60 dispersion, FeSO4
solution, and H2O2 solution were added step by step in sequence into a quartz cell and
were stirred for 10 s, followed by UV-Vis measurement. The absorption of Rh-B is very
strong for control sample 1(without H2O2 and PNI-C60) since the hydroxyl radical did
not generate (Figure 8a). When the H2O2 was added to the cell (control sample 2), the
absorption decreased seriously within 10 s, suggesting that when the hydroxyl radicals were
produced and oxidized, the Rh-B molecules immediately decreased (Figure 8e). However,
if PNI-C60 is present in the mixture, the absorption at 554 nm could be higher than the
control sample 2, indicating that PNI-C60 may inhibit the oxidation of hydroxyl radicals.
Furthermore, we also found that with the increase in the PNI-C60 addition amount, the
inhibition effect became more evident (Figure 8b–d). The hydroxyl radical scavenging
efficiency of different PNI-C60 was calculated, as shown in Figure 9. Surprisingly, the
scavenging efficiency achieved 40% when only 0.1 mM PNI-C60 was added to the assay.
The addition is much lower than the previous study [17], signifying that PNI-C60 could be
used as an effective inhibitor against hydroxyl radicals.

218



Polymers 2022, 14, 4923

Polymers 2022, 14, x FOR PEER REVIEW 12 of 16 
 

 

and were stirred for 10 s, followed by UV-Vis measurement. The absorption of Rh-B is 
very strong for control sample 1(without H2O2 and PNI-C60) since the hydroxyl radical did 
not generate (Figure 8a). When the H2O2 was added to the cell (control sample 2), the 
absorption decreased seriously within 10 s, suggesting that when the hydroxyl radicals 
were produced and oxidized, the Rh-B molecules immediately decreased (Figure 8e). 
However, if PNI-C60 is present in the mixture, the absorption at 554 nm could be higher 
than the control sample 2, indicating that PNI-C60 may inhibit the oxidation of hydroxyl 
radicals. Furthermore, we also found that with the increase in the PNI-C60 addition 
amount, the inhibition effect became more evident (Figure 8b–d). The hydroxyl radical 
scavenging efficiency of different PNI-C60 was calculated, as shown in Figure 9. 
Surprisingly, the scavenging efficiency achieved 40% when only 0.1 mM PNI-C60 was 
added to the assay. The addition is much lower than the previous study [17], signifying 
that PNI-C60 could be used as an effective inhibitor against hydroxyl radicals. 

 
Figure 8. UV-Vis spectra of mixture with different conditions: (a) Control sample 1, 0.012 mM Rh-B 
+ 25 mM FeSO4; (b) 0.012 mM Rh-B + 0.15 mM PNI-C60 + 25 mM FeSO4 + 500 mM H2O2; (c) 0.012 mM 
Rh-B + 0.10 mM PNI-C60 + 25 mM FeSO4; (d) 0.012 mM Rh-B + 0.05 mM PNI-C60 + 25 mM FeSO4 + 
500 mM H2O2; (e) Control sample 2, 0.012 mM Rh-B + 25 mM FeSO4 + 500 mM H2O2. 

Figure 8. UV-Vis spectra of mixture with different conditions: (a) Control sample 1, 0.012 mM Rh-B +
25 mM FeSO4; (b) 0.012 mM Rh-B + 0.15 mM PNI-C60 + 25 mM FeSO4 + 500 mM H2O2; (c) 0.012 mM
Rh-B + 0.10 mM PNI-C60 + 25 mM FeSO4; (d) 0.012 mM Rh-B + 0.05 mM PNI-C60 + 25 mM FeSO4 +
500 mM H2O2; (e) Control sample 2, 0.012 mM Rh-B + 25 mM FeSO4 + 500 mM H2O2.
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Figure 9. Hydroxyl radical scavenging efficiency of PNI-C60 in Fenton reaction at different concentrations.

As described in the above paragraph, PNIPAM is a thermo-responsive material, and
its LCST could be adjusted by introducing U-DPy functionalities into the polymer side
chain. Additionally, the C60-loaded micelles exhibit thermo-responsivity since the size of
the micelles decreases after heating, which was proved by DLS and electronic microscopy
observations. We continued to explore how the temperature change affected the scavenging
property. The experiment was carried out at a PNI-C60 concentration of 0.1 mM, and
the temperature was changed from 26 to 44 ◦C. The result was collected and calculated
in Figure 10. While the environment temperature is lower than PNI-U-DPy’s LCST, it
maintains a scavenging efficiency of around 40%. In contrast, when the temperature exceeds
the LCST, the scavenging efficiency starts to increase. This may be explained by the change
in morphologies upon heating. As discussed, PNI-C60 undergoes the phase transition
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process, rapidly releasing the encapsulated C60 into the mixture and then triggering the
fullerene’s inhibition mechanism. Therefore, the results mentioned above give a conclusion
that PNI-C60 has the potential to act as an antioxidant with thermo-responsivity and a
controlled release manner.
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with 0.10 mM PNI-C60.

4. Conclusions

In this study, it was demonstrated that the supramolecular micelles were obtained
from a designed polymer PNI-U-DPy. This PNIPAM derivative contains a strong self-
complementary hydrogen bonding interaction at the side chain, which constructs a physi-
cally crosslinked network and increases the stability of the micelles. The intermolecular
interaction leads to an apparent change in LCST and makes it closer to the physiological
temperature. It also enables PNI-U-DPy micelles to encapsulate C60 with high loading
content and entrapment stability, which is seldom reported by unmodified fullerene and
polymeric micelle systems. DLS, TEM, SEM, and WAXS observation results suggest that
C60 has been effectively loaded into a micelle to form a complex hybrid PNI-C60. The encap-
sulated C60 exhibits a crystalline behavior inside the supramolecular micelles. The behavior
of PNI-C60 was investigated under several variable temperature measurements and gave
practical proof for the controlled release progress. Due to the existence of C60, the PNI-C60
complex exhibit hydroxyl radicals and scavenging activity at a low dosage and could even
be enhanced by ramping the temperature. These findings show that supramolecular poly-
mers could be a potential candidate as a C60 carrier without destroying its structure. This
strategy provides the possibility for designing an efficient drug delivery system for those
drugs that are difficult to encapsulate. It may also contribute to understanding the chem-
istry and biological behavior of fullerene in aqueous media, therefore offering a potential
route for the fabrication of effective and eco-friendly assays for biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14224923/s1, Table S1. The transmittance of C60 in TCE;
Figure S1. Temperature–dependent transmittance curves of PNI-U-DPy in (a) DI water; (b) PBS;
Figure S2. Calibration curve set up by C60 in TCE; Figure S3. TEM image of C60; Figure S4. Two-
dimensional WAXS image of (a) PNIPAM-PA; (b) C60. [9,19]
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Abstract: In this study, we demonstrate the use of silicone/few-layered hexagonal boron nitride
(FL-hBN) composites for heat dissipation applications. FL-hBN is synthesized via a green, facile,
low-cost and scalable liquid exfoliation method using a jet cavitation process. The crystal structures,
surface morphologies and specific surface areas of pristine h-BN and FL-hBN were characterized
by XRD, SEM, TEM and AFM (atomic force microscopy). The results confirmed that FL-hBN with
a thickness of ~4 nm was successfully obtained from the exfoliation process. In addition, we introduced
both pristine h-BN and FL-hBN into silicone with different ratios to study their thermal properties.
The results of the laser flash analysis indicate that the silicon/FL-hBN composite exhibited a higher
thermal conductivity than that of the silicone/h-BN composite. With the optimal loading content
of 30 wt.% FL-hBN content, the thermal conductivity of the composite could be enhanced to 230%,
which is higher than that of silicone/h-BN (189%). These results indicate that jet cavitation is an effective
and swift way to obtain few-layered hexagonal boron nitride that could effectively enhance the
thermal conductivity of silicone composites.

Keywords: hexagonal boron nitride; jet cavitation; silicone; thermal conductivity; silicone

1. Introduction

In recent decades, heat dissipation has been one of the most critical challenges in current
high-density and high-power electronic products due to rapid developments in the miniaturization of
microelectronic devices. Silicone-based materials have been widely applied as the preferred matrix
material, such as elastomeric thermal pads [1] and electronic packaging materials [2], due to their
good electrical insulation, thermal stability, superior adhesion, good mechanical properties, ease of
processing and low cost. However, it is well known that silicone has some disadvantages, such as
a complex packaging process and low thermal conductivity, which might limit its application in
the advanced microelectronic packaging field [3,4]. Hence, the development of highly thermally
conductive silicone-based composites which maintain their low dielectric constant plays an important
role in electronic packaging technologies.

It is well known that some potential fillers with high thermal conductivity material, such as
graphene [5,6], metal particles [7,8], aluminum nitride (AlN) [9,10], alumina (Al2O3) [11,12] and silicon
carbide (SiC) [13,14], have been reported. Mixing these fillers into polymer matrix composites could
greatly increase the thermal conductivity of the polymer composites. In recent years, there have
been many reports about improving the thermal conductivity of polymer matrices by incorporating
hexagonal boron nitride (h-BN) due to its excellent properties, including high thermal conductivity,
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electrical insulation and excellent mechanical properties [15,16]. Hou’s group grafted silane molecules
onto the surface of BN particles to improve the wettability and homogeneous dispersion of BN in the
polymer matrix with a strong interface interaction. A thermal conductivity of 1.178 W/m·K was obtained
at 30 wt.% modified-BN loading [17]. Muratov et al. focused on the investigation of hexagonal boron
nitride powder (h-BN) in combination with 3-amino-propyl-3-ethoxy-silane (APTES) as a thermal
conductivity-increasing filler for polypropylene. They discovered that annealed h-BN powder before
treatment by APTES had the highest –OH group. The maximum filler load increased from 11.6 to
33.7 wt.%, and the thermal conductivity of the composite samples produced using surface treated
filler powder increased from 0.256 to 0.369 W/m·K at room temperature [18]. According to these
references, we could understand that by introducing modified-BN as a filler into a polymer matrix,
the thermal conductivity could be enhanced. When the filler in a polymer matrix has a larger aspect
ratio, the thermal conductivity of the composite will be more enhanced based on the same weight
percentage because fillers with a large aspect ratio easily form bridges between each other [19,20].

The aspect ratio is given by the ratio of the diameter of the platelet to its laminar thickness [21].
Thus, we can obtain a large aspect ratio if we decrease the thickness of filler. According to the existing
research, the preparation of two-dimensional nanomaterials generally includes a micro-mechanical
exfoliation method [22], ball milling [23,24], laser exfoliation [25], liquid exfoliation [26–28], a lithium
intercalation method [29] and chemical vapor deposition (CVD) [30,31]. Fan et al. demonstrated
a novel approach to fabricate boron nitride nanosheets (BNNS) via hypochlorite-assisted ball
milling. This method involves the synergetic effects of chemical peeling and mechanical shear forces,
which can improve the yield and dispersion [32]. However, the disadvantage of this process is that it
would generate many defects due to the strong hit in the process of ball milling. Lithium intercalation
is another approach to prepare few-layered materials. The drawbacks of this approach, however,
include its complicated process and incomplete removal of lithium ions in the intercalation process.
Thus, this process cannot be practically applied. Recently, liquid exfoliation methods have been reported
as simple and solution-processable methods for preparing few-layered nanosheets. In this process,
ultrasonic waves are applied to a mixture of bulk layered material and an appropriate solvent is chosen;
the exfoliated few-layered nanosheets are produced by enough energy to overcome the Van der Waals
forces between layers. Wu et al. obtained a thickness of BNNS (boron nitride nanosheets) between
one to three layers using the liquid exfoliation method. Experimental results indicated that the BNNS
could improve thermal stability and promote the curing of the matrix [33]. Recent studies have used
liquid exfoliation techniques of two-dimensional materials, such as high pressure homogenization [34]
and sonication [35], to delaminate these materials, or used a jet cavitation method to obtain few-layer
two-dimensional materials [36]. According to the above research, these solvents are organic-based
solvents, such as N-Methyl Pyrrolidone (NMP), Dimethylformamide (DMF) or acetone, which are used
in the preparation process, and even the surfactants, including sodium carboxymethyl cellulose (CMC),
non-ionic surfactant TWEEN®80 (TW80) or sodium dodecyl sulfate (SDS), are used. In our previous
work, we synthesized few-layer graphene, Tungsten disulfide (WS2) and Molybdenum diselenide
(MoSe2) by using a jet cavitation method [37–39].

In this study, few-layered hexagonal boron nitrides (FL-hBN) were firstly obtained via a jet
cavitation method. The as-synthesized and the pristine FL-hBN were used as fillers in silicone to
enhance its thermal conductivity. The jet cavitation method is a rapid, environmental-friendly,
cost-effective and facile process. In order to prove that the FL-hBN was successfully obtained, h-BN
and FL-hBN were characterized by using SEM, AFM (atomic force microscopy) and TEM to observe
the thickness and testing BET (Brunauer–Emmett–Teller) to obtain the specific surface areas to calculate
aspect ratios. In the thermal property analysis, the silicone composites with FL-hBN showed a much
higher thermal conductivity than that of the h-BN/silicone composite in the same loading weight.
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2. Experimental Section

2.1. Preparation of FL-hBN Powder

1 g hexagonal boron nitride (h-BN, purity > 99%, Asia Carbons & Technology lnc.®, Taoyuan,
Taiwan) was mixed with 100 mL of deionized water to achieve a concentration of 1 wt.%. A dispersion
of h-BN in H2O was transferred into the tank of the low temperature ultra-high pressure continuous
homemade flow cell disrupter (LTHPD). The solution was poured into the device and the process
was operated three times at different pressures (800, 1300 and 1800 bar) in a circulation cooling water
bath which kept the temperature at 14–16 ◦C. Afterwards, the few-layered h-BN suspension was
produced by high pressure (Figure S1). Finally, the black particles were collected by centrifugation
(10,000× g rpm) and washed with ethanol several times. After drying at 80 ◦C, FL-hBN powder
was obtained.

2.2. Preparation of h-BN/silicone and FL-hBN/silicone Composites

A schematic diagram of the preparation of the h-BN/silicone and FL-hBN/silicone composites is
shown in Figure 1. Firstly, 3 g silicone and different weight ratios of h-BN (10, 20 and 30 wt.%) and
FL-hBN (10, 20 and 30 wt.%) were mixed well in the beaker. Appropriate amounts of ethyl ethanoate
(Sigma Aldrich®, St. Louis, MO, USA, purity > 99.8%) were introduced into the beaker with magnetic
stirring for 5 h. Secondly, the mixing solution was put in the furnace at 150 ◦C for 1 h to evaporate
the solvent. Third, 3 g hardener (Sigma Aldrich®, KJC-1200) was added into the beaker and mixed
for 2 h. Finally, we put the final product into the mold at 150 ◦C in a vacuum for thermal curing.
The as-prepared bare silicone, h-BN/silicone and FL-hBN/silicone composites were obtained.
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Figure 1. Schematic diagram of the preparation of hexagonal boron nitride (h-BN)/silicone and
few-layered hexagonal boron nitride (FL-hBN)/silicone composites by our approach.

3. Characterizations

The thermal behaviors of the as-prepared materials were investigated using TGA analysis
(thermogravimetric analysis). The ramp rate was maintained at 5 ◦C/min under air atmosphere.
The crystal phase structure and purity were determined by an XRD (X-ray diffractometer) analysis using
a D8 diffractometer (Bruker®, Billerica, MA, USA) with monochromatic CuKα radiation. The operating
voltage, current and wavelength (λ) were 40 kV, 30 mA and 1.54060 Å, respectively. Diffraction data
were recorded in the range (2θ) of 10◦–80◦. The morphological natures of the as-prepared samples were
observed using SEM (scanning electron microscopy, Hitachi S-4100, Okinawa, Japan) with electron
mapping (EDS, energy-dispersive X-ray spectroscopy, Okinawa, Japan). Atomic force microscope
(AFM) images were captured by a Bruker Dimension Icon. The samples for AFM were prepared
by dropping the dispersion directly onto freshly cleaved mica wafers with an injector. The thermal
diffusivity (α) of the film was measured by a laser flash thermal analyzer (LFA457 Micro Flash, Netzsch,
Germany). The sample size was 1 cm × 1 cm × 0.2 cm. Brunauer–Emmett–Teller (BET) specific surface
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area was determined from N2 adsorption by using a Micromeritics TriStar 3000 (Norcross, GA, USA)
analyzer at liquid nitrogen temperature.

4. Results and Discussion

The XRD patterns of pristine h-BN and few-layered h-BN (FL-hBN) are shown in Figure 2a,b.
All the diffraction peaks at 2θ values of 26.76◦, 41.59◦, 43.87◦, 50.15◦ and 55.17◦ corresponded to the
diffraction planes of h-BN in (002), (100), (101), (102) and (004), respectively. All of the diffraction peaks
matched well with the standard values and agreed with the hexagonal structure of the Bragg positions
in JCPDS-34-0421, shown in Figure 2c. Compared with the pristine h-BN, the (002) and (004) peaks of
few-layer BN showed a remarkable peak broadening, indicating the presence of thinner h-BN sheets
and much less extended/ordered stacking in the c direction (Table S1). Figure 2d shows photo images
of the h-BN and FL-hBN solutions with different settling times. Obviously, after the exfoliation process,
the settling time of FL-hBN was much longer than that of pristine h-BN, which might be due to the fact
that the thickness of h-BN may have become much thinner after the exfoliation process.
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Figure 2. XRD patterns of: (a) h-BN; (b) FL-hBN; (c) standard data JCPDS-34-0421. Photo images (d) of
h-BN and FL-hBN solutions with different settling times.

Figure 3a,d show the FE-SEM images of the h-BN and FL-hBN, respectively. The lateral size of
h-BN was 4–9 µm. After the exfoliation process, the lateral size of the FL-hBN was smaller than that
of the h-BN in the region of 2–5 µm. Figure 3a,b also demonstrated that the thickness of the FL-hBN
prepared by a jet cavitation method was thinner than that of h-BN. The phenomenon proved that h-BN
could be exfoliated successfully. Figure 3b,e display TEM images of the h-BN and FL-hBN. The FL-hBN
became transparent due to the small thickness shown in Figure 3e. The HR-TEM images of these
samples are also shown in Figure 3c,f. A lattice fringe with interplane spacing of 1.67 Å, corresponding
to (004) plane, was revealed. These results could be seen due to the change in thickness with FL-hBN
after delamination.

The surface morphology and thickness distribution of the as-synthesized FL-hBN was further
examined by AFM characterization, as shown in Figure 4a, by 30 samples. The results indicate that the
thickness of the h-BN was ~500 nm (Figure 4a), which is much thicker than that of the FL-hBN with a
thickness in the range of 3.9 nm~4.3 nm, shown in Figure 4b. Figure 4c shows the histogram of the
thickness distribution from AFM images of the FL-hBN from 30 samples. The results further confirm
that more than 40% of the FL-hBN nanosheets’ thicknesses ranged between 3.8 and 4.2 nm.
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Figure 4. (a) AFM images (b) and the corresponding line scans of the FL-hBN on Si substrate;
(c) histogram of the number visual observations of sheets as a function of the number of the layers of
FL-hBN per sheet.

When the bulk material is peeled off layer by layer, it can be imagined that the specific
surface area will change. Thus, we used N2 adsorption and desorption isothermal curves of h-BN
(black line + symbol) and FL-hBN (red line + symbol), shown in Figure 5, to understand the difference
in specific surface areas. These two samples demonstrated type IV isotherms, as determined by
the International Union of Pure and Applied Chemistry (IUPAC), which is usually associated with
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mesoporous materials (i.e., pore sizes between 2 and 50 nm). The specific surface areas of the h-BN
and FL-hBN were about 4.456 and 11.19 m2g−1, respectively. In addition, from the data of pore
size distribution analysis, the corresponding pore volumes of h-BN and FL-hBN were 0.01917 and
0.04241 cm3g−1, respectively. The higher specific surface area of FL-hBN could represent that the
method we used to exfoliate materials was successful.
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Figure 5. N2 adsorption/desorption isotherms and pore size distribution analyses of h-BN
(black line + symbol) and FL-hBN (red line + symbol). Inset: pore size distribution analyses of
h-BN and FL-hBN.

Figure 6 shows the XRD analysis of the composites after the h-BN or FL-hBN were added into the
silicone. The lattice orientation of the filler in the composites can be observed. It can be proved that
h-BN exhibited high crystallinity in the composites (h-BN/silicone). Highly crystalline materials may
have some advantages in some properties, such as their mechanical properties that are mentioned later.
The diffraction intensity of FL-hBN on (002) and (004) decreased in composites with FL-hBN, indicating
that the thickness of the filler (FL-hBN) was thinner in the composite. This trend was consistent with
other reports [40–43].

Figure 7a,b show the thermal diffusivity and thermal conductivity of the composites of
h-BN/silicone and FL-hBN/silicone composites with different loading ratios. Table 1 summarizes the
physical properties of all of these composites. The results showed that both thermal diffusivity and
thermal conductivity increased with the increasing content of the fillers. The composites containing
FL-hBN exhibited much higher thermal conductivity than those with pristine h-BN at the same fraction
in silicone. The thermal conductivity of 30% FL-hBN/silicone (30 wt.% FL-hBN into silicone) composites
was 0.515 W/m·K, which was higher than that of 30% hBN/silicone composites (0.424 W/m·K). Compared
to pristine silicone, the thermal conductivity of the FL-hBN/silicone composite enhanced by 230%
(2.3 times) by introducing 30 wt.% FL-h-BN.
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Figure 6. XRD patterns of pure silicone, (30%) h-BN/silicone and (30%) FL-hBN/silicone. 
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Table 1. The physical properties of all the composites.

Fraction
(wt.%)

Density
(cm3 g−1)

Specific Heat Capacity
(J g−1 K−1)

Thermal Diffusivity
(mm2 s−1)

Thermal Conductivity
(W m−1 K−1)

Pure silicone 0 1.030 1.993 0.119 0.244

hBN/silicone
10 1.089 1.928 0.164 0.344

20 1.141 1.386 0.226 0.357

30 1.182 1.264 0.284 0.424

FL-hBN/silicone
10 1.060 1.944 0.203 0.418

20 1.119 1.434 0.273 0.438

30 1.170 1.381 0.319 0.515

The aspect ratio (Equation (1)) of the filler affects the thermal properties of composites [21].
Materials possessing a higher aspect ratio could disperse well in a polymer matrix and build a good
thermal conductive network in the composite even if the filler content is low. We can obtain the aspect
ratio from the measured specific surface area by BET and the particle size of the filler. The aspect ratios
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of h-BN and FL-hBN were 29.06 and 56.10, respectively. From these results, FL-hBN has a larger aspect
ratio so it can enhance compatibility with the polymer matrix. In order to reveal the filler dispersing
in these composites, the morphologies of the composites were characterized by SEM micrographs in
Figure S2a–f. We can observe that FL-hBN had excellent dispersion in the composites of different filler
loading. Compared with h-BN/silicone, h-BN could not connect well in the polymer matrix. The same
results were shown in EDX mapping (Figure 8a,b).

AR =
D
t
=

SρD
2
− 2 (1)

where

AR = Aspect ratio,
D = The diameter of the platelets (average particle size),
t = The thickness of the platelets,
S = The specific surface area of the particles,
ρ = The density of the platelets.Polymers 2020, 01, x FOR PEER REVIEW  9 of 13 
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Figure 9 shows the TGA curves for pure silicone, h-BN/silicone (30 wt.%) and FL-hBN/silicone
(30 wt.%) at 800 ◦C in nitrogen. The results showed that the temperature for 5% weight loss of these
composites appeared at 410.1 ◦C (bare silicone), 483.1 ◦C (h-BN/silicone (30 wt.%)) and 488.4 ◦C
(FL-hBN/silicone (30 wt.%)). At 600 ◦C, bare silicone, h-BN/silicone (30 wt.%) and FL-hBN/silicone
(30 wt.%) exhibited 19.67%, 16.54% and 13.06% weight loss, respectively, indicating that the
FL-hBN/silicone composite had lower weight loss than the other. If the fillers connect well with each
other in the polymer matrix, heat will transfer quickly by thermal conduction. On the other hand,
FL-hBN in silicone prevented heat from accumulating in the polymer matrix so that the composite will
decompose more slowly.Polymers 2020, 01, x FOR PEER REVIEW  10 of 13 
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Dynamic mechanical analysis (DMA) was performed to obtain the temperature dependent
properties of composites, such as the storage modulus. The storage modulus is highly dependent
on the dispersion between the filler and the silicone. Figure 10 shows the DMA curve of the three
composites. The storage modulus of the composites increased after adding the fillers. For example,
at 328 ◦C, the storage modulus of the pure silicone and the composites with hBN and FL-hBN were
9.19, 20.73 and 19.86 MPa, respectively. The main reason for the higher mechanical property is that the
fillers will transfer some strength to each other when composite is stretched by external force.
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5. Conclusions

We successfully obtained FL-hBN with an extremely facile and environmental-friendly jet
cavitation method. According to AFM analysis, the thickness of all the FL-hBN layers were less
than 5 nm. Moreover, the FL-hBN layers had smaller particle sizes with an increased surface area
and a higher aspect ratio of 56.10. The thermal properties of both h-BN/silicone and FL-hBN/silicone
composites improved, indicating that hexagonal boron nitride is an exceptional filler for silicone.
Silicone composites containing FL-hBN exhibited both outstanding thermal conductivity and thermal
stability—better than composites with h-BN. Compared to pure silicone, the thermal conductivity of
the FL-hBN/silicone composite was 0.515 W/m·K at 30 wt.% filler loading. Silicone incorporated with
FL-hBN also exhibited higher thermal stability at 800 ◦C. FL-hBN has a higher aspect ratio, indicating
that it has good dispersion in silicone rubber, so the filler can connect well to form a thermal network.
However, exfoliating h-BN to FL-hBN yielded superior thermal conductivity properties which can be
used for industrial applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/9/2072/s1,
Figure S1: Photo images of (a) pristine h-BN and (b) FL-hBN solution after different resting time, Figure S2: (a–c)
SEM images of h-BN/silicone composites with powder loading of 10 wt%, 20 wt%, 30 wt%; (d–f) SEM images of
FL-hBN/silicone composites with powder loading of 10 wt%, 20 wt%, 30 wt%, Table S1: FWHM, Lc and La of
h-BN and FL-hBN.
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Abstract: The aim of this paper is to investigate the effect of strain rate and filler content on the com-
pressive behavior of the aeronautical grade RTM6 epoxy-based nanocomposites. Silica nanoparticles
with different sizes, weight concentrations and surface functionalization were used as fillers. Dy-
namic mechanical analysis was used to study the glass transition temperature and storage modulus
of the nanocomposites. Using quasi-static and split Hopkinson bar tests, strain rates of 0.001 s−1 to
1100 s−1 were imposed. Sample deformation was measured using stereo digital image correlation
techniques. Results showed a significant increase in the compressive strength with increasing strain
rate. The elastic modulus and Poisson’s ratio showed strain rate independency. The addition of silica
nanoparticles marginally increased the glass transition temperature of the resin, and improved its
storage and elastic moduli and peak yield strength for all filler concentrations. Increasing the weight
percentage of the filler slightly improved the peak yield strength. Moreover, the filler’s size and
surface functionalization did not affect the resin’s compressive behavior at different strain rates.

Keywords: epoxy resin; nanocomposites; silica nanoparticles; mechanical behavior; high strain rate;
split Hopkinson bar

1. Introduction

Epoxy resins are widely used as matrix material for high-performance composites in
aeronautical applications. They are generally characterized by a high cross-linking density
compared to other thermoset polymers. This gives epoxy resins and their composites
many advantages such as high stiffness, good chemical resistance, good performance at
high temperatures and excellent fatigue performance [1]. Additionally, their low curing
shrinkage does not cause curing cracks in large aerospace components. However, because
of the high cross-linking density, epoxy resins are generally very brittle with a very low
fracture strain and have poor resistance to impact and crack propagation [2]. For this
reason, efforts were made to improve the mechanical performance of the epoxy resins by
the addition of different types of fillers, such as inorganic particles [3–5], elastomer parti-
cles [6,7], carbon nanotubes [8,9], hyperbranched polymers [10–12] and recently graphene
nanoplatelets [2,13]. Compared to other filler types, silica nanoparticles are widely studied
as fillers to epoxy resins. This is related to the marginal effect of the silica-based fillers on
the glass transition temperature of the hosting epoxy matrix, and hence its curing tem-
perature [14–17]. Moreover, the advancement in synthesis processes, particularly sol–gel
and modified sol–gel techniques, allow the production of these nanoparticles either as
precipitates or directly in the epoxy resin itself (in situ) [18], which can be considered
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for large scale manufacturing of epoxy nanocomposites with a relatively low cost [19].
In addition, these synthesis techniques allow a very high degree of control over the size
and distribution of the formed nanoparticles [6]. The addition of silica nanoparticles up
to a weight content of 25% generally improves the overall mechanical performance of
epoxy resins such as tensile strength and stiffness [15,20], fracture toughness, compressive
strength [21] and fatigue crack growth [22]. Additionally, when combined with carbon
fibers, the silica nanoparticles can improve the overall toughness of the carbon epoxy
composites by enhancing the interfacial adhesion with the fibers [23].

The extent of the improvement of the physical and the mechanical properties of
epoxy nanocomposites is highly affected by the size and surface condition of the silica
nanoparticles. Surface functionalization of the silica nanoparticles generally improves
the compatibility of the particles with the hosting matrix [24] and improves the overall
mechanical performance and glass transition temperature of the hosting epoxy resin
up to silica particle sizes of 400 nm [25–28]. With regard to the size, the addition of
silica nanoparticles of size ranging from 7 nm to 80 nm does not significantly affect glass
transition temperature or the mechanical properties of the hosting epoxy resin [16,25,29].
However, at silica particle size of 100 nm or larger, no clear trends can be established. On the
one hand, Dittanet et al. [29] showed that for a silica particle size range of 23 to 170 nm and
up to 30% weight content, the mechanical properties and the glass transition temperature
of the epoxy remained nearly constant regardless of the silica particle size. On the other
hand, Bondioli et al. [30] showed that the elastic modulus of the epoxy resin increased
by the addition of 1% weight content of 75 nm silica nanoparticle compared to 330 nm
silica nanoparticles, which partially contradicts with the findings of Dittanet et al. [29].
Sun et al. [31] also reported a decrease in the glass transition temperature for epoxy filled
with 100 nm silica nanoparticles and 10% weight content, compared to a constant glass
transition temperature for the same epoxy filled with 3 µm silica particles at the same
weight content, which also contradicts with the findings of Dittanet et al. [29].

As mentioned earlier, the main aim of improving epoxy resins is to enhance their use
as matrix material and to improve the performance of aeronautical composite structures.
These structures are typically subjected to extreme impact events, such as bird strike
or fan blade-out events. Therefore, studying the effect of strain rate on the mechanical
behavior of silica/epoxy nanocomposites is essential. While several studies report on
the quasi-static mechanical behavior of silica/epoxy nanocomposites, few results are
available regarding their high strain rate behavior. Miao et al. [32] showed that adding silica
nanoparticles of size 20 nm and 10% weight content to epoxy only marginally improved
its compressive yield strength at strain rates up to 5000 s−1. Additionally, a significant
strain rate sensitivity was reported, where the yield strength increased with increasing
the strain rate. Tian et al. [33] reported that the addition of 30 nm silica nanoparticles with
10% weight content increased the compressive modulus and yield strength of epoxy resin
with increasing strain rates up to 3000 s−1. However, the improvement of the compressive
performance was more pronounced in the low strain rate regime compared to the high
strain rate regime. Contrary to these findings, Guo et al. [34] showed that the improvement
in the compressive strength by the addition of 90 nm silica nanoparticles up to 7% weight
content was more pronounced at high strain rates up to 104 s−1, whereas no improvement
could be observed at low strain rates. Ma et al. [35] showed that for epoxy filled with silica
nanoparticles of size 50 nm and up to 15% weight content, the compressive failure strength
increased at strain rates up to 200 s−1 and higher silica contents. The compressive stiffness,
however, showed a reduction at higher silica weight contents. Yohanes [36] found that the
addition 17 nm silica nanoparticles increased the dynamic stiffness of the epoxy at high
strain rates, regardless of the weight content of the particles. However, when mixed with
34 µm silica particles, the dynamic stiffness is significantly reduced.

The previous literature overview clearly indicates that the experimental data are
contradicting, and no clear trends can be established regarding the effect of strain rate
and silica particles size and content on the mechanical behavior of epoxy resins. Despite
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the contradictions, part of the data still suggests that a lower weight content of silica
particles, combined with a submicron size scale, has the potential to improve the mechanical
properties of the epoxy resin without compromising its thermal or physical properties.
This can be achieved by silica nanoparticle sizes of 300 nm up to 1 µm. However, to the
best of the authors’ knowledge, no data are available in the literature regarding the effect
of strain rate on the compressive properties of epoxy resins filled with silica nanoparticles
within this specific size range.

The aim of the present paper is to study the effect of strain rate and silica filler
content on the compressive behavior of epoxy resin. The aeronautical grade RTM6 was
considered, as it is suitable for low volume aircraft structures made by the resin transfer
molding technique. Silica nanoparticles of sizes 300 nm and 800 nm with different surface
functionalization conditions and weight percentages of 0.1%, 1% and 5% (5% wt. only
for non-functionalized particles) and were investigated. High strain rate compression
experiments were performed using a split Hopkinson pressure bar test (SHBT) setup.
Reference quasi-static experiments were also performed in order to study the compressive
behavior at a wide range of strain rates. In order to obtain accurate values of the multiaxial
strain components, full-field strain measurements were performed using stereo digital
image correlation techniques (DIC). The effect of strain rate on the compressive stiffness,
Poisson’s ratio and peak yield strength is discussed. In addition, the effect of the weight
content, the size, and the surface functionalization conditions of the silica nanoparticles on
the compressive behavior of epoxy nanocomposite at different strain rates is presented.

2. Materials and Methods
2.1. Matrix Material

The epoxy resin used in this study was the aeronautical grade RTM6, supplied by Hex-
cel Composites (Duxford, Cambrige, UK). It was made up of tetra-functional epoxy resin
tetraglycidyl methylene dianiline (TGMDA) and two hardeners, namely 4,4′-methylenebis
(2,6-diethylaniline) and 4,4′-methylenebis (2-isopropyl-6-methylaniline). The equivalent
weight of the epoxy after mixing with the hardeners was 116 g/eq and the viscosity was
33 mPa.s at 120 ◦C. For the synthesis of the silica nanoparticles, tetraethyl orthosilicate
(TEOS), 3-aminopropyl triethoxysilane (APTES) and other solvents supplied by Sigma-
Aldrich (St. Louis, MO, USA) were used. All the chemicals were used as-received.

2.2. Nanoparticles Synthesis and Nanocomposite Preparation

Non-functionalized silica nanoparticles (NPsNF) were prepared using the Stöber
method [37] with TEOS as precursors. TEOS (19.6 mL) was added drop by drop, while
stirring to an alcoholic solution containing 50 mL of ethanol, 18 mL of water and 6.3 mL of
ammonia. The mixture was then heated under reflux at 78 ◦C for 68 min. The solution was
filtered and washed with deionized water, then dried in a vacuum oven (SALVIS VC20,
Germany) overnight at 90 ◦C. The same procedure was employed for the synthesis of the
functionalized silica nanoparticles (NPsF), however, an equimolar mixture of 9.8 mL TEOS
and 10.3 mL APTES was employed instead of only TEOS [38]. Figure 1 shows a schematic
illustration of the manufacturing process of the nanocomposites. The average diameter
of the non-functionalized silica nanoparticles was 880 nm, whereas the average diameter
of the functionalized silica nanoparticles was 300 nm, as depicted from the SEM images
of the prepared nanoparticles (see Figure 2a,b). The Scanning Electron Microscopy (SEM)
images were analyzed by ImageJ software (version 1.53m) and at least 15 particles were
used to measure the average particle diameters. The reason for the size difference could
be attributed to the functionality of the APTES precursor which is characterized by only
three reactive functional groups (O-CH2CH3) compared to TEOS which has four reactive
functional groups. The reduced functionality of APTES limits the nanoparticle growth,
thus, explaining the smaller dimensions of the functionalized silica nanoparticles. Table 1
lists the composition of the manufactured nanocomposites.

239



Polymers 2021, 13, 3735

Table 1. Composition of the manufactured nanocomposites.

Sample Matrix Filler Filler Content [%]

RTM6 neat resin RTM6 - 0
RTM6 + 0.1 wt% NPsNF RTM6 NPsNF 0.1
RTM6 + 1 wt% NPsNF RTM6 NPsNF 1
RTM6 + 5 wt% NPsNF RTM6 NPsNF 5
RTM6 + 0.1 wt% NPsF RTM6 NPsF 0.1
RTM6 + 1 wt% NPsF RTM6 NPsF 1

Figure 1. Manufacturing procedures of the silica/epoxy nanocomposites.

The RTM6 resin was prepared by first degassing the resin at 90 ◦C for 30 min in a
vacuum oven, then the hardener was added and carefully mixed, according to the specified
mixing ratio by the manufacturer. Different weight contents of nanoparticles were mixed
in the resin using a high shear rate mixer (T25 digital ULTRA-TURRAX, from IKA, Staufen,
Germany) to ensure a uniform dispersion, as depicted in Figure 2c. The weight contents
of the non-functionalized silica nanoparticles were 0.1%, 1% and 5%, while the weight
contents of the functionalized silica nanoparticles were 0.1% and 1%. The unreacted mixes
of the resin and the silica nanoparticles were molded into long, hollow metallic cylinders
which were coated with a release agent (FREKOTE 70 manufactured by Henckel, Rocky
Hill, CT, USA) to facilitate the extraction of the samples. The resins were cured in an oven
at 160 ◦C for 90 min, followed by a post-curing stage of 2 h at 180 ◦C, and left to cool to
room temperature in the oven for 24 h.

The fully cured cylindrical rods of both neat and filled resins were finally cut into
small cylindrical samples, having a diameter of 8 mm and a height of 4 mm. The selected
height-to-diameter ratio of 0.5 helps to reduce the effects of interfacial friction during
compression, which can give rise to significant sample barreling [39]. To eliminate any
discrepancies related to the sample geometry, the same sample geometry and testing
boundary conditions were used for both reference quasi-static and high strain rate tests.
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Figure 2. SEM images of the synthesized silica nanoparticles: (a) non-functionalized, (b) functionalized and (c) non-
functionalized nanoparticles (indicated by arrows) at 5% weight content in the RTM6 epoxy resin.

2.3. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performed by using the DMA Q800 system
manufactured by TA Instruments. Double cantilever testing mode was employed on
samples of neat and filled epoxy resins having nominal dimension of 60 mm × 12 mm ×
2.5 mm. Samples were tested at an amplitude of 60 µm, a frequency of 1 Hz and a heating
rate of 3 ◦C/min. Three tests for each silica nanoparticle concentrations were performed.

2.4. Quasi-Static Testing

Reference quasi-static experiments were carried out on the cylindrical samples using
an Instron 5569 universal testing machine (supplied by Instron, Boechout, Belgium). The
height of each sample was 4 mm and the diameter was 8 mm. Quasi-static compression
tests were performed at speeds of 0.2, 2 and 20 mm/min, aiming at strain rates of 0.001,
0.01 and 0.1 s−1, respectively, in the samples. Samples were placed between two flat ended
steel bars, whose loading interfaces were polished to a mirror finish and lubricated with a
PTFE lubricant to reduce friction. To eliminate any discrepancy related to sample geometry
or boundary conditions, the same sample geometry and boundary conditions used in the
quasi-static testing were used in the high strain rate testing.

Global displacements and strains were measured using 3 linear variable displacement
transducers LVDTs (supplied by RDP Group, Le Spijkenisse, The Netherlands) fixed on the
bars close to the sample. The measurements obtained from the LVDTs were later corrected
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for the bar compliance during compression. Local full-field displacements and strains were
measured using a low speed 3D DIC setup. For this purpose, the lateral surfaces of the
compression samples were painted with a black-on-white speckle pattern before testing.
The deformation of the samples, from their speckle pattern, was recorded by two machine
vision cameras (stingray 504b by Allied Vision, Stadtroda, Germany) positioned under a
stereo angle of 18.85◦ (value obtained after a calibration procedure). Images were recorded
at a resolution of 2452 × 2056 pixels and a rate of 1 images/s for the testing speeds of
0.2 and 2 mm/min, and 3 image/s for the testing speed 20 mm/min. Figure 3 shows the
quasi-static setup used.

Figure 3. Quasi-static compression setup with a detail of the speckled sample (top right).

2.5. High Strain Rate Testing

The high strain rate compression experiments were performed using the split Hop-
kinson pressure bar (SHPB) facility available at MST-DyMaLab at Ghent University. The
details of the setup were explained in previous work [11]. Figure 4 shows a schematic of
the SHPB setup used. The cylindrical sample was placed between two long, aluminum
bars, called input and output bars. The dynamic incident compressive loading wave was
generated by accelerating the impactor towards a flange at the end of the input bar.

Figure 4. Schematic of the SHPB setup.

The interaction of the compressive incident loading wave with the sample resulted
in the wave being partly reflected back to the input bar, and partly transmitted to the
output bar. Using strain gauges attached to both bars at well-chosen locations, the strain
histories corresponding with the reflected wave εr(t) and transmitted wave εt(t) were
measured. A time shifting is applied to the measured waves to shift them from the strain
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gauge locations on the bars to the interfaces of the bars and sample [40]. The loading
time of the incident wave was ~1.2 ms, which is long enough for the samples to reach
yielding. The chosen sample geometry and small dimensions guaranteed that, from the
early stage of deformation, the sample reached a state of quasi-static force equilibrium.
Additionally, inertia effects were negligible and sufficiently high strain rates were achieved
in the dynamic tests [41,42]. In that case, using the one dimensional wave propagation
analysis developed by Kolsky [42], the time histories of the average axial strain rate

.
ε

Hop,
strain εHop and stress σHop in the sample can be calculated as follows:

.
ε

Hop
= −2

Co

Hs
εr(t) (1)

εHop = −2
Co

Hs

∫ t

0
εr(t)dt (2)

σHop = Eb
Ab
As

εt(t) (3)

where C0 is the elastic wave speed in the bar material; Hs is the height of the sample;
Eb is the elastic modulus of the bar material; and Ab and As are the cross section areas
of the bar and the sample, respectively. Assuming conservation of volume, the axial
compressive true stress σ

Hop
t and axial true strains ε

Hop
t based on the Hopkinson analysis,

i.e., Equations (2) and (3), can be calculated using the following relations:

σ
Hop
t = σHop

(
1 + εHop

)
(4)

ε
Hop
t = ln

(
1 + εHop

)
(5)

A high-speed 3D DIC technique was used to measure the local strains and strain rates
on the surface of the sample. Similar to the quasi-static DIC setup, the lateral surfaces of
the samples were painted with a thin black-on-white speckle pattern prior to testing. The
deformation of the speckle pattern was recorded using two high-speed cameras (Photron
Mini AX200) positioned at a stereo angle of 26.36◦ (value obtained after a calibration
procedure). Images were recorded at a resolution of 384 × 265 pixels2 and a rate of
54,000 images/s. Figure 5a shows the high-speed stereo DIC setup used.

Figure 5b shows an example of the incident, the reflected and the transmitted waves
recorded in one of the dynamic compression experiments. To impose different strain
rates to the sample, three impactor velocities were used: 8, 11 and 14 m/s. Note that
some factors, such as sample indentation into the bars and the contact conditions between
the bars and sample interfaces, could influence the accuracy of the split Hopkinson bar
technique, especially in small strains measurement range [43]. To eliminate these sources
of error, a self-alignment attachment was fixed to the output bar, as shown in Figure 4.
This attachment was especially designed to reduce the impedance mismatch effects on
the propagating waves, as evident in the strain signals of Figure 5b. Moreover, the self-
alignment attachment ensured perfect contact between the specimen and the bar interfaces,
even if the sample interfaces are slightly tilted. Additionally, two thin steel plates were
attached to the loading interfaces of the sample to eliminate any indentation into the bars.
Furthermore, the loading interfaces of the sample were lubricated with a PTFE based
lubricant to minimize the interfacial friction.
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Figure 5. (a) High-speed 3D DIC setup used, with detail of the speckled sample (bottom left). (b) An example of the
incident, reflected and transmitted waves recorded by strain gauges on the Hopkinson bars during a dynamic compres-
sion experiment.

2.6. DIC Data Reduction and Processing Parameters

The MatchID commercial digital image correlation software (supplied by MatchID,
Ghent, Belgium) was used to analyze and process the images of the deformed samples
during the tests. Table 2 shows the processing parameters used for both quasi-static and
dynamic tests. These parameters allowed to achieve a strain resolution of ~155 microstrains
for quasi-static tests and ~400 microstrains for high strain rate tests. At each moment
during the quasi-static and dynamic tests, the average full field in-plane strains and out-
of-plane displacements were extracted from an area of 3.5 mm × 3.5 mm at the center of
the sample. The axial engineering and true strains εDIC and εDIC

t were calculated based
on the reference Biot and Hencky strain conventions, respectively. In order to increase
the accuracy of the axial compressive true stress, its value was also calculated based on
the transverse component of the strain εDIC

hoop (i.e., hoop strain) obtained using stereo DIC
measurements. Therefore, it was possible to calculate the axial compressive true stress
based on the instantaneous cross section, without the need to assume volume conservation
as was the case for Equation (4). For this purpose, the following relation can be used:

σDIC
t =

F
A

=
F

πr2 =
F

πr2
0

(
1 + εDIC

hoop

)2 =
σHop

(
1 + εDIC

hoop

)2 (6)

Table 2. Processing parameters for DIC.

Parameter Value

Correlation criterion Zero normalized sum of square differences (ZNSSD)
Interpolation order Bi-cubic spline

Shape function Affine
Subset size (pixels x pixels) 55 × 55 (quasi-static) and 21 × 21 (high strain rate)

Step size (pixels) 10
Strain window 15
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3. Results and Discussion
3.1. Dynamic Mechanical Analysis

The dynamic mechanical properties of silica-based nanocomposites were examined
within the temperature range of 40 ◦C to 250 ◦C by DMA analysis. Figure 6 shows both
the storage modulus and loss factor (tan delta) as a function of temperature for both
nanocomposite types. It can be seen that the addition of the silica nanofillers improved the
storage modulus of the RTM6 epoxy resin. The largest increase in the storage modulus, of
~11.6%, was associated with the addition of 5 wt% of non-functionalized silica nanoparticles
to the neat resin. It is well known in the literature [44] that the addition of silica particles
of micro and nanoscale sizes increase the storage modulus of the hosting matrix, both
in the glassy and rubbery regions, due to the reduction in the free volume of the matrix.
Moreover, the addition of the silica nanofillers also slightly increased the glass transition
temperature of the RTM6 epoxy resin, as evident from the temperatures corresponding to
the peak of the tan delta curves. This behavior is attributable to the higher surface area
of the smaller nanoparticles. In fact, the greater surface of interaction between filler and
matrix limits the thermal movements of the polymeric chains, causing the increase of the
glass transition temperature [31]. Table 3 shows the results of the DMA.

Figure 6. DMA curves of the silica/RTM6 epoxy nanocomposites compared to the neat RTM6 epoxy: (a) NPsNF and (b)
NPsF filled nanocomposites.

Table 3. Dynamical mechanical analysis results.

Sample Type
Storage Modulus at 40 ◦C (MPa) Storage Modulus at 250 ◦C (MPa) Glass Transition

Temperature (◦C)Mean Std. Dev Mean Std. Dev

RTM6 neat resin 3023 ±23 38.4 ±2.1 226.6 ± 0.2
RTM6 + 0.1 wt% NPsNF 3047 ±43 38.8 ±1.8 225.7 ± 0.3
RTM6 + 1 wt% NPsNF 3093 ±17 39.4 ±1.7 229.0 ± 0.2
RTM6 + 5 wt% NPsNF 3375 ±33 44.5 ±2.4 229.4 ± 0.4
RTM6 + 0.1 wt% NPsF 3123 ±56 39.9 ±6.2 226.0 ± 0.3
RTM6 + 1 wt% NPsF 3243 ±31 41.0 ±3.1 228.3 ± 0.4
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3.2. Compressive Stress-Strain Response of RTM6 Epoxy Nanocomposites at Different
Strain Rates

Figure 7 shows representative true stress–true strain curves for the RTM6 epoxy
nanocomposites at different strain rates and particle weight contents. At least three experi-
ments were performed for each testing condition. Note that the speckle pattern could not
follow the deformation of the samples beyond ~30% true strain. Therefore, the quasi-static
and high strain rate curves in Figure 7 are based on the LVDT and classical Hopkinson
analysis (Equations (4) and (5)), respectively, as this information—unlike the DIC data—is
available until fracture or unloading. For all the dynamic compression tests, the stresses at
both bar interfaces were calculated using the 1D wave propagation theory, to confirm the
achievement of quasi-static equilibrium. As equilibrium was established from the early
stages of deformation, and the errors in the small deformation range were experimentally
reduced, it was possible to calculate the elastic modulus and Poisson’s ratio at high strain
rates. Accurate values were obtained using the DIC strains. Moreover, the evolution of the
true strain rate (i.e., true strain—time curve obtained by DIC) revealed a bilinear behavior,
and consequently two stages with a different, yet relatively constant strain rate, separated
with a transition point at ~0.07 true strain. Therefore, the strains rates corresponding
to the elastic constants of the material were calculated in the first stage, i.e., from strain
values of 0 to 0.07, while the strain rates corresponding to the yielding of the material
were calculated in the second stage, i.e., from strain values 0.07 to 0.3. The strain rates
indicated in Figure 7 correspond to the strain rate in the second stage. It can be seen that the
compressive behavior of all tested epoxies, i.e., neat and filled, is highly strain rate sensitive.
The true stress–true strain response for all materials follows 5 distinct stages, as depicted in
Figure 8: (1) an initial, linear stage corresponding to the material’s viscoelastic behavior;
(2) a nonlinear stage corresponding to the yielding of the material [45], which reaches
a maximum value at the peak yield point [45,46]; (3) a strain softening stage following
the yielding and (4) further strain hardening; and (5) fracture for the quasi-static strain
rates, or unloading for the high strain rates. Note that all the statically tested samples
were loaded until fracture, whereas all the dynamically tested samples were not fractured
at the end of loading and spring back during unloading was observed. Therefore, the
strains at unloading cannot be considered a material property. All tested epoxies, filled and
unfilled, showed an increase in strength with increasing strain rates. Both Gerlach et al. [41]
and Morelle et al. [45] reported similar trends for RTM6 neat resin. Table 4 summarizes
the results of all compression tests. The elastic modulus was calculated as the slope of
the true stress–true strain curve between in the true axial strain range of 0 to 0.02, based
on DIC strain measurements and Equation (6). The Poisson’s ratio was calculated as the
slope of the hoop strain–axial strain curve in the same strain range, based on DIC strain
measurements. The peak yield strength was considered as the strength at the peak yield
point [45,46], and was obtained based on the instantaneous cross section area, i.e., using
Equation (6).
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Figure 7. Representative compressive true stress-true strain curves at different strain rates for the RTM6 epoxy/silica
nanocomposites: (a) unfilled neat resin, (b) non-functionalized 0.1%, (c) non-functionalized 1%, (d) non-functionalized 5%,
(e) functionalized 0.1% and (f) functionalized 1%.
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Figure 8. Stages of deformation of a silica nanoparticle sample (0.1% NPsNF) in compression.

3.3. Effect of Strain Rate and Weight Content on the Elastic Modulus and Poisson’s Ratio of the
Silica Nanoparticles Filled RTM6 Epoxy Resin

Figures 9 and 10 show the effect of strain rate on the elastic modulus and the Poisson’s
ratio of silica nanoparticle-filled epoxy resins at different particle weigh contents and
functionalization conditions. The elastic modulus was slightly improved by the addition of
the silica nanoparticles with different weight percentages of the particles across all strain
rates. The elastic modulus of the neat resin was increased from ~3100 MPa to ~3300 MPa
by the addition of silica nanoparticles. This corresponds to an increase of ~6.4%. Moreover,
the elastic modulus was hardly affected by strain rate. Increasing the weight content of
both particle types up to 5% also did not have a significant effect on the elastic modulus
across all strain rates.

Figure 9. Effect of strain rate on the elastic modulus of the silica nanoparticle-filled epoxy at different particle weight
contents and functionalization conditions: (a) non-functionalized and (b) functionalized.
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Figure 10. Effect of strain rate on the Poisson’s ratio of the silica nanoparticle-filled epoxy at different particle weight
contents and functionalization conditions: (a) non-functionalized and (b) functionalized.

The Poisson’s ratio also is independent of strain rate for all materials. The average
value of the Poisson’s ratio for the neat and silica nanoparticle filled epoxies was ~0.32.
The slight increase in the elastic modulus by the addition of the silica nanoparticles is
due to the transfer of forces from the matrix to the higher stiffness particles. As seen
earlier in Section 3.1, the epoxy resin showed a predominantly elastic behavior rather
than a viscoelastic behavior at the early stages of loading based on the DMA results.
Consequently, the resin material is expected to show a strain rate independent response at
small strains due to the lack of contribution of the damping component in the deformation
behavior at high strain rates.

3.4. Effect of Strain Rate and Weight Content on the Peak Yield Strength of the Silica
Nanoparticle-Filled RTM6 Epoxy Resin

Figure 11 shows the effect of strain rate on the true peak yield strength for function-
alized and non-functionalized silica nanoparticle filled epoxy resins. The addition of the
silica nanoparticles with different weight contents improved the true peak yield strength at
different strain rates compared to the neat resin. Hardly any change was observed in the
trend of the true peak yield strength with increasing strain rate as a result of the surface
functionalization conditions of the silica nanoparticles. Compared to the neat resin at low
strain rates, the peak yield strength of the 0.1% silica content increased from 116.4 MPa to
122.42 MPa at strain rate of 0.0008 s−1 and from 135.19 MPa to 143.18 MPa at strain rate
of 0.08 s−1. This corresponds to percentage increase of 5.2% and 5.9%, respectively. This
increase was almost the same regardless of the filler content in the low strain rate range up
to 0.08 s−1.

Moreover, it can be seen that the improvement of the peak yield strength was much
more significant in the low strain rate range compared to the high strain rate range. Indeed,
compared to the neat resin, the peak yield strength of the 0.1% silica nanoparticle content
increased from 184.84 MPa to 187.95 MPa at strain rate of 277.5 s−1 and 303.7 s−1, respec-
tively, and from 192.3 MPa to 193.39 MPa at strain rate of 1019.65 s−1 and 904.1 s−1. This
corresponds to percentage increases of 1.6% and 0.56%, respectively, which are much lower
compared to the percentage increases in the low strain rate range. The most significant im-
provement of the true peak yield strength was observed at silica weight contents of 1% and
5%, especially at low strain rates. Similar results were also reported by Tian et al. [33] and
Miao et al. [32], but for a different epoxy formulation and a different size of nanoparticles.
The increase in the true peak yield strength of the epoxy/silica nanocomposite is attributed
mainly to the viscoelastic nature of the resin. However, further research is still required
to understand why the improvement of the yield strength is reduced at high strain rates
compared to low strain rates. At low strain rates, the viscoelastic resin has enough time to
deform. This allows the transfer of the forces from the matrix to the higher strength and
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higher stiffness silica nanoparticles, which further increase the yield strength. However, at
high strain rates, the viscoelastic resin does not have enough time to fully deform due to
the reduced molecular mobility of the polymer chains, as demonstrated by Chen et al. [47].
The reduced molecular mobility at high strain rates could reduce the interaction between
the resin and the silica nanoparticles [48]. This behavior was also observed for carbon
nanotube fillers, as reported by Del Rio et al. [9].

Another contributing factor is the adiabatic heating at high strain rates, which cannot
be neglected. Indeed, Pan et al. [49] reported that the temperature rise in epoxy samples
due to adiabatic heating at high strain rates can reach up to 90 ◦C. Furthermore, it was
reported by Del-Rio et al. [50] that an increase of 40 ◦C can reduce the yield strength of
epoxy by 23% at high strain rates. Note that Miao et al. [32] suggested that the strain
softening of the epoxy matrix is the main contributing factor of the reduction in the yield
strength at higher strain rates regardless of the nanoparticle weight percentage added.
However, this conclusion was based on a simple model which was validated only for silica
nanoparticle content of 10% and cannot be directly extended to other highly crosslinked
epoxy resins and other weight percentages of silica nanoparticles.

The increasing trend of the true peak yield strength of the silica filled epoxies with
increasing strain rate can be described by a least square power fit relation as follows (R2

values are greater than 0.9):
σ

Peak yield
t = C

.
ε

d (7)

where σ
Peak yield
t is the true peak yield strength in compression, C is the compressive

strength coefficient and d is the strain rate sensitivity exponent. For the non-functionalized
silica filled epoxy resin, the compressive strength coefficients for the 0.1%, 1% and 5%
weight contents were 154.85 MPa, 156.13 MPa and 157.04 MPa respectively, while the strain
rate sensitivity exponents for the same consecutive weight contents were 0.0335, 0.0353
and 0.0354, respectively. For the functionalized silica-filled epoxy resin, the compressive
strength coefficients for the 0.1% and 1%, weight contents were 155.09 MPa and 156.96 MPa,
respectively, while the strain rate sensitivity exponents for the same consecutive weight
contents were 0.0331 and 0.0355, respectively.

Figure 11. Effect of strain rate on the compressive true peak yield strength for the silica nanoparticle-filled epoxy at different
particle weight contents and functionalization conditions: (a) non-functionalized and (b) functionalized.

3.5. Effect of the Silica Nanoparticles Size and Surface Functionalization of on the Elastic Modulus,
Poisson’s Ratio and Peak Yield Strength of RTM6 Epoxy Nanocomposite

Despite the different surface functionalization conditions of the silica nanoparticles
used in this study, a rough estimate of the effect of the different sizes of these nanoparticles
on the compressive behavior of the epoxy resin can still be studied. Figures 12–14 show the

251



Polymers 2021, 13, 3735

effect of the silica nanoparticles size and surface functionalization conditions on the peak
true yield strength, elastic modulus, and Poisson’s ratio, respectively, for weight percent-
ages of 0.1% and 1% at different strain rates. It can be seen that for a silica nanoparticle
content of 0.1%, the size of the particles and the surface functionalization conditions did
not have a significant effect on the true peak yield strength and the elastic modulus all
strain rates. Whereas for a silica nanoparticle content of 1%, a very slight increase in the
true peak yield strength can be seen at the high strain rate range as a result of reducing the
particle size from 880 nm to 300 nm and the functionalization of the particle surface. The
size and the surface functionalization of the nanoparticles also did not show a significant
effect on the elastic modulus and the Poisson’s ratio at different strain rates for both filler
contents. Similar results were reported by Dittanet et al. [29] for a similar epoxy system
at quasi-static strain rates and silica nanoparticle size range from 23 nm to 170 nm. Here,
again, further research is required to understand why the change of the silica nanoparticle
sizes in the range 300 nm to 880 nm does not significantly affect the compressive properties
of the epoxy resin, particularly at high strain rate. As explained earlier, the combined effect
of viscoelasticity and adiabatic heating could be the main contributing factors in that case.

Figure 12. Effect of silica nanoparticles size and surface functionalization on the compressive true peak yield strength:
(a) 0.1% and (b) 1%.

Figure 13. Effect of silica nanoparticles size and surface functionalization on the compressive elastic modulus for the silica
nanoparticle-filled epoxy at different particle weight contents: (a) 0.1% and (b) 1%.
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Figure 14. Effect of silica nanoparticles size and surface functionalization on the Poisson’s ratio for the silica nanoparticle:
(a) 0.1% and (b) 1%.

4. Conclusions

Several experiments were performed to study the effect of strain rate and filler content
on the compressive behavior of several epoxy-based nanocomposites. The aeronautical
grade RTM6 epoxy was filled with silica nanoparticles of sizes 300 nm and 880 nm and
different surface functionalization conditions. Three weight percentages were considered
for the fillers: 0.1%, 1% and 5% (5% wt. only for non-functionalized particles). Quasi-static
and high strain rate compression experiments were performed using a universal testing
machine and a SHPB setup, respectively, to cover a strain rate range from 0.001 s−1 up
to 1100 s−1. Local displacements and strains in the sample were measured using the 3D
digital image correlation technique. The effect of the strain rate, the size and the weight
percentage of the silica nanoparticles on the elastic modulus, the Poisson’s ratio and the
true peak yield strength of the tested materials were discussed. Considering the tested
materials, manufacturing techniques used, testing equipment and results, the following
can be concluded:

1. The tested RTM6 neat and nanoparticle filled resins were all strain rate-sensitive in
compression. All materials showed an increase in strength with increasing strain rates
for all the weight percentages and sizes of the fillers.

2. The elastic modulus and Poisson’s ratio of the tested epoxy nanocomposites were
independent of the strain rate and showed a nearly constant behavior at different
strain rates for all weight percentages and sizes of the particles. However, the true
peak yield strength showed an increase with increasing strain rates for all weight
percentages and sizes of the particles used.

3. The addition of silica nanoparticles to the RTM6 epoxy resin generally improved
both its elastic modulus and its peak yield strength at different strain rates for all the
weight percentages of the particles. Increasing the weight percentage of both types
the silica nanoparticles from 0.1% to 5% did not yield any improvement in the elastic
modulus and the Poisson’s ratio but led to a slight increase in the peak yield strength.
Additionally, it was found that the improvement in the peak yield strength due to
the addition of silica nanoparticles was more prominent in the quasi-static strain rate
regime compared to the high strain rate regime.

4. The dynamic mechanical analysis showed an increase in the storage modulus and a
marginal increase in the glass transition temperature of the resin by the addition of
silica nanoparticles of different weight percentages.

5. The sizes of the silica nanoparticles used (300 nm and 880 nm) did not significantly
affect the compressive properties of the RTM6 epoxy resin, regardless of the weight
percentages of the particles.
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Abstract: We propose an environmentally friendly liquid exfoliation approach and subsequent freeze-
drying process for constructing a three-dimensional (3D) carbon-based network by using few-layer
graphene (FLG) and carbon nanotubes (CNTs) for electromagnetic interference (EMI) shielding appli-
cations. Systematic characterizations—such as X-ray diffraction, scanning electron microscopy, and
transmission electron microscopy—as well as Raman characterization and EMI shielding tests were
performed. The results indicated that the as-synthesized 3D-FLG/CNT composite obtained through the
freeze-drying process exhibited excellent electromagnetic interference shielding. The shielding effect
of FLG could be improved from 15 to 22 dB by introducing CNTs. The CNTs inhibited restacking of
FLG in the structure. We also compared two drying processes: oven drying and freeze-drying. The
freeze-drying technique markedly improved the shielding effect of FLG/CNTs from 22 to 36 dB. The
composition-optimized 3D-FLG/CNT composite could be a candidate material for use in EMI shielding.

Keywords: graphene; carbon nanotubes; electromagnetic interference shielding

1. Introduction

Electronic products have become increasingly widespread in daily life. Nevertheless,
electronic devices emit electromagnetic waves that are invisible and harmful to the human
body [1–8]. Being in an environment with many such devices for a long period may lead to
a concern for health. Thus, the development of electromagnetic-wave-shielding materials
to reduce or even eliminate electromagnetic waves is crucial [9–12]. In earlier days, the
widely suggested shielding material was metal [13], which has a strong electromagnetic-
wave-shielding effect (SE) due to its high electrical conductivity [14–17]. However, metal-
based materials may undergo corrosion and oxidation. Their higher density also limits
their application [18]. The most critical disadvantage is that the shielding offered by
metal originates from its reflection efficiency [19,20]. The creation of secondary reflected
electromagnetic waves does not solve the problem and can damage electronic devices and
shorten their lifetime. Carbon-based materials are promising alternatives to metal due
to their lightness, corrosion resistance, flexibility, and high conductivity [21–28]. Carbon-
based materials such as few-layer graphene (FLG) and carbon nanotubes (CNTs) have been
demonstrated to be potential electromagnetic-wave-shielding materials [29–50].

Liu et al. used chitosan to improve the microporous structure of the interface between
graphene sheets, thereby increasing the conductivity of the modified graphene/iron pen-
tacarbonyl porous membrane. The electromagnetic wave-SE was as high as 38 dB. The
SE was 6.3 times higher than that of reduced graphene oxide/epoxy (6 dB). The conduc-
tivity of the chitosan-modified material (40.2 S/m) was 1340 times higher than that of the
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unmodified material (0.03 S/m) [36]. Fu et al. reported a highly flexible single-walled
CNT (SWCNT)/graphene film. After folding 1000 times, the SWCNT/graphene film
maintained excellent mechanical and electrical stability. A structure for multiple reflec-
tions was constructed between layers of SWCNT/graphene films to produce an excellent
EMI SE of approximately 80 dB [37]. Bagotia et al. successfully synthesized a synergistic
graphene/CNT hybrid nanostructure by connecting multiwalled CNTs (MWCNTs) be-
tween graphene layers; with the construction of a polycarbonate/vinyl methyl acrylate
graphene MWCNT structure, this hybrid improved mechanical properties, electrical con-
ductivity, and EMI shielding performance. The highest conductivity of this structure was
1.91 × 10−1 S/cm. The corresponding electromagnetic SE was 34 dB [38]. Zhang et al.
developed foam comprising thermally reduced graphene oxide/CNTs (~0.65 g/cm3); this
foam had a microporous structure and exhibited excellent conductivity of 2.92 S/m and
high EMI SE of 30.4 dB [39]. Zhu et al. used graphene and oxide CNTs (OCNTs) as pre-
cursors to construct a 3D conductive framework through simple and convenient filtration
and calcination methods. For polydimethylsiloxane-coated r-OCNT/thermally-reduced
graphene composite filter cake with a thickness of approximately 1 mm, a strong EMI SE
of 67.3 dB was obtained in the frequency range of 8.2–12.4 GHz. After repeated bending
10,000 times, the SE of the composite material was still 62.7 dB [40].

In this paper, we propose a simple and facile jet cavitation process for synthesizing
FLG and FLG/carbon nanotube (FLG/CNT) suspensions. One-dimensional CNTs were
introduced into the skeleton of FLG to prevent restacking of FLG during drying processes.
We compared two drying methods: oven drying and freeze-drying. The results indicated
that freeze-dried samples had a highly porous structure and exhibited the highest EMI
shielding performance of 40 dB.

2. Materials and Methods
2.1. Materials and Chemicals

Graphite was purchased from Knano Graphene Technology (Xiamen, China). MWC-
NTs were purchased from Jiangsu Cnano Technology (Zhenjiang, China). Paraffin wax was
purchased from Sigma-Aldrich (Burlington, MA, USA).

2.2. Preparation of FLG/CNTs/Wax Composite

Scheme 1 displays the schema of the FLG, graphene nanotube (GNT) (FLG/CNT),
FFLG (freeze-dried FLG), and FGNT (freeze-dried FLG/CNT) composite materials. The
lower-left corner shows the FLG/CNT/wax composite. Graphite and carbon nanotubes
were added to deionized water to attain a solid content of 5 wt.%. The liquid exfoliation
process of graphite was implemented as follows. First, artificial graphite (purity > 99%,
Knano Graphene Technology, Xiamen, China) and MWCNTs (purity > 99%, Jiangsu Cnano
Technology, Zhenjiang, China) were used as feed materials for the delamination experiment.
All materials were used as supplied without further purification. Deionized water was used
for the preparation of all graphite suspensions and graphite/CNTs (5 wt.%). All delami-
nation experiments were conducted in a low-temperature ultra-high-pressure continuous
flow cell disrupter (JNBIO, JN 10C, Guangzhou, China). In this device, a graphite and
graphite/CNT suspension was prepared through high pressure forcing the sample through
a small orifice at high speed. Because of the shearing, hole, and impact, the graphite in the
sample was crushed; the substances in the sample were dispersed and emulsified. FLG
would be kept in suspension after liquid exfoliation at 14 ◦C–16 ◦C in a circulating water
bath. Deionized water was used as a solvent. Graphene production was performed in
two batch runs at 800 bar and two batch runs at 1200 bar. The as-synthesized FLG and
the FLG/CNT suspension were dried through oven drying or freeze-drying processes.
The condition for oven drying was 80 ◦C and the freeze-drying conditions were −55 ◦C
under a pressure of 20 Pa. The final samples were oven-dried (FLG, GNT10) or freeze-dried
(FFLG, FGNT10).
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Scheme 1. Schema of few-layer graphene (FLG), graphene nanotube (GNT), freeze-dried FLG (FFLG),
and freeze-dried GNT (FGNT) composite materials. Lower left corner shows the FLG/CNT/wax
composite with dimensions of 3.5 cm × 3.5 cm × 0.75 cm.

2.3. Preparation of EMI Shielding Testing Plates

FLG or FLG/CNT powder was mixed with paraffin by 15 wt.% at 180 ◦C for 2 h.
Subsequently, the mixture was poured into a mold (3.5 cm × 3.5 cm), and pressure of
17,000 pounds (1.5 × 106 N/m2) was applied for 30 min. Finally, the bulk material was
removed for electromagnetic-wave-shielding measurements.

2.4. Characterizations

The surface morphology and crystal structure of the materials were characterized
using field emission scanning electron microscopy (SEM, JEOL/JSM-7600F, Tokyo, Japan),
high-resolution scanning transmission electron microscopy (TEM, JEOL-JEM2100, Tokyo,
Japan), and X-ray diffraction (XRD, Bruker D8, Billerica, MA, USA). Raman characteri-
zation was performed using a LabRAM ARAMIS Raman confocal microscope (HORIBA
JobinYvon, Edison, NJ, USA) with 532-nm laser excitation. The lateral dimensions of FLG
and CNTs were evaluated. The specific surface area was determined using the Brunauer–
Emmett–Teller equation (Micromeritics Tristar 3000, Norcross, GA, USA). A four-point
probe tester (KeithLink LRS4-T) was used for electrical performance analysis to measure
the sheet resistance of FLG and CNTs and electrical conductivity of the nanocomposite.
The sheet resistance and electronic conductivity were measured 10 times. Atomic force
microscope (AFM) images were captured by a Bruker Dimension Icon. The samples for
AFM were prepared by dropping the dispersion directly onto freshly cleaved mica wafer
with an injector. The microwave scattering parameters (S11 and S21) of FLG and CNTs
were measured using a vector network analyzer (Keysight E5071C) in the X-band fre-
quency range of 8.2–12.4 GHz. The nanocomposites were sandwiched between the holder
(22.86 mm × 10.16 mm) within the measurement device. The SE of total EMI shielding
(SET), microwave absorption (SEA), and microwave reflection (SER) were calculated using
parameters S11 and S21 as follows: R = |S11|2, T = |S21|2 and A = 1 − R − T. The effective
absorbance (Aeff) can be expressed as Aeff = (1 − R − T)/(1 − R). The total EMI SE (SET)
is the sum of the reflection from the material surface (SER), absorption of electromagnetic
energy (SEA), and multiple internal reflections (SEM) of electromagnetic radiation. SET can
thus be described as follows:

SET = SER + SEA + SEM

When SET > 15 dB, SEM can be ignored. Therefore, SET is usually defined as follows:

SET ≈ SER + SEA
SER and SEA can be calculated as follows:
SER = −log10(1 − R)
SEA = −log10(1 − Aeff) = −log10[T/(1 − R)]
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3. Results and Discussion

Figure 1a,b shows the surface morphology of graphite and FLG, respectively. The
lateral size of the graphite was 2–5 µm. The morphology of the graphite was clearly thick
and irregular. Liquid exfoliation was performed to obtain FLG, which had a smaller lateral
size and thickness of <10 nm. This indicated that the initial graphite could be effectively
exfoliated into thin sheets through a jet cavitation device. A thickness line scan and an
atomic force microscopy image of FLG are displayed in Figure 1c,d, respectively. The
thickness of FLG was approximately 3 nm (~10 layers) [51,52].

Figure 1. Scanning electron microscopy (SEM) images of (a) graphite and (b) FLG; (c) line scan and
(d) atomic force microscopy image of FLG.

Figure 2a,b presents the SEM images of the FLG/CNT composites obtained through
conventional drying, namely FLG and GNT10, respectively. Under optimized operating
conditions, single-layer, double-layer, and multilayer chemically converted graphene may
be differentiated based on their opacity in SEM images. CNTs were used to intercalate the
graphene, and FLG combined with CNTs was coded as GNT10. After the CNTs had been
added, it was observed that the CNTs were uniformly distributed on the surface of FLG.
Figure 2c displays a TEM image of FLG, which exhibited the few-layer characteristics of
graphene sheets. The TEM of GNT10 (Figure 2d) revealed that CNTs were intercalated
between the graphene layers. This was attributed to the mechanical liquid-phase exfo-
liation method enabling the CNTs to be intercalated while expanding the few layers of
graphene [53,54]. Thus, the CNTs were evenly distributed throughout FLG.

Figure 3a–d displays the SEM and TEM images of the FLG/CNT composites obtained
through freeze-drying, namely FFLG and FGNT10, respectively. Conventional oven drying
caused restacking of FLG (Figure 2a), resulting in a poor SE. After freeze-drying, however,
surface morphology was smooth, with larger interlayer spacing, as shown in Figure 3a,c.
The TEM image also indicates that the CNTs were distributed throughout FFLG, and that
the layers were fewer (Figure 3b,d). The uniform dispersion of CNTs on FFLG, shown in
Figure 3b,d, was due to the solvent being evaporated directly during the freeze-drying process,
whereas only the solvent on the surface of FFLG was evaporated during conventional oven
drying. Thus, the graphene layers were restacked, and the SE was lower.
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Figure 2. SEM images of (a) FLG and (b) GNT10; TEM images of (c) FLG and (d) GNT10.

Figure 3. SEM images of (a) FFLG and (b) FGNT10; TEM images of (c) FFLG and (d) FGNT10.

Figure 4 displays a representative Raman spectrum of FLG (excited at 532 nm). The
spectrum included a strong graphene band at 1594 cm−1, corresponding to graphite. After
exfoliation, the spectrum of FLG had a strong graphene band at 1578 cm−1. The ID/IG ratio
for FLG slightly increased from 0.131 to 0.133 after the jet cavitation process. The position
of the peak corresponding to graphene was shifted nearly 20 cm−1 from 1594 to 1578 cm−1.
Graphite was thus successfully exfoliated into FLG [38]. Conversely, the graphene bands in
the spectra of FFLG and FGNT10 were shifted from 1557 and 1566 cm−1, respectively. The
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ID/IG ratio for FGNT10 was 0.19. This was because a Raman deviation in the low-angle
direction represents a decrease in the number of graphene layers.

Figure 4. Raman spectra of graphite, FLG, FFLG, GNT10, and FGNT10.

The adsorption–desorption isotherms and corresponding pore size distributions of
a series of FLG-based materials are presented in Figure 5. According to Figure 5a,c, the
specific surface area of FFLG (30.6 m2/g) was higher than that of FLG (29.7 m2/g). As
shown in Figure 5b, the distribution contained two peaks at approximately 4 and 50 nm.
Figure 5d shows a narrow peak at approximately 3 nm and a broad peak at approximately
100 nm. The volume of the freeze-dried macropores was lower for the freeze-dried sam-
ples than for the oven-dried samples. The specific surface areas of GNT10 and FGNT10,
shown in Figure 5e,g, were measured to be 49.8 and 51.0 m2/g, respectively. The greater
specific surface area may be due to the introduction of CNTs to prevent restacking of FLG.
Figure 5f,h reveals no difference in the pore size distributions of GNT10 and FGNT10. To
determine the percentages of micropores, mesopores, and macropores for these samples,
we obtained the three corresponding pore distributions by using the BJH method, which are
displayed in Figure 5i. Based on the pore size distributions of these FLG-based materials,
these materials mainly contained macropores and mesopores. The specific surface area of
FLG increased from 29.7 to 30.6 m2/g (an increase of 1.54%) through freeze-drying and
could be markedly enhanced to 49.8 m2/g (an increase of 67.54%). The FGNT10 sample
had 51% macropores, 49% mesopores, and 0% micropores. The composition of the material
(FLG or FLG/CNTs) and the drying process (oven drying or freeze-drying) thus have
critical effects on both the specific surface area and pore size distribution.

The EMI SE of FLG is shown in Figure 6a. FFLG and FGNT10 exhibited favorable
absorption. Comparing GNT10 with FLG, the CNT-intercalated material exhibited higher
absorption efficiency—22 versus 15 dB. Figure 6b shows the shielding benefit provided by
reflection. The material we used, graphene, did not contribute considerably to the reflection
benefit. Figure 6c illustrates the total SE, which is a combination of the results shown
in Figure 6a,b. Figure 6d displays a histogram revealing the contributions made to EMI
shielding in terms of absorption versus reflection for the graphite, FLG, FFLG, GNT10, and
FGNT10 samples. FGNT10 provided an SE of nearly 36 dB. Moreover, the addition of CNTs
to FLG to obtain GNT10 increased the SE from 15 to 22 dB. For few-layer graphene, most of
the contribution to EMI shielding was from absorption. Graphite became restacked during
oven drying; thus, the SE decreased from 17 to 15 dB. The EMI SE was improved to as high
as 35 dB by the freeze-drying process.
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Figure 5. Adsorption–desorption isotherms (a,c,e,g), corresponding pore size distributions (b,d,f,h) and
(i) micropores/mesopores/macropores distribution of graphite, FLG, FFLG, GNT10, and FGNT10.

Figure 6. Electromagnetic shielding effect (SE) of G (graphene), FLG, FFLG, GNT10, and FGNT10
samples: (a) SEA, (b) SER, and (c) SET in the X-band (8.2–12.4 GHz). (d) Electromagnetic-wave-
shielding histogram of total SE.

A schema of electromagnetic wave shielding using GNT10 is presented in Figure 7a.
Oven drying causes restacking of graphene layers during the drying process. Figure 7b
displays a schema of the shielding achieved using FGNT10. EMI is attenuated through
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three major mechanisms: reflection, absorption, and multiple reflections. In cases where
the shielding effect through absorption (i.e., absorption loss) is higher than 10 dB, most of
the re-reflected waves are absorbed within the shield.

Figure 7. Schema of electromagnetic wave shielding by (a) GNT10 and (b) FGNT10.

Figure 8 shows the four-point probe measurement results for FLG, FFLG, GNT10,
and FGNT10. CNT addition and freeze-drying improved the sheet resistance of material
flakes. Furthermore, the addition of CNTs increased interlayer spacing and sheet resistance.
Freeze drying did not cause the restacking of graphene layers; thus, the sheet resistance of
the FGNT10 sample was 1.25 × 10−1 Ω/�.

Figure 8. Sheet resistances of the FLG, FFLG, GNT10, and FGNT10 samples.

4. Conclusions

In summary, we proposed a liquid exfoliation method for preparing high-quality FLG.
By introducing CNTs into FLG, the phenomenon of graphene restacking caused by oven
drying can be avoided. The freeze-drying process increases the material’s porosity and
solves the problem of graphene restacking. The EMI shielding of FGNT10 was as high as
36 dB. By combining FLG, CNTs, and the freeze-drying approach, we obtained a sample,
GNT10, with potential for EMI shielding in the range of 8–12 GHz.
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Abstract: A one-step preparation method for cobalt- and iron-containing nanomaterials based on poly-
N-phenylanthranilic acid (P-N-PAA) and magnetic nanoparticles (MNP) was developed for the first
time. To synthesize the MNP/P-N-PAA nanocomposites, the precursor is obtained by dissolving a Co
(II) salt in a magnetic fluid based on Fe3O4/P-N-PAA with a core-shell structure. During IR heating of
the precursor in an inert atmosphere at T = 700–800 ◦C, cobalt interacts with Fe3O4 reduction products,
which results in the formation of a mixture of spherical Co-Fe, γ-Fe, β-Co and Fe3C nanoparticles
of various sizes in the ranges of 20 < d < 50 nm and 120 < d < 400 nm. The phase composition of the
MNP/P-N-PAA nanocomposites depends significantly on the cobalt concentration. The reduction of
metals occurs due to the hydrogen released during the dehydrogenation of phenylenamine units of the
polymer chain. The introduction of 10–30 wt% cobalt in the composition of nanocomposites leads to
a significant increase in the saturation magnetization of MNP/P-N-PAA (MS = 81.58–149.67 emu/g)
compared to neat Fe3O4/P-N-PAA (MS = 18.41–27.58 emu/g). The squareness constant of the
hysteresis loop is κS = MR/MS = 0.040–0.209. The electrical conductivity of the MNP/P-N-PAA
nanomaterials does not depend much on frequency and reaches 1.2 × 10−1 S/cm. In the argon flow
at 1000 ◦C, the residue is 77–88%.

Keywords: magnetic nanomaterials; conjugated polymers; poly-N-phenylanthranilic acid; one-step
synthesis; IR heating

1. Introduction

Nanocomposite magnetic materials based on polyconjugated polymers are new gen-
eration materials with physical and chemical properties required for modern technolo-
gies [1–5]. These magnetic nanocomposites can find potential application as hybrid electro-
catalysts [6,7], as cathode materials for rechargeable batteries and fuel cells [8–10], as active
materials in solar cells [11–13] and supercapacitors [14–18], for the remediation of water re-
sources [19–24], ion-exchange materials [25–27], ion-specific electrodes [28–31], to produce
sensors [32–36], as anticorrosive coatings [37–40], as electromagnetic radiation absorbing
materials [41–50] and for medical applications (as antibacterial and antifungal agents, for
controlled drug release) [38,51,52]. Moreover, high-magnetic-moment materials are basic
components of devices used in electronic and optical fields. Wireless charging can be
carried out by absorbing emitted from the power generators electromagnetic waves [53,54].

Progress in the creation of novel multifunctional magnetic nanomaterials is due to the
development of new synthesis methods for nanostructures. The most common method of
obtaining hybrid magnetic nanocomposites is oxidative polymerization of monomers (ani-
line [8,9,25,29,32,51,55,56], pyrrole [28,40,44,57] and thiophene [23]) in a reaction medium
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containing prefabricated magnetic nanoparticles (Fe3O4 [25,28,29,42,55,58], γ-Fe2O3 [32,43],
α-Fe2O3 [37], Co3O4 [8,9,38,50] and CoFe2O4 [33,59]). One of the ways to prevent the metal
nanoparticles aggregation is their stabilization in a polymer matrix during synthesis. De-
velopment of a complex synthetic strategy would make it possible to expand the range of
magnetic nanoparticles based nanomaterials.

Hybrid magnetic nanomaterials with core-shell structure, where Fe3O4 nanoparticles
form the core and poly-N-phenylanthranilic acid (P-N-PAA) is the shell, was obtained by a
one-pot method [60]. The originality of the one-pot synthesis method lies in the fact that the
Fe3O4/P-N-PAA preparation does not require prefabricated Fe3O4 nanoparticles. At the
same time, the entire process of nanocomposites synthesis without intermediate stages of
product extraction and purification is carried out in the same reaction vessel. The obtained
nanomaterials are superparamagnetic. However, the saturation magnetization MS does not
exceed 27.58 emu/g.

Inverse suspension polymerization was applied to cover iron-magnetic materials with
conjugated polymers. Prepared from inverse suspension-polymerized Fe3O4/polyaniline
composites were subjected to calcination at 950 ◦C in the argon atmosphere to synthesize
α-Fe (ferrite), Fe3C (cementite) and α//-FexNy (ferric nitride) based high-magnetic-moment
materials [53,54].

Earlier, we have proposed an original preparation method of magnetic nanomaterials
under IR heating of polydiphenylamine (PDPA) and polyphenoxazine (PPOA) in the
presence of metal salts [61–65]. It was shown that the phase state, as well as size and
shape of the resulting magnetic particles depend on the polymer matrix nature. At the
same time, an important role belongs to the polymer thermal stability and the presence
of a sufficient amount of hydrogen in its structure capable of reducing metals during
dehydrogenation. Under the same conditions of synthesis, IR heating of PDPA in the
presence of Co(OOCCH3)2·4H2O leads to the formation of α-Co and β-Co nanoparticles,
their size ranging 2 < d < 8 nm. In the case of PPOA, only β-Co nanoparticles are formed,
their size ranging 4 < d < 14 nm. IR heating of the precursor obtained by co-solution of
PDPA or PPOA and salts of cobalt Co (II) and iron Fe (III) in an organic solvent leads
to the formation only of bimetallic Co-Fe particles dispersed in a polymer matrix. For
Co-Fe/PDPA and Co-Fe/PPOA nanomaterials, the saturation magnetization MS is not
higher than 20.43 and 27.28 emu/g, respectively (Table 1). Thus, magnetic nanomaterials
with saturation magnetization exceeding MS = 20–27 emu/g cannot be obtained by the
proposed methods.

Table 1. Magnetic properties of nanomaterials.

Nanomaterials T, ◦C Co, wt% Fe, wt%
Nano-

Particles
Size, nm

Me Phase
Composition HC, Oe MS,

emu/g
MR,

emu/g MR/MS

Co/PDPA [61] 450 10 - 2–8 α-Co, β-Co 145 22.23 0.69 0.03

Co/PPOA [62] 500 10 - 4–14 β-Co 134 26.33 3.05 0.116

Co-Fe/PDPA
[65] 600 5 10 8–30,

400–800 Co-Fe 5 20.43 0.06 0.003

Co-Fe/PPOA
[63] 600 5 10 4–24,

400–1400 Co-Fe 55 27.28 0.7 0.025

The development of novel high-magnetic-moment materials seems to be an urgent
task. The aim of the proposed work is to create nanocomposite magnetic materials with
high saturation magnetization.

In this work, a one-step preparation method for cobalt- and iron-containing nano-
materials based on poly-N-phenylanthranilic acid (P-N-PAA) and magnetic nanoparticles
(MNP) with enhanced saturation magnetization was developed for the first time. The
nanocomposites were obtained by IR heating of precursors prepared by dissolving a Co (II)
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salt in a magnetic fluid based on Fe3O4/P-N-PAA with a core-shell structure. An analy-
sis of the phase composition, morphology, magnetic, electrical and thermal properties of
MNP/P-N-PAA nanomaterials depending on the conditions of synthesis was carried out.

2. Experimental Section
2.1. Materials

N-phenylanthranilic acid (diphenylamine-2-carboxylic acid) (C13H11O2N) (analyti-
cal grade), chloroform (reagent grade), aqueous ammonia (reagent grade), sulfuric acid
(reagent grade), DMF (Acros Organics, 99%), as well as iron (II) sulfate (Acros organics),
iron (III) chloride (high purity grade) and Co(OOCCH3)2·4H2O (pure grade), were used
without further purification. Ammonium persulfate (analytical grade) was purified by
recrystallization from distilled water. Aqueous solutions of reagents were prepared using
distilled water.

2.2. Synthesis of Fe3O4/P-N-PAA

Fe3O4/P-N-PAA was synthesized by a method of one-pot synthesis in an interfacial
process developed by the authors in [60]. To obtain the Fe3O4/P-N-PAA nanocomposite,
firstly, Fe3O4 nanoparticles of the required concentration were synthesized via hydrolysis
of a mixture of iron (II) and (III) salts with a molar ratio of 1:2 in an ammonium hydroxide
solution at 55 ◦C. For that, 0.43 g of FeSO4·7H2O and 1.175 g of FeCl3·6H2O were dissolved
in 20 mL of distilled water and heated to 55 ◦C, then 5 mL of NH4OH were added. A
N-PAA solution (0.1 mol/L, 1.0 g) in a mixture of chloroform (60 mL) and NH4OH (5 mL)
(volume ratio is 12:1) was added to the obtained aqueous alkaline suspension of Fe3O4
nanoparticles. The process was carried out at 55 ◦C under constant intensive stirring for
0.5 h. The suspension was cooled at room temperature under constant intensive stirring for
1 h. Then, for the in situ interfacial oxidative polymerization of N-PAA on the surface of
Fe3O4, an aqueous solution (0.2 mol/L, 1.96 g) of ammonium persulfate (30 mL) was added
to the Fe3O4/N-PAA suspension thermostated under constant stirring at 0 ◦C. Solutions
of the organic and aqueous phases were mixed immediately without gradual dosing of
reagents. The volume ratio of the organic and aqueous phases is 1:1 (Vtotal = 120 mL). The
polymerization reaction continued for 3 h under constant intensive stirring at 0 ◦C. When
the synthesis was completed, the reaction mixture was precipitated in a threefold excess
of 1 M H2SO4. The obtained product was filtered off, washed repeatedly with distilled
water until neutral reaction, and then vacuum-dried over KOH to constant weight. The
Fe3O4/P-N-PAA yield is 0.741 g. The content of iron in the resulting Fe3O4/P-N-PAA is
[Fe] = 16.4% (according to ICP-AES data).

The Fe3O4/P-N-PAA nanocomposite suspension in DMFA was prepared to obtain
magnetic fluids. The stability of suspension was being observed for 6 months.

2.3. Synthesis of MNP/P-N-PAA

The following method was used to obtain the MNP/P-N-PAA nanocomposite [66].
To prepare a magnetic fluid, 0.2 g of Fe3O4/P-N-PAA were added to 15 mL of DMF in
a 100 mL crystallization dish. Then, Co(OOCCH3)2·4H2O of required concentration was
dissolved in the resulting stable suspension. The Fe3O4/P-N-PAA concentration in the
DMF solution was 2 wt%. In the initial Fe3O4/P-N-PAA nanocomposite, the content
of iron is [Fe] = 16.4 and 38.5% (according to ICP-AES data). The content of cobalt is
[Co] = 5–30 wt% relative to the weight of the neat nanocomposite. After removing the
solvent (DMF) at T = 85 ◦C, the precursor consisting of Fe3O4/P-N-PAA and cobalt acetate
salt was subjected to IR radiation using an automated IR heating unit [61] in an argon
atmosphere at T = 700–800 ◦C for 2 min. The heating rate was 50 ◦C min−1. The yield
of MNP/P-N-PAA is 0.109 g (51.39%) at the cobalt content [Co] = 30 wt% relative to the
Fe3O4/P-N-PAA weight. Figure 1 shows a flowchart with the step-by-step preparation of
MNP/P-N-PAA nanomaterials.
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Figure 1. Flowchart with the step-by-step preparation of MNP/P-N-PAA nanomaterials.

2.4. Characterization

The IR heating unit, which is a laboratory quartz tube IR furnace [61], was used to
synthesize the MNP/P-N-PAA nanocomposites. The halogen lamps were implemented as
a radiation source. The rectangular graphite box with the samples was placed in a quartz
reactor. The heating temperature was regulated via IR radiation intensity.

An inductively coupled plasma atomic emission spectroscopy method (ICP-AES) was
used to measure quantitatively the metal content in the nanocomposites on a Shimadzu
ICP emission spectrometer (ICPE-9000) (Kyoto, Japan).

A Difray-401 X-ray diffractometer (Scientific Instruments Joint Stock Company, Saint-
Petersburg, Russia) with Bragg–Brentano focusing on CrKα radiation, λ = 0.229 nm was
used to perform in air X-ray diffraction study.

A Bruker IFS 66v FTIR spectrometer (Karlsruhe, Germany) was used to measure FTIR
spectra in the range of 400–4000 cm−1. The samples were prepared as KBr pressed pellets.

A Senterra II Raman spectrometer (Bruker, Karlsruhe, Germany) was used to record
Raman spectra using a laser with the wavelength of 532 nm and the power of 0.25 mW,
spectral resolution of 4 cm−1.

A JEM-2100 transmission electron microscope (accelerating voltage of 200 kV) (JEOL,
Akishima, Tokyo, Japan) and a Hitachi TM 3030 scanning electron microscope (Hitachi
High-Technologies Corporation, Fukuoka, Japan) with magnification up to 30,000 and
30 nm resolution were used to perform an electron microscopic study. The size of nanopar-
ticles is determined using the EsiVision software.

A vibration magnetometer was used to measure specific magnetization at room tem-
perature depending on the magnetic field value [67].

An E7-20 precision LCR-meter (MC Meratest, Moscow, Russia) was used to measure
the ac conductivity in the frequency range of 25.0 Hz–1.0 MHz. To measure the frequency
dependence on the conductivity (σac), samples as a tablet with a diameter of 6 mm and a
thickness of 3–5 mm, pressed into a mold made of PTFE, were prepared. Brass electrodes
were located on both sides of the mold. Tablet compression was performed by pressing the
powder in the PTFE mold with a threaded connection. The design of the measuring cell
was similar to the “swagelok cell”, but without the spring. The torque force was 10 N·m.
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A Mettler Toledo TGA/DSC1 (Giessen, Germany) was used to perform thermogravi-
metric analysis (TGA) in the dynamic mode in the range of 30–1000 ◦C in air and in the
argon flow. The heating rate was 10 ◦C/min, and the argon flow velocity was 10 mL/min.
The samples were analyzed in an Al2O3 crucible.

A Mettler Toledo DSC823e calorimeter (Giessen, Germany) was used to perform
differential scanning calorimetry (DSC). The heating rate was 10 ◦C/min in the nitrogen
atmosphere, with the nitrogen flow rate of 70 mL/min.

3. Results and Discussion
3.1. Characterization of Nanomaterials

A one-step method was proposed to synthesize novel hybrid nanomaterials based on
P-N-PAA and cobalt- and iron-containing magnetic nanoparticles (MNP). The choice of
polymer was due to the fact that, unlike PDPA, the presence of carboxyl groups in the P-N-
PAA structure promotes the formation of a nanomaterial with a core-shell structure, where
Fe3O4 nanoparticles form the core, and P-N-PAA is the shell. The polymer shell effectively
prevents the aggregation of nanoparticles, which makes it possible to use Fe3O4/P-N-
PAA nanocomposites to obtain magnetic fluids suitable for dissolving metal salt. When
the precursor obtained from Fe3O4/P-N-PAA and a Co (II) salt is IR heated in an inert
atmosphere at T = 700–800 ◦C, metals are reduced due to the hydrogen released during
dehydrogenation of phenylenamine units with the formation of a mixture of Co-Fe, γ-Fe,
β-Co and Fe3C magnetic nanoparticles. As for the core-shell structure, due to the reduction
of Fe3O4, a Fe—OOC coordination bond formed via binding of the carboxylate-ion with
iron in Fe3O4/P-N-PAA is broken. As a result, MNP/P-N-PAA nanocomposite materials
are formed. They are cobalt- and iron-containing MNP of various compositions dispersed
in a polyconjugated polymer matrix. Figure 2 shows a synthesis scheme of the MNP/P-N-
PAA nanomaterials.
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Figure 2. Scheme of the MNP/P-N-PAA nanomaterials synthesis.

The originality and distinctive feature of the proposed approach to the MNP/P-N-PAA
synthesis is determined by the fact that the precursor is obtained via dissolving a Co (II) salt
in a magnetic fluid based on the Fe3O4/P-N-PAA nanocomposite, which was synthesized
by the authors and which has a core-shell structure [60]. In DMF, Fe3O4/P-N-PAA forms
magnetic fluids combining the properties of a magnetic material and a liquid. That is, the
presence of a polymer coating prevents the aggregation of Fe3O4 nanoparticles, ensuring
the magnetic fluid stability over 6 months. An important role belongs to the hydrogen
amount in the structure of polymer capable of reducing metals during dehydrogenation.
During the synthesis of MNP/P-N-PAA from Fe3O4/P-N-PAA, cobalt interacts with Fe3O4
reduction products, which leads to the formation of cobalt- and iron-containing MNP of
different compositions. Whereas, IR heating of the precursor obtained by co-solution of
the polymer and salts of cobalt Co (II) and iron Fe (III) in an organic solvent leads to the
formation only of bimetallic Co-Fe particles dispersed in a polymer matrix [61].
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The novelty of the proposed approach is determined by the fact that the use of Fe3O4/P-
N-PAA based magnetic fluid for dissolving the Co (II) salt makes it possible to expand
the range of high-magnetic-moment nanoparticles in the nanomaterial composition. The
developed one-step method for the formation of a nanocomposite material under IR
heating helps to obtain Co-Fe, γ-Fe, β-Co and Fe3C nanoparticles of various compositions
directly during the synthesis of the nanocomposite without subjecting the polymer matrix
to destruction. At the same time, applying incoherent IR radiation in a pulsed mode for the
formation of the magnetic nanomaterial can significantly reduce energy costs.

As shown in Figure 3, IR heating of Fe3O4/P-N-PAA at 600 ◦C does not lead to any
noticeable phase changes. XRD patterns of Fe3O4/P-N-PAA and Fe3O4/P-N-PAA, IR
heated at 600 ◦C, demonstrate only the Fe3O4 phase, clearly identified by its reflection
peaks in the range of scattering angles 2θ = 46.3◦, 54.6◦, 66.8◦, 84.7◦, 91.0◦ and 101.6◦ (CrKα

radiation) [60]. These diffraction peaks correspond to Miller indices (220), (311), (400), (422),
(511) and (440) and characterize the simple cubic lattice of Fe3O4 (JCPDS 19-0629) [68].
At 800 ◦C, partial reduction of Fe3O4 with the formation of FeO, α-Fe, γ-Fe and Fe4N
nanoparticles takes place.
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MNP/P‐N‐PAA nanocomposites depends on the cobalt concentration. In the FTIR spec‐
trum of MNP/P‐N‐PAA, the absence of an intense absorption band at 572 cm−1, corre‐
sponding to the stretching vibrations of the νFe–O bond, is explained by Fe3O4 reduction 
(Figure 5).  

Figure 3. XRD patterns of Fe3O4/P-N-PAA (1a,1b) and Fe3O4/P-N-PAA, IR heated at 600 ◦C
(2a) and 800 ◦C (2b).

IR heating of Fe3O4/P-N-PAA in the presence of Co (II) salt at 800 ◦C leads to the
formation of a mixture of Co-Fe, γ-Fe, β-Co and Fe3C magnetic nanoparticles, which
was confirmed by X-ray phase analysis (Figure 4). In this case, the phase composition of
the MNP/P-N-PAA nanocomposites depends on the cobalt concentration. In the FTIR
spectrum of MNP/P-N-PAA, the absence of an intense absorption band at 572 cm−1, corre-
sponding to the stretching vibrations of the νFe–O bond, is explained by Fe3O4 reduction
(Figure 5).

According to elemental analysis data, when Fe3O4/P-N-PAA is IR heated in the
presence of Co(CH3CO2)2·4H2O, the dehydrogenation of phenylenamine units causes the
decrease in the content of hydrogen from 1.9 to 0.1% (the C/H ratio increases from 12.5
to 70.7) (Table 2). The released hydrogen contributes to the reduction of metals. The C/N
ratio changes insignificantly (from 8.6 to 9.0), which indicates that the polymer component
degradation during IR heating is weakly expressed.
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Table 2. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) data of nanocomposites
and elemental analysis data of P-N-PAA component.

Materials [Co] *, wt% Co, % Fe, % C, % N, % H, % O, % C/N C/H

P-N-PAA - - - 60.7 8.2 5.8 25.3 7.7 10.5

Fe3O4/P-N-PAA - - 38.5 23.58 2.75 1.88 33.3 8.6 12.5

MNP/P-N-PAA 20 29.1 58.3 8.48 0.94 0.12 3.1 9.0 70.7

* [Co] wt% at the loading.

Figure 6 shows Raman spectra of P-N-PAA, neat Fe3O4/P-N-PAA and Fe3O4/P-N-
PAA, IR heated at 600 and 800 ◦C, and MNP/P-N-PAA. As seen in Figure 6, as well as
in the IR heated at 800 ◦C Fe3O4/P-N-PAA, there are two pronounced bands: a G band
at 1596 cm−1 from sp2 (aromatic) carbon atoms and a D band at 1350 cm−1 from sp3

carbon atoms in the Raman spectrum of MNP/P-N-PAA. In the Raman spectra of both
the neat Fe3O4/P-N-PAA and Fe3O4/P-N-PAA, IR heated at 600 ◦C, as well as in P-N-
PAA, these bands are absent. The intensity ratio of these bands (ID/IG = 0.82), the high
intensity and the width of the 2D band at 2800 cm−1 indicate that graphite-like structures
are formed in the polymer component structure during IR heating of the precursor based
on Fe3O4/P-N-PAA and a Co (II) salt in an inert atmosphere at 800 ◦C. XRD patterns of
MNP/P-N-PAA nanocomposites demonstrate a wide halo in the range of scattering angles
2θ = 20–44◦, which characterizes graphite-like structures (Figure 4). The broadening of all
main absorption bands characterizing the chemical structure of the polymer component
in the FTIR spectrum of MNP/P-N-PAA is also connected with the dehydrogenation of
P-N-PAA phenylenamine units and the subsequent formation of graphite-like structures
(Figure 5).

However, it should be noted that the presence of nitrogen and hydrogen atoms in the
MNP/P-N-PAA structure (Table 2), as well as the absence of a sharp peak at diffraction
angles 2θ = 39.36◦, which characterizes carbon, on the XRD patterns of MNP/P-N-PAA
(Figure 4) indicate an incomplete transformation of the polymer component to all-carbon
structures. Apparently, during the reduction of Fe3O4 in the course of Fe3O4/P-N-PAA ther-
mal transformations at high temperatures (700–800 ◦C), the partial formation of graphite-
like structures occurs.
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600 (2b) and 800 ◦C (1c) and MNP/P-N-PAA (2c).

XRD patterns of all MNP/P-N-PAA nanocomposites show clearly identified reflection
peaks of Co-Fe nanoparticles in the region of diffraction scattering angles 2θ = 68.86◦,
106.36◦ (Figure 4). According to the database Miller indices, interplanar distances in the
Co-Fe phase correspond to the Co-Fe solid solution. The formation of bimetallic Co-Fe
nanoparticles is associated with the interaction of cobalt and Fe3O4 reduction products. The
reflection peaks of β-Co nanoparticles with a face-centered cubic lattice can be identified at
diffraction angles 2θ = 67.52◦, 80.14◦. In the case of γ-Fe nanoparticles they are identified
in the region of 2θ = 66.56◦, 78.77◦. The formation of Fe3C nanoparticles at [Co] = 5 wt% is
associated with the interaction of Fe3O4 reduction products with the polymer matrix due
to low concentration of cobalt.

According to TEM and SEM data, a bimodal nature of the MNP distribution is ob-
served. A mixture of spherical nanoparticles sized 20 < d < 50 nm and 120 < d < 400 nm is
formed (Figures 7 and 8). At the same time, according to XRD data for the MNP/P-N-PAA
nanocomposite, the CSR size distribution curve is in the region of 3–55 nm with a peak at
13–14 nm (Figure 9). According to ICP-AES data, depending on the conditions of synthesis
the content of Co = 8.6–38.0%, and Fe = 14.2–58.3% (Tables 2 and 3). According to elemental
analysis data, the content of P-N-PAA component is 12.6–72.2%.
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Table 3. Magnetic properties of nanomaterials.

Nanomaterials T, ◦C [Co] *,
wt%

[Fe] **,
%

Co ***,
%

Fe ***,
%

**** MNP Phase
Composition HC, Oe MS,

emu/g
MR,

emu/g MR/MS

Fe3O4/P-N-
PAA

0
0

-
-

16.4
38.5

-
-

16.4
38.5

Fe3O4
Fe3O4

0
0

18.41
27.58

0
0

0
0

Fe3O4/P-N-
PAA

600
800

-
-

16.4
38.5

-
-

16.9
47.2

Fe3O4
Fe3O4, FeO, α-Fe, γ-Fe,

Fe4N

0
25

17.02
12.41

0
0.28

0
0.022

MNP/P-N-
PAA

800
800
800
700
800

5
10
20
20
30

16.4
16.4
16.4
38.5
16.4

8.6
13.6
28.3
29.1
38.0

19.2
17.4
14.2
58.3
17.7

Co-Fe, γ-Fe, Fe3C
Co-Fe, γ-Fe, β-Co

Co-Fe, β-Co
Co-Fe, β-Co
Co-Fe, β-Co

128
176
170
45
200

35.22
99.86
81.58

149.67
95.70

3.00
16.00
12.80

6.0
20.00

0.085
0.160
0.156
0.040
0.209

* [Co] wt% at the loading. ** [Fe] content in the neat Fe3O4/P-N-PAA. *** According to ICP-AES data.
**** MNP—Co-Fe, γ-Fe, β-Co and Fe3C magnetic nanoparticles. HC—coercive force, MS—saturation mag-
netization and MR—residual magnetization.

Energy dispersive X-ray spectroscopy (EDS) elemental mapping method was used
to characterize the element distribution in the P-N-PAA based nanomaterials (Figure 10).
Figure 11 demonstrates SEM-EDS mapping images of ferrum Fe, cobalt Co, carbon C,
nitrogen N and oxygen O in Fe3O4/P-N-PAA and MNP/P-N-PAA. Table 4 shows the EDS
analysis data of these nanocomposites. The EDS element mapping reveals a homogeneous
distribution of Fe and Co elements. As seen in Table 4, the oxygen content in the MNP/P-
N-PAA nanocomposite drops sharply due to the Fe3O4 reduction.
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data of these nanocomposites. The EDS element mapping reveals a homogeneous distri‐
bution of Fe and Co elements. As seen in Table 4, the oxygen content in the MNP/P‐N‐
PAA nanocomposite drops sharply due to the Fe3O4 reduction. 
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Figure 11. SEM-EDS mapping images of ferrum Fe, cobalt Co, carbon C, nitrogen N and oxygen O in
Fe3O4/P-N-PAA (a) and MNP/P-N-PAA (b).

Table 4. EDS analysis data of nanomaterials.

Nanomaterials
MNP Phase

Composition
* Polymer

Component, %
Co Fe C N O

wt% at% wt% at% wt% at% wt% at% wt% at%

Fe3O4/P-N-PAA Fe3O4 28 - - 12.99 3.43 49.45 60.76 8.84 9.32 28.72 26.49

MNP/P-N-PAA Co-Fe, β-Co 16 72.44 55.26 19.63 15.80 7.05 26.39 0.19 0.62 0.68 1.92

* According to TGA data.
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3.2. Magnetic Properties of Nanomaterials

The obtained MNP/P-N-PAA nanomaterials demonstrate a hysteresis character of
remagnetization at room temperature. The dependency of magnetization on the value of
the applied magnetic field is shown in Figures 12 and 13. The residual magnetization MR
of the MNP/P-N-PAA nanomaterials is 3–20 emu/g, the coercive force is HC = 45–200 Oe
(Table 3).

The squareness constant of the hysteresis loop is κS = MR/MS = 0.040–0.209, which in-
dicates a significant proportion of superparamagnetic nanoparticles. However, the content
of superparamagnetic nanoparticles can be quantified only if the single-domain condition is
satisfied. In this case, it is difficult to determine the quantity of superparamagnetic nanopar-
ticles, since MNP are a mixture of spherical Co-Fe, γ-Fe, β-Co and Fe3C nanoparticles of
various sizes in the ranges of 20 < d < 50 nm and 120 < d < 400 nm.
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(2a) and 800 ◦C (2b), as a function of applied magnetic field.

Polymers 2022, 14, x FOR PEER REVIEW 13 of 21 
 

 

3.2. Magnetic Properties of Nanomaterials 
The obtained MNP/P‐N‐PAA nanomaterials demonstrate a hysteresis character of 

remagnetization at room temperature. The dependency of magnetization on the value of 
the applied magnetic field is shown in Figures 12 and 13. The residual magnetization MR 
of the MNP/P‐N‐PAA nanomaterials is 3–20 emu/g, the coercive force is HC = 45–200 Oe 
(Table 3).  

The squareness constant of the hysteresis loop is кS = MR/MS = 0.040–0.209, which 
indicates a significant proportion of superparamagnetic nanoparticles. However, the con‐
tent of superparamagnetic nanoparticles can be quantified only if the single‐domain con‐
dition is satisfied. In this case, it is difficult to determine the quantity of superparamag‐
netic nanoparticles, since MNP are a mixture of spherical Co‐Fe, γ‐Fe, β‐Co and Fe3C na‐
noparticles of various sizes in the ranges of 20 < d < 50 nm and 120 < d < 400 nm. 

 
Figure 12. Magnetization of Fe3O4/P‐N‐PAA (1a,1b) and Fe3O4/P‐N‐PAA, IR heated at 600 °C (2a) 
and 800 °C (2b), as a function of applied magnetic field. 

 
Figure 13. Magnetization of Fe3O4/P‐N‐PAA (1a,1b) and MNP/P‐N‐PAA, obtained at 800 °C, [Co] = 
5 (2a), 10 (3a) and 20 wt% (2b), as a function of applied magnetic field. 

As shown in Figure 12, IR heating of neat Fe3O4/P‐N‐PAA at 600 °C has little effect 
on its magnetic properties (MS = 18.41–17.02 emu/g). At 800 °C, the saturation magnetiza‐
tion of Fe3O4/P‐N‐PAA decreases to 12.41 emu/g due to phase transformations of Fe3O4 
into FeO, α‐Fe, γ‐Fe and Fe4N. 

It can be seen from Table 3, that the introduction of 10–30 wt% cobalt into nanocom‐
posites leads to a significant increase in the saturation magnetization of MNP/P‐N‐PAA 
compared to the initial Fe3O4/P‐N‐PAA. The saturation magnetization of MNP/P‐N‐PAA 

Figure 13. Magnetization of Fe3O4/P-N-PAA (1a,1b) and MNP/P-N-PAA, obtained at 800 ◦C,
[Co] = 5 (2a), 10 (3a) and 20 wt% (2b), as a function of applied magnetic field.

As shown in Figure 12, IR heating of neat Fe3O4/P-N-PAA at 600 ◦C has little effect on
its magnetic properties (MS = 18.41–17.02 emu/g). At 800 ◦C, the saturation magnetization
of Fe3O4/P-N-PAA decreases to 12.41 emu/g due to phase transformations of Fe3O4 into
FeO, α-Fe, γ-Fe and Fe4N.

It can be seen from Table 3, that the introduction of 10–30 wt% cobalt into nanocompos-
ites leads to a significant increase in the saturation magnetization of MNP/P-N-PAA compared
to the initial Fe3O4/P-N-PAA. The saturation magnetization of MNP/P-N-PAA nanomateri-
als grow with the increase in cobalt concentration and reaches MS = 81.58–99.86 emu/g. An
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increase in the content of Fe3O4 nanoparticles in the initial Fe3O4/P-N-PAA nanocomposite
([Fe] = from 16.4 to 38.5%) leads to an even greater increase in the saturation magnetization
of MNP/P-N-PAA—up to 149.67 emu/g, while in Fe3O4/P-N-PAA the value of MS is
27.58 emu/g (Figure 13). Furthermore, as shown in Table 1, IR heating of the precursor
obtained by co-solution of the polymer and salts of cobalt Co (II) and iron Fe (III) in an
organic solvent leads to the formation of Co-Fe-based magnetic nanomaterials with satura-
tion magnetization not exceeding MS = 20–27 emu/g. Thus, the saturation magnetization
of MNP/P-N-PAA grows with the increase in magnetic phase, but not linearly, since the
MNP composition strongly depends on the Co and Fe content.

3.3. Electrical Properties of Nanomaterials

The frequency dependence on ac conductivity of the MNP/P-N-PAA nanocomposite
obtained at 800 ◦C during 2 min at [Co] = 30 wt% at the loading compared to neat Fe3O4/P-
N-PAA was studied (Figure 14). The metallic phase composition corresponds to the Co-Fe
and β-Co phases (Figure 4d).
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MNP/P-N-PAA, obtained at 800 ◦C (3).

The dependence of conductivity (σac) on the frequency is described by equation [69–71]:

σac = σdc + Aωn

As can be seen from Table 5, neat P-N-PAA demonstrates a low conductivity value
in the range of 25 Hz–1 MHz. The polymer electrical conductivity σac increases linearly
from 8.8 × 10−11 S/cm to 1.1 × 10−7 S/cm. The value of n = 0.75 indicates the hopping
mechanism of conductivity (0 ≤ n ≤ 1), typical of most conductive polymers [69–72].

Table 5. The conductivity values of materials.

Materials * σac, S/cm σdc, S/cm n A

P-N-PAA 8.8 × 10−11 1.1 × 10−7 2.8 × 10−12 0.75 8.5 × 10−12

Fe3O4/P-N-PAA 1.8 × 10−10 6.7 × 10−6 1.3 × 10−10 0.99 1.3 × 10−12

MNP/P-N-PAA 1.1 × 10−1 1.2 × 10−1 1.1 × 10−1 0.98 6.5 × 10−10

* σ—The ac conductivity at 25 Hz and 1 MHz.
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At low frequencies, the Fe3O4/P-N-PAA nanocomposite is characterized by weak de-
pendence of electrical conductivity on frequency. As frequency grows, the Fe3O4/P-N-PAA
electrical conductivity increases gradually by four orders of magnitude to 6.7 × 10−6 S/cm.

The electrical conductivity of the MNP/P-N-PAA nanomaterial is significantly higher
than the conductivity of Fe3O4/P-N-PAA and does not depend much on frequency
(1.1 × 10−1 S/cm–1.2 × 10−1 S/cm). The formation of an extended conjugated system
during heat treatment of Fe3O4/P-N-PAA, as well as the presence of MNP of various
compositions in the polymer matrix causes an increase in the degree of percolation and
leads to a rise in electrical conductivity of MNP/P-N-PAA. Apparently, the formation of
large conducting regions leads to exceeding the percolation threshold.

As can be seen in Table 5, as well as for neat Fe3O4/P-N-PAA, for MNP/P-N-PAA the
exponential parameter n lies in the range of 0 ≤ n ≤ 1, which is typical for systems with a
hopping mechanism of charge transfer. The effect of tunneling in the nanocomposites is
minimal. The dc conductivity plays an important role at low frequencies, whereas the ac
conductivity of nanocomposites shows an increase with the growth in current frequency.

3.4. Thermal Properties of Nanomaterials

Thermal stability of the MNP/P-N-PAA nanocomposites prepared at 800 ◦C for 2 min
at [Co] = 5 and 30 wt% at the loading was studied by TGA and DSC methods. Figure 15
shows the dependence of temperature on the decrease in the weight of MNP/P-N-PAA
compared to neat Fe3O4/P-N-PAA at heating up to 1000 ◦C in the argon flow and in air.

The MNP/P-N-PAA nanocomposites are characterized by high thermal stability that
exceeds considerably the thermal stability of neat Fe3O4/P-N-PAA. Weight loss at low tem-
peratures on the TGA thermograms is associated with the removal of moisture (Figure 15).
The DSC thermograms of nanomaterials show an endothermic peak at 108 ◦C (Figure 16).
When re-heated, this peak is absent, which confirms the moisture removal. As can be
seen, in air, after removing moisture, the same shape of weight loss curves until 500 ◦C is
observed for all materials due to the thermooxidative degradation of polymer component.
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In an inert medium in MNP/P-N-PAA, a gradual weight loss is observed, and depend-
ing on the concentration of cobalt at 1000 ◦C, the residue is 77–88% (Table 6). At the same
time, in Fe3O4/P-N-PAA, the residue accounts for 58%. In air, the lower thermal stability
of MNP/P-N-PAA obtained at [Co] = 5 wt% is associated with the phase state of the MNP
nanoparticles, as well as with a Fe3O4 content in neat Fe3O4/P-N-PAA ([Fe] = 16.4 wt%
according to ICP-AES data) (Table 6). As can be seen on the TGA thermograms of MNP/P-
N-PAA nanocomposites prepared at [Co] = 5 and 30 wt%, in air the content of the polymer
component is 48 and 16%, respectively. The processes of thermooxidative degradation of
MNP/P-N-PAA begin at 330 390 ◦C. The DTG curve of MNP/P-N-PAA shows removal
of water and thermal decomposition of polymer component. The degradation of polymer
component occurs within the range of 320–620 ◦C, with the maximum at 509 ◦C (Figure 17).
Phase transformations of MNP nanoparticles occur in the range of 720–810 ◦C, with the
maximum at 790 ◦C.
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Table 6. Thermal properties of nanomaterials.

Materials [Co] *,
wt%

[Fe] **,
%

Co ***,
% Fe ***, % **** MNP Phase

Composition ˆ T5%, ◦C ˆ* T20%, ◦C ˆˆ T50%, ◦C
ˆˆˆ Residue,

%

P-N-PAA - - - - - 185/205 357/299 523/663 0/20

Fe3O4/P-N-PAA - 38.5 - 38.5 Fe3O4 258/230 405/557 >1000/>1000 72/58

MNP/P-N-PAA
5 16.4 8.6 19.2 Co-Fe, γ-Fe, Fe3C 102/111 459/>1000 579/>1000 40/77

30 16.4 38.0 17.7 Co-Fe, β-Co 108/371 507/>1000 >1000/>1000 71/88

* [Co] wt% at the loading. ** [Fe] content in the neat Fe3O4/P-N-PAA. *** According to ICP-AES data.
**** MNP—Co-Fe, γ-Fe, β-Co, and Fe3C magnetic nanoparticles. ˆ T5%, ˆ* T20%, ˆˆ T50%—5, 20 and 50 % weight
losses (air/argon). ˆˆˆ residue at 1000 ◦C (air/argon).

4. Conclusions

The proposed one-step method offers the possibility of obtaining cobalt- and iron-
containing nanomaterials based on the Fe3O4/P-N-PAA nanocomposite synthesized by
the authors. Under IR heating of a precursor consisting of Fe3O4/P-N-PAA and a Co (II)
salt, cobalt interacts with Fe3O4 reduction products to form a mixture of spherical Co-Fe,
γ-Fe, β-Co and Fe3C nanoparticles with sizes of 20 < d < 50 nm and 120 < d < 400 nm.
The phase composition of MNP/P-N-PAA nanocomposites depends on the cobalt con-
centration. The formation of the nanoparticles occurs directly during the nanocomposites
synthesis under IR heating conditions, which makes it possible to expand the magnetic
nanoparticles range. The originality of the proposed approach to MNP/P-N-PAA syn-
thesis is determined by the fact that the preparation of a precursor by dissolving a Co
(II) salt in a magnetic fluid based on Fe3O4/P-N-PAA with a core-shell structure leads
to the formation of cobalt- and iron-containing nanomaterials with enhanced saturation
magnetization. The introduction of 10–30 wt% cobalt into the composition of nanocom-
posites leads to a significant increase in the saturation magnetization of MNP/P-N-PAA
(MS = 81.58–149.67 emu/g) compared to neat Fe3O4/P-N-PAA (MS = 18.41–27.58 emu/g).
The hysteresis loop squareness constant κS = MR/MS = 0.040–0.209 proves a significant
share of superparamagnetic nanoparticles in MNP/P-N-PAA. The electrical conductivity
of the MNP/P-N-PAA nanomaterials (1.1 × 10−1 S/cm–1.2 × 10−1 S/cm) is significantly
higher than the conductivity of Fe3O4/P-N-PAA (6.7 × 10−6 S/cm) and does not depend
much on frequency in the range of 25 Hz–1 MHz. The MNP/P-N-PAA nanocomposites are
characterized by high thermal stability. In an inert atmosphere at 1000 ◦C, the residue is up
to 88%, whereas the Fe3O4/P-N-PAA residue is 58%. The obtained magnetic nanomaterials
can be used for modern technologies as materials that absorb electromagnetic radiation,
to create wireless fast charging power source chargers, supercapacitors, electrochemical
current sources, energy converters, contrast materials for magnetic resonance imaging,
electromagnetic screens, in magnetic information recording systems, in high-temperature
processes as protective coatings for construction materials, etc.
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Abstract: This work experimentally determined the X-ray shielding and morphological, density, and
tensile properties of sulfur-vulcanized natural rubber latex (SVNRL) nanocomposites containing
varying content of nano-Bi2O3 or nano-BaSO4 from 0 to 200 phr in 100 phr increments, with modified
procedures in sample preparation to overcome the insufficient strength of the samples found in
other reports. The experimental X-ray shielding results, which were numerically verified using a
web-based software package (XCOM), indicated that the overall X-ray attenuation abilities of the
SVNRL nanocomposites generally increased with increasing filler content, with the 0.25-mm-thick
SVNRL films containing 200 phr of the filler providing the highest overall X-ray shielding properties,
as evidenced by the highest values of lead equivalence (Pbeq) of 0.0371 mmPb and 0.0326 mmPb in
Bi2O3/SVNRL nanocomposites, and 0.0326 mmPb and 0.0257 mmPb in BaSO4/SVNRL nanocompos-
ites, for 60 kV and 100 kV X-rays, respectively. The results also revealed that the addition of either
filler increased the tensile modulus at 300% elongation (M300) and density but decreased the tensile
strength and the elongation at break of the Bi2O3/SVNRL and BaSO4/SVNRL nanocomposites. In
addition, the modified procedures introduced in this work enabled the developed nanocomposites to
acquire sufficient mechanical and X-ray shielding properties for potential use as medical X-ray pro-
tective gloves, with the recommended content of Bi2O3 and BaSO4 being in the range of 95–140 phr
and 105–120 phr, respectively (in accordance with the requirements outlined in ASTM D3578-19 and
the value of Pbeq being greater than 0.02 mmPb). Consequently, based on the overall outcomes of
this work, the developed Bi2O3/SVNRL and BaSO4/SVNRL nanocomposites show great potential
for effective application in medical X-ray protective gloves, while the modified procedures could
possibly be adopted for large-scale production.

Keywords: natural rubber latex; Bi2O3; BaSO4; X-ray shielding; gloves; mechanical properties

1. Introduction

High-energy electromagnetic (EM) waves, especially X-rays and gamma rays, are cur-
rently utilized in various applications, including the quantification of elements, compounds,
and radionuclides contained in commercial products, plants, and foods [1–3]; medical and
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industrial imaging [4,5]; cancer diagnostics and therapy [6,7], and quality control for med-
ical and industrial products [8]. Despite their wide utilization and increasing demand,
the adverse effects of excessive exposure to various types of radiation could seriously
harm both users and the public, for whom the symptoms may vary from skin reddening,
nausea, vomiting, diarrhea, hair loss, and cancer to even death, depending on several
factors, such as the exposure dose and duration, the receiver’s age and sex, as well as the
levels of sensitivity and responses of the exposed organs to radiation [9–11]. Consequently,
to reduce or prevent the risk of such adverse effects, a radiation safety principle, namely
“As Low As Reasonably Achievable”, or ALARA, must be strictly followed in all facilities,
involving the management of the radiation exposure working time and distance, as well as
the utilization of appropriate and effective radiation-shielding equipment [12].

Several types of products have been developed and used specifically for X-ray shield-
ing, for which the selection of materials for the equipment has depended on factors such
as the nature of usage, specific requirements for intended applications, and the available
budget to acquire the equipment. Particularly for applications requiring excellence in
flexibility, strength, and elongation at break of the products, as well as the ability to accom-
modate high content of radiation-protective fillers, natural rubber (NR) composites have
emerged as one of the most promising candidates to serve such purposes and needs [13–15].
In addition to these properties, NR composites offer other favorable properties, such as
being natural products with biodegradability, which is consistent with today’s increas-
ing demand for environmentally friendly materials [16,17]. Examples of NR composites
used in X-ray protection include those containing Bi2O3 [18,19], WO3 [20], BaSO4 [21,22],
Pb [23], and PbO [24] as radiation-protective fillers, for which the fillers can considerably
enhance the X-ray attenuation ability of a composite with respect to pristine NR. Among
the aforementioned fillers, Bi2O3 and BaSO4 are the two most common lead-free fillers that
are suitable to be used as X-ray attenuators due to their economical accessibility, the high
atomic numbers (Z) of Bi and Ba (Z = 83 and Z = 56, respectively), and the high densities (ρ)
of Bi2O3 and BaSO4 (ρ = 8.9 g/cm3 and ρ = 4.5 g/cm3, respectively), which result in sub-
stantially enhanced interaction probabilities between the materials and incident X-rays [25].
Furthermore, Bi2O3/NR and BaSO4/NR composites, exhibiting comparable or even greater
X-ray attenuation abilities than those containing Pb and Pb compounds [26], are considered
less hazardous for production and use, as evidenced by the higher permissible exposure
limits and thresholds for Bi2O3 and BaSO4 than those for Pb [27].

Due to possible exposure to both primary and secondary X-rays by medical person-
nel working directly with or close to radioactive sources, the use of appropriate X-ray
protective gloves is crucial for their safety. Recently, formulations and processes for the
production of X-ray protective gloves have been developed based on sulfur-vulcanized and
gamma-vulcanized natural rubber latex (SVNRL and GVNRL, respectively) composites
containing nano-Bi2O3 [28]. The results indicated that while both curing systems offered
improved X-ray shielding properties to the samples after the addition of nano-Bi2O3, only
the GVNRL composites had sufficient tensile properties to surpass the requirements for
medical examination gloves, according to ASTM D3578-19 [28,29], while the SVNRL com-
posites suffered substantial drops in their strength after the addition of high filler content.
This unsatisfactory result was due to the nano-Bi2O3 molecules obstructing the function-
ality of the main activators and accelerators during the process of vulcanization, which
prevented the complete curing of the samples and, hence, reduced the overall strength
of the samples. Consequently, despite the beneficial evidence of nanoparticles used for
X-ray protection, the inferior mechanical strength of the SVNRL gloves (a common method
to prepare latex gloves commercially [30]) has prevented the implementation of such a
procedure in actual large-scale production. Hence, a new method or procedure for sample
preparation must be developed to make the production of X-ray protective gloves possible
using commonly available technology and equipment.

Hence, the current work aimed to develop novel procedures for the production of
SVNRL composites containing either nano-Bi2O3 or nano-BaSO4, with the filler content
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varying from 0 to 100 and 200 phr, for potential use as medical X-ray protective gloves
(the maximum filler content was 200 phr, based on our previous work that indicated the
recommended filler content of 90–170 phr for GVNRL composites [28]). The properties of
the nanocomposites investigated in this work were: X-ray shielding (based on the linear
attenuation coefficient (µ), the mass attenuation coefficient (µm), the half value layer (HVL),
and the lead equivalence (Pbeq)) and morphological, physical (density), and mechanical
(tensile modulus at 300% elongation (M300), tensile strength, and elongation at break).
Furthermore, to verify the reliability and correctness of the experimental results for X-ray
shielding measurements, the obtained results were compared with those numerically com-
puted using a web-based software package (XCOM [31]), to determine the recommended
filler content for the attenuation of 60 kV and 100 kV X-rays, and subsequently compared
to the requirements outlined in ASTM D3578-19 and the value of Pbeq > 0.02 mmPb for
medical X-ray-protective gloves. The outcomes of this work do not only present new
data on SVNRL nanocomposites for X-ray attenuation but also offer improved procedures
for sample preparation that would be beneficial and suitable for actual production at
larger scales.

2. Experimental Section
2.1. Materials and Chemicals

High-ammonia natural rubber latex (HA-NRL) samples, with total solid and dry
rubber content of 61.0% (ISO 124: 2014) and 60.3% (ISO 126: 2005), respectively, were
supplied by the Office of Rubber Authority of Thailand (RAOT), Bangkok, Thailand.
Names, contents, and the roles of chemicals used for the sample preparation are shown in
Table 1. Nano-Bi2O3 and nano-BaSO4 were obtained from Shanghai Ruizheng Chemical
Technology Co., Ltd. (Shanghai, China), distilled water was supplied by the Faculty of
Science, Kasetsart University (Bangkok, Thailand), and other chemicals were supplied
by the RAOT (Bangkok, Thailand). The images of nano-Bi2O3 and nano-BaSO4, taken
using a scanning electron microscope (SEM; Quanta 450 FEI: JSM-6610LV, Eindhoven, the
Netherlands), are shown in Figure 1, indicating that the average particle sizes of nano-
Bi2O3 and nano-BaSO4 were 234.9 nm and 287.6 nm, respectively, as determined using the
ImageJ software version 1.50i. It should be noted that in order to improve the compatibility
between the added chemicals and the NRL matrix, all chemicals used in this work (except
KOH and Teric 16A16) were prepared using a stainless-steel ball mill by diluting each pure
chemical with vultamol, bentonite, and distilled water for 72 h (final weight content of the
chemical: vultamol: bentonite: distilled water was 50:1:1:48). It should be noted that the
nanoparticles of Bi2O3 and BaSO4 were selected for this investigation due to their superior
radiation-shielding and mechanical properties in the nanocomposites in comparison with
those containing microparticles at the same filler content found in previous reports [32,33].

Table 1. Material formulations of SVNRL nanocomposites and their chemical names, content,
and roles.

Chemical Content (phr) Role

50% w/w nano-Bi2O3 or nano-BaSO4 0, 100, and 200 X-ray protective filler
10% w/w potassium hydroxide (KOH) 0.2 Stabilizer

10% w/w Teric 16A16 0.02 Stabilizer
50% w/w sulfur (S) 0.8 Crosslinking agent

50% w/w zinc diethyl dithiocarbamate
(ZDEC) 0.4 Accelerator

50% w/w zinc-2-mercaptobenzthiazole
(ZMBT) 0.4 Accelerator

50% w/w titanium dioxide 1.0 Pigment
50% w/w wingstay-L 1.0 Antioxidant

50% w/w zinc oxide (ZnO) 1.0 Activator
Distilled water (H2O) 170.5 Solvent
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2.2. Preparation of SVNRL Mixture

NRL was mechanically stirred using an automatic top stirrer (Eurostar 60 digital, IKA,
Bangkok, Thailand) at a rotation speed of 300 rpm for 60 min. Then, all chemicals listed in
Table 1 (except nano-Bi2O3 and nano-BaSO4) were consecutively added to the stirred NRL
(from top to bottom order), with a 2 min interval between each chemical, and the stirring
was continued for another 60 min. Then, the NRL mixture was stored in a closed container
at room temperature for 72 h before the addition of the nano-Bi2O3 or nano-BaSO4 to the
NRL mixture. The mixture was continuously stirred for another 60 min and kept in a closed
container for further use. It should be noted that this step (adding nano-Bi2O3/nano-BaSO4
after the pre-vulcanization process of 72 h) was different from our previous work [28]. This
procedure was modified to reduce the effects of nano-Bi2O3/nano-BaSO4 on obstructing the
functionality of the main activators and accelerators during vulcanization, which helped
the SVNRL mixture to achieve a higher degree of curing that could potentially improve the
overall mechanical properties of the nanocomposites [28].

2.3. Preparation of Nano-Bi2O3/SVNRL and Nano-BaSO4/SVNRL Gloves

The procedure to prepare nano-Bi2O3/SVNRL and nano-BaSO4/SVNRL gloves fol-
lowed the steps outlined in our previous work [28]. In summary, after thorough washing,
the ceramic molds were oven-dried at 70 ◦C for 40 min, dipped in a 35% coagulant consist-
ing of Ca(NO3)2, Teric 16A16, 50% CaCO3, and distilled water (RAOT, Bangkok, Thailand)
with the final weight content of 35.0:0.1:5.0:59.9, respectively, for 5 sec, and oven-dried
again at 70 ◦C for 2 min. Then, the dried molds were dipped in the nano-Bi2O3/SVNRL
or nano-BaSO4/SVNRL mixture for 40 sec, carefully flicked and rotated (at least 3 times),
and oven-dried at 70 ◦C for 5 min. The molds were dipped in 70 ◦C distilled water for
5 min to rinse off all remaining chemicals and dried again at 100 ◦C for 40 min. The nano-
Bi2O3/SVNRL or nano-BaSO4/SVNRL gloves were peeled off the molds and processed
using chlorination to remove any powder that remained on the surface of the gloves [28].
Figure 2 shows images of the prepared nano-Bi2O3/SVNRL and nano-BaSO4/SVNRL sam-
ples containing 200 phr of the fillers, which clearly indicate smooth and uniform surfaces,
while the colors of the nano-Bi2O3/SVNRL and nano-BaSO4/SVNRL samples were yellow
and white, respectively (the same as the colors of the nano-Bi2O3 and nano-BaSO4 particles).
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2.4. Characterization
2.4.1. X-ray Shielding Properties

The X-ray shielding properties of the Bi2O3/SVNRL and BaSO4/SVNRL nanocom-
posites were investigated at the Secondary Standard Dosimetry Laboratory (SSDL), the
Office of Atoms for Peace (OAP), Bangkok, Thailand. The X-ray shielding parameters of
interest were the X-ray transmission ratio (I/I0), the linear attenuation coefficient (µ), the
mass attenuation coefficient (µm), the half value layer (HVL), and the lead equivalence
(Pbeq), with their relationships shown in Equations (1)–(4):

I = I0e−µx (1)

µm =
µ

ρ
(2)

HVL =
ln(2)
µ

(3)

Pbeq =
µx
µPb

(4)

where I0 is the intensity of incident X-rays, I is the intensity of transmitted X-rays, x is
the thickness, µ is the linear attenuation coefficient, µm is the mass attenuation coefficient,
ρ is the density, HVL is the half value layer, Pbeq is the lead equivalence, and µPb is the
linear attenuation coefficient of a pure lead sheet. For Equation (4), the values of µPb
were 63.06 cm−1 and 25.99 cm−1 for the X-ray energies of 45 keV and 80 keV, respectively,
numerically determined using the XCOM software (National Institute of Standards and
Technology, Gaithersburg, MD, USA). These were the average values of incident X-rays
emitted from an X-ray tube with supplied voltages of 60 and 100 kV, respectively, in our
setup. The X-rays were collimated using a 1 mm pinhole to achieve a narrow-beam setup
and pointed directly to the center of the 0.25-mm-thick SVNRL nanocomposites. The
transmitted X-rays were detected and counted using a free air ionization chamber (Korea
Research Institute of Standards and Science, KRISS; Daejon, Korea) that was powered
by a high-voltage power unit (Keithley 247, Cleveland, OH, USA) and connected to an
electrometer (Keithley 6517B, Cleveland, OH, USA). The X-rays used in this work were
controlled by an X-ray system (YXLON MGC41, Hudson, NY, USA) and the energies
were selected based on ISO 4037-1:2019. The schematic setup for the X-ray shielding
measurement is shown in Figure 3 [25].
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To verify the correctness and reliability of the experimental results, the numerical
determination based on the XCOM software was conducted at X-ray energies of 45 keV and
80 keV and the results were compared with those obtained experimentally [34]. Notably,
since XCOM provided only the value of µm, the density (ρ) for each formulation, which
was used for the calculation of µ, HVL, and Pbeq, was theoretically determined using
Equation (5):

ρ =
CNR + CF
CNR
ρNR

+ CF
ρF

(5)

where ρNR (ρF) is the density of NR (radiation-protective filler) and CNR (CF) is the content
of the NR (radiation-protective filler).

2.4.2. Morphology and Density Measurement

The morphology, the dispersion of nano-Bi2O3 and BaSO4 particles, and the dispersion
of Bi and Ba elements in the SVNRL composites were determined using scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX; Quanta 450 FEI: JSM-
6610LV, Eindhoven, The Netherlands). All samples were coated with gold using a sputter
coater (Quorum SC7620: Mini Sputter Coater/Glow Discharge System, Laughton, UK)
prior to the SEM-EDX images being taken.

The density of each sample was determined using a densitometer (MH-300A, Shanghai,
China) with a precision of 0.001 g/cm3. The determination was carried out based on the
Archimedes principle [35].

2.4.3. Mechanical Properties

The tensile properties, consisting of tensile modulus at 300% elongation (M300), tensile
strength, and elongation at break, were determined using a universal testing machine (TM
Tech, TM-G5K, Bangkok, Thailand) according to ASTM D412-06 standard testing. The
tensile testing speed used for all samples was 500 mm/min.

2.5. Determination of Recommended Filler Content for Medical X-ray Protective Gloves

The determination of the recommended filler content for the production of medical
X-ray protective gloves based on Bi2O3/SVNRL and BaSO4/SVNRL nanocomposites was
conducted by comparing the X-ray shielding properties of the 0.25-mm-thick samples,
with a minimum required Pbeq value of 0.02 mmPb, as well as their tensile properties,
with those outlined in ASTM D3578-19, which states that, for medical examination gloves,
the tensile strength and the elongation at break must be higher than 14 MPa and 650%,
respectively [29]. Then, ranges of filler content that provided sufficient X-ray shielding
and tensile properties in accordance with the above requirements could be selected and
recommended for actual use.
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3. Results and Discussion
3.1. Density

The densities of the pristine SVNRL, nano-Bi2O3/SVNRL, and nano-BaSO4/SVNRL
composites are shown in Table 2. The results revealed that the densities of the samples
increased with increasing filler content, with nano-Bi2O3/SVNRL having slightly higher
densities than nano-BaSO4/SVNRL with the same filler content. This was due to the much
higher densities of Bi2O3 and BaSO4 compared to the pristine SVNRL (ρNR = 0.93 g/cm3,
ρBi2O3 = 8.9 g/cm3, and ρBaSO4 = 4.5 g/cm3), leading to enhanced overall densities of the
composites [36]. Notably, these density results were later used for the calculation of µm
from I/I0 and µ (Equations (1) and (2)).

Table 2. Densities of pristine SVNRL, nano-Bi2O3/SVNRL, and nano-BaSO4/SVNRL composites
containing filler content of 0, 100 phr, and 200 phr.

Sample Filler Content (phr) Density (g/cm3)

Pristine SVNRL 0 0.93 ± 0.01

Nano-Bi2O3/SVNRL
100 1.67 ± 0.02
200 1.95 ± 0.01

Nano-BaSO4/SVNRL
100 1.44 ± 0.01
200 1.71 ± 0.02

3.2. X-ray Shielding Properties

Table 3 shows the values of µ, µm, HVL, and Pbeq of the pristine SVNRL, nano-
Bi2O3/SVNRL, and nano-BaSO4/SVNRL composites, at the X-ray supplied voltages of
60 kV and 100 kV. The results indicated that the overall X-ray shielding abilities of the
SVNRL nanocomposites increased with increasing filler content, as seen by the highest
values of µ, µm, and Pbeq, and the lowest values of HVL, observed in samples containing
200 phr of the fillers. Furthermore, Table 3 shows that the ability to attenuate X-rays of the
nanocomposites was reduced at higher X-ray energies, as evidenced by the lower values
of µ, µm, and Pbeq and the higher values of HVL observed in the samples tested using
100 kV X-rays.

Table 3. Linear attenuation coefficients (µ), mass attenuation coefficients (µm), half value layer (HVL),
and lead equivalence (Pbeq) of pristine SVNRL, nano-Bi2O3/SVNRL, and nano-BaSO4/SVNRL
composites, at X-ray supplied voltages of 60 kV and 100 kV.

Properties X-Ray Supplied
Voltage

Pristine
SVNRL

Bi2O3/SVNRL BaSO4/SVNRL

100 phr 200 phr 100 phr 200 phr

µ (cm−1)
60 kV 0.24 ± 0.01 6.19 ± 0.20 9.36 ± 0.38 5.23 ± 0.12 8.23 ± 0.13

100 kV 0.18 ± 0.01 2.17 ± 0.07 3.38 ± 0.13 1.75 ± 0.01 2.67 ± 0.06

µm (cm2/g)
60 kV 0.26 ± 0.01 3.71 ± 0.12 4.80 ± 0.19 3.63 ± 0.08 4.81 ± 0.07

100 kV 0.19 ± 0.01 1.30 ± 0.04 1.74 ± 0.07 1.21 ± 0.01 1.56 ± 0.04

HVL (cm)
60 kV 2.87 ± 0.01 0.11 ± 0.01 0.07 ± 0.01 0.13 ± 0.01 0.08 ± 0.01
100 kV 3.84 ± 0.09 0.32 ± 0.01 0.20 ± 0.01 0.40 ± 0.01 0.26 ± 0.01

Pbeq (mm Pb) 60 kV 0.0010 ± 0.0001 0.0245 ± 0.0008 0.0371 ± 0.0015 0.0207 ± 0.0005 0.0326 ± 0.0005
100 kV 0.0017 ± 0.0001 0.0209 ± 0.0006 0.0326 ± 0.0012 0.0168 ± 0.0001 0.0257 ± 0.0006

The positive relationship between the filler content and X-ray shielding properties was
due to the relatively larger Z values of Bi and Ba compared to the C and H in NR, as well
as the higher densities of Bi2O3 and BaSO4 compared to NR. These characteristics greatly
enhanced the interaction probabilities between incident X-rays and the materials through

295



Polymers 2022, 14, 3654

the dominant and effective photoelectric absorption, which is related to the photoelectric
cross-section (σpe) and Z, as shown in Equation (6):

σpe ∝
Zn

(hν)3 (6)

where h is Planck’s constant and ν is the frequency of the incident X-rays that is directly
proportional to the energy, via Equation (7):

E = hν (7)

As depicted in Equation (6), the addition of Bi2O3 and BaSO4 in the SVNRL matrix led
to higher numbers of heavy elements (Bi and Ba) available in the composites, resulting in
larger σpe values and, hence, a better ability to attenuate incident X-rays [37]. The increases
in the numbers of Bi and Ba elements in the SVNRL composites containing 200 phr of
the fillers could be illustrated by considering elemental mapping obtained using the SEM-
EDX images (Figure 4), with Figure 4b,d showing the elemental distributions for samples
with 200 phr filler and revealing higher concentrations of Bi and Ba atoms, respectively,
than in Figure 4a,c, which represent the elemental distributions for samples with 100 phr
filler, respectively.
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and BaSO4, obtained from XCOM at various X-ray energies (Figure 5), which indicated 
that the µm values for both Bi2O3 and BaSO4 were similar at the 45 keV X-rays (representing 
the average X-ray energy of those emitted from the X-ray tube with a supplied voltage of 
60 kV), while Bi2O3 clearly had a higher µm than that of BaSO4 at the 80 keV X-rays (repre-
senting the average X-ray energy of those emitted from the X-ray tube with a supplied 
voltage of 100 kV), leading to the more pronounced enhancement in X-ray attenuation 
ability in nano-Bi2O3/SVNRL composites. Notably, although both Bi2O3 and BaSO4 had 
similar µm values at the 45 keV X-rays, the densities of nano-Bi2O3/SVNRL were greater 

Figure 4. Dispersion of (a,b) Bi and (c,d) Ba elements in (a) 100 phr Bi2O3/SVNRL, (b) 200 phr
Bi2O3/SVNRL, (c) 100 phr BaSO4/SVNRL, and (d) 200 phr BaSO4/SVNRL composites. The images
were taken using SEM-EDX with 10,000× magnification.

Another interesting result shown in Table 3 was that nano-Bi2O3/SVNRL had slightly
higher X-ray shielding properties than the nano-BaSO4/SVNRL composites at both sup-
plied voltages. This behavior could be explained by comparing the values of µm for Bi2O3
and BaSO4, obtained from XCOM at various X-ray energies (Figure 5), which indicated that
the µm values for both Bi2O3 and BaSO4 were similar at the 45 keV X-rays (representing
the average X-ray energy of those emitted from the X-ray tube with a supplied voltage
of 60 kV), while Bi2O3 clearly had a higher µm than that of BaSO4 at the 80 keV X-rays
(representing the average X-ray energy of those emitted from the X-ray tube with a supplied
voltage of 100 kV), leading to the more pronounced enhancement in X-ray attenuation
ability in nano-Bi2O3/SVNRL composites. Notably, although both Bi2O3 and BaSO4 had
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similar µm values at the 45 keV X-rays, the densities of nano-Bi2O3/SVNRL were greater
compared to those of nano-BaSO4/SVNRL (Table 2), leading to greater amplification of the
overall X-ray shielding properties in nano-Bi2O3/SVNRL (determined at the same filler
content). This phenomenon could also be mathematically explained using Equation (2),
which implies a direct relationship between µ and ρ. Notably, the sharp increases in µm
at particular X-ray energies in Figure 5 (such as 37.4 keV and 90.5 keV) were due to the
K-absorption (K-edge) and L-absorption (L-edge) of Ba and Bi (the X-ray energies that
are slightly above the binding energy of the electron shell of the atoms), for which the
σpe or the interaction probabilities between incident X-rays and the compounds abruptly
increased at these energies [38].
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Figure 5. Mass attenuation coefficients (µm) of Bi2O3 and BaSO4 at varying X-ray energies
(1–200 keV), determined using XCOM.

In addition, Table 3 suggests that the X-ray shielding properties of pristine SVNRL,
nano-Bi2O3/SVNRL, and nano-BaSO4/SVNRL composites at the 60 kV X-rays were greater
than those at the 100 kV X-rays. This behavior could be explained using Equation (6),
which implies that σpe is inversely proportional to ν3 or E3, resulting in less interaction
probabilities with incident X-rays at higher energies [39]. The dependence of σpe could
also be observed in Figure 5, which reveals overall decreases in the µm values of Bi2O3 and
BaSO4 with increasing X-ray energies.

To verify the correctness and reliability of the experimental results, the µm values
of pristine SVNRL, nano-Bi2O3/SVNRL, and nano-BaSO4/SVNRL composites at filler
content of 100 phr and 200 phr were compared with those numerically determined using
XCOM (Figure 6a). The comparison indicated strong agreement between the µm values
obtained experimentally and numerically, with the percentage of difference being less than
2% for samples containing 0 and 100 phr of the fillers and being less than 7% for samples
containing 200 phr of the fillers. The discrepancies between the two results could have been
due to several factors, such as the fact that the experimental X-ray energies emitted from
the X-ray tube were actually in spectra, with the average energies being around 45 keV
and 80 keV (rather than discrete energies, as in the case of XCOM), which could cause
deviations in the X-ray shielding measurements [40,41]. Nonetheless, the small percentages
of difference (less than 7%) implied that the experimental results were reliable and the µm
values obtained from XCOM could be further used for the prediction of µ, HVL, and Pbeq
values for all filler content values in the range 0–200 phr.
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layer (HVL), and (d) lead equivalence (Pbeq) of Bi2O3/SVNRL and BaSO4/SVNRL composites
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requirement for commercial X-ray protective gloves.

Figure 6b,d, which show the numerical values of µ, HVL, and Pbeq, determined using
XCOM of the Bi2O3/SVNRL and BaSO4/SVNRL composites with varying filler content
from 0 to 200 phr, confirm the dependence of the X-ray shielding properties of the samples
on the filler type and content, as well as the X-ray energy, shown in Table 3. For Figure 6d,
the results implied that Bi2O3/SVNRL composites required less filler content to meet the
minimum requirement of Pbeq being greater than 0.02 mmPb compared to those from the
BaSO4/SVNRL composites (determined at the same X-ray energy). Again, these behaviors
were observed due to the higher values for µm (Figure 5) and ρ of Bi2O3 than those of
BaSO4, which made the former a better X-ray attenuator than the latter [29,42].

3.3. Mechanical Properties

Figure 7 shows the tensile properties, including tensile modulus at 300% elonga-
tion, tensile strength, and elongation at break, of the nano-Bi2O3/SVNRL and nano-
BaSO4/SVNRL composites. The results indicated that increases in the filler content led to
an increase in the tensile modulus but decreases in the tensile strength and elongation at
break. The increase in tensile modulus after the addition of the fillers to SVNRL could have
been due to the high rigidity of the nano-Bi2O3 and nano-BaSO4 particles, which enhanced
the overall rigidity and, subsequently, the tensile modulus of the nanocomposites [43,44].
On the other hand, the addition of the nano-Bi2O3 and nano-BaSO4 particles resulted
in reductions in the tensile strength and elongation at break, probably due to the poor
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interfacial compatibility between the fillers and the NRL matrix (rubber–filler interactions),
which led to visible voids inside the matrix [45]. Another factor that could have contributed
to the decreases in the properties was the increase in filler–filler interactions at higher filler
content, which resulted in higher particle agglomeration and worse particle dispersion in
samples with 200 phr filler content (Figure 8c,e) than in samples with 0 and 100 phr filler
content (Figure 8a,b,d) [46].
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BaSO4/SVNRL composites (10,000× magnification).

Figure 7 also reveals that the nano-Bi2O3/SVNRL composites had higher tensile
strength and elongation at break than the nano-BaSO4/SVNRL composites, determined at
the same filler content. This was mainly due to the higher density of nano-Bi2O3 particles
than nano-BaSO4 particles; hence, when both fillers were added to the samples at the same
weight content, less volume of nano-Bi2O3 would be actually added to the composites,
resulting in fewer voids and less particle agglomeration created in the nano-Bi2O3/SVNRL
composites. Nonetheless, Figure 7b,c imply that both SVNRL nanocomposites containing
less than 100 phr filler had higher experimental values of tensile strength and elongation
at break than those outlined in ASTM D3578-19 for medical examination gloves (greater
than 14 MPa and 650%, respectively, represented as horizontal dotted lines in this figure).
Notably, these mechanical results could be further considered along with the results from
the X-ray shielding measurement to determine the recommended filler content that allowed
the nanocomposites to satisfy all the requirements for medical X-ray protective gloves.

As mentioned in the experimental section above, the current work modified the
procedure for sample preparation by postponing the addition of nano-Bi2O3 or nano-
BaSO4 until after the completion of rubber vulcanization (72 h after sulfur was added to
the SVNRL mixture). The effects of this improved procedure on the tensile strengths of
the samples are shown in Table 4, which indicates that the current tensile strengths of
the nano-Bi2O3/SVNRL composites were higher than those in a previous work for all
nano-Bi2O3 contents investigated [28], especially for the 100 phr content, which showed
an almost 3-fold increase in the values. This improvement in tensile strength could have
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been due to the postponed addition of nano-Bi2O3 reducing the obstruction effects of
the filler on the functionality of the main activators and accelerators, allowing higher
degrees of vulcanization to occur prior to the addition of nano-Bi2O3, which consequently
improved the overall strengths of the samples [26]. This outcome would be crucial for the
actual production of medical X-ray protective gloves based on SVNRL as the achieved
tensile strengths were greater than the strength requirement (ASTM D3578-19), which was
unobtainable in the previous report.

Table 4. Mean (± standard deviation) tensile strength of nano-Bi2O3/SVNRL composites in current
work compared to previous work [28].

Bi2O3 Content (phr)
Tensile Strength (MPa)

Current Work Previous Work [28]

100 19.90 ± 0.87 7.23 ± 1.49
200 6.85 ± 0.75 5.47 ± 0.30

3.4. Determination of Recommended Filler Content

To determine the recommended filler content for the actual production of medical
X-ray protective gloves based on the requirements outlined in ASTM D3578-19 (tensile
strength > 14 MPa) and ensuring a value of Pbeq > 0.02 mmPb, the relationships between the
experimental tensile strength and Pbeq of the nano-Bi2O3/SVNRL and nano-BaSO4/SVNRL
composites were plotted, as shown in Figure 9, with interpolation between data points.
While most of the formulations investigated in this work did not simultaneously satisfy both
the X-ray shielding and mechanical requirements, the samples containing approximately
95–140 phr of nano-Bi2O3 and 105–120 phr of nano-BaSO4 offered sufficient characteristics
to satisfy the requirements; thus, these filler ranges could be regarded as the recommended
filler content levels. Notably, the nano-Bi2O3/SVNRL composites had larger ranges of
recommended filler content than the nano-BaSO4/SVNRL composites, which could have
been due to the greater levels of X-ray attenuation ability and overall mechanical strength
found in the nano-Bi2O3/SVNRL composites. In addition, these findings confirmed the
useability of Bi2O3 and BaSO4 as effective fillers for radiation protection, which were also
found in other shielding materials such as glasses and concrete [47–50].
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4. Conclusions

This work developed medical X-ray protective gloves based on nano-Bi2O3/SVNRL
and nano-BaSO4/SVNRL composites, with varying filler content of 0 to 200 phr in 100 phr
increments. The results suggested that the increases in filler content increased the values
of µ, µm, HVL, Pbeq, density, and tensile modulus at 300% elongation but decreased
the tensile strength and elongation at break of the nanocomposites. The experimental
results of X-ray shielding measurement were also numerically verified using XCOM, which
indicated strong agreement between the two methods (less than 7% difference), implying
the reliability and correctness of the results. Furthermore, after considering the X-ray
shielding and mechanical properties of both composites, nano-Bi2O3/SVNRL with filler
content of 95–140 phr and nano-BaSO4/SVNRL with filler content of 105–120 phr satisfied
the minimum requirements of Pb > 0.02 mmPb and tensile strength > 14 MPa outlined
in the commercial X-ray protective gloves standard and ASTM D3578-19, respectively. In
addition, the modified sample preparation procedures introduced in this work resulted in
improved tensile properties of the SVNRL composites (not obtainable in the previous work),
potentially making the method suitable for implementation in actual large-scale production.
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Abstract: In this work, we report the obtaining of new hybrid nanocomposites with catalytic activity
formed by nanofibers of polymer blends and gold nanoparticles. The nanofibers were obtained
by electrospinning blends of a poly (ionic liquid) (PIL) and its precursor polymer, poly (4-vinyl
pyridine) (P4VPy). The characteristics of the nanofibers obtained proved to be dependent on the
proportion of polymer in the blends. The nanofibers obtained were used to synthesize, in situ, gold
nanoparticles on their surface by two-step procedure. Firstly, the adsorption of precursor ions on
the nanofibers and then their reduction with sodium borohydride to generate gold nanoparticles.
The results indicated a significant improvement in the performance of PIL-containing nanofibers
over pure P4VPy NFs during ion adsorption, reaching a 20% increase in the amount of adsorbed
ions and a 6-fold increase in the respective adsorption constant. The catalytic performance of the
obtained hybrid systems in the reduction reaction of 4-nitrophenol to 4-aminophenol was studied.
Higher catalytic conversions were obtained using the hybrid nanofibers containing PIL and gold
nanoparticles achieving a maximum conversion rate of 98%. Remarkably, the highest value of kinetic
constant was obtained for the nanofibers with the highest PIL content.

Keywords: poly ionic liquids; nanofibers; electrospinning; gold nanoparticles; hybrid nanocomposites

1. Introduction

The rapid development of nanoscience and nanotechnology in recent decades has led
to significant advances in the applications of nanomaterials in many technological fields.
Thus, the special physical and chemical properties of nanomaterials have been widely
explored to develop or improve applications aimed at solving important current global
challenges, such as environmental remediation, sustainable energy, and climate change.
Indeed, a great deal of scientific activity has been developed to obtain nanomaterials
able to contribute, for example, to capture and efficiently use carbon dioxide from the air,
degrading toxic pollutants in water and contributing to process of energy conversion and
storage [1–3]. Thus, the use of catalytic materials can help to improve the efficiency of
diverse processes, their economy, and even contribute to reduce the generation of waste
and pollutants. In this context, the exploration and development of advanced materials to
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be used in nanocatalysis represents an important challenge in the short-medium term, in
order to contribute to sustainable chemistry [4].

Thanks to the important achievements of nanoscience and nanotechnology, it is now
possible to prepare with great precision many catalytic materials at the nanometer scale,
achieving a significant improvement in their performance thanks to the so-called “na-
noeffects”. These nanoeffects, although not fully understood to date, are attributed to
structural, electronic and quantum size effects [5]. Nanocatalysts can be formed by com-
posites, compounds, alloys, or elemental solids and can also be obtained in different
formats (e.g., powder, thin films, fibers). Among the nanomaterials with catalytic proper-
ties, nanoparticles (NPs) of noble metals stand out, since, in addition to providing high
surface areas favoring the interaction between the reactants and the catalyst surface, they
display their unique chemical, electronic, and optical properties through the well-known
plasmonic effect [6].

Notwithstanding the above, the use of nanomaterials as catalysts also presents some
difficulties. For example, a considerable decrease in the activity of catalytic NPs has
been observed after a few cycles of use, which has been attributed to aggregation and
surface passivation phenomena. Indeed, when NPs agglomerate, they tend to lose their
nanometer size and transform into bulk materials losing their special properties. Another
problem really challenging is the difficulty to recover the catalytic nanoparticles from
the reaction medium for further use. To solve these problems a suitable strategy is to
support the nanoparticles on structures of different type and nature [7], achieving that the
supports not only facilitate the recovery and reuse of the nanocatalyst, but also prevent
the aggregation of the NPs during successive reaction cycles or under continuous flow
conditions. Interestingly, with the advancement of knowledge it has been established that
in many cases the role played by the supports in practice may be rather more complex
and even not yet clearly understood. Some supports can perform, directly or indirectly,
different functions during a catalytic reaction, providing specific defect sites. These zones
would allow to anchor and even stabilize metal nanoparticles favoring activity and transfer
of electrons [8].

In general, it is desirable that the ideal supports are chemically inert, have a large
surface area and uniform size, and retain the nanocatalyst efficiently [9]. Among the
most used supports for nanocatalyst immobilization are inorganic fibers, glass mats, and
different polymers [10]. An alternative that has shown great promise for supporting and
stabilizing nanoparticles, preserving their special properties over time and after repeated
use in different chemical environments, is the use of polymeric nanofibers (NFs) [11,12].
One of the advantages offered by polymeric NFs is that these materials can be obtained
on a macroscopic scale in the form of mat-like structures. These mats are characterized by
high flexibility and elasticity, larges specific surface area, and show high degree of porosity,
of small pore sizes and high pore interconnectivity. In addition, it has been demonstrated
that electrospun nanofiber films can be modified and grafted with different functionalities,
providing them with a high potential to be used for various purposes. Thanks to these
special properties, polymeric nanofiber mats can be advantageously used in a variety of
emerging environmental applications, such as air filtration, heavy metal ion adsorption,
self-cleaning applications, and water purification processes. Consequently, considerable
effort has been made to obtain hybrid catalytic nanomaterials of the Polymer Nanofibers
containing metal Nanoparticles, in which the special characteristics of both nanocatalysts
and nanofibers converge [12,13].

Inspired by the above, we have prepared a hybrid nanomaterial consisting of poly-
meric nanofibers and gold nanoparticles, and we studied its performance as a hetero-
geneous catalyst using the well-known reduction reaction of 4-nitrophenol (4NP) as a
model. Noticeably, in this simple reduction reaction with sodium boron hydride catalyzed
by gold nanoparticles, 4-NP, a compound considered a priority pollutant by the USEPA,
is effectively reduced to form the considerably less toxic compound 4-aminephenol (4-
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AP) under mild reaction conditions, and the reaction can be easily monitored by UV-vis
spectroscopy [14,15].

The polymeric nanofibers were obtained by electrospinning mixtures of the poly ionic
liquid, Poly penthyl 4-vinylpyridine bis trifluoromethane sulfonamide (PP4VPy-NTf2

−)
and poly 4-vinyl pyridine PV4Py, while the gold nanoparticles were synthesized in situ
on the nanofibers by reduction in ionic precursors adsorbed on them. The polymeric
ionic liquids PILs, also known as poly (ionic liquids) are a special type of polyelectrolytes
that contain some of the chemical groups of ILs, cations and anions. PILs keep some
of the special properties of Ils, such as, negligible vapor pressure, ionic conductivity,
thermal stability, tuneable solution properties, nonflammability, and high chemical and
electrochemical stabilities, as well as good compatibility. Many of the special properties that
characterize ILs are mainly attributable to their ionic nature and are, therefore, also present
in PILs. A particularly interesting property of PILs is their high capacity to interact and
their compatibility with different materials, both organic and inorganic, hybrids, e.g., metal-
organic and biomacromolecules [16,17]. Based on the above, PILs are expected to present a
good performance as support for catalytic Au nanoparticles, mainly due to the potential
generation of favorable interactions between NFs and NPs, providing high stability to the
system along with other special properties such as flexibility, processability and mechanical
durability, all highly desirable for supported catalysts. Therefore, the main novelty and
also the main aim of this work lies in the inclusion of a PIL in the nanofibers and the study
of its effect in the in situ gold nanoparticles and in the catalytic performance of the final
hybrid nanomaterial. To the best of our knowledge, to date, information on the use of
PIL-containing NFs as supports for catalytic NPs is at least scarce, so we seek to contribute
to knowledge in this interesting area.

2. Materials and Methods
2.1. Materials

Poly (4-vinylpyridine) (P4VPy) Mn = 160,000 g mol−1, potassium tetrachloroaurate
(III) (KAuCl4, 99.9%), bis(trifluoromethane)sulfonamide lithium salt (LiNTf2, 99.9%) and
pentyl bromide (99.9%) were purchased from Sigma−Aldrich. Ethyl acetate, methanol,
N, N-dimethyl formamide (DMF), dichloromethane (DCM) and sodium borohydride
(NaBH4, 98.0%) were purchased by Merck. Milli-Q water (18.2 MΩ/cm) was used in
all required experiments. All solvents used were of analytical grade and used without
further purification.

2.2. Synthesis of Poly(Ionic Liquid) PP4VPy-NTf2−

Poly (pentyl 4-vinylpyridine bis trifluoromethane sulphonamide) (PP4VPy-NTf2
−)

was synthesized by a two-step process previously reported [18]. Firstly, the quaternization
of pyridine rings was carried out by using pentyl bromide as alkylating agent. Then,
in a 50 mL round-bottom flask, the counterion exchange was carried out by dissolving
1 g of quaternized PP4VPy-Br− in 20 mL of Milli-Q water and adding a LiNTf2 aqueous
solution containing 6 g of salt in 12 mL of water. After stirring for 30 min at room temper-
ature, the white precipitated formed was filtered, washed several times with water and
finally lyophilized.

2.3. Nanofibers Preparation

Polymer nanofibers were obtained by electrospinning of PP4VPy-NTf2
− and P4VPy

blend solutions in a DMF/DCM (1:1 v/v) solvent mixture. The solutions were prepared
in 100/0, 90/10, 80/20, 70/30, and 50/50 ratios of P4VPy/PP4VPy-NTf2

−, maintaining
a total polymer concentration of 20% w/v, and were stirred at room temperature during
24 h before electrospinning. A Linari Engineering electrospinning system was used, the
operating parameters were a voltage of 15 kV, a tip-collector distance between 10–20 cm
and a flow rate of 1.5 mL/h.
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2.4. FTIR and 1H-NMR Analysis

FTIR analysis of samples was performed using a VECTOR 22 FTIR (Bruker, Germany).
FTIR spectra were recorded between 600–4000 cm−1 after the accumulation of 20 scans
with a resolution of 2 cm−1. 1H-NMR and 19F-NMR measurements were carried out at
room temperature using a BRUKER AVANCE III HD-400 spectrometer (400 MHz). Samples
were prepared by dissolving 50 mg of material in DMSO-d6 (0.5 mL).

2.5. Conductimetric Measurements

The electrical conductivity of polymer solutions was performed using a digital con-
ductivity meter CX-701 (Agrotools meettechniek) with a glass electrode and a cell constant
of 1 cm−1. The conductivity of the electrode was first calibrated using a KCl solution with
a conductivity (σ) of 1.41 mS/cm.

2.6. Thermogravimetric Analysis

TGA measurements were performed in a Mettler TGA/SDTA 851e calorimetric system
and processed using the STARe program interface. Measurements were carried out in
alumina pans by heating the sample between 25 and 800 ◦C at 20 ◦C/min under a nitrogen
flow of 20 mL/min.

2.7. Scanning Electron Microscopy FESEM

The visualization of obtained nanofibers was carried out using field emission scanning
electron microscopy (FE-SEM) on a FEI QUANTA FEG 250 microscope equipped with an
Oxford X-MAX50 energy dispersive X-ray spectroscopy (EDX) analyzer. Nanofibers were
collected on silicon wafers and coated with an ultrathin layer of gold. Electron micrographs
were recorded in high-vacuum mode under an acceleration voltage of 10.0 kV. The analysis
of the morphology, average-diameter size, and diameter size distribution was performed
using the Image-J image processing program.

2.8. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were collected by a SPECS equipped
with an PHOIBOS 150 analyzer, 1D-DLD detector and a focus 500 monochromatic excitation
source (X-ray Al Kα hν = 1486.71 eV) using a Flood gun to compensate charge effects.

2.9. AuCl4− Adsorption Experiments on PP4VPy-NTf2−/P4VPy Nanofibers

Measurements were performed using 10 mL of a KAuCl4 40 ppm stock solution
and 10 mg of nanofiber mat. Adsorption kinetics were carried out by using UV-visible
spectroscopy, and following the intensity decrease in the band centered at 305 nm, ascribed
to the AuCl4− specie. Aliquots from the supernatant were analyzed at different time
intervals until reaching an equilibrium-state. The gold concentration was determined by
UV-visible spectroscopy using a calibration curve. The adsorption capacity, qt (mg/g) was
calculated using the following equation:

qt =

(
C0 − Ct

m

)
V0 (1)

where C0 and Ct correspond to the initial gold concentration and the concentration mea-
sured at time t. V0 is the initial volume of solution and m is the mass of adsorbent used in
the adsorption.

2.10. Synthesis of Gold Nanoparticles Supported on PP4VPy-NTf2−/P4VPy Nanofibers

The preparation of PP4VPy-NTf2
−/P4VPy nanofibers containing gold nanoparticles

was achieved following a two-step consecutive process. Firstly, a nanofiber mat (10 mg)
was immersed in 10 mL of a 40 ppm KAuCl4 solution and kept with gentle stirring for
1 h. The complete adsorption was confirmed by UV-visible spectroscopy corroborating the
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disappearance of the band at 305 nm. Once the adsorption was concluded, the nanofiber
mat was washed with abundant water for 1 h and dried under vacuum for 24 h at 35 ◦C.
In a second step, the reduction in the adsorbed gold ions was carried out using NaBH4 as
reducing agent. Nanofiber mats were immersed into 10 mL of Milli-Q water under constant
stirring for 10 min. Then, 0.5 mL of a NaBH4 solution (25 mg/mL) was added, visualizing
immediately a color change in the material, going from pale-yellow to purple, accusing the
formation of gold nanoparticles. After 30 min of reaction, nanofibers mats were removed,
washed with abundant water, and dried under vacuum for 24 h at 35 ◦C.

2.11. Catalytic Studies Based on the 4-Nitrophenol (4NP) Reduction

The catalytic activity of nanocomposites was tested using, as a model reaction, the
well-known catalyzed reduction in 4NP, using a methodology previously reported by our
group [19]. Briefly, 5 mL of a stock solution of 4NP (60 µM) and 1 mg of catalyst were placed
into a glass vial equipped with a magnetic stirrer. Subsequently, 350 µL of a 20 mg/mL
NaBH4 solution was added to start the reaction. The evolution of the reaction was studied
by UV-Vis spectroscopy by following the disappearance of the band centered at 400 nm,
assigned to the p-nitrophenolate specie. The data were analyzed by adjusting the results to
a pseudo-first order kinetics.

3. Results and Discussion

For the poly ionic liquid PP4VPy-NTf2
− synthesis, initially, P4VPy was reacted with

an excess of pentyl bromide (alkylating agent) to achieve almost complete quaternization
of the pyridinyl groups. A quaternization degree of 99% was obtained by FTIR and 1H-
NMR analysis, as reported in a previous work [18]. Then, the exchange of bromide for
NTf2

− anions, was performed by direct dissolution of the LiNTf2 salt on a solution of the
polyelectrolyte PP4VPy-Br [20]. Finally, purification of PP4VPy-NTf2

− PIL was performed
by consecutive dialysis, filtration and lyophilization. The successful synthesis of PP4VPy-
NTf2

− was corroborated by FTIR, 1H-NMR and 19F-NMR product characterization. A
scheme of synthesis route and the corresponding spectra are shown in Figure 1.

The FTIR spectrum (Figure 1B) shows the typical bands expected for the quaternized
PP4VPy+ backbone, accompanied by new ones ascribed to vibrational modes of NTf2

−

counterions. The quaternization process was verified by the appearance of an intense band
at 1647 cm−1 corresponding to the vibrational modes of the quaternized pyridine rings,
and the absence of the signal attributed to the vibrations of the uncharged pyridine
rings which typically appears at 1600 cm−1. Moreover, the increased intensity of bands
between 2800–3000 cm−1, would denote a higher aliphatic content in the polymer due
to the incorporation of pentyl moieties. On the other hand, the absorption bands at
1350, 1250, 1205, 1130, and 1050 cm−1, are ascribed to NTf2

− counterions. Figure 1C
shows the 1H-NMR spectrum of PP4VPyNTf2

−, the most relevant signals are, at 8.74 and
7.38 ppm corresponding to protons of the quaternized pyridine rings, and signals at 1.81,
1.34, and 0.91 ppm protons of pentyl chains attached to the nitrogen atom of pyridine
groups. Notably, the analysis of 1H-NMR spectrum indicated a quantitative polymer
quaternization. Similarly, the 19F-NMR spectrum analysis allowed corroborate the presence
of NTf2

− counterions (specifically, −CF3 signal at 78.65 ppm) in the PIL structure.
Polyelectrolytes are among the most difficult polymers to be electrospun since this

type of polymer has special properties in solution due to the presence of charges along
their chains [21]. To minimize this difficulty, nanofibers were obtained by electrospinning
employing solutions prepared from mixtures of PP4VPy-NTf2

− and P4VPy in different
proportions, using DMF/DCM (1:1 v/v) as solvent. Figure 2 shows SEM images of the
obtained nanofibers obtained from the P4VPy and P4VPy/PP4VPyNTf2

− blends.
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Figure 1. (A) Scheme of synthesis PP4VPyNTf2
− poly(ionic liquid) synthesis; (B) FT-IR spectrum

and (C) 1H- and (D) 19F- NMR spectra of the poly(ionic liquid).

Images revealed the obtainment of uniform and bead-free nanofibers using pure
P4VPy and their blends with compositions up to 30% w/w of PP4VPyNTf2

−. In contrast,
the blend containing 50% w/w of PIL produced a material consisting of a high content of
beads connected to each other by rather irregular fibers. A significant detriment of the
mechanical properties of fibrous materials accompanied by a drastic effect on their surface
properties due to the presence of beads have been reported [22]. Notably, by increasing the
amount of PIL in blends, mats with higher fiber density and lower fiber diameter values
were obtained, Figure 3A. In addition, the analysis of the size distributions shows that the
diameter of the nanofibers becomes narrower as the PIL content in the electrospun solution
increases. These results are ascribed to the increase in conductivity of the solutions as the
PIL content increases (insert Figure 3A), giving rise to an increase in the repulsive forces in
the solution jet during the electrospinning process, phenomenon that significantly reduce
the diameter of the fibers [23]. On the other hand, a proper relation between the PIL content
of solutions and obtained nanofibers was determined by means of EDX analysis, with a
rising trend for the values of relative content of fluorine regarding carbon (% F/% C), as is
shown in Figure 3B.
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The nanofibers obtained with different amounts of PIL were characterized by FTIR
spectroscopy and thermogravimetric analysis (TGA). Figure 4A shows the FTIR spectra
of bare P4VPy NFs and of all P4VPy/PP4VPyNTf2

− blend NFs. The characteristic signal
centered at 1600 cm−1 (signal 2 in spectra) which correspond to vibrations of the non-
quaternized pyridine rings, are observed in all nanofibers. Additionally, new signals
ascribed to PIL are detected. As in the PIL spectrum (Figure 1B), the FTIR spectra of the
P4VPy/PP4VPyNTf2

− NFs present a signal attributed to the quaternized pyridine rings,
labelled as 1, and signals corresponding to the NTf2

− counterions, from 3 to 7. As expected,
these signals showed an intensity increase in those blends having higher PIL content.
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− nanofibers, (B) thermal decom-

position profiles of P4VPy and P4VPy/PP4VPNTf2
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weight loss derivatives with temperature.

Figure 4B,C show the thermal degradation profiles and their corresponding differ-
ential curves of the nanofibers of P4VPy and P4VPy/PP4VPyNTf2

− blends. From these
results, relevant information such as onset degradation temperatures (Tonset), maximum
decomposition rate temperatures (TMAX), and percentage of residues were obtained. The
above-mentioned values are summarized in Table 1.
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Table 1. Maximum weight loss rate Tmax, onset of thermal degradation Tonset and percentage of final
residue, of P4VP NFs, and NFs with different PIL contents.

Sample Tmax Tonset Residue (%)ST1 ST2 ST3

P4VPy 392.3 / / 382.3 5.9
P4VPy/PP4VPyNTf2

− (10%) 334.8 388.7 465.4 326.3 7.4
P4VPy/PP4VPyNTf2

− (20%) 329.0 367.7 427.3 310.6 12.3
P4VPy/PP4VPyNTf2

− (30%) 323.8 367.7 443.6 306.9 13.8

All samples showed an initial weight loss at around 100 ◦C, which is attributed to
the removal of water molecules. All nanofibers except P4VPy exhibited a multistage
degradation profile consisting of three stages. Reported works indicate that the first
stage could be related to the degradation of the quaternized pyridinyl moieties since,
apparently, the quaternization process induces a selective labilization of the pyridine
structure [24]. On the other hand, the second stage would correspond to the decomposition
of pentyl chains. Interestingly, the temperatures of this stage in the blends containing
20 and 30% PIL are lower than that of blend containing 10% of PIL. The loss weight
of third stage, would be related to the volatilization of fragments coming from NTf2

−

counterions [25]. This is consistent with the intensity increase in DTGA curves as the PIL
content increases. Although the incorporation of PIL tends to reduce the onset temperature
of NFs decomposition, all nanofiber mats showed good thermal stability by degrading
above 300 ◦C, allowing them to be considered as suitable materials for a wide spectrum
of applications.

Once the characterization of the nanofibers was completed, their capacity to adsorb
Au (III), in the form of the AuCl4− anions, was studied, in order to subsequently obtain
gold nanoparticles “in situ” as has been reported in previous works [26]. The kinetic of
AuCl4− adsorption onto P4VPy NFs, and NFs with different PIL contents was analyzed by
plotting the adsorbed capacity (q) onto the P4VPy/PP4VPyNTf2

− nanofibers over time,
Figure 5.
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nanofibers.

From the above Figure, it can be seen that all nanofibers containing PIL showed a faster
adsorption rate than P4VP NFs in the early stage of the process. In this sense, while P4VPy
NFs required around 70 min to reach a plateau value, all PIL-based nanofibers achieved
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the above situation in remarkably less time. Additionally, an increase in the adsorption
capacity was observed as the PIL content in nanofibers rises. Therefore, the inclusion of PIL
proved to be an effective strategy to improve the AuCl4- adsorption process both kinetically
and in terms of capacity.

To better understand the adsorption mechanism governing the coordination of gold
ions, the experimental data shown in Figure 6 were fitted using the well-known linear
expression of a pseudo-first order kinetic model (Equation (2)).

Ln(qe − qt) = Ln(qe)− k1t (2)

In this equation, t corresponds to the contact time between nanofibers and the AuCl4−

solution, qt and qe are the adsorption capacity at time t and at the equilibrium state (mg/g),
respectively, while k1 (min−1) is the pseudo first-order kinetic constant. The main kinetic
parameters, such as k1 and qe, are summarized in Table 2.
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Table 2. Adsorption kinetics parameters for Au (III) adsorption onto nanofibers.

Sample Pseudo-First Order
qe k1 (min−1) R2

P4VP 32.22 0.047 0.977
P4VPy/PP4VPyNTf2

− (10%) 32.58 0.049 0.973
P4VPy/PP4VPyNTf2

− (20%) 34.23 0.127 0.996
P4VPy/PP4VPyNTf2

− (30%) 37.42 0.281 0.993

Note that kinetic constant and qe values increase as the PIL content in the nanofibrous
material increases. Notably, the sample containing 30% PIL, in addition to being able to
adsorb a higher amount of gold ions, exhibited a kinetic constant around six times higher
than the one measured for P4VPy nanofibers. A plausible explanation to the previous
results could be related to an increase in the charged species along the surface of the
nanofibers containing the PP4VPyNTf2

− PIL, generating a faster adsorption of the ionic
species due to electrostatic interactions. It is even reasonable to speculate the existence of
an anion exchange process in which the NTf2

− entities of the PIL are replaced by AuCl4−

species as new counterions. To verify this hypothesis, XPS measurements of PP4VPyNTf2
−

NFs before and after AuCl4− adsorption were performed, and the changes in the elemental
composition of the nanofiber surface were analyzed. Figure 6 shows the survey XPS spectra
belonging to PP4VPyNTf2

− (30%).
The XPS spectra show the main signals corresponding to the atoms that are part of the

P4VPy and PP4VPyNTf2
−. As expected, the appearance of the Au 4f signal is observed

after the adsorption of gold ions occurs, corresponding to the Au 4f7/2 and 4f5/2 doublet at
83.1 eV and 87.0 eV, respectively. In addition, it is interesting to note the intensity decrease
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ascribed to the F 1s and S 2p signals, which would evidence a substitution of the NTf2
−

counterion upon adsorption of complex gold species on the surface of the fibers, suggesting
an ion exchange mechanism.

To achieve a deeper understanding of the adsorption mechanism, a more detailed
analysis of the main atoms present in the nanofibers XPS spectrum was performed with a
particular interest in the region corresponding to nitrogen 1s. This is based on reports that
have previously suggested that the N atom of the pyridinic ring has significant interactions
with gold atoms [27]. Figure 7 shows that the nitrogen region exhibits multiple signals that
can be deconvoluted into signals with binding energies of 400.1, 397.2, and 396.6 eV, being
assigned to nitrogen atoms present in quaternized pyridine rings (N+). In addition, it is
interesting to note the intensity decrease ascribed to non-quaternized pyridine rings (N)
and the counterion specie (N−), respectively. After gold ion adsorption, the nitrogen region
undergoes remarkable changes, although the deconvolution of this region again indicated
the presence of three different nitrogen species, N+, N, and N−, in this case the signals
appear 398.4, 397.0, 396.5 eV, respectively. Thus, the most noticeable changes in the region
of the XPS spectrum of nitrogen are, the shift of the N+ signal to lower binding energies,
and a decrease in the intensity of the N− signal. Consequently, these results would indicate
the involvement of N+ during the adsorption process, along with the loss of some anionic
species during the process. Therefore, according to the previous analysis it is possible
to hypothesize that the adsorption would take place by an ionic exchange of NTf2

− by
AuCl4− species.
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− (30%) nanofibers

(A) before and (B) after the adsorption of gold ions.

Once the AuCl4− adsorption capacity of the NFs was determined, the nanofibers
containing adsorbed AuCl4− were subjected to a reduction process for the in situ genera-
tion of gold nanoparticles. This experiment was carried out adsorbing 1% w/w of Au+3

considering the total mass of the nanofiber film, in order to ensure the same amount of
metal in all prepared nanocomposites.

After demonstrating the coordination capacity of these materials, the obtained
nanofibers containing adsorbed AuCl4− species were tested in the elaboration of nanocom-
posites by reducing the gold precursor into metal nanoparticles. The experiments consisted
of the treatment of nanofiber mat samples containing 1% w/w gold ions with a sodium
borohydride solution, as described in the experimental section.

To observe the nanoparticles obtained by SEM, the organic fraction of the nanocom-
posites obtained was removed by calcining the nanofibers containing the nanoparticles by
controlled heating up to 900 ◦C and depositing the residue obtained on a copper grid. The
obtained images of the nanoparticles and the analysis of the corresponding size distribu-
tion are shown in Figure 8. The size of nanoparticles synthesized in situ on pure P4VPy
nanofibers was approximately 43 nm with a broad size distribution, while interestingly,
when the amount of PIL in NFs increases, the nanoparticle size decreases to a minimum
average size of 36 nm in the case of fibers containing 30% PP4VPy-NTf2

−. Notably, along
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with the decrease in nanoparticle size, the nanoparticles also exhibited a narrower particle
size distribution as the PIL content increased.
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Finally, as detailed in experimental section, the performance of nanofibers with dif-
ferent PIL contents and containing gold nanoparticles as heterogeneous catalysts was
evaluated. The recognized model catalytic reaction to test the catalytic activity of metal
nanoparticles, reduction in 4-nitrophenol to 4-aminophenol by sodium borohydride, was
used. This reduction reaction can be easily followed by UV-visible spectroscopy, due to the
characteristic light absorption presented by 4-nitrophenolate species at 400 nm [28].

The kinetic data were determined using a pseudo-first order kinetic model, as Equa-
tion (3) indicates.

Ln[4NP]t = Ln[4NP]0 − kappt (3)

where [4NP]0 and [4NP]t correspond to 4-NP concentration at the beginning of the reaction
and at t minutes after this was started, respectively, t is the reaction time, and kapp is
the pseudo first-order kinetic constant of the reaction. Using the Lambert–Beer relation,
Equation (3) can be converted to Equation (4).

LnAbst = LnAbs0 − kappt (4)

where Abst and Abs0 correspond to 4-NP absorbance at the beginning of the reaction and at
t minutes after this started, respectively.

The results obtained, conversion profiles, pseudo first order models, and kapp values,
both for pure P4VPy nanofibers and with different poly liquid ionic contents, containing in
all cases gold NPs, are shown in Figure 9.

In all cases, a rapid increase in the conversion percentage was initially observed, which
slowed down as time progressed, until the highest conversion values were reached after
140 min of reaction. Interestingly, the highest value of 4 NP to 4 AP conversion (96%) was
obtained with the nanofibers with the highest PIL content.

Additionally, although the values of the kinetic constants are of the same order, an
evident increase in the magnitude of kapp, corresponding to 10.5%, was observed for the
reaction catalyzed with the nanofibers with 30% w/w of PIL and gold NPs, with respect to
those with only P4VPy and gold NPs.
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4. Conclusions

PIL/PV4Py blends nanofibers with different compositions were obtained by electro-
spinning technique from solutions in the binary solvent DMF/DCM. Importantly, as the
PIL content in the solution increased, the diameter of the NFs obtained decreased, while
the amount per unit area of the same ones incremented. The process of adsorption of Au
III ions and their subsequent in situ reduction, allowed to obtain Au NPs supported on
PIL/P4VPy nanofibers. The presence of abundant charged groups on the polymer NFs due
to the inclusion of PIL favored the adsorption process of AuCl4−, through an exchange
phenomenon with the counterion NTf2

−. Hybrid systems, thus obtained, (NFs-Gold NPs)
showed catalytic activity in the reduction reaction of 4-nitrophenol to 4-aminophenol using
sodium borohydride. In terms of catalytic activity, higher conversion values were obtained
with the nanofibers containing PIL and gold nanoparticles compared to those constituted of
P4VPy and gold nanoparticles. Remarkably, the highest magnitude of the kinetic constant
was obtained for the nanofibers with higher PIL content.

Accordingly, the inclusion and content of PILs in NFs play a fundamental role in the
catalytic efficiency and performance of the Au NPs-PIL/P4VPy NFs hybrid nanomaterial.
Undoubtedly, this allows envisioning potential technological applications in the field of
heterogeneous catalysis for this type of materials.
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Abstract: To prepare nonwoven mats constituted by submicrometric fibers of thermally responsive
biopolyurethanes (TPU) modified with multiwalled carbon nanotubes (MWCNT), solution blow
spinning (SBS) was used. The TPU was the product of synthesis using poly(butylene sebacate)diol,
PBSD, ethyl ester L-lysine diisocyanate (LDI), and 1,3-propanediol (PD) (PBSe:LDI:PD) as reactants.
TPU was modified by adding different amounts of MWCNT (0, 0.5, 1, 2, and 3 wt.%). The effect
of the presence and amount of MWCNT on the morphology and structure of the materials was
studied using field-emission scanning electron microscopy (FESEM) and Fourier-transform infrared
spectroscopy (FTIR), respectively, while their influence on the thermal and electric behaviors was
studied using differential scanning calorimetry (DSC) and capacitance measurements, respectively.
The addition of MWCNT by SBS induced morphological changes in the fibrous materials, affecting
the relative amount and size of submicrometric fibers and, therefore, the porosity. As the MWCNT
content increased, the diameter of the fibers increased and their relative amount with respect to all
morphological microfeatures increased, leading to a more compact microstructure with lower porosity.
The highly porous fibrous morphology of TPU-based materials achieved by SBS allowed turning a
hydrophilic material to a highly hydrophobic one. Percolation of MWCNT was attained between 2
and 3 wt.%, affecting not only the electric properties of the materials but also their thermal behavior.

Keywords: polyurethanes; solution blow spinning; dielectrics; carbon nanotubes

1. Introduction

Research on materials with low Young’s modulus and especial electric properties is
recently receiving great attention because they are highly promising in the field of stretch
sensors [1]. When these materials are stretched, at least one electrical property changes,
which can then be measured with respect to the strain of the material. Although there are
several possible applications, those focused on monitoring different parts of the human
body are currently more than relevant [2]. In addition to having the expected electrical
performance, these materials must be easily adapted to the surface of the body; thus, they
should be soft and lightweight. Accordingly, dielectric elastomer sensors (DESs) seem to be
the best candidates.

On the other hand, the design and preparation of elastic materials with relatively
high dielectric constants to fabricate capacitors with intricate shapes or elastic devices
for energy harvesting are other interesting issues to consider. For all these applications,
room-temperature elastomers seem to be the best choice and, among them, thermoplastics
are recommended because they can usually be more easily processed.

Among the most promising elastomers, thermoplastic polyurethanes (TPU) are re-
ceiving special attention because they can fulfill the requirements of elasticity, ease of
processing, and price [3]. For example, Zahid et al. studied nanocomposites based on
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thermoplastic polyurethane and reduced graphene oxide to increase electromagnetic in-
terference [4]. Ning et al. prepared blends based on carboxylated nitrile rubber and
thermoplastic polyurethane with macroscopic homogeneous high-performance dielectric
properties [5]. Ke et al. reported on a strategy to tune the dielectric constant and electric
loss of thermoplastic polyurethane composites by using hybrids of carbon nanostructures
and graphene nanoplatelets [6]. Furthermore, in the last decades, interest in designing
polyurethanes derived from renewable sources has increased because of economic, environ-
mental, and social concerns [7–9], since TPUs, in general, have many fields of applications,
such as in coatings, adhesives, thermoplastic elastomers, and composites. TPUs are gen-
erally constituted by a soft segment (SS; high-molecular-weight polyester or polyether
macrodiol) and a hard segment (HS; diisocyanate and low-molecular-weight diol or di-
amine chain extender). From a micro- or nanostructural point of view, the most important
characteristic in these kinds of systems is probably the phase separation occurring because
of incompatibility between hard and soft segments. In principle, the extension of phase
separation, as well as its associated morphology, can greatly influence the final proper-
ties of the TPU. Furthermore, this phase separation depends on copolymer composition,
length, hydrogen bonding, and crystallization extent among others [10–15]; in turn, these
characteristics may be influenced by the processing method used, addition of fillers, and
temperature. Therefore, understanding the relationship among structure, morphology,
processing, and properties is essential when properly designing materials to tune properties
focused on specific applications.

In most cases, polyurethanes are dielectrics with low permittivity and little interest in
terms of electrical applications. However, PTUs conveniently modified with conductive
particles, such as carbon nanotubes (CNT), may lead to elastomers with special electric
properties. These kinds of systems are especially interesting since previous reports indi-
cated that polyether- and polyester-based polyurethanes allow quite uniformly dispersing
even nonfunctionalized carbon nanotubes [16–18]. Due to their large aspect ratio, high
conductivity, high elastic modulus, excellent mechanical properties, and chemical stability,
carbon nanotubes offer many advantages when they are used as fillers in polymer com-
posites [19]. For instance, due to their high aspect ratio, they can lead to low electrical
percolation thresholds, and they can act as effective nano-reinforcements in materials with
improved or tailored mechanical when used at low concentrations [20–23]. In the case
of using thermoplastic polyurethanes as polymer matrices, Barick et al. [23] showed that
the conductivity increases with increasing nanotube loading, and the tensile strength and
modulus improved in comparison with the neat TPU. Moreover, with the possibility of
using elastomeric TPU at room temperature, more applications are available. For example,
Shin et al. fabricated a type of conductive sensor based on polyurethane filled with CNTs
which could strain up to 300% but with a low gauge factor, ranging from 0.34 to 1.07 [24].

There exist different methods to fabricate CNT/TPU composites, e.g., in situ poly-
merization of monomers in the presence of CNTs [25], melt mixing process [26], casting
CNT/polymer dispersions to prepare films [27], ball mixing and compression molding [28],
direct mixing of polymer melt/solution with the CNT powders [29–32], and mixing of
CNT and polymer in solvent and, after its evaporation, processing of composite pellets in a
screw extruder [3].

From a technological point of view, it would be interesting to prepare this kind of mate-
rials using processes that allow applying them in situ and, therefore, with even the ability of
restoration. Additionally, incorporation of a high amount of CNTs into polymers increases
the stiffness of the resulting composites and decreases their stretchability [33], which can
be inhibitory when highly flexible and soft materials are needed. Therefore, methods to
prepare these materials aimed at reducing this stiffening effect are necessary for certain
applications. Although some approaches have been tried, such as making perforations
using a mechanical punching system [34], they do not ensure in situ material preparation.

Solution blow spinning (SBS) [35–38] is a relatively recent method that, due to its
characteristics, might satisfy all the abovementioned requirements. Furthermore, SBS
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allows producing materials with morphologies highly affected by the processing conditions,
being possible to obtain materials ranging from nonwoven mats (constituted by small
fibers with submicrometric diameters) to continuous smooth films. Using this method,
a polymer solution (or even a suspension of particles in a polymer solution) is ejected
from a concentric nozzle to a certain collector. During the time of flight of the solution
the solvent evaporates, with the particles typically being uniformly trapped within the
polymer [39–41]. Therefore, conveniently choosing the SBS processing conditions enables
fabricating highly porous nanocomposites composed of submicrometric fibers, which
should favor stretchability. Preparation by SBS of polyurethane composites incorporating
multiwalled carbon nanotubes was already reported by Kuk et al. [42]. However, they
only confirmed the possibility of obtaining good dispersion of MWNT and gave some data
about mechanical properties and thermal stability. Nevertheless, other SBS conditions and
TPUs with different chemical structures should be investigated. Furthermore, they did
not go deeper into the characterization, e.g., in terms of structure. Lastly, at least simple
electrical tests should be conducted if the potential use, e.g., in sensors and capacitors, is
expected for these materials.

Among the available TPUs, thermally activated shape memory polymers offer new
challenges in terms of preparing multifunctional materials. If they are filled with conduc-
tive nanoparticles such as nanotubes, in addition to tailoring electrical properties, their
ability to control shape by temperature should enable new functions for more specific appli-
cations. Recently, Calvo-Correas et al. synthesized and characterized microphase separated
segmented thermoplastic polyurethanes with different mechanical properties and a wide
range of transition temperatures, presenting quite controllable thermally activated shape
memory [43]. They are based on a reaction involving macrodiol poly(butylene sebacate)diol
arising from castor oil (PBSe), ethyl ester L-lysine diisocyanate (LDI), and 1,3-propanediol
as a chain extender (PD).

In the present work, nonwoven mats made of a thermally responsive thermoplastic
biopolyurethane modified with multiwalled carbon nanotubes (MWCNTs) were prepared
by solution blow spinning (SBS). The effect of the presence and the concentration of
MWCNT on the morphology and structure of these materials were studied in order to
understand their influence on the thermal, wettability, and electric behavior in terms
of capacitance.

2. Materials and Methods
2.1. Materials

As a biobased thermoplastic polyurethane (TPU) polymer matrix, synthesized by the
GMT group of the University of the Basque Country, UPV/EHU was used
(Mn = 100,000 g·mol−1 and polydispersity index, Γ = 2.5) [43]. This polyurethane is based
on the reaction mixture formed by poly(butylene sebacate)diol derived from castor oil
(PBSe; hydroxyl index of 32.01 mg KOH·g−1, and a number-average molecular weight of
3505 g·mol−1) [15], ethyl ester L-lysine diisocyanate (LDI; supplied by CHEMOS GmBH),
and corn sugar-based 1,3-propanediol (PD; supplied by Quimidroga S.A.), in a molar ratio
PBSe:LDI:PD of 1:5:4, corresponding to a 29 wt.% LDI/PD segment content (calculated as
weight percentage of LDI and PD with respect to total biopolyurethane weight) and 75 wt.%
biobased carbon content. On the other hand, multiwalled carbon nanotubes (MWCNTs)
supplied by Sigma-Aldrich were used (more than 95 wt.% purity, 97.9% carbon, diameters
ranging from 6 to 9 nm, density of 2.1 g·cm−3, and length of 5 µm); the specification sheet of
the product does not indicate any functionalization. Tetrahydrofuran (THF; 99.9 wt.%) and
acetone (99.9 wt.%) from Sigma-Aldrich were mixed in a proportion of 3:2 v/v to prepare
the solvent to be used in the solution blow spinning process.

2.2. Material Preparation

Before SBS processing, it is necessary to prepare a polymer solution with some charac-
teristics (viscosity, boiling point, surface tension, etc.) favoring fiber formation under the
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effect of the ejecting gas [44]. Therefore, a preliminary study about TPU solubility and SBS
conditions was carried out to ensure the production of fibers.

Although THF was demonstrated to be one of the best solvents of polyurethanes, it
was decided to mix it with the maximum amount possible of acetone, a volatile solvent, to
decrease as much as possible the harmfulness of the final solvent. Thus, 40% (v/v) acetone
was the limit composition found at room temperature (24 ◦C) to ensure dissolution of TPU
when the composition of the polymer solution was 10% (w/v; dissolving 1 g of polymer in
10 mL of solvent). To prepare the systems to be blow-spun, 1 g of TPU was first dissolved
in 6 mL of THF by magnetic stirring, and then, depending on the sample to be prepared,
either 4 mL of acetone or 4 mL of a suspension of MWCNT in acetone was added. When
preparing suspensions in the TPU solutions, an initial suspension of MWCNT in 4 mL of
just acetone was prepared, before subjecting it to a sonication process in an ultrasonic bath
for 30 min (this step was carried out to help a previous disaggregation of nanotubes), and
then this suspension was added to the TPU solution to achieve the final suspension to be
blow-spun. The suspensions were prepared in such a way that, at the end of the process,
after the solvent evaporation, materials with compositions 0.0%, 0.5%, 1.0%, 2.0%, and 3.0%
by weight of MWCNT were obtained. All preparations were made at 24 ◦C. The prepared
materials were designated as x% MWCNT, where x is the wt.% of MWCNT.

The solution blow spinning was carried out using a machine designed and made in our
laboratory [45] inspired by one patented by Medeiros et al. [35,36]. The SBS machine was
composed by a nozzle connected to an air compressor with a pressure regulator and a plastic
syringe coupled to an automatic pump (NE 1000 X, New Era System, Inc., Farmingdale, NY,
USA). The nozzle was made from a cylinder of aluminum perforated along the long axis
(diameter 1 mm) to introduce a glass capillary (inner and outer diameters of 0.5 and 0.7 mm,
respectively) positioned along the central position with the help of a silicon stopper and
protruding 2 mm from the nozzle exit. The aluminum cylinder was also perpendicularly
perforated to introduce air at 0.5 bars. With the help of the pump, 10 mL of the mixtures
(solution and suspensions) were injected with the syringe at 0.25 mL·min−1 in the nozzle
to subsequently be ejected at 24 ◦C via the action of the pressurized air, before finally being
deposited on a rotating cylindrical collector wrapped with aluminum foil located at a 15 cm
working distance. Figure 1 shows representative images of the materials deposited on
the collector.
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Figure 1. Images of solution blow-spun PBSe:LDI:PD polyurethane-based nanocomposites on the
collector: (a) 0.5%; (b) 1.0%; (c) 2.0%; (d) 3.0% by weight of MWCNT.

2.3. Characterization Techniques

The morphology of the solution blow-spun samples was studied using field-emission
scanning electron microscopy (FESEM) with a TENEO field-emission scanning electron
microscope (FEI). The acceleration voltage was set at 1.5 or 2 kV, and the images were
obtained from the signal arising from (a) secondary electrons detected using an Everhart
Thornley detector (ETD), and (b) backscattered electrons collected using a T1 detector
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operating in the composite mode A + B. In order to improve the conductivity of the
samples, they were carbon-coated by vapor deposition using a Leica EM ACE200 coater.
The morphology of the samples and the porosity were studied by image analysis using
the free software Image J (NIH, Bethesda, MD, USA). Furthermore, porosity was also
determined in terms of the volume of air, Vair, occluded within the samples as the ratio
between volume of air respect to the total volume of the sample, Vs.

Vair = Vs − VB = Vs −
ωs

δB
, (1)

Porosity = P =
Vair
Vs

= 1 − ωs

Vs·δB
, (2)

where Vs is the volume occupied by the sample, and VB is the bulk volume or the real
volume occupied by the material. On the other hand, ωs and δB are the sample weight and
bulk density, respectively. Samples were cut with circular shape, and Vs was determined as

Vs = As·d =

(
1
4

πD2
)
·d, (3)

where As, d, and D are the surface area, thickness, and diameter of the sample, respectively.
Thicknesses of the tested specimens were measured with a micrometer Digimatic microme-
ter (Mitutoyo Corporation, Kawasaki, Japan) with an accuracy of ±1 µm and diameters
with a conventional caliper. Moreover, specimens were weighted out using a balance with
an accuracy of 0.1 mg. Lastly, bulk density was determined using a pycnometer (Micromerit-
ics AccuPyc 1330, Neurtek, Eibar, Spain) obtaining a value of 1.1575 ± 0.0013 (g·cm−3). For
each sample, at least three specimens were used to measure size parameters and densities
to finally give results in terms of the corresponding averages.

The influence of the SBS processing and presence of MWCNT on the TPU structure
was studied using Fourier-transform infrared spectroscopy (FTIR) with an FTIR Spectrum
GX spectrometer (Perkin-Elmer, Waltham, MA, USA). Spectra were obtained in the trans-
mission mode with the samples directly deposited by SBS over IR transparent KBr discs
and averaging interferograms obtained from 20 scans. Spectra were recorded in the range
400 to 4000 cm−1 with a resolution of 4 cm−1.

Thermal behavior was studied using differential scanning calorimetry (DSC) with a
Mettler Toledo 822e. Around 5 mg of sample was weighed out in 50 µL aluminum pans
that were subsequently sealed and perforated. Heating and cooling scans were carried
out under nitrogen atmosphere. The thermal program used consisted of (i) a first heating
scan from −100 to 120 ◦C at 20 ◦C·min−1 to study the thermal behavior of samples as
they were directly obtained from the SBS process, (ii) isothermal treatment at 120 ◦C for
5 min to ensure full erasing of processing history, and (iii) cooling scan from 120 to −100 ◦C
at 20 ◦C·min−1 to study, during cooling, the effect of the presence of MWCNT. Thermal
transitions considered were (a) glass transitions, characterized by the glass transition
temperature, Tg (determined from the inflexion point when a heat capacity change of
the sample takes place), and (b) melting and crystallization characterized by melting
temperature, Tm (extracted from the peak associated to the endothermic transition observed
in the DSC trace obtained during the heating scan) and the crystallization temperature, Tc
(obtained from the peak associated to the exothermic transition observed in the DSC trace
obtained during the cooling scan). Lastly, the crystallinity fraction was determined from
the following expression:

Xc =
∆Hm

(1 − φMWCNT)∆Ht
, (4)

where ∆Hm is the enthalpy of fusion obtained from the area of the endothermic peak ob-
tained arising from the heating scan. ∆Ht is the enthalpy of fusion when a 100% crystalline
polymer is considered, defined as ∆Ht = ∆HPBSe·φPBSe, where ∆HPBSe is the enthalpy of
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fusion for the macrodiol, ∆HPBSe= 142 (J·g−1) [43], and φPBSe is the weight fraction of the
macrodiol in the polymer under consideration, φPBSe = 0.71.

Wettability behavior was studied by contact angle measurements using the sessile
drop method with an OCA-15 KRÜSS GmbH tensiometer. Distilled and deionized water
was used as testing liquid taking per sample the average contact angle from at least
10 measurements of drops of 3 µL at room temperature, 1 s after their deposition over the
samples surface at 1 µL/s.

Lastly, the dielectric measurements were carried out at room temperature with a simple
digital multimeter Electro DH Mod.: 60.131. Ensuring good contact, circular specimens of
16 mm were located in between two circular-plane aluminum electrodes (diameter 12 mm)
of a home-designed measurement cell connected to the multimeter [1]. Pressure exerted
to the specimens in the cell was always the same thanks to the use of a torque wrench
(1.18 N·m applied torque). The dielectric constant, ε, of the materials was calculated using
the simple expression used for a capacitor of parallels plates:

ε =
C·d
A·ε0

, (5)

where A is the surface area of the circular plates, εo = 8.85 × 10−12 F·m−1 is the permittivity
of vacuum, C is the capacitance, and d is the thickness of the specimens.

3. Results and Discussion

SEM images at different magnifications from ×100 to ×5000 were used to carry out a
morphological study. In Figure 2, as an example, SEM images of the SBS neat TPU sample,
without MWCNT, are presented.
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Figure 2. SEM images of the SBS neat TPU, sample without MWCNT, at different magnifications:
(a) 100×; (b) 500×; (c) 2500×; (d) 5000×.

Regardless of the concentration of MWCNT, the remaining materials prepared in this
work showed similar morphologies (Figure 3). The materials mainly constituted fibers of
diameters ~1 µm, sometimes interconnected through plane and/or nearly spherical regions
where higher material accumulation existed.
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Figure 3. SEM images, diameter distributions, values of average diameter (<D>), second moment
of the distribution (<D2>), and dispersion of diameters (Γ) of the materials under study: (a) 0.0%;
(b) 0.5%; (c) 1.0%; (d) 2.0%; (e) 3.0% MWCNT.

In particular, these regions of interconnected fibers constituted fibers that were proba-
bly aggregated during the process of fabrication. In addition to isolated fibers and lumps,
bundles of fibers could be observed (Figure 2d). When comparing materials with different
concentrations of MWCNT (Figure 3), it can be seen that, as the concentration of MWCNT
increased, the proportion of fibers with respect to the remaining microstructural features
(beads, lumps, etc.) also increased.
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Using the software Image J, deeper morphological analysis in terms of diameters
of fibers, D, and porosity, P, was carried out. In Figure 3, SEM images and diameter
distributions for every material prepared in this work are presented together with the
corresponding values of the average diameter (<D>; first moment of the distributions,
Equation (6)), the second moment of the distribution (<D2>; Equation (7)), and the disper-
sion of diameters (Γ; given by the quotient between the second and first moments of the
distributions, Equation (8)).

< D > =
∑n

i=1 Di· fi

∑n
i=1 fi

, (6)

< D2 > =
∑n

i=1 D2
i · fi

∑n
i=1 Di· fi

, (7)

Γ =
< D2 >

< D >
, (8)

where Di is the diameter of a particular fiber i, and fi is the fraction of fibers with a particular
diameter value Di.

As can be seen in Figure 3, when adding carbon nanotubes, there was a general
tendency of an increase in the size of the regions with material accumulation (in the form
of lumps) and a slight increase in the average diameter of the fibers mainly combined with
a broadening of the distribution of diameters. Therefore, the presence of MWCNT slightly
influenced the morphology, potentially having an important effect on final performance of
the materials.

Changes in the porosity of the materials are among the most important consequences of
variations in morphology. The size and relative amount of micro- and submicro-constituents
will influence morphology and, therefore, specific properties (properties per unit of mass) and
surface properties. Values of porosity were obtained as a mean value arising from at least three
measurements on three specimens. In the particular case of neat TPU, the porosity obtained
using Equation (2) was P = 49% ± 3%, which is quite similar to that obtained using the Image
J software (44% ± 1%). This result clearly evidences that morphological analysis through the
use of Image J led to information quite close to that obtained from more conventional methods.
According to Equation (2), the porosities estimated for the remaining materials were as follows:
P (0.5% MWCNT) = 52% ± 8%, P (1.0% MWCNT) = 45% ± 8%, P (2.0% MWCNT) = 45% ± 9%,
and P (3.0% MWCNT) = 41% ± 10%. Therefore, despite the error of the final values, data
indicate a tendency of decreased porosity with the relative increase in MWCNT. It seems,
therefore, that there is a relationship between morphological features and porosity. The results
obtained suggest that an increase in the proportion of fibers must be the main factor affecting the
porosity. More homogeneous microfeatures, such as fibers, may allow better coupling, leading
to more compact microstructures with lower porosity.

On the other hand, a very important issue to consider, directly affected by the morphol-
ogy of the materials, is the wettability behavior because of the different environments where
the materials under study might work. In order to evaluate the wettability behavior, contact
angle measurements were carried out using, as testing liquid, distilled and deionized water.
Figure 4 shows representative droplets of water over the surfaces of the materials under
study together with the average values of the contact angle obtained. In every case, the
materials showed highly hydrophobic behavior with values in the range 126◦–129◦ without
any dependence on MWCNT content. Here, it is important to highlight that the water
contact angle clearly changed with respect to that obtained for the bulk neat material
TPU prepared by hot pressing (78.4◦ ± 0.4◦) [43]. Furthermore, the wettability of carbon
nanotubes has been reported to be intermediate since water contact angles are around
90◦ [46,47]. Therefore, a clearly hydrophilic material (TPU) becomes highly hydrophobic
simply by using solution blow spinning as the processing method. It is, therefore, clear
that the wettability behavior of these materials is highly affected by the morphology of the
specimen tested, in turn induced by the processing method used (SBS).
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Figure 4. Images of water droplets over the surface of the prepared materials together with the aver-
age values of the contact angles obtained: (a) 0.0%; (b) 0.4%; (c) 1.0%; (d) 2.0%; (e) 3.0% of MWCNT.

Two models are commonly used to describe the wettability behavior of rough materials:
Wenzel [48] and Cassie–Baxter [49]. In the first, Wenzel defined the relationship between
roughness and wettability considering that an increase of surface roughness enhances
wettability caused by the chemistry of the surface. Following Wenzel’s model and for the
materials under consideration, if the surface is hydrophilic, it would become even more
hydrophilic when surface roughness increases. However, our results point out just the
opposite. Therefore, the Cassie–Baxter model seems to be more adequate to explain the
wettability mechanism of the SBS materials prepared in this work. This approach considers
that a higher fraction of air available to the water drop leads to a higher contact angle [49].
Following this reasoning, one would expect that the contact angle changes as a function of
porosity. However, the differences in porosity between the materials considered were lower
than 22% and possibly even lower when considering the error. Therefore, large changes in
contact angle were not expected (Figure 4).

Possible structural changes induced by SBS and the presence of MWCNT were eval-
uated through the analysis of FTIR spectra. In Figure 5, FTIR spectra of all the prepared
materials are presented. To facilitate visualization of the main absorption bands, two
regions were chosen, and baseline corrections were applied (Figure 5a,b).
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Figure 5. FTIR spectra of all the prepared samples: (a) high-energy region; (b) low-energy region.
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As can be seen, there were no significant differences between the spectra obtained
for the blow-spun neat TPU polymer and the spectrum obtained for the hot press neat
TPU [43]. Furthermore, as can be seen in Figure 5, all spectra showed peaks located in the
same positions, indicating that the incorporation of MWCNT almost did not lead to any
structural change. In particular, the typical absorption bands assigned for the same polymer
(TPU) in the form of the film obtained by hot pressing [43] were identified. For example,
the broad band appearing between 3200 and 3400 cm−1 was composed of overlapped
absorption bands associated with the N–H stretching vibration (free and hydrogen bonded)
of urethane groups. Moreover, peaks at 2929 cm−1 and 2854 cm−1 with shoulders at
2955 cm−1 and 2866 cm−1 could be assigned to the C–H stretching vibrations of –CH2 and
–CH3, respectively. On the other hand, the most prominent peak observed at 1732 cm−1

with a shoulder at about 1703 cm−1 corresponded to the stretching vibrational mode of the
free and hydrogen bonded –C=O carbonyl of the urethane linkage (–HN–COO–) [43,50] and
the ester group of the PBSe, respectively. Considering that MWCNTs were not modified by
oxidation (they were used as received), special adhesion between them and TPU through
specific interactions (mainly hydrogen bonds) was not expected. Therefore, any changes in
the contribution of the hydrogen-bonded C=O group were mainly due to changes in the
degree of phase separation [51] induced by the presence of MWCNT. Hydrogen bonding
was expected between the NH groups as the proton donors and the oxygens as proton
acceptors in the carbonyls of the LDI/PD segment and in the esters of the macrodiol. The
hydrogen bonding index (HBI) can be defined as the ratio of absorption bands A1703/A1732,
where Ai represents the area or absorbance of the band at a wavenumber i determined
using a Gaussian curve fitting method (Figure 6). Lastly, the degree of phase separation
(DPS) was obtained using the following equation [52]:

DPS =
HBI

HBI + 1
× 100. (9)
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Figure 6. Example of Gaussian deconvolution to obtain the HBI as the ratio of absorption bands
A1703/A1732 (TPU with 2 wt.% MWCNT).

The values obtained for the DPS of the different materials prepared were as follows:
64% (0.0% MWCNT), 64% (0.5% MWCNT), 67% (1.0% MWCNT), 63% (2.0% MWCNT),
and 63% (3.0% MWCNT). These results indicate that the addition of MWCNT scarcely
affected the phase separation. There was a slight increase in phase separation upon adding
a small number of nanotubes up to 1%; then, at higher MWCNT content (2% and 3%), the
degree of phase separation was recovered. This result may be interpreted considering that,
without reaching MWCNT percolation, when the concentration of nanotubes was enough,
specific interactions between nanotubes and polymer chain associated with the PBSe could
slightly increase the inter- and intramolecular interactions by hydrogen bonds between the
LDI/PD segments. However, when percolation was reached between 1% and 3% MWCNT,
as reported for other polymers filled with nanotubes [1], less of the nanotube surface was
available for the interactions with polymer.
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Analyzing the absorbance ratios, using the most intense band (C=O band) where some
variations are expected, it is possible to extract more information about possible interactions
between MWCNT and the polymer. For instance, taking the band at 2930 cm−1 assigned to
the antisymmetric stretching mode of the methylene group –CH2, the following evolution
of its absorbance ratio with respect to the carbonyl group can be observed: A2930/A1730, 0.44
(0.0% MWCNT); 0.46 (0.5% MWCNT); 0.46 (1.0% MWCNT); 0.33 (2.0% MWCNT); 0.30 (3.0%
MWCNT). Thus, when adding a small number of nanotubes (0.5%, 1.0% MWCNT), the
ratio A2930/A1730 increased slightly compared to the SBS neat polymer but decreased in the
samples with the highest content of carbon nanotubes (2.0% and 3.0% MWCNT). This fact
could be explained again considering a direct relationship between the available MWCNT
surface and specific polymer–nanotube interactions. When the content of MWCNT is low
enough, good dispersion with isolated nanotubes will be within the polymer favoring
interactions between the surface of the nanotubes and the methylene groups of the polymer
chains. However, by increasing the concentration of MWCNT (2.0% and 3.0% MWCNT),
interconnections between the nanotubes will occur, favoring aggregate formation, thus
reducing specific interactions with the polymer chains, in accordance with the analysis of
the evolution of absorption band of hydrogen bonded carbonyl groups. It is also necessary
to highlight that, considering the proportion of MWCNT with respect to the polymer, the
contribution in the FTIR spectra of the bands associated with C–H stretching modes of the
carbon nanotubes should be negligible respect to those arising from the polymer.

In Figure 7, thermograms corresponding to the first heating and subsequent cooling
DSC scans are shown. Throughout the heating (Figure 7a), regardless of the concentration
of carbon nanotubes, only a clear endothermic peak, Tm, (61 ◦C) with a shoulder, Tshoulder,
at a lower temperature (45 ◦C) could be observed. They were associated with the melting
temperature of an ordered microdomain mainly formed by PBSe. In the case of semicrys-
talline polymers, it is usually stated that the melting process depends on the distribution of
crystallite sizes, the presence of different crystal forms, domain sizes, and different degrees
of order in the crystalline structure [1,53,54]. Therefore, crystalline heterogeneity might be
the main reason why the shoulder appeared.
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Figure 7. Thermograms corresponding to the (a) first heating and (b) subsequent cooling DSC scans.

Furthermore, for temperatures of both the peak and the shoulder (Table 1), there was
a slight shift to higher temperatures when MWCNTs were added to the TPU, suggesting
that the presence of nanotubes favored the crystallization, probably due to an enhanced
preferential chain orientation when phase separation was favored, as already observed for
other PU systems filled with modified MWCNTs [55]. In fact, when the concentration of
MWCNTs was increased to 3%, the fraction of crystallinity, Xc, increased by 10% (Table 1).
On the other hand, the Tg values reported for the same polymer, but prepared by hot press-
ing, which appeared at −40 ◦C (assigned to the PBSe-based domain) and 15 ◦C (assigned
to the LDI/PD-based domain) [43], cannot be clearly distinguished in the thermograms of
Figure 7a. The main reason for difficulties in the observation of Tg is the high crystallinity
degree of the materials (Table 1), whose effect may be, in addition, enhanced by the pref-
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erential orientation of the polymer chains when the materials are prepared in the form of
fibers due to the SBS process. However, it seems that, when materials are prepared by SBS,
less crystallinity is achieved in comparison with similar materials prepared by hot pressing,
at least when they are slowly cooled [43].

Table 1. Thermal parameters obtained from the first heating and cooling DSC scans of the pre-
pared materials.

%MWCNT Tm (◦C) Tshoulder (◦C) Xc Tc (◦C)

0.0 60.1 44.4 0.76 29.6
0.5 61.5 46.7 0.80 35.9
1.0 60.8 46.0 0.82 39.9
2.0 62.8 46.7 0.79 39.6
3.0 61.1 46.4 0.88 42.6

In the DSC traces of the cooling scans (Figure 7b), the exothermic crystallization peak at
higher temperatures can be clearly observed as the amount of MWCNT increased (Table 1).
This result indicates the existence of a nucleating effect caused by the presence of carbon
nanotubes. On the other hand, at least one Tg (−18 ◦C) can be observed (selected area in
Figure 7b). This result may be explained by considering that, after erasing the processing
history (SBS), the extra chain order given by the SBS process disappeared, allowing better
visualization of the glass transition temperature. Additionally, the crystallization degree
was at least 10% lower because the chosen cooling rate must have been relatively fast for
this type of system.

Lastly, in order to better visualize the effect of the presence of MWCNT on the electrical
behavior, a plot of the permittivity (calculated from Equation (5)) as a function of the carbon
nanotube concentration is shown in Figure 8. It can be observed that the permittivity
slightly increased at low concentrations of MWCNT up to about 1 wt.%, followed by
an abrupt increase at 2 wt.%. This behavior indicates the existence of a clear transition
(electrical percolation) in the system from dielectric to conductive material in the range
2–3 wt.%. In fact, values of percolation fraction from 2 to 3 wt.% are commonly found in
the literature for many thermoplastic polymers filled with MWCNT [37] and even for TPU
filled with MWCNTs [56,57]. Designing materials aimed at controlling the point at which
this transition occurs is more than essential, since it would be possible to prepare materials
with a wide range of electrical properties ranging from materials having relatively low
dielectric constant to materials with a certain conductivity that might even be even tuned
with temperature (piroelectricity).
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4. Conclusions

Solution blow spinning was satisfactorily used to prepare highly porous fibrous
materials based on thermally responsive biopolyurethanes modified with multiwalled
carbon nanotubes (MWCNTs). When adding carbon nanotubes there was a change in the
morphology mainly observed as an increase in the relative number of submicrometric fibers
as the amount of MWCNT increased, which was finally reflected by a decrease in porosity.

The Cassie–Baxter approach explained the wettability behavior of the SBS TPU-based
materials prepared in this work where hydrophilic material became highly hydrophobic
simply by using solution blow spinning as the processing method.

The addition of MWCNT scarcely affected the phase separation in the TPU; however,
there was a slight increase in phase separation upon adding a small amount of carbon
nanotubes up to 1 wt.%; then, at higher MWCNT content of 2 and 3 wt.%, the degree of
phase separation was recovered.

When percolation was reached between 1 and 3 wt.% MWCNT, there were changes
not only in the electric properties but also in the thermal behavior. At high concentrations of
MWCNT, less of the carbon nanotube surface was available for the polymer chains to inter-
act. When the content of MWCNT was low enough, they were uniformly dispersed within
the polymer, favoring interactions between the surface of the nanotubes and the methylene
groups of the polymer chains. However, upon increasing the concentration of MWC-
NTs (2 and 3 wt.%), interconnections between the carbon nanotubes occurred, favoring
aggregate formation and, therefore, reducing specific interactions with the polymer chains.

It was demonstrated that SBS is a convenient method to prepare TPU-based materials
with tailored properties with potential applications as non-wettable DESs. Here, it is
important to highlight that, using SBS, these materials can be prepared in situ to be perfectly
adapted to almost any surface, regardless of its shape.
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50. Ugarte, L.; Fernández-D’Arlas, B.; Valea, A.; Gonzaĺez, M.L.; Corcuera, M.A.; Eceiza, A. Morphology-properties relationship in

high-renewable content polyurethanes. Polym. Eng. Sci. 2014, 54, 2282–2291. [CrossRef]
51. Seymour, R.W.; Estes, G.M.; Cooper, S.L. Infrared Studies of Segmented Polyurethan Elastomers. I. Hydrogen Bonding.

Macromolecules 1970, 3, 579–583. [CrossRef]
52. Chen, T.K.; Tien, Y.I.; Wei, K.H. Synthesis and characterization of novel segmented polyurethane/clay nanocomposites. Polymer

2000, 41, 1345–1353. [CrossRef]
53. Olmos, D.; Domínguez, C.; Castrillo, P.D.; Gonzalez-Benito, J. Crystallization and final morphology of HDPE: Effect of the high

energy ball milling and the presence of TiO2 nanoparticles. Polymer 2009, 50, 1732–1742. [CrossRef]
54. Sánchez, F.A.; Redondo, M.; González-Benito, J. Influence of BaTiO3 Submicrometric Particles on the Structure, Morphology, and

Crystallization Behavior of Poly(vinylidene fluoride). J. Appl. Polym. Sci. 2015, 132, 41497. [CrossRef]
55. Fernández-d’Arlas, B.; Khan, U.; Rueda, L.; Coleman, J.N.; Mondragon, I.; Corcuera, M.A.; Eceiza, A. Influence of hard segment

content and nature on polyurethane/multiwalled carbon nanotube composites. Compos. Sci. Technol. 2011, 71, 1030–1038.
[CrossRef]

56. Pouladzadeh, F.; Katbab, A.A.; Haghighipour, N.; Kashi, E. Carbon nanotube loaded electrospun scaffolds based on thermoplastic
urethane (TPU) with enhanced proliferation and neural differentiation of rat mesenchymal stem cells: The role of state of electrical
conductivity. Eur. Polym. J. 2018, 105, 286–296. [CrossRef]

57. Teymouri, M.; Kokabi, M.; Alamdarnejad, G. Conductive shape-memory polyurethane/multiwall carbon nanotube nanocompos-
ite aerogels. J. Appl. Polym. Sci. 2020, 137, 48602. [CrossRef]

335





Citation: Lee, S.J.; Yoon, S.J.; Jeon,

I.-Y. Graphene/Polymer

Nanocomposites: Preparation,

Mechanical Properties, and

Application. Polymers 2022, 14, 4733.

https://doi.org/10.3390/

polym14214733

Academic Editors: Ting-Yu Liu and

Yu-Wei Cheng

Received: 13 October 2022

Accepted: 3 November 2022

Published: 4 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Graphene/Polymer Nanocomposites: Preparation, Mechanical
Properties, and Application
Se Jung Lee †, Seo Jeong Yoon † and In-Yup Jeon *

Nanoscale Sciences and Technology Institute, Department of Chemical Engineering, Wonkwang University,
460 Iksandae-ro, Iksan 54538, Jeonbuk, Korea
* Correspondence: iyjeon79@wku.ac.kr
† These authors contributed equally to this work.

Abstract: Although polymers are very important and vastly used materials, their physical properties
are limited. Therefore, they are reinforced with fillers to relieve diverse restrictions and expand
their application areas. The exceptional properties of graphene make it an interesting material with
huge potential for application in various industries and devices. The interfacial interaction between
graphene and the polymer matrix improved the uniform graphene dispersion in the polymer ma-
trix, enhancing the general nanocomposite performance. Therefore, graphene functionalization is
essential to enhance the interfacial interaction, maintain excellent properties, and obstruct graphene
agglomeration. Many studies have reported that graphene/polymer nanocomposites have excep-
tional properties that enable diverse applications. The use of graphene/polymer nanocomposites
is expected to increase sustainably and to transform from a basic to an advanced material to offer
optimum solutions to industry and consumers.

Keywords: graphene; reinforcement; nanocomposite; mechanical properties; application

1. Introduction

Polymers are important materials in modern society as they are relatively inexpensive
and easy to process compared to other materials (e.g., metals). However, their inadequate
physical properties restrict their application in diverse areas. Therefore, polymers are
usually enhanced with fillers of diverse sizes to relieve various restrictions and expand
their application areas [1–3]. Nanoscale fillers, which refer to the size of the dispersed
phase being less than 100 nm, have at least one characteristic length scale in the order of
nanometers and vary essentially from isotropic to highly anisotropic sheet- or needle-like
morphologies [3–5]. These were divided into three major types according to the nanoscale
filler dimensions. First, two dimensions (2D) are on the nanometer scale, while the second is
larger, forming an elongated one-dimensional (1D) structure that includes nanofibers or nan-
otubes (e.g., carbon nanofibers and nanotubes [6] or halloysite nanotubes [7]). Nanoscale
fillers are iso-dimensional low-aspect-ratio nanoparticles (e.g., spherical silica [8], semicon-
ductor nanoclusters [9], and quantum dots [10]). Third, two-dimensional (2D) nanoscale
fillers (e.g., layered silicate [11], graphene [5,12], or MXene [13,14]) have the form of sheets
that are one to a few nanometers and hundreds to thousands of nanometers thick.

Graphene has proven to be the most powerful material in the world, and has increas-
ingly attracted attention as a promising candidate to substitute the position of carbon-based
materials in the enhancement of the mechanical, electrical and thermal properties of poly-
mers. Graphene is a one-atom-thick carbon layer arranged in a honeycomb structure. Ad-
ditionally, several reports have introduced graphene into polymers for graphene/polymer
nanocomposites [15–17], as graphene enhances the performance of polymers, including
the mechanical strength, electrical conductivities, thermal stabilities, electro-chemical activ-
ity, and impart gas barrier properties [18–23]. However, the use of graphene has proven
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challenging due to the complicated preparation process, low solubility, and agglomeration
by van der Waals interactions [24]. To resolve this, graphene-like materials with similar
structures have been prepared from graphite or other carbon sources to maintain the several
advantages of graphene while possessing oxygen-containing functional groups. Therefore,
a method of developing new polymer/graphene nanocomposites and improving their
physical properties is attracting attention.

2. Graphene
2.1. Preparation

Several studies have reported a variety of graphene synthesis techniques for pragmatic
applications (Table 1) [25]. Each contributes to the diverse properties of the final material
and has many possibilities for mass production. Thus, diverse graphene preparation
processes were evaluated and compared with graphene quality (or purity) and the process
(scalability, cost, and yield). Each method has its own characteristics; therefore, the choice of
production method should be executed each time, according to the graphene applications.

Table 1. Advantages and disadvantages of the graphene preparation method.

Methods Advantage Disadvantage Ref.

Mechanical Exfoliation High-quality
Simplest process Small production scale [26]

Chemical Vapor Deposition High-quality
Large-area graphene

Complicated process
High energy demand [27]

Chemical Oxidation
(Hummers method)

Fast reaction
Fewer defect

High contamination and
degradation [25]

Liquid-Phase Exfoliation Mass production
Upscaling production

Poor solubility
Eco-friendly

[25]
[28]
[29]

Electrochemical Exfoliation Single step
Eco-friendly Expensive [25]

[30]

Mechanochemical Reaction
Mass production

High-quality
Edge-selectively

High energy
consumption

[31]
[32]

2.1.1. Mechanical Exfoliation

Mechanical exfoliation is the simplest process for preparing standalone graphene [26].
In this technique, graphite is repeatedly exfoliated utilizing tape and then transferred to a
substrate. As a result, this can yield the highest quality, but is only used for lab scale and
prototyping, as it is impossible to scale-up the process.

2.1.2. Chemical Vapor Deposition (CVD)

CVD is the most beneficial process for fabricating high-quality single-layer graphene
for use in various devices [27]. Graphene with a large area can be fabricated by exposing
diverse hydrocarbon precursors to a metal at high temperatures. The unique mechanism
for graphene formation based on the metal substrate begins with the growth of carbon
atoms nucleated on the metal after hydrocarbon decomposition, and then the carbon nuclei
develop gradually into large domains. Graphene transfer from a metal to other substrates
is very difficult due to its chemical inertness, which causes defects and wrinkles in the final
graphene. Additionally, thermal fluctuations affect graphene stability. Therefore, despite
its complicated process and high energy demands, CVD is the most beneficial process for
large-area graphene.
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2.1.3. Chemical Oxidation

Graphite oxide (graphene oxide or GO) was created via the Staudenmaier and Hum-
mers methods. For example, graphite was oxidized with strong oxidative reagents (e.g.,
KClO3, KMnO4, and NaNO3) and concentrated H2SO4, HNO3, or their mixture [33].
Among these, the Hummers method is the most popular, wherein KMnO4 and NaNO3 are
used as oxidizing agents for the oxidized graphite in the presence of concentrated H2SO4
(Figure 1). Generally, the safer and more scalable Hummers method is used to generate
GO. GO contains several oxygen-containing functional groups (e.g., −OH, −COOH, −O−,
and −C=O). Graphite is transformed into GO, which accompanies the exfoliation of the
graphite layer. GO is readily dispersive in water and organic solvents and has poor elec-
trical insulation and thermal instability properties. Therefore, to recover electrical and
thermal properties, the reduction reaction for GO, termed as reduced graphene oxide (rGO),
is required. Unfortunately, the complete reduction of GO to graphene has not occurred yet.
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2.1.4. Liquid-Phase Exfoliation

To obtain graphene, liquid-phase exfoliation necessitates three methods: (1) disper-
sion in a solvent or surfactant, (2) graphite exfoliation, and (3) purification through the
separation of graphene and solvent removal [28,29]. The sonication time is a crucial factor
as longer sonication time results in a lower graphene layer. Post sonication, the graphite
and thicker graphene were removed by ultracentrifugation. Thus, the characteristics of
graphene (e.g., yield and number of layers) can be controlled by varying the amount of
graphite, sonication time, and centrifugation speed. Owing to poor contact between the
graphene sheets, the electrical properties of the produced graphene were similar to those of
GO. Additionally, due to very low graphene solubility, the use of a large amount of solvent
increases the cost and is ecologically unfriendly.

2.1.5. Electrochemical Exfoliation

Electrochemical exfoliation is generated by the anodic oxidation of the graphite-based
electrode. Graphene with a few layers to the anode electrode is created, but its yield is
very low and its properties are similar to those of GO, which comprises several oxygen-
containing functional groups [30]. This technique offers a single step with an easy operation
process that requires a production time over a period of minutes per hour compared with
other methods that take a very long time (a few days) for preparation and purification.
Additionally, the use of liquid electrolytes or aqueous surfactants makes the process eco-
friendly, and that of LiClO4 as an electrolyte can prepare GO-like materials, preventing
dangerous and toxic chemical materials from producing GO.
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2.1.6. Mechanochemical Reaction

To prepare large-quantity, high-quality, edge-selectively functionalized graphitic
nanoplatelets (EFGnPs), a mechanochemical reaction was activated by ball milling
(Figure 2) [31]. High-speed spinning metal balls (kinetic energy) are utilized to break the
graphitic C−C bond that generates the chemical reaction of broken edges (C−X bond
formation, X = heteroatom functional groups) and the physical delamination of graphitic
layers into GnPs (graphene nanoplatelets, graphitic nanoplatelets, or GNP(s)). The X
groups acted as physical wedges, preventing the GnP restacking. The graphitic C−C bond
break induced by the kinetic energy of high-speed metal balls generates active carbon
species, which have sufficient reactivity to combine with the appropriate reactants, which
can be in diverse phases including vapors (CO2 [31], N2 [35], F2 [36], Cl2 [35], NF3 [37], and
propylene [38]), liquids (SO3 [39], Br2 [35], heptane [40], and styrene [41]), solids (I2 [35],
red P [42], S8 [43], Te [44], and Sb [45]), or their mixtures (CO2/SO3 [39] and SO3/I2 [46]).
EFGnPs are oxygen-containing and comprise the desired functional groups or atoms at the
edges. The oxygen-containing functional groups at the edges led to good EFGnP solubility
in diverse solvents, allowing improved processability.
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2.2. Analysis Techniques

The unique properties of graphene have been verified by diverse analytical techniques.
The atomic structure of graphene was verified by transmission electron microscopy (TEM)
(Figure 3a), which is helpful for analyzing diverse structures [28]. Scanning tunneling
microscopy (STM) offers information regarding graphene morphology and electronic
properties in three dimensions (Figure 3b) [47]. Atomic force microscopy (AFM) was
utilized to verify the number of layers as the graphene layer is 0.4 nm thick [48]. The
specific surface area of graphene was estimated using the Brunauer–Emmett–Teller (BET)
method with N2 adsorption–desorption isotherms [49]. X-ray diffraction (XRD) verified the
exfoliation and intercalation into graphene layers and graphene formation (Figure 3c) [50].
X-ray photoelectron spectroscopy (XPS) was used to verify the chemical structure (e.g.,
chemical modification or functionalization) (Figure 3d) [50]. Raman spectroscopy was
utilized to verify the number of layers and functionalization of graphene or graphene-like
materials [25] which can recognize monolayer graphene, wherein the intensity of the 2D
band is at least twice that of the G band (Figure 3e). Additionally, the 2D band of the
two-layer graphene moved to a higher wavenumber, and the intensity of the 2D band
was lower than that of the G band. Increasing graphene layers broadened the 2D band
and developed a shoulder. UV–vis spectroscopy verified graphene dispersion in diverse
solvents using Beer’s law and the linear relationship between absorbance and solution
concentration (Figure 3f) [50].
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Figure 3. (a) Flakes of few-layer graphene on a holey carbon TEM grid. Adapted with permission
from Ref. [51]. (b) STM images of graphene. Reprinted with permission from Ref. [47]. Copyright 2012
Hong et al. (c) XRD patterns of graphite, graphene oxide and graphene. Adapted with permission
from Ref. [50]. Copyright 2014 Johra and Lee. (d) XPS spectra of GO and graphene [50]. (e) Raman
spectra of monolayer, bilayer, and suspended bilayer graphene. Adapted with permission from
Ref. [52]. Copyright 2011 AIP Publishing. (f) UV–vis spectra of GO and graphene. Adapted with
permission from Ref. [50]. Copyright 2014 Elsevier.

2.3. Properties

The tremendous attention on graphene has resulted from its exceptional proper-
ties, which makes it an attractive material with enormous potential for applications in
diverse industries and devices [32]. Its unique physical, mechanical, and electrical prop-
erties (e.g., specific surface area (2630 m2/g), intrinsic mobility (200,000 cm2/V·s), tensile
strength (130 GPa), Young’s modulus (~1.0 TPa), thermal conductivity (~5000 W/m·K),
optical transmittance (~97.7%), and electrical conductivity (~106 S/cm)) have drawn lots
of attention [48,53–55]. However, these characteristics depend on the graphene purity
and thickness, which are major factors that determine the properties of graphene-based
materials.

2.4. Graphene Functionalization

The intrinsic graphene properties are reduced dramatically as GO includes oxygen-
containing functional groups and diverse defects on the basal plane and at the edges,
and aggregation, which is derived from the high specific surface area and the strong van
der Waals force between graphene sheets [56–58]. Proper GO functionalization inhibits
aggregation, maintains excellent properties, and assigns new characteristics. Generally, GO
functionalization can be divided into covalent and noncovalent methods (Figure 4) [59].
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2.4.1. Covalent Functionalization

Covalent functionalization introduces new functional groups to enhance the perfor-
mance of graphene and graphene-like nanomaterials. GO comprises a variety of oxygen-
containing functional groups (e.g., −COOH, −OH, −C=O, and −O−) that can be applied
to general chemical reactions (e.g., isocyanation, carboxylic acylation, epoxy ring open-
ing, diazotization, and addition) [60,61]. Additionally, other functionalizations, including
carbon skeleton, diazotization, Diels–Alder reaction, and click chemistry reaction, can
be conducted using the C=C bond [62–64]. Therefore, a double-bond addition reaction
with C=C is performed to form a new C−C single bond, which is linked to the benzene
derivative with a reactive functional group by a sigma bond. However, covalent graphene
functionalization changes the hybridization from sp2 to sp3, resulting in π-conjugation
bond damage.

2.4.2. Non-Covalent Functionalization

Non-covalent functionalization can be generated through supramolecular chemistry
including π–π interactions, hydrophobic forces, hydrogen bonding, van der Waals forces,
ionic bonding, and electrostatic effects [65,66]. The greatest advantage of non-covalent func-
tionalization is the maintenance of the bulk structure and specific properties of graphene
(or GO) and to increase GO dispersibility and stability. However, its weakness is that other
substances (e.g., solvents and surfactants) are included.

3. Preparation of Graphene/Polymer Nanocomposites
3.1. Solution Method

The solution method is the most vastly used technique to prepare polymer nanocom-
posites on the laboratory scale due to its high utility through the use of diverse solvents
and graphene along with a fast and simple process [67–69]. The polymer was dissolved
in an appropriate solvent. The two substances were then blended using simple mixing,
shear mixing, or ultrasonication for graphene dispersal in the polymer matrix. It is crucial
to ensure solvent removal for nanocomposite manufacturing and homogeneous dispersion
during the process. This is because the premier properties are significantly affected by the
remaining solvent as they can plasticize the nanocomposites and exist at the surface. In the
solvent evaporation process, it is important to increase the solubility in the solvent due to
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the re-aggregation of graphene [32]. Additionally, very low solubility of some polymers
in common solvents and the use of large solvent quantities of solvents are some of the
limitations of this method.

3.2. Melting Method

The melting method is an industrial-friendly process to predominantly produce
thermoplastic-based nanocomposites owing to its rapid and economic process [2,70]. This
significantly affects polymer disentanglement in the molten state. Therefore, the polymer
chains move freely and mix thoroughly during the molten state. The polymer nanocompos-
ites prepared by melt mixing exhibited satisfactory dispersion of the fillers. However, the
manufacturing process for the mixing temperature should be careful because the polymer
may degrade at a high temperature [25]. Additionally, high shear forces are required
for efficient mixing that leads to the formation of folds/wrinkles or even breaking of the
nanoplatelets, decreasing the effective modulus. After melt mixing, additional steps includ-
ing hot pressing and injection molding were necessary, which are affected by the dispersion,
structure, and orientation of the fillers.

3.3. In-Situ Polymerization

In situ polymerization enables the filler to be grafted onto the polymer, which im-
proves the compatibility and interface between the constituents [71–74]. The monomer and
graphene were dispersed in an appropriate solvent and ultrasonicated for homogeneous
dispersion. An initiator was then incorporated to the mixture for polymerization. However,
the polymerization process itself generally increases the viscosity of the mixture, making
further processing difficult, which eventually limits the loading fraction. In some cases, this
method requires the use of a solvent and requires additional refinement steps to remove
the solvent [32]. Its advantages include ease of manipulation, simplicity, scalability, low
cost, and low environmental anxiety.

3.4. Electrochemical Reaction

Electrospinning is used for preparing fine nanofibers with average diameters ranging
from nanometers to micrometers [2,75]. Electrospun fibers have attractive characteristics,
including a high surface/volume ratio, which induces a low density, high pore volume,
and exceptional mechanical strength. Additionally, process factors including the type,
molecular weight, viscosity, solvent, applied voltage, needle-to-collector distance, and flow
rate play a critical role in obtaining the desired properties [76,77].

Electrodeposition is a simple and fast method for producing nanocomposites via
electrochemical reactions [2]. It involves the electro-polymerization of a graphene/polymer
nanocomposite from the monomer, doping matter (if needed), and GO. Electrodeposition
occurs at a specific potential and stops when a pertinent amount of charge has passed.
Therefore, the nanocomposite encompassed the electrode surface.

4. Mechanical Properties

Carbon-based polymer nanocomposites have been used to improve the mechanical
performance of pure polymers by increasing the interaction between polymers and car-
bon materials. Among them, graphene/polymer nanocomposites exhibit significantly
improved mechanical properties compared to those of pure polymers [32,78,79]. The
merits of graphene compared to other fillers enable smooth changes in the properties of
nanocomposites at very low percolation thresholds due to the very high aspect ratio of
graphene. GO, which comprises oxygen-containing functional groups, is hydrophilic and
can interact well with polymers. Therefore, it can improve the mechanical parameters
(e.g., Young’s modulus, fracture toughness, fracture time, thermal stability, electrical con-
ductivity, and gas barrier properties) [2,80,81]. The incorporation of graphene within the
matrix increases the crosslinking of the polymer chains, which leads to an increase in the
mechanical properties owing to the exceptional mechanical properties of graphene (tensile
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strength of ~130 GPa and Young’s modulus of ~1 TPa) [82,83]. However, due to the filler,
the movement of the polymer chain is inhibited, so the tension toughness and strain of
nanocomposites may tend to decrease. Therefore, many papers have reported that the
mechanical properties of graphene/polymer nanocomposites are considerably enhanced
compared to those of pure polymers (Table 2). The table was assembled according to the
type of graphene and polymer.

Table 2. Mechanical properties of diverse graphene/polymer nanocomposites.

Graphene Matrix Process Filler
Loading

Tensile
Strength

(MPa)

Young’s
Modulus

(MPa)

Strain
(%) Ref.

TrGO UHMWPE Solution process 1 wt.% 3100 106,000 [84]

GNP LLDPE Solution process 5 wt.% 25.3 189.4 [40]

MGO LLDPE Solution process 3 wt.% 19.9 [85]

GNP HDPE Melt mixing 23 wt.% 34.84 7 [86]

TRG HDPE Polymerization 5.2 wt.% 12.9 624.4 9.7 [87]

GNP PP Melt mixing 10 wt.% 1963.2 18.20 [88]

GNP PP Melt mixing 5.5 wt.% 1900 7.00 [89]

GNP PP Melt mixing 5 wt.% 38 6.99 [90]

GNs PP Melt mixing 3 wt.% 61.57 2314.61 19.09 [91]

fGO PP Melt mixing 1 wt.% 38.7 562 [92]

Graphene PP Melt mixing 0.1 wt.% 33 1250 1150 [93]

Graphene PP Melt mixing 1 wt.% 37 1760 130 [93]

GNP PP Solution process 5 wt.% 55.85 7239 9.07 [38]

GNP Epoxy Solution process 10 vol% 1 26 [94]

Graphene Epoxy Melt mixing 0.5 wt.% 23.01 8000 [95]

GNP Epoxy Solution process 6 wt.% 53 3400 2 [96]

GNP Epoxy Melt mixing 6 wt.% 35.5 1.49 [97]

GNP Epoxy Melt mixing 4 wt.% 75.8 4.55 [98]

GNP Epoxy Solution process 0.3 wt.% 72.4 1990 8.2 [99]

fGr Epoxy Solution process 0.1 wt.% 83.43 [100]

rGO PVA Wet spinning 2 wt.% 867 15,900 [101]

GO PVA Solution process 0.3 wt.% 63 [102]

GO PVA Solution process 3 wt.% 110 36 [103]

rGO PVA Solution process 0.02 wt.% 45.6 162 [104]

rGO PVA Solution process 3.5 wt.% 29 520 22 [105]

GS PVA Solution process 1 wt.% 67.7 139 [106]

rGO PVA Solution process 0.7 wt.% 154 4900 5.1 [107]

GNs PVA Solution process 1.8 vol% 42 1040 [108]

GO PVA Solution process 0.7 wt.% 87.6 3450 [109]

GO PVA Solution process 2 wt.% 37.8 67.3 294 [110]
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Table 2. Cont.

Graphene Matrix Process Filler
Loading

Tensile
Strength

(MPa)

Young’s
Modulus

(MPa)

Strain
(%) Ref.

Graphene PVA Electrospinning 6 wt.% 19.2 638 113 [111]

GO PVA Polymerization 0.04 wt.% 50.8 2123 208 [112]

GNP PVA Electrospinning 1 wt.% 11 130 [113]

rGO PVA Electrospinning 2 wt.% 5.51 85.67 [114]

GNs PU Polymerization 2 wt.% 36.3 535 [72]

fGNP PU Polymerization 1.5 wt.% 23.4 6.7 [115]

fGO PU Solution process 0.4 wt.% 19.6 1035.3 [116]

fGO PU Electrospinning 1 wt.% 8.9 41.4 515.6 [117]

Graphene PU Solution process 3 wt.% 22.9 2.7 474 [118]

fGS PU Solution process 1 wt.% 11.9 448 [119]

fGNs PU Solution process 2 wt.% 20.2 138 [120]

TrGO PU Polymerization 2 wt.% 10.6 35.1 715 [121]

GSs PU Solution process 15 wt.% 25 1200 220 [122]

MrGO PU Solution process 0.608 wt.% 34.30 186.24 [123]

fGS PU Solution process 1 wt.% 40 590 [124]

GNP PS Solution process 5 wt.% 11.54 809.4 [41]

GSs PS Polymerization 0.9 wt.% 41.42 2280 [125]

GO PS Solution process 2 wt.% 43.5 3580 1.3 [126]

FLG PS Solution process 0.9 wt.% 13.98 11.3 [127]

FLG PS Solution process 0.7 wt.% 16.03 17 [128]

fGNs PS Solution process 1 wt.% 78.2 2.38 [129]

GO PS Solution process 1.02 wt.% 13.60 1.185 [130]

MLG PVC Polymerization 0.3 wt.% 50.5 [131]

GNP PVC Solution process 2.5 wt.% 24 11.42 33.5 [132]

mGO PVC Solution process 5 wt.% 37.87 1694.23 2.61 [133]

rGO PVC Melt mixing 1 wt.% 16.16 46.9 362 [134]

rGO PVC Solution process 0.2 wt.% 35 1700 5 [135]

GO PA6 Polymerization 0.1 wt.% 123 722 269 [71]

fGO PA6 Solution process 1 wt.% 1900 [136]

fGr PA6 Polymerization 0.2 wt.% 68.4 100 [137]

GO PA6 Polymerization 0.65 wt.% 64.9 [138]

fGr PA6 Polymerization 0.1 wt.% 500 20.7 [139]

4.1. Graphene/Polyethylene Nanocomposites

In the case of ultrahigh-molecular-weight polyethylene (UHMWPE)/thermally re-
duced graphene oxide (TrGO), the tensile strength and Young’s modulus improved with
an increase in the TrGO content due to the exceptional inherent TrGO strength and stiff-
ness [84]. In the case of 1 wt.% TrGO, the tensile strength of the pure UHMWPE increased
from 1.1 to 3.1 GPa (182% increase) and the Young’s modulus improved by over three times.
The drawing ratio is also a factor that improves the mechanical properties of the composite.
When the composite film is not drawn, the filler is randomly distributed within the PE
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matrix. As the drawing ratio increases, the filler cluster expands so that the TrGO flakes are
aligned along the drawing direction, and the size of the cluster decreases, which means
that the flakes are exfoliated. The exfoliated flakes increase the specific area in contact with
the PE matrix molecule and the TrGO fillers and improve load transfer from PE to TrGO.
Additionally, the significant increase in the mechanical properties at low TrGO content was
ascribed predominantly to the uniform TrGO dispersion and very high specific surface
areas that help transfer the load from the polymer matrix to the strong fillers.

High-density polyethylene (HDPE)/graphene nanocomposites were prepared directly
from HDPE and graphene using a twin-screw extruder. HDPE stiffness increased sig-
nificantly with increasing graphene content, with a maximum Young’s modulus (187%
increase) [86]. Therefore, the tensile strength increased to 34%, whereas the elongation
at break reduced to 91%. The improvement in tensile strength without decreasing the
elongation is due to the exceptional mechanical strength of graphene, which is a uniform
dispersion in the matrix and strong interfacial interactions [140].

Heptene-functionalized graphitic nanoplatelets (HGN) produced by ball milling were
incorporated as reinforcing fillers for LLDPE (linear low-density polyethylene) [40]. The ten-
sile strength and Young’s modulus of the HGN/LLDPE nanocomposites were higher than
those of pure LLDPE (Figure 5a,b). The HGN/LLDPE_5 (5 wt.% HGN content) displayed
the best mechanical properties among the pure LLDPE and HGN/LLDPE nanocomposites.
Therefore, the tensile strength, yield strength, Young’s modulus, and tensile toughness
of the HGN/LLDPE_5 nanocomposites were enhanced to 43.8, 39.4, 39.5, and 125.8%,
respectively, compared with those of pure LLDPE. Comparing the fracture surfaces, pure
LLDPE appeared smooth and plain with wave-shaped morphology, but HGN/LLDPE _5
displayed rough and canyon-like structures (Figure 5c,d), indicating that the specimen was
ripped steadily by an accumulated stress that transferred efficiently from HGNs to LLDPE
due to good dispersion of the HGNs into LLDPE.

4.2. Graphene/Polypropylene Nanocomposites

Polypropylene (PP)/reduced graphene oxide (PP/rGO_X) nanocomposites with low
rGO concentrations (X = rGO content, 0.05–1.0 wt.%) were created via twin-screw extru-
sion [141]. The tensile strength and Young’s modulus of PP/rGO_1 increased by 11.15 and
41.45%, respectively, compared with those of pure PP. The enhanced mechanical properties
were induced by the exceptional rGO dispersion due to the combination of shear and
extensional flows during extrusion and good compatibility between rGO and PP.

PP/graphene (polypropylene coated graphene) nanocomposites with exfoliated PP-
coated graphene, which can prevent the restacking of graphene sheets during melt blending,
demonstrated exceptional interaction and effective load transfer between the polymer and
graphene [93]. In the case of 0.1 wt.% graphene, the yield strength, tensile strength and
Young’s modulus were enhanced to 30 MPa (by 36%), 33 MPa (by 38%), and 1.25 GPa (by
23%), respectively, compared with pure PP. Moreover, the elongation at break remained
almost unchanged, indicating that the nanocomposite toughness was not reduced. In the
case of 1.0 wt.% graphene content, the yield strength (38 MPa), tensile strength (37 MPa),
and Young’s modulus (1.76 GPa) increased by 75%, 54%, and 74%, respectively, compared
with pure PP. This is ascribed to the uniform graphene dispersion and effective load transfer
from the polymer to graphene through interfacial interactions.
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Figure 5. (a) stress–strain (S–S) curves of the pure LLDPE and HGN/LLDPE nanocomposites.
(b) Tensile strengths and Young’s modules of the pure LLDPE and HGN/LLDPE nanocompos-
ites according to HGN content. SEM images of the fractured surface: (c) pure LLDPE, and
(d) HGN/LLDPE_5. Scale bars are 10 µm. Reprinted with permission from Ref. [40]. Copyright 2020
Elsevier.

Edge-propylene graphitic nanoplatelets (EPGnP/PP)/PP_X nanocomposites were pre-
pared utilizing a solution method [38]. EPGnP/PP_5 (EPGnP content of 5 wt.%) displayed
that tensile strength, yield strength, and Young’s modulus increased to 90.5, 90.8, and
249.5%, respectively, compared to pure PP (Figure 6a,b). This is due to the molecular-level
dispersion of the EPGnPs into the PP matrix, and the strong interfacial interaction between
EPGnP and PP through the EPGnP propylene functional groups. It verified the uniform dis-
persion of EPGnPs into the PP matrix using HR-TEM (Figure 6c,d). However, as the content
of EPGnP increased, the tensile toughness of the EPGnP/PP_X nanocomposite decreased
because the strain of the EPGnP/PP_X nanocomposite decreased gradually because the
addition of multi-dimensional fillers limits the movement of the matrix. Although the filler
is uniformly dispersed within the matrix, there is little elongation, and EPGnP behaves like
a physical cross-linking point within the PP matrix.
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Figure 6. (a) S–S curves and (b) tensile strength and Young’s modules of EPGnP/PP_X nanocompos-
ites. HR-TEM images of EPGnP/PP_5 nanocomposites: (c) low-magnification; (d) high-magnification.
Reprinted with permission from Ref. [38]. Copyright 2021 Elsevier.

4.3. Graphene/Epoxy Nanocomposites

The epoxy/GNP_X nanocomposites manufactured by melt mixing demonstrated
an increase in the GNP content, tensile strength, and Young’s modulus of the nanocom-
posite [94]. In epoxy/GNP_10 (GNP content:10 vol.%), the tensile strength and Young’s
modulus increased to 1.0 ± 0.08 MPa (66.7) and 26 ± 1.7 MPa (1344%), respectively, com-
pared with pure epoxy. The tensile strength was fixed at 5 vol.% GNP. The tensile strength
increased to 1.4 ± 0.07 MPa at 5 vol.% GNP and then was decreased to 1.0 ± 0.08 MPa at
10 vol.%, indicating an increase of 133.3% at 5 vol.% and a decrease of 28.6% at 10 vol.%. The
increased tensile strength at low graphene content is attributed to the exceptional graphene
dispersion and powerful mechanical interaction between graphene and the polymer.

Diverse epoxy nanocomposites with pristine- and Triton-graphene (graphene func-
tionalized non-covalently with Triton-X100) have been prepared [100]. The corresponding
stress of the nanocomposite was higher than that of pure epoxy for the same strain, indi-
cating that the nanocomposite modulus was improved by the incorporation of pristine-
and Triton-graphene. At the breaking point on the S–S curves, the strength and elongation
at break of the nanocomposite with Triton-graphene were obviously higher than those
of pure epoxy and pristine graphene-filled epoxy nanocomposite. The tensile strength of
pristine graphene was almost unchanged compared to that of pure epoxy, whereas that of
the Triton-graphene (0.1 wt.% loading) was greatly enhanced by 57% (from 52.98 ± 5.82 to
83.43 ± 5.90 MPa), although the elastic modulus still demonstrated a similar increase to
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that of the pristine graphene nanocomposites. As depicted in the SEM images of the Triton-
graphene/epoxy nanocomposite fracture surface, well-dispersed graphene and a relatively
good graphene/polymer interface effectively improved the load transfer efficiency with
the polymer and thus increased the tensile strength.

4.4. Graphene/Poly(Vinyl Alcohol) Nanocomposites

PVA/GO-X (X = GO content) nanocomposites were prepared utilizing the solution
method [110]. Compared with pure PVA, a maximum increase of approximately 50% in
the tensile strength was observed for the nanocomposite (X = 0.3 and 2.0). Additionally, its
elongation at break or failure strain increased to 13–22%, indicating that the exceptional GO
dispersion at a lower content led to a significant increase in the mechanical properties. How-
ever, the elastic modulus of the PVA/GO-2 was larger than PVA/GO-0.3 nanocomposite
due to the higher GO content, which possesses a high elastic modulus.

PVA/GO-X (X = GO content) nanocomposites were prepared via in situ polymeriza-
tion [112]. The tensile strength and Young’s modulus of the PVA/GO-X nanocomposites
improved with increasing GO content at low content. Therefore, the tensile strength and
Young’s modulus of PVA/GO-0.04 were enhanced from 50.8 MPa and 2123 MPa compared
with pure PVA (42.3 MPa and 1477 MPa). However, elongation behavior decreased slightly
from 215% to 211.5% due to the strong H-bonding interaction between the GO surface
and the PVA matrix, that prevents and reduces the movement of polymer chains. The
enhanced mechanical properties at low GO contents are related to the combination of GO
with excellent tensile strength and Young’s modulus, homogeneous GO dispersion, and
strong hydrogen bonding between the oxygen-containing functional groups of GO and
PVA chains.

4.5. Graphene/Polyurethane Nanocomposites

PU-GX (X = graphene content) nanocomposites were prepared with waterborne
biodegradable PU and graphene at diverse graphene contents (0, 1, 3, and 5 wt.%) [118].
Graphene enhanced the mechanical properties of PU-GX nanocomposites. The tensile
strengths of PU, PU-G1, PU-G3, and PU-G5 nanocomposites were approximately 35.3, 23.3,
22.9, and 11.4 MPa, respectively. Additionally, the elongation of PU-G5 (317%) decreased
compared to that of pure PU (640%) as the incorporation of graphene to pure PU induces
the nanocomposites to be less elastic.

PU/graphene nanofibers were obtained by electrospinning a PU/graphene solution
comprising GO, f-GO (PCL-functionalized GO), and r-GO at diverse concentrations (0, 0.1,
0.5, and 1.0 wt.%) [117]. The modulus and breaking stress of the PU/graphene nanocompos-
ite nanofibers were higher than those of pure PU. The breaking stress of the nanocomposite
nanofiber at 0.1 wt.% f-GO was 9.3 MPa, which is 1.2 times higher than pure PU nanofibers
(7.8 MPa). The nanofiber modulus increased with increasing graphene content. The Young’s
moduli of the nanofibers with 1 wt.% f-GO displayed 41.4 MPa, whereas that of pure PU
nanofiber webs was 31.5 MPa. Thus, f-GO was very well dispersed in the polymer matrix
compared with GO and r-GO and functioned for excellent load transfer.

Hyperbranched aromatic polyamide-functionalized graphene sheets (GS-HBA) were
prepared with 3,5-diaminobenzoic acid (DABA) as a monomer [122]. GS-HBA demon-
strated good dispersion in thermoplastic polyurethane (TPU) and strong adhesion with
TPU via hydrogen bonding, which efficiently enhanced the load transfer from TPU to the
graphene sheets.

As the GS-HBA content increased, the stress gradually increased, and the strain
steadily decreased. The S–S curve of the 15 wt.% GS-HBA nanocomposite was similar to
pure TPU. The highest Young’s modulus of the nanocomposite with 15 wt.% GS-HBA was
1.2 GPa, that is one order of magnitude higher than pure TPU (0.09 GPa). The yield tensile
strengths of nanocomposites with 15 wt.% GS-HBA (25 MPa) increased about seven-fold
compared with pure TPU (3.4 MPa), that is comparable to UHMWPE (about 22 MPa).
Initially, the ultimate tensile strength increased from 18 to 37 MPa, and then decreased
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slightly to approximately 30 MPa when the GS-HBA content increased to over 2.5 wt.%.
GS-HBA may advance strain hardening and strain-induced crystallization of soft segments
(SS) owing to hydrogen bonding. As the GS-HBA content increased, the strain at the break
of the nanocomposites decreased.

4.6. Graphene/Polystyrene Nanocomposites

PS/FLG-X (X = FLG content) nanocomposites were prepared by combining graphene
produced via liquid-phase exfoliation with polystyrene [127]. The Young’s moduli of the
nanocomposites with FLG from 0.1 to 0.9 wt.% increased from 55.4 to 59.8% compared
to pure PS (0.202 GPa) and achieved this at the peak value of the PS/FLG-0.9 composite.
This is because FLG impedes the chain mobility of the host polymer. An increase in the
ultimate tensile strength was observed based on the graphene value. The smallest value
is at PS/FLG-0.1 and the highest is at 13.98 MPa of the PS/FLG-0.9 nanocomposite; the
overall improvement in UTS was 74.75%. The polymer chain interacted with graphene and
formed a bond, increasing the tensile strength of the nanocomposite.

Edge-styrene graphitic nanoplatelets (StGnPs) were prepared directly using a mechanochem-
ical reaction with graphite and styrene, and StGnP/PS-X (X = StGnP content) nanocom-
posites were prepared utilizing solution methods [41]. The mechanical properties of the
StGnP/PS nanocomposite depended on the StGnP content. The StGnP/PS-5 nanocom-
posite exhibited the best tensile strength (11.54 MPa), Young’s modulus (809.4 MPa), yield
strength (3.67 MPa), and tensile toughness (0.89 MPa) (Figure 7). The considerably en-
hanced mechanical properties of the StGnP/PS nanocomposites compared with those of
pure PS can be ascribed to the stress being transferred comfortably from PS to StGnPs
through the molecular-level StGnP dispersion into PS and strong interfacial interaction
between the StGnPs and PS.

4.7. Graphene/Poly(Vinyl Chloride) Nanocomposites

Multi-layer graphene (MLG) PVC nanocomposites (MLG/PVC-X, X = MLG content)
were prepared by in situ polymerization and melt mixing [131]. The yield strength and
Young’s modulus of the MLG/PVC nanocomposites strongly depended on the MLG
content. The yield strength and Young’s modulus first increased and then decreased
with MLG incorporation. The yield strength and Young’s modulus of the MLG/PVC-0.3
nanocomposites increased by 11 and 8%, respectively, compared to those of pure PVC. The
exceptional dispersion of MLG and strong interactions led to the efficient transfer of the
load and interruption of the motion of PVC chains, resulting in the excellent mechanical
properties of the nanocomposites.

PVC nanocomposites embedded with graphene nanoplatelets (GNP/PVC) were pre-
pared utilizing a solution method [132]. The GNP/PVC nanocomposites exhibited a far
higher elastic modulus and strength than pure PVC. For the GNP/PVC nanocomposites
(2.5 wt.% GNP), elastic modulus and ultimate tensile strength were 1.42 GPa (108.77%)
and 24.0 MPa (100%), respectively, compared to pure PVC (5.47 GPa and 12.0 MPa). The
exceptional mechanical properties of the GNP/PVC nanocomposites were attributed to the
strong interaction between GNP and PVC and high GNP modulus.

4.8. Graphene/Polyamide Nanocomposites

GO/nylon 6 was prepared via a solution-mixing method [136]. The incorporated
graphene induced a noteworthy enhancement in the mechanical strength and Young’s
modulus. At 1.0 wt.% graphene, the best yield strength (91 MPa) and Young’s modulus
(1.90 GPa) increased to 18 and 28%, respectively, compared to pure Nylon 6.
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Nylon 6/sulfonated graphene nanocomposites (NSG-X, X = SG content) were prepared
via in situ ring-opening polymerization of ε-caprolactam and sulfonated graphene (SG)
with polar sulfonic acid [137]. Compared with pure nylon 6, NSG-0.2 demonstrated an
improvement in tensile, impact, and especially bending strength, due to the buildup effect
of SG with high specific surface areas. The bending and impact strengths increased by
32.2 and 5.7%, respectively, compared to those of pure nylon 6. However, in the case
of NSG-3.0 with the highest SG content, the mechanical properties decreased. The low
mechanical properties are due to the low molecular weight of grafting nylon 6 chains
on the SG sheets. It also decreased with the elongation at break of the NSG composites
with increasing SG content, due to the high density of grafting and the inability molecular
“slippage”. Therefore, mechanical properties may be maintained and improved by using
an appropriate SG content.
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4.9. Analysis Methods of Properties for Graphene/Polymer Nanocomposites

The mechanical properties and thermal stability of the graphene/polymer nanocom-
posite are influenced by the internal microstructure and crystallinity. Thermal properties
of polymers can be confirmed with various measuring equipment (DSC, TGA, DMA etc.)
and the Tm, Tg, Tc of nanocomposites can be found from the measurement data [142].
In particular, glass-transition temperature, Tg, is one of the important factors in polymer
treatment and production applications, and it depends on the molecular weight of the
polymer chain and the spatial structure of the polymer [143].

Differential scanning calorimetry (DSC) is used to study the thermal behavior of
the nanocomposites and to follow their melting and crystallization behavior [89]. Liang
et al., [109] used DSC to compare Tg of pure PVA with the Tg of graphene/PVA nanocom-
posites. As a result, it can be observed that Tg of the graphene/PVA nanocomposite
increased compared to pure PVA. The increase in Tg indicates that the polymer chain was
limited by the H-bonding interaction. Load transfer is largely dependent on the interfacial
interaction between the filler and the wrapped polymer matrix [144]. In addition, the
molecular-level dispersion of graphene sheets in the PVA matrix and the large aspect ratio
of graphene are also advantageous for stress transfer through graphene/PVA interfaces.
Therefore, significant improvement in tensile stress and modulus of the nanocomposite
was greatly improved. The crystallization temperature (Tc) may also be obtained through
DSC measurement. As the content of GNP in the PP/GNP nanocomposites increases, Tc
shifted to a higher temperature, indicating that the presence of GNP as a nucleating agent in
nanocomposites promotes the crystallization of PP [145,146]. The addition of GNP provides
more surfaces in the nucleation process that facilitates the crystallization process [89].

The thermal stability and composition of the nanocomposites are investigated using
thermogravimetric analysis (TGA). Additionally, TGA was used to confirm filler loading
and evaluate the effect of filler loading on the thermal stability in nanocomposites. The
degradation performance was improved as filler loading increased, due to the hindered
effect of the filler upon the diffusion of oxygen and volatile products throughout the
nanocomposite material. That is, it can be seen that the thermal stability of the polymer
was improved by adding graphene [89].

Tensile test and dynamic mechanical analysis (DMA) have been conducted to evaluate
the enhancement properties of nanofillers [147]. According to the storage modulus mea-
sured by DMA, it can be seen that the values of the IL-G/PU nanocomposites are higher
than the value of the pure PU. The data of tan δ measured by DMA showed that as the ILG
content increases, the Tg of the composites gradually transfers to higher temperatures [123].
The high specific surface area of the IL-G sheet provides an excellent contact area with the
PU matrix, obtaining a strong interfacial attraction through π-π and/or cation-π as well as
electrostatic interactions and van der Waals forces. Additionally, the presence of tertiary
amine on the IL-G sheets may interact with the carbonyl group in the PU chain through
hydrogen bonding [148,149]. The synergistic effects improve Tg of the PU nanocomposite
by constraining the mobility of PU chains segment [123].

5. Applications

An optimized graphene content in a polymer matrix is typically used for structural
reinforcement areas [150–153]. Owing to the potential multifunctional properties of poly-
mers with graphene, graphene/polymer nanocomposites have been utilized in several
areas. The noteworthy enhancement of the mechanical performance of polymers suggests
the use of graphene in diverse applications to achieve a combination of high strength and
light weight. Additionally, it has demonstrated a potential to enhance the safety, reliability,
and cost-effectiveness of graphene/polymer nanocomposites, which can increase the range
of material options in the aerospace, automotive, marine, sports, biomedical, and energy
industries (Figure 8).
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Owing to the outstanding structural strength and conductivity of graphene, poly-
mer nanocomposites have become a potential candidate for aerospace applications [150].
Thermosetting polymers are predominantly used as matrices for aerospace as they are ther-
mally stable, chemically inactive, and have reasonable mechanical and electrical properties.
However, most thermosetting polymers are fragile at low temperatures due to their stiff
cross-linked structures, which mean that they crack easily according to thermal-fatigue
loading [154]. Therefore, to resolve various issues, it is essential to improve the properties
of the matrix or its interfacial bonding. Diverse types of graphene can be utilized for this
purpose. This will be extremely helpful in satisfying the normal requirements of aerospace
applications.

Graphene/polymer nanocomposites have advantages in diverse environmental applica-
tions including water treatment, energy production, and contaminant sensing [150,151,155].
Graphene/polymer nanocomposites preserve them against corrosion, thus, they were
useful as adsorbents for the removal of metal ions, organic materials, and gases in the
aquatic environment, and were also utilized to eliminate water contaminants.

Research is being conducted on the use of graphene as a new and renewable en-
ergy source. In solar cells, graphene either acts as the active medium or as a transpar-
ent/distributed electrode material [151,156]. It is a highly flexible and stretchable electrode
that can be used in diverse electrolytes.

Graphene possesses properties that are distinct from those used in biotechnological
and bio-based applications. Owing to its large surface area, chemical stability, and function-
alization feasibility, it is a promising candidate for tissue engineering, drug delivery, and
DNA sequencing [157]. Furthermore, ultrasensitive measurement equipment to sensitively
detect diverse biological molecules, including glucose, hemoglobin, cholesterol, and DNA,
can be prepared using chemically functionalized graphene. Graphene membranes with
nanopores are ideal for achieving higher permeate flux, higher selectivity, and increased
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stability by controlling the pore size and aspect. Graphene paints were concatenated with
conductive ink, antistatic, magnetic shielding, and gas barriers. Thus, to expand the appli-
cation areas of graphene/polymer nanocomposites, new graphene chemical modifications
to control the properties of products have been reported.

6. Future Perspectives

Among the various reinforcement materials, graphene has excellent mechanical, ther-
mal, and electrical properties, and is regarded as a better alternative to general nanofillers.
Thus, graphene/polymer nanocomposites have properties that are extraordinary for di-
verse applications. Several studies on the exceptional graphene properties have revealed
that it plays an imperative role in enhancing the specific properties of polymer nanocom-
posites, which can be utilized in diverse applications [32,150,158]. Other than in the
above-mentioned application, in order to utilize graphene/polymer nanocomposites, im-
provements are required in graphene dispersion in a matrix, interfacial interaction, mass
production and remarkable quality, etc. The interfacial interaction between graphene and
the polymer and the homogeneous dispersion of graphene generally enhances nanocom-
posite properties. A suitable interaction between graphene and polymer guarantees the
technological advancement of graphene/polymer nanocomposites, but is still insufficient.
Therefore, the challenge is to maintain the inherent properties of graphene in the nanocom-
posite as much as possible, many people continue to strive to overcome this issue.

7. Conclusions

Current polymer nanocomposites are useful in various aspects. Many studies have
been reported demonstrating that graphene/polymer nanocomposites can be applied in
various fields through the chemical functionalization of graphene used as fillers. The
uniform dispersion of graphene is one of the factors that can improve performance. Addi-
tionally, the interaction between the polymer and the filler, the surface area, filler loading,
and dispersion are various factors that determine the quality of the nanocomposite. Despite
numerous challenges related to graphene, a suitable interaction between graphene and
polymers is yet to be developed. However, the manufacturing industry cannot neglect the
use of graphene (or graphene-like materials) in commercial products. It is expected that it
will be transformed from a typical to a high-performance material that can offer the best so-
lutions for industry and consumers. Therefore, the business influence of graphene/polymer
nanocomposites is growing continuously.
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