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A reduced graphene oxide—borate compound-
loaded melamine sponge/silicone rubber
composite with ultra-high dielectric constant

Hong Zhang,? Chuan-Guo Ma, {2 *3® Pej-Bang Dai® and Jian Zhang &

Herein, at first, graphene oxide (GO) was prepared by a modified Hummers' method, compounded with
borates and then loaded onto a melamine sponge (MS) skeleton by an impregnation-reduction method
to obtain a reduced graphene oxide (rGO)—-borate compound (rGB)-loaded MS. Then, MS/rGB/silicone
rubber (SR) composites were prepared by a vacuum infusion process. Moreover, the microstructures,
electrical conductivity, and dielectric properties of the composites were investigated. The results showed
that rGO presented a sheet-like structure, compounding with borates produced during the reduction of
GO by sodium borohydride. rGB was co-loaded onto the MS skeleton, and a three-dimensional
percolation network was successfully constructed in the MS/rGB/SR composite. In addition, there was an
efficient synergistic effect between rGO and borates, which significantly improved the dielectric constant
of the composites. At the rGO volume fraction of 1.89 vol%, the composite had the volume resistivity of
6.57 x 10* Q@ cm, the ultra-high dielectric constant of 2.71 x 10* with the dielectric loss of 1.36 at 1 kHz,
and the relatively low percolation threshold of 0.815 vol%. Furthermore, the composite exhibited high
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1 Introduction

High-performance dielectric materials are attracting significant
attention due to their potential applications in advanced elec-
tronic devices such as sensors, transistors, electronic packages
and supercapacitors."™ To meet the practical application
requirements, dielectric materials usually need to have high
dielectric constants.” Polymer-based dielectric materials are
considered as promising composite materials, and their
dielectric properties can be improved by the addition of
different types of fillers to meet the abovementioned require-
ment.® These fillers can generally be classified into two types:
dielectric ceramic fillers and conductive fillers. The dielectric
ceramic fillers mainly include barium titanate (BaTiOj3),’
strontium titanate (SrTiO3)® and calcium titanate (CaTiO3).° The
dielectric constant of composites is usually limited to less than
100 even if the ceramic fillers are added at up to 50 vol%. This
high filler content not only significantly reduces the flexibility of
the polymer matrix and increases the dielectric loss, but also
leads to problems such as high composite weight, high prepa-
ration cost, difficulty in processing and poor mechanical
properties.'® Polymer-based conductive filler composites have
the advantages of lightweightness, low cost, high flexibility,
high corrosion resistance, excellent processability, and
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compression sensitivity at low compressive strains.

adjustable dielectric constant and dielectric loss.'* To a certain
extent, these advantages overcome the limitations of polymer-
based ceramic filler composites and can help in the achieve-
ment of higher dielectric constants at ultralow filler concen-
trations;*'>**  therefore, these composites have broad
application prospects in health monitoring, wearable electronic
devices, motion sensors and electromagnetic shielding."*"® The
conductive network formed by conductive fillers can usually
improve the electrical properties of composites. Common
conductive fillers are metals,"” carbon materials*®** (e.g., carbon
black, fullerene, graphite, graphene, reduced graphene oxide
(rGO), carbon nanotubes, carbon nanofibers, and carbon
nanowires), and conducting polymers.”> Among them, gra-
phene has large specific surface area, high aspect ratio, and
excellent electrical properties and is currently a research hot-
spot for the preparation of functional polymer-based
composites.

Some recent studies®** have shown that as compared to the
direct mixing of graphene with a polymer matrix, the
construction of a three-dimensional conductive network by the
porous structure of a sponge as a template is a more effective
method for the preparation of advanced functional composites
for applications in the fields of sensors, flexible conductors, and
energy storage. Zhou et al* used polyurethane sponge as
a template and graphene and carbon nanotubes as conductive
fillers for the preparation of epoxy resin composites with low
density, superelasticity, high recovery rate, electroactive shape
memory and reversible compressibility. Yang et al.>* have used

This journal is © The Royal Society of Chemistry 2019
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thermostable polyimide (PI) sponges as a template to obtain
conductive reduced graphene oxide (rGO)-loaded PI sponges
that display excellent mechanical stability and flexibility and
can be used as effective pressure sensors to measure heartbeat,
joint activity, and airflow. Moussa et al.** used a commercial-
grade kitchen sponge as a scaffold on which both graphene
platelets (GnPs) and polyaniline (PANI) nanorods were depos-
ited. The sponge/PANI/GnP composite exhibited the specific
capacitance of 965.3 F g~ ' at the scan rate of 10 mV s~ ' in
a 1.0 M H,SO, solution. Moreover, it could be used to construct
high-performance, low-cost supercapacitors. However, at
present, only few studies have been reported on the dielectric
properties of template-based three-dimensional graphene
composites that have potential applications in the fields of
high-density energy-storage materials.

In this study, using a commercially available melamine
sponge (MS) as a three-dimensional template, a reduced gra-
phene oxide-borate compound (rGB) as a filler, and a silicone
rubber (SR) as a polymer matrix, MS/rGB/SR composites (MGS)
were fabricated. This method was different from the prepara-
tion processes reported in other studies since the reducing
agent sodium borohydride (NaBH,) was not washed away after
the reduction of graphene oxide (GO) but compounded with the
rGO sheets in the form of borates as oxidation products. Thus,
a large number of micro capacitors formed to provide the
possibility of an ultra-high dielectric constant of the compos-
ites. The compound of the rGO sheet and borates was loaded
onto the MS skeleton to obtain composites with a three-
dimensional percolation network, and the infused SR matrix
provided better stability and rubber elasticity to the composites.
The entire preparation process is simple and low-cost, and the
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as-synthesized composite has good application prospects in the
fields of dielectric energy storage, flexible wearable devices, and
deformation sensors.

2 Experimental
2.1 Materials

Melamine sponges were obtained from Ningbo Isida Group Co.
Ltd., China, without any surface treatment. Flake graphite with
the mesh size of 350 was purchased from Nanjing Xianfeng
Nanomaterials Technology Co. Ltd., China. The reducing agent
sodium borohydride (NaBH,) was provided by Sinopharm
Chemical Reagent Co. Ltd., China. A condensed room-
temperature vulcanized silicone rubber (dihydroxy poly-
dimethylsiloxane, RTV-2 type), dimethyl silicone oil (H201-350)
and a curing agent were purchased from Xiamen Xinchuang Li
Co. Ltd., China.

2.2 Preparation of the MGS composite

The schematic of the preparation and structure of the MS/rGB/
SR composite is shown in Fig. 1. At first, a certain amount of GO
prepared by the modified Hummers' method® was ultrasoni-
cally well dispersed in deionized water in a hydrothermal
reactor. An MS cylinder in white color with the diameter of
12 mm and the height of 5 mm was immersed in the dispersion
system to obtain the MS-GO cylinder in brown color. Then, the
dispersion system was adjusted to have the pH of 9-10 followed
by the addition of NaBH, at the mass ratio of NaBH, to GO of
8 : 1 and then placed in an oven at 100 °C for 2 h. Subsequently,
the resulting MS-GO cylinder was not washed and directly dried
at 80 °C for 6 h to obtain the MS-rGB cylinder in black color.

Fig. 1 Schematic of the preparation and structure of the MGS composite.

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 14276-14285 | 14277


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00734b

Open Access Article. Published on 08 May 2019. Downloaded on 10/24/2025 11:07:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Finally, the SR, curing agent and dimethyl silicone oil were
uniformly mixed at the mass ratio of 100:1:20 and then
infused into the MS-rGB cylinder. The resulting sample was
placed in a vacuum oven for 10 min to remove the bubbles and
then cured at room temperature for 24 h to obtain the MGS
composite. In addition, the control samples rGB/SR, MS/SR,
MS/rGO/SR and MS/borate/SR were prepared by the following
process. The rGB powder was obtained by drying the mixed
solution used to prepare MS-rGB, and the rGB/SR sample with
a 1.89 vol% rGB content was prepared by evenly mixing the rGB
powder with SR and using the same curing process as that used
in the case of MS/rGB/SR. MS-rGO was obtained by washing
MS-1GB several times with deionized water to remove borates.
MS/rGO/SR was prepared by infusing SR into the MS-rGO
cylinder. MS-borates were obtained by the same preparation
process as that used for MS-rGB except for the addition of GO.
MS/SR, MS/rGO/SR and MS/borate/SR were prepared by directly
infusing SR into MS, MS-rGO and MS-borate cylinder and
using the same curing process.

2.3 Characterization

The change in the chemical structure of GO was characterized
by a confocal laser Raman spectrometer (HORIBA Scientific,
LabRAM HR Evolution, France). A Fourier infrared spectrom-
eter (FTIR, Bruker Tensor 27, Germany) was used to analyze the
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composition of the conductive filler before and after reduction.
The binding energy of atoms on the surface elements of the
conductive fillers was analyzed by an X-ray photoelectron
spectrometer (XPS, Thermo Fisher, ESCALAB 250Xi, USA). The
crystal composition of the conductive fillers was analyzed by an
X-ray diffractometer (XRD, Dutch Palac Co. Ltd., PIXCED3D).
The interfacial microstructure and surface morphology of the
MS-rGB sample were observed using field-emission scanning
electron microscopy (SEM, FEI, Quanta FEG 450, USA) and
energy dispersive X-ray spectroscopy (EDS, Oxford, X-Max20,
UK). The piezoresistive property of the MGS composites was
investigated by a digital ultra-high resistance micro current
meter (Beijing Huajinghui Technology Co. Ltd., EST 121,
China). The specimen was clamped in a self-made fixture with
adjustable expansion, and its volume resistivity variation was
determined by applying different compressive strains. The
dielectric property of the MGS composites in the frequency
range of 1 kHz to 110 MHz was investigated by a precision
impedance analyzer (Agilent Co. Ltd., Model 4294A, USA).

3 Results and discussion
3.1 Characterization of GR, GO and rGB

Fig. 2 presents the Raman, FTIR, and XPS spectra and XRD
patterns of GR, GO and rGB. In the Raman spectra (Fig. 2a), the
relative intensity of the D-band (1352 cm ') of the symmetric
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Fig.2 (a) Raman spectra, (b) FTIR spectra, (c) XPS spectra of GR, GO and rGB, and (d) XRD patterns of GR, GO, rGB, NaBH,4, Na,B40;-5H,0 and
NaBO,.
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A,y mode and the G-band (1589 cm ™ ') of the E,, vibration mode
was observed for all the samples. The intensity ratio of the D
band to the G band (Ip/Ig) can usually be used to indirectly
characterize the lattice integrity of the sample.”” The Lorentz
peak fitting of the Raman spectra shows that the I/Ig value of
GR is 0.227, indicating that the lattice structure of GR is more
ordered, and the proportion of carbon atoms in sp> hybridiza-
tion is larger as compared to that in the case of GO and rGO.
After the oxidation reaction of GR, the Ip/Ig value of GO
increases to 2.078 due to the oxidation of GR and the intro-
duction of oxygen-containing functional groups between sheets;
this results in the destruction of the original crystal structure
and the transformation of some sp>-hybridized carbon atoms
into sp’-hybridized carbon atoms.?® After the reduction reac-
tion, the Ip/Ig value decreases from 2.078 to 1.975; this indicates
that the oxygen-containing functional groups gradually disap-
pear, and GO is partially reduced to rGO.

In the FTIR spectra (Fig. 2b), after the oxidation of GR,
a weak C=O stretching vibration peak was observed at
1731 em™ ' for GO, and the strength of the C-O stretching
vibration peak at 1052 cm™ "' was obviously enhanced; on the
other hand, both peaks disappeared after GO was reduced to
rGO.” This was because GR was oxidized to GO, and oxygen-
containing functional groups were introduced between GO
layers, which were then significantly reduced by NaBH,. Note
that some new absorption peaks corresponding to the B-O
stretching vibration appeared at 1291 cm ™" and 1090 cm ™" and
shifted right as compared to the case of borax;*® this could be
attributed to the interaction between borates and rGO.

The XPS spectra (Fig. 2¢) showed that the intensity of the O1s
peak sharply increased after the oxidation of GR, and the
intensity of the O1s peak of rGO did not decrease after the
reduction of GO because residual NaBH, reacted with oxygen-
containing functional groups on GO and water to produce
oxygenated compounds that should be borates. The presence of
characteristic peaks of Na and B in the XPS spectra further
confirmed the presence of borates in the reduction product.

As shown in the XRD patterns (Fig. 2d), a sharp basal reflec-
tion peak (002) of GR with a regular crystal structure appeared at
20 = 26.47°, corresponding to the hexagonal arrangement and
the stacking of the atomic layer. GO exhibits a characteristic
diffraction peak at 260 = 10.28°,*” and the peak disappears after
reduction. According to Bragg's law, the interplanar spacing of
GR was calculated to be 0.336 nm, and it increased to 0.860 nm
after oxidation; this suggested that the introduction of oxygen-
containing functional groups led to an increase in the inter-
planar spacing of GR. NaBH, reacts with water as follows: NaBH,
+ 2H,0 = NaBO, + 4H, 1, and excessive hydrolysis may also lead
to the production of borax. According to the comparison between
the XRD spectra of rGO and the PDF standard card, it was
concluded that sodium metaborate (NaBO,) and borax pentahy-
drate (Na,B,O-5H,0) were present in the reduction product that
were collectively referred to as borates. However, there was no
characteristic peak of NaBH,; this indicated that NaBH, was
completely converted to borates. Based on the comprehensive
analyses conducted by Raman spectroscopy, FTIR spectroscopy,
XPS and XRD, it was confirmed that there was a mixture of rGO

This journal is © The Royal Society of Chemistry 2019
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and borates in MS because the oxidation products of residual
NaBH, were retained on the surface of rGO and MS skeleton
instead of being washed away after the reduction reaction.

3.2 Structure and morphology of MS-rGB

Fig. 3 shows the microstructure of the MS and the composites
before and after the reduction of GO on the MS skeleton. As
shown in Fig. 3a, the MS exhibits a relatively smooth surface of
the skeleton and an interconnected three-dimensional network
structure with the pore size of about 100-300 um. As shown in
Fig. 3b, since the raw material GR used herein has the small
mesh size of 325 and the volume fraction of rGO is at the rela-
tively high level of 1.89 vol%, the GO layers can easily self-
assemble and overlap each other to form large sheets. The MS
has a moderate aperture size and can steadily support the GO
sheets, obtaining a continuous GO membrane structure on the
skeleton that can contribute to the further construction of an
interconnected percolation network.** Fig. 3c shows that rGO/
borates are not uniformly coated on the MS skeleton, but
loaded onto the MS skeleton in the forms of sheets and blocks.
Based on the abovementioned analysis results and the schematic
of the structure of the composite shown in Fig. 1, NaBH, was
used as a reductant to reduce the oxygen-containing functional
groups on the surface of GO, and during the reduction, borates
were produced and intercalated into the rGO layers or sheets.’
The borates were also deposited on the surface of rGO; thus, rGO/
borate compounds were formed with a complex interface struc-
ture. When rGO and borates as conductive fillers were introduced
into polymer insulators, a large number of charges accumulated
at the boundary of conductors and insulators; this led to inter-
facial polarization because there were significant differences
between the electrical conductivity of the conductors and insu-
lators. It can be considered that many conductive particles are
surrounded by very thin polymer insulator particles, which can
be equivalent to many micro-capacitors, thus greatly increasing
the dielectric constant of the material. Next, the rGO/borate
compounds with a complex interface structure were filled into
the SR insulator, and a large amount of micro-capacitors formed
in the composite, causing a synergetic effect between rGO and
borates that led to strong interfacial polarization; thus,
a composite with ultrahigh dielectric constant was obtained.

3.3 SEM and EDS analysis of MGS

The interfacial microstructure and fracture surface morphology
of MGS prepared using the rGO volume fraction of 1.89 vol% are
shown in Fig. 4. The arrows in Fig. 4a and b indicate that the rGO
sheets and borates are supported on the MS backbone, respec-
tively, and embedded in the surrounding SR matrix. The SR can
ensure that the three-dimensional conductive network is not
easily damaged, improving the structural stability of the MS
skeleton. In Fig. 4d, the distribution of the Si element from SR on
the fracture surface of MGS (Fig. 4c) is clearly shown in purple
color, and the black area should be the MS skeleton with rGB,
which is consistent with the microstructure shown in Fig. 4a and
b. In Fig. 4e and f, it can be found that the content of the Na
element in the region A is significantly higher than that in the
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Fig. 3 SEM images of (a) MS, (b) GO/MS and (c and d) MS—-rGB prepared using the rGO volume fraction of 1.89 vol%.

region B; this indicates that borates have been loaded onto the
MS skeleton. In general, the infusion of SR did not change the
microstructure of the three-dimensional conductive network
constructed by the MS skeleton, rGO and borates; this helped to
promote the synergistic effect between rGO and borates.

3.4 Electrical conductivity of MGS

Fig. 5a shows the DC conductivity of MGS as a function of the
rGO volume fraction. It can be seen that the volume resistivity of
the composite decreases with an increase in the rGO volume
fraction. When the volume fraction of rGO was 1.89 vol%, the
volume resistivity of MGS reduced to 6.57 x 10* Q c¢m, which
was the lowest value in the experimental range and 7 orders of
magnitude lower than that of the composite without rGO. As
shown in the SEM image (Fig. 3c), although rGB is not
uniformly coated on the MS skeleton or even overlapping the
skeleton, a conductive path can be formed in the composites,
and a three-dimensional conductive network has been
successfully constructed via the MS template. Moreover, the
increase in the content of the conductive fillers is beneficial to
the reduction of the volume resistivity of the composites,
thereby improving the electrical conductivity of composites.
Fig. 5b shows the AC conductivity of MGS as a function of
frequency. The AC conductivity (o(w)) at angular frequency ()
was calculated using the measured dielectric constant and loss

at the same angular frequency as follows:*
o(w) = gue (w) = gwer(w)tan 6(w) (1)

where ¢(w) is the relative dielectric constant, tan ¢(w) is the dielec-
tric loss and ¢, is the dielectric constant of free space. It can be seen
that the AC conductivity of the composite increases with an increase

14280 | RSC Adv., 2019, 9, 14276-14285

in the rGO content and frequency. When the volume fraction of rGO
was increased to 0.82 vol%, a rapid increase in the AC conductivity
was observed at low frequencies; this implied the formation of an
rGO conductive network in the composite. This is consistent with
the abovementioned DC conductivity analysis results.

3.5 Dielectric property of MGS

The dielectric property of composites is highly dependent on
the nature of the filler/matrix interface, the surface area of the
filler and the inherent conductivity of the filler.>* Fig. 6 shows
the frequency dependence of the dielectric property of MGS at
different rGO volume fractions and the control samples of the
MGS at 1.89 vol% rGO. When the volume fraction of GO was
0.20 vol%, the dielectric constant of MGS showed almost no
change as compared to that of the MS/SR composite; this could
be attributed to low content of the rGO-borate complex and the
absence of a percolation network. When the volume fraction of
rGO was higher than 0.81 vol%, the dielectric constant of MGS
was significantly increased by 2-4 orders of magnitude when
compared with that of the pure silicone rubber; this indicated
that a percolation network of the rGO-borate complex was
formed. With an increase in the rGO volume fraction, the
frequency dependence of the dielectric constant increased, and
the dielectric constant was improved. This was due to an
increase in the number of “micro-capacitors” and the increased
interface between rGB and SR; this resulted in higher interfacial
polarization density and dielectric constant.’* Therefore, the
sample obtained using the rGO volume fraction of 0.81 vol% at
the frequency of 1 kHz had the ultrahigh dielectric constant of
up to 2.71 x 10*, which was four orders of magnitude higher
than that of the MS/SR composite.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM image and EDS analysis of the MGS prepared using the rGO volume fraction of 1.89 vol%; (a, b, and c) SEM images, (d) Si element
distribution map, (e and f) EDS spectra of the areas A and B.

In particular, note that both MS/rGO/SR and MS/borate/SR
have significantly lower dielectric constants than the MGS
composite; this shows that a synergistic effect exists between

Volume resistivity (Q.cm)

Fig. 5

10111

(@)

\

™~

0.5

T
1.0

This journal is © The Royal Society of Chemistry 2019

1:5

rGO content (vol%)

rGO and borates with an increase in dielectric constants.
However, the dielectric constant of the rGB/SR composite
without MS is still very low; this means that MS plays a key role

1 b .
sos?
cooseee®? v
3 IR 2 vyyXat
’.‘00‘ R :IAAA
v
3 'vva"' AAAAA °®
°
1 N AA“AA o0 "
A °
AAAd .o. S
1 °*® "
® .
°® "
L s°® _an" = 0vol%
0® aut” ® 020vol%
E ':.-' A 0381 vol%
L v 125vol%
1 ¢ 1.89vol%
il i |5 '6 i |8
3 4 3
10 10 10 10 10 10

Frequency (Hz)

(a) DC conductivity of MGS as a function of the rGO volume fraction; (b) frequency dependence of the AC conductivity of MGS.

RSC Adv., 2019, 9, 1427614285 | 14281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00734b

Open Access Article. Published on 08 May 2019. Downloaded on 10/24/2025 11:07:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
= GB/SR
. (@ o MS/SR
= 10 .. A MSKHGO/SR
5 ° v MS/Borates/SR
8 N °, ® 020vol%
8 ’»» . < 081 vol%
5] 10° > ® e > 1.25vol%
E ',» o“ e 1.89vol%
5] < 4
g ‘e "> R
CREren <
5 10 ‘44 ®e
o < > > ®e
2 AR N ®e
E illll-IIIIIIII:‘ll:Elu;!'
S 10" 44aaa <4 >
~ AAAraranaaaarite1e
$88888888000000000000000s

10° 10* 10° 10° 10’ 10°
Frequency (Hz)

View Article Online

Paper
4
(b) = GB/SR
e MS/SR
A  MS/GO/SR
34 v MS/Borates/SR
® 020vol%
< 0.81 vol%
2 2_ ® Py . R N B vol’e
8 . ] » > > > ) > °,
[} i » > > A ®
T T > °,
alq ;4 s
444444444‘< >,
aa, 4444444:;:
Aaaa,
0] Vi0swsoescestdbttosceesee

10° 10* 10° 106 10 10%
Frequency (Hz)

Fig. 6 Dielectric constant (a) and dielectric loss (b) of MGS at different rGO volume fractions and the control samples of the MGS prepared using

the rGO volume fraction of 1.89 vol%.

in the achievement of ultrahigh dielectric constants. As shown
in the SEM images, the ultrahigh dielectric constant of the MGS
composite should be attributed to the wunique three-
dimensional percolation network constructed in the
composite based on the MS template. The relationship between
the dielectric constant of the sample and the volume fraction of
rGO is consistent with that between volume resistivity and rGO
volume fraction. Moreover, the dielectric constant of MGS
shows a strong dependence on frequency, decreasing with an
increase in frequency. This is closely related to the interfacial
polarization relaxation of charge accumulating at the interface
between the conductive fillers and the matrix SR.>'3*

As is known, the dielectric loss of the composites occurs due
to two reasons: (1) the interfacial polarization relaxation loss of
the conductive fillers in the composites and (2) a leakage loss
caused by the conductive network in the composites. Fig. 6b
shows the effect of the rGO volume fraction on the dielectric
loss of MGS. When the rGO volume fraction was 0 and
0.20 vol%, the dielectric loss was low because the percolation
network and the conductive path were not formed in the
composite. When the rGO volume fraction was further
increased, the rGO-borate conductive network was gradually
formed but was not perfect, and the interface polarization
relaxation loss and leakage loss increased accordingly. The
dielectric loss at low frequencies is mainly caused by the DC
leakage of the composite material, and the lower the external
field frequency, the more obvious the influence.** Therefore,
when the rGO volume fraction exceeded 0.81 vol%, the dielec-
tric loss increased significantly as compared to that of the pure
silicone rubber and the composite obtained using the rGO
volume fraction of 0.20 vol%. When the rGO volume fraction
was 1.25 vol% or 1.89 vol%, the dielectric loss exhibited a strong
frequency dependence and a peak at around 10°> MHz. The
dielectric loss peak can be attributed to the leakage current loss
due to the formation of a conductive network in the composite.
With an increase in the volume fraction of rGO, the conductive
network becomes more perfect. As a result, the dielectric loss
peak gradually shifts to high frequency; this is similar to the
results reported in the literature.**?
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Fig. 7 shows the effect of different rGO volume fractions on
the dielectric properties of MGS at 1 kHz and at room temper-
ature. The relationship between the dielectric constant and the
volume fraction of rGO presents a typical percolation
phenomenon. According to the percolation theory*® eqn (2), by
plotting the log-log curves of the volume fraction of rGO and
the dielectric constant (as shown in the inset in Fig. 7) and the
linear fitting of the experimental data, it can be concluded that
the percolation threshold of the composite is 0.815 vol%.

&(frco) * (fo — frco) " frico < fe (2)

where f;go is the volume fraction of rGO, ¢(f.go) is the dielectric
constant of the composite, f. is the percolation threshold, and s
is the critical exponent.

Compared with that reported in the related literature,**° the
percolation threshold of the composite is at relatively low level.
This was due to the fact that rGO and borates were co-loaded
onto the MS skeleton; this was helpful for formation of
a three-dimensional percolation network in the composite and
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Fig. 7 Dielectric constant of MGS as a function of the volume fraction
of different rGO at 1 kHz; inset shows the logarithmic fit of the
experimental data by egn (2).
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Table 1 Comparison between the dielectric properties of different composites at 1 kHz*
Dielectric constant Dielectric loss
Filler Filler content Polymer matrix (&r) (tan 0) Percolation threshold &ftan ¢ Ref.
GNPs 0.23 vol% XNBR ~10 ~0.5 — 20 41
rGO 5.16 wt% PI ~16 ~0.6 0.212 wt% 26.67 42
GNPs 0.65 vol% PVDF 30 1.35 0.67 vol% 22.22 43
GNPs 9 vol% PS ~36 ~60 9.41 vol% 0.60 37
rGO 0.3 wt% PVDF 69 1.33 0.5 wt% 51.88 44
GNPs 2.5 wt% PVDF 173 0.65 2.4 wt% 266.2 45
rGO 1.49 vol% PVDF 200 2.5 1.49 vol% 80 38
rGO 9.7 wt% CEC 472 4.1 — 115.1 46
rGO 0.5 vol% PVDF 1754 5 — 350.8 47
rGO 0.2 vol% PP ~2000 ~12 0.033 vol% 166.7 48
MGM 16.02 vol% PVDF 2360 2 15.83 vol% 1180 39
GNPs 3.19 vol% PVDF 4500 2.83 3.1 vol% 1590 40
rGO 1.7 vol% P(VDF-TrFE-CFE) ~10 000 ~2 0.7-1.7 vol% 5000 49
rGO 1.89 vol% SR 27 100 1.36 0.815% 19 926 This work

“ GNPs: graphene nanosheets; XNBR: carboxylated nitrile butadiene rubber; PI: polyimide; PVDF: polyvinylidene fluoride; PS: polystyrene; CEC:

cyanoethyl cellulose; PP:
chlorofluoroethylene).

polypropylene;

could effectively reduce the percolation threshold of the
composite. In this study, the dielectric constant of MGS at the
rGO volume fraction of 1.89 vol% was highest at 1 kHz, and the
dielectric loss was 1.36. This ultrahigh dielectric constant in
rGO-based polymer composites has been seldom reported in
the current literature.®-*

Table 1 presents a comparison between the dielectric prop-
erties of different composites with graphene as the conductive
filler and different polymers as the matrix reported in the
literature in recent years; as can be seen from the table, the
dielectric constants of most of the reported composites are less
than 2000, a few of them are between 2000 and 10 000, and
scarcely any of them are more than 10 000. A high dielectric
constant generally corresponds to a high dielectric loss, and
a low dielectric loss corresponds to a low dielectric constant.
Outstanding dielectric materials are usually expected to have
high ratio of dielectric constant to dielectric loss. However,
some composites presented in Table 1 even have low dielectric
constant but high dielectric loss with a relatively low ratio of the
dielectric constant to the dielectric loss (<100). In contrast, the
MS/rGB/SR composites prepared using the MS template in this
study exhibit excellent dielectric properties with an ultra-high
dielectric constant (27 100) and a relatively low dielectric loss
(1.36), and the ratio of the dielectric constant to the dielectric
loss (19 926) is extremely higher than the values reported in the
literature. In addition, the percolation threshold of 0.815% is at
relatively low level; this is an advantage of the composite. These
features are mainly attributed to the characteristic three-
dimensional percolation network constructed in the
composite and the synergetic effect between rGO and borates.

3.6 Piezoresistivity of MGS

Fig. 8 shows the influence of compressive strain on the volume
resistivity of the composites prepared using different rGO
volume fractions. It can be seen that the volume resistivity of the
composites is not sensitive to compressive strain when the rGO

This journal is © The Royal Society of Chemistry 2019

MGM: MnO,/GNPs/MnO,;

P(VDF-TrFE-CFE):  poly(vinylidene fluoride-trifluoroethylene-

volume fractions are 0, 0.20 vol%, and 1.89 vol%; this is related
to the degree of perfection of the conductive network. When the
rGO content in the composite is relatively low (0 and 0.20 vol%),
the conductive network is not yet formed; thus, it is difficult to
achieve the interconnection of the conductive fillers even at
large compressive strains. However, when the rGO volume
fraction is at the high level of 1.89 vol%, the conductive network
has high degree of perfection; thus, the compression strain has
a little effect on the volume resistivity. In contrast, the volume
resistivity of the composites at 0.81 vol% and 1.25 vol% is
significantly sensitive to compressive strain. The volume resis-
tivity tends to decrease first and then increases with an increase
in compressive strain.*® This is due to the fact that the distance
between conductive fillers decreases to assist in the formation
of a conductive network at low compressive strains, and then,
the volume resistivity of the composite is reduced.** However,
upon further increasing the compressive strain, the three-
dimensional conductive network causes a certain degree of

1
107] =———a— —
{ ———— -
1o‘°1f
{ -

1081 —8—0vol%
3 —0—0.20 vol%

Volume resistivity (Q.cm)

1 —a—0.81 vol%
3 —v—1.25 vol%
6] = 1.89 vol%
100y
3
T v T v ) v ) v 1 M )
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strain (%)

Fig. 8 Volume resistivity of the composites at different rGO volume
fractions as a function of compressive strain.
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damage such that the volume resistivity increases accordingly.
The volume resistivity at 1.25 vol% has higher sensitivity to
compressive strain as compared to that at the rGO volume
fraction of 0.81 vol%, and the corresponding fractional resis-
tance change (AR/R,) at the compressive strain of 20% is
—0.877, which is obviously superior to those reported in the
literature.>

4 Conclusions

In this study, the rGO and borates complexes obtained via the
chemical reduction of GO by NaBH, were loaded onto the three-
dimensional skeleton of MS as functional fillers. A novel SR-
based composite with an ultrahigh dielectric constant (2.71 x
10*) was achieved after the infusion of SR into the three-
dimensional skeleton. This was mainly attributed to the
successful construction of a three-dimensional percolation
network structure of rGO-borates in the composites based on
MS as a template and the efficient synergistic effect between
rGO and borates. This unique structure design and simple
operation method provide new ideas for the preparation of
polymer-based composites with ultrahigh dielectric constants
that have potential applications in the fields of supercapacitors,
flexible wearable devices and deformation sensors.
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