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A B S T R A C T   

A high performance composite based on acrylic resin elastomer (AE) with a low dielectric loss and a high 
dielectric constant was prepared through introducing hybrid filler of chemically reduced graphene oxide (RGO) 
decorated with polystyrene cationic microspheres (PS-DMC) (referred to the composite here as PS-RGO/AE). PS- 
DMC can not only improve the compatibility between the filler and the matrix so that the filler is uniformly 
dispersed in the matrix to increase the dielectric constant of the composites, but also can be used as an insulating 
layer to reduce leakage current and reduce the dielectric loss of the composites. The dielectric constant of 2.43 
vol% PS-RGO/AE is 194 at 100 Hz, which is 2.40 times that of the 1.55 vol% RGO/AE (81). Moreover, the 
dielectric loss of 2.43 vol% PS-RGO/AE composite still maintains at a low level (0.29 at 100 Hz), which is lower 
than that of 1.55 vol% RGO/AE composite (1.16 at 100 Hz). The higher dielectric constant of PS-RGO/AE 
composites is attributed to enhanced micro capacitors effect and Maxwell-Wagner-Sillars effect through the 
uniform dispersion of PS-RGO in the AE matrix and the formation of more interfaces.   

1. Introduction 

Electroactive polymers can produce changes in shape and size under 
an applied external electric field. More and more researchers have a 
strong interest in electroactive polymers, which are widely used in the 
fields of artificial muscles, sensors, actuators, energy harvesters, super 
capacitors, and soft robots [1–5]. Dielectric elastomers such as acrylic 
resin elastomers (AE) [6], silicone rubber [7], and polyurethane elas
tomers [8] have the advantages of large deformation, light weight, fast 
response, good flexibility, high energy density, and low cost, making 
them stand out among electroactive polymers [9–12]. Compared with 
silicone rubber and polyurethane elastomers, AE is a suitable choice 
because of its high energy density, high breakdown strength, and large 
driving strain [13]. Unfortunately, dielectric elastomers usually require 
high electric field strength (>100 kV/mm) to obtain large driving strain, 
which could destroy equipment and be harmful to humans, especially in 
medical and biological fields [14]. Therefore, obtaining high driving 
strain at a low electric field is a challenge for dielectric elastomers. The 
driving strain (s) of the dielectric elastomers can be calculated according 
to a formula proposed by Pelrine [15]: 

s =
εε0

Y
E2 (1)  

where Y is the elastic modulus, ε is the dielectric constant of the mate
rial, ε0 is the vacuum permittivity (8.85 × 10− 12 F/m) and E is the 
applied electric field strength. Therefore, it is a feasible method to obtain 
high driving strain under a lower electric field strength through 
increasing the dielectric constant of the material. A common method of 
increase the dielectric constant is to add ceramic fillers with high 
dielectric constant such as TiO2 [16], boron nitride (BN) [17], and 
PbZr0.52Ti0.48O3 [18] into the polymer matrix. However, in order to 
obtain a high dielectric constant, it is necessary to add a higher volume 
fraction of ceramic filler, resulting in low breakdown voltage, high 
elastic modulus and poor processing performance, which greatly limits 
the application of dielectric elastomer. According to the percolation 
theory, another method of increase the dielectric constant is to add 
conductive fillers such as polyaniline [19,20], carbon nanotubes (CNTs) 
[21], and reduced graphene oxide (RGO) [22–24] into the polymer 
matrix. Graphene is a carbon nanomaterial with a special two- 
dimensional planar structure of the large specific surface area and 
excellent physical properties, such as thermal conductivity and 
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electrical conductivity [25,26]. It has become a suitable and ideal 
candidate for the preparation of high-dielectric constant composites 
[27]. However, owing to strong van der Waals forces among graphene 
sheets, graphene sheets tend to agglomerate, and graphene has poor 
compatibility with the AE matrix, resulting in the formation of low 
dielectric constant and high dielectric loss, so it is significant to modify 
graphene [28]. 

There are generally two methods to modify graphene: non-covalent 
modification [29–31] and covalent modification [32,33]. Non- 
covalent modification is to coat a layer of organics on the surface of 
graphene through physical action (π–π interaction, electrostatic force, 
hydrogen bond, etc.) between graphene and organics, so as to achieve 
the purpose of improving dispersibility and inhibiting agglomeration. 
Compared to covalent modification, non-covalent graphene modifica
tion can maintain the intrinsic π-conjugated structure of graphene, 
ensuring that graphene has excellent conductivity. Lv et al. [20] used de- 
doped PANI to modify the exfoliated graphene nanoplates (xGNPs) 
through in-situ polymerization, and the obtained hybrid filler 
xGNPs@PANI was added to the matrix of oxidized styr
enebutadienestyrene copolymer (SBS-FH) to prepare xGNPs@PANI/ 
SBS-FH composites. The dielectric constant and dielectric loss of 
xGNPs@PANI/SBS-FH composite near percolation threshold filled with 
9.38 vol% xGNPs@PANI were 92 and 1.01 at 100 Hz, respectively. 

In this work, we use styrene and Methacryloxyethyltrimethyl 
ammonium chloride cationic monomer (DMC) as comonomers to pre
pare polystyrene cationic microspheres (referred to as PS-DMC). 
Through electrostatic interaction, the positively charged PS-DMC is 
adsorbed to the negatively charged graphene oxide (GO) in the aqueous 
solution (GO was highly negatively charged owing to the hydroxyls and 
carboxylic acid functional groups on the basal planes). Then, hydrazine 
hydrate was added to reduce graphene to obtain modified conductive 
filler PS-RGO. PS-DMC as an insulating layer can not only reduce the 
agglomeration of RGO sheets, but also improve the compatibility of RGO 
and AE (the synthetic monomer of AE used in this study contains sty
rene). Moreover, the non-covalent modification of RGO by PS-DMC can 
maintain the intrinsic π-conjugated structure of graphene, ensuring that 
graphene has excellent conductivity. Finally, the composites of RGO/AE 
and PS-RGO/AE with different content of fillers were prepared using the 
method of solution casting. The experimental results show that PS-RGO 
hybrid filler has better compatibility and dispersibility in the AE matrix 
than RGO, which result in the higher dielectric constant of PS-RGO/AE 
composites. PS-RGO/AE composites have lower dielectric loss than 
RGO/AE, which origins that PS-RGO hybrid filler has better dis
persibility in the AE matrix. 

2. Experimental section 

2.1. Materials 

Toluene (MB, 99.5%), potassium permanganate (KMnO4, AR), hy
drazine hydrate (AR), sulfuric acid (H2SO4, 98%, AR), 2-Hydroxyethyl 
acrylate (HEA, 98%), n-Butyl acrylate (BA, 99%) and styrene (St, 
98%) were purchased from Nanjing Chemical Reagent Co., Ltd. (China), 
HEA, BA, St was purified by remove polymerization inhibitor and MB is 
purified by vacuum distillation to remove impurities before use. 
Hydrogen peroxide (H2O2, 30%, AR), hydrochloric acid (HCl, 36–38%, 
AR), and anhydrous methanol (MeOH, AR) were obtained from Sino
pharm Chemical Reagent Co., Ltd. (China). Natural graphite, benzoyl 
peroxide (BPO), and Methacryloxyethyltrimethyl ammonium chloride 
(DMC, AR) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, 
China), BPO was recrystallized before use, and DMC was purified by 
remove polymerization inhibitor. 

2.2. Synthesis of PS-DMC and AE 

The preparation of PS-DMC adopts the method of dispersion 

polymerization [34], as shown in Fig. 1(a). In a typical procedure, 4.545 
g of St and 0.0906 g of DMC were added to the three-necked flask 
containing with 40 mL of methanol and 10 mL of deionized water under 
magnetic stirring, condensate reflux, and nitrogen atmosphere. After 5 
min, 0.0906 g of initiator AIBN was added to the reaction system and the 
temperature was raised to 80 ◦C. After 8 h, the reaction was completed, 
and the resulting dispersion was sealed and stored in a beaker. The AE 
was prepared according to Ref. 7, as shown in Fig. 1(b). 

2.3. Fabrication of PS-RGO 

RGO was fabricated from chemical reduction after graphite is exfo
liated into graphene oxide (GO) using an improved Hummers method 
[35]. In a typical procedure, 2 g graphite powder was added to one- 
necked flask with 46 mL H2SO4, and the mixture was magnetically 
stirred for 30 min under ice bath conditions. Subsequently, 6 g KMnO4 
was slowly added to the reaction system, followed by magnetic stirring 
for 2 h below 2 ◦C. Next, the reaction system was heated to 35 ◦C, and 
the mixture was magnetically stirred for 4 h. Finally, 92 mL of deionized 
water was slowly added to the reaction system to keep the temperature 
around 95 ◦C. 280 mL deionized water and 20 mL H2O2 were added 
sequentially to terminate the reaction, and a bright yellow slurry was 
obtained. The slurry was washed with 5% HCl three times and deionized 
water several times to make the pH close to 7. After ultrasonic, dialysis, 
and freeze-drying treatment, GO was obtained. GO was dispersed in 
deionized water to obtain a 1 mg/mL dispersion, and hydrazine hydrate 
(the mass ratio of GO and hydrazine hydrate is 1: 0.7) was added after 
the temperature was raised to 95 ◦C, and the mixture was magnetically 
stirred for 4 h under a nitrogen atmosphere. The reaction product is 
filtered, washed with deionized water, and dried to obtain RGO. 

GO is decorated with PS-DMC through electrostatic interaction be
tween them in deionized water, as shown in Fig. 2. 200 mg GO was 
added to three-necked flask with 200 mL of deionized water, followed 
by ultrasonic treatment and magnetic stirring to make it completely 
dispersed in water. Next, 200 mg PS-DMC emulsion was added into the 
graphene oxide aqueous suspension, and the suspension was magneti
cally stirred for 20 min. Finally, 140 mg hydrazine hydrate was added 
into the suspension after the temperature was raised to 95 ◦C, and the 
suspension was magnetically stirred for 4 h with refluxing under a ni
trogen atmosphere. The obtained black dispersion was filtered and 
washed three times with deionized water, and the resulting precipitate 
was dried at 60 ◦C in a vacuum oven. The obtained product was named 
as PS-RGO. 

2.4. Fabrication of PS-RGO/AE composites 

The composite films of PS-RGO/AE were prepared using solution 

Fig. 1. Synthetic routes of (a) PS-DMC and (b) AE.  
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casting method, as shown in Fig. S1. In detail, 0.2 g of AE was added into 
a beaker with 1 mL of MB, followed by magnetic stirring for 10 min. 
Next, PS-RGO with different volume fractions were added into the MB 
solution, followed by magnetic stirring for 2 h. Finally, the homoge
neous dispersion was added dropwise to the glass slide and dried in air at 
80 ◦C for 8 h, and then dried in a vacuum oven at 80 ◦C for 12 h. The 
resultant product is termed as mPS-RGO/AE, where m is the volume 
fraction of PS-RGO in the AE, and the values of m are 0.61, 0.91, 1.21, 
1.52, 2.13, 2.43, 2.73 and 3.04%. For the purpose of comparison, the 
RGO/AE composite films with different volume fractions of RGO were 
also prepared. 

2.5. Charactrization 

Fourier transform infrared (FT-IR) spectra of GO, RGO, and PS-RGO 
were measured by using Nicolet iS50 spectrometer (Thermo Fisher), 
ranging from 500 to 4000 cm− 1. The preparation of FT-IR sample: 
powder samples and potassium bromide were ground under infrared 
light and then pressed into membrane. The Raman spectra of RGO and 
PS-RGO were measured with HORIBA LabRAM HR Evolution, ranging 
from 1200 to 2000 cm− 1. X-ray photoelectron spectroscopy (XPS) 
spectra of RGO and PS-RGO were recorded with a K-Alpha + spec
trometer (Thermo Scientific) with a monochromatized Al Kα excitation 
source. The X-ray diffraction (XRD) pattern of RGO and PS-RGO were 
recorded by using a Multipupose X-ray Diffractometer (Ultima IV), 
ranging from 5◦ to 40◦ at 40 kV and 40 mA under ambient temperature. 
The microstructure of RGO and PS-RGO were observed using Trans
mission Electron Microscope (TEM, JEM-2100). TEM sample prepara
tion: a proper amount of sample powder is fully dispersed in ethanol, 
and then dropped onto the copper mesh with a pipette, and fully dried 
under an Infrared light. The microstructure of RGO/AE, PS-RGO/AE 
composites were observed using Scanning Electron Microscope (SEM, 
JSM-6510). The film of the tested sample was placed in liquid nitrogen 
to obtain fracture surface, and the fracture surface is sprayed with gold. 
The DC conductivities of RGO/AE and PS-RGO/AE composites were 
measured using a four-probe resistivity tester (kdy-1, Guangzhou Kund 
Technology Co., Ltd). The dielectric properties of RGO/AE and PS-RGO/ 
AE composites were recorded by using HP4294A precision impedance 
analyzer (Agilent) in the ambient temperature over the frequency range 
from 102 to 106 Hz. The test sample are 20 × 20 × 0.18 mm3 rectangle 
films coated with circular flexible electrodes with the diameter of 3 mm. 
Dielectric constants (ε) of the composites were calculated according to 
the following formula: 

ε =
Cd
ε0S

(2)  

where C, ε0, d, S are the tested capacitance, the vacuum permittivity, the 
thickness of the measured composite films, and the area of the electrode 
painted on the composite films. The breakdown voltage was measured 

with a dielectric withstand voltage test (Beijing Electromechanical 
Research Institute, China). Dynamic mechanical properties of compos
ites were measured by using An NBW 500 TBA (Changchun Intelligent 
Instrument and Equipment Co., Ltd., China). The TGA curves were 
recorded by NETZSCH STA409PC. Samples (about 10 mg) were sealed in 
Al2O3 pans and the testing temperature was measured from 25 ◦C to 
600 ◦C at a rate of 10 ◦C/min. Area actuation strain measurements were 
performed with films stretched on a circular rigid frame and the bidi
rectional pre-strain was 100%. A dc high-voltage power supply 
(DC1784L, Zhongce electronic company Ltd., Ningbo, China) was used 
to induce active strains in the prestrained samples. 

3. Result and discussion 

3.1. Synthesis of PS-RGO 

The FT-IR spectra of PS-DMC, GO, RGO, and PS-RGO are shown in 
Fig. 3(a). The characteristic peaks of GO functional groups appear at 
3418 cm− 1, 1724 cm− 1, 1630 cm− 1, 1387 cm− 1, and 1224 cm− 1, which 
are attributed to –OH stretching vibration, C––O stretching vibration, 
C––C stretching vibration, C–O stretching vibration, and C–O–C 
stretching vibration, respectively. After reduction, the –OH vibration 
peak was significantly weakened, and the peaks at 1724 cm− 1 and 1630 
cm− 1 almost disappeared, which indicates a large number of oxygen- 
containing groups disappeared during the chemical reduction of gra
phene oxide, and graphene was successfully reduced [28]. Compared to 
the FT-IR spectrum of RGO, PS-RGO has two sharp peaks at 758 cm− 1, 
698 cm− 1, which correspond to the deformation vibration of the C–H 
on the benzene ring, and the peaks appearing at 1446 cm− 1 and 1490 
cm− 1 are corresponding to the vibration of the C–C on the benzene ring. 
The characteristic peaks appearing at 3030 cm− 1 are attributed to the 
symmetric stretching vibration of the C–H on the benzene ring, and the 
peaks appearing at 2849 cm− 1 and 2920 cm− 1 are attributed to the 
asymmetric stretching vibration and symmetric stretching vibration of 
the C–H on the CH2 of styrene [36]. These characteristic peaks also 
appeared in the FT-IR spectrum of PS-DMC, suggesting that PS-RGO was 
successfully prepared. 

The Raman spectra of RGO and PS-RGO are shown in Fig. 3(b). In the 
Raman spectrum of RGO, there are two strong peaks at 1349 cm− 1 and 
1582 cm− 1, which represent the D peak (defect and amorphous struc
ture) and G peak (ordered sp2 structure) of RGO, respectively. In the PS- 
RGO Raman spectrum, the intensity ratio of D peak and G peak (ID/IG) 
(1.12) is lower than that of RGO (1.26). The modification of graphene 
with PS-DMC is non-covalent, and there is no chemical interaction be
tween them, so the ID does not change. The decrease in ID/IG is caused by 
the π–π interaction between the polystyrene chain segments and 
grapheme [28]. The existence of π–π interaction is favorable for the 
modification of RGO by PS-DMC. 

The element types, element content, molecular structure and 

Fig. 2. Fabrication routes of PS-RGO.  
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chemical state of RGO and PS-RGO were obtained by XPS spectroscopy 
measurement, to determine whether PS-DMC microspheres were suc
cessfully adsorbed on the surface of RGO. As shown in Fig. S2(a), both C 
and O elements are present in RGO and PS-RGO. Compared with RGO, 
the peak intensity of C1s of PS-RGO increases, and the peak intensity of 
O1s decreases and PS-RGO has a higher C/O ratio (4.21) than that of 
RGO (2.72), which results from PS containing C element but not O 
element [28]. In addition, in the XPS spectrum of PS-RGO, a new 
element peak of N1s appears, which results from the comonomer of DMC 
containing N element. As shown in Fig. S2(b), the C1s peak in PS-RGO 
can be split into four peaks. Among them, the peak of the binding en
ergy of 284.59 eV is corresponding to the C–C on graphene and poly
styrene, and the peaks of the binding energy of 285.38 eV, 287.78 eV 
and 291.51 eV are corresponding to the C–O, O–C––O, C––O deriving 
from the oxygen-containing group on the edge of the graphene, 
respectively. As shown in Fig. S2(c), the O1s peak in PS-RGO can be split 
into two peaks. The peaks at 531.7 eV and 533.4 eV are corresponding to 
the C–O and C––O on graphene, respectively. As shown in Fig. S2(d), 
the peak at 399.95 eV is corresponding to the C–N on the PS-DMC. XPS 
spectroscopy results indicate that the PS-DMC microspheres were suc
cessfully adsorbed on the graphene sheets. 

In order to calculate the content of PS-DMC in PS-RGO, we tested the 
TGA curve of RGO and PS-RGO. As shown in Fig. S3, the RGO exhibits a 
mass loss at 180 ◦C, which is attributed to the pyrolysis of retained 
oxygen-containing groups on RGO. And the PS-RGO exhibits two char
acteristic mass losses, one appears at 180 ◦C and the other one corre
sponds to the decomposition of PS-DMC at 300 ◦C. After calculation, the 
mass ratio of PS-DMC to RGO is 5:4. 

3.2. Microstructure of RGO and PS-RGO 

Graphene has a tendency to agglomerate, resulting in inhomoge
neous dispersion in the matrix. Therefore, it is significant to investigate 
the microstructure of RGO and PS-RGO through XRD and TEM. 

The XRD patterns of RGO, PS-DMC and PS-RGO are shown in Fig. 4. 
In the XRD patterns of RGO, a broad diffraction peak appears at 2θ =
24.1◦, and its interlayer distance (3.703 Å) is close to that of natural 
graphite (3.39 Å). In the XRD patterns of PS-DMC, the peak appears at 
2θ = 18.5◦ is correspond to PS. Comparing the XRD patterns of RGO with 
PS-RGO, it is noticed that the diffraction peak shifted from 24.1◦ to 
19.4◦, which is attributed to the addition of the RGO and PS. The results 
of XRD also confirm the preparation of PS-RGO is successful. 

TEM photographs of RGO and PS-RGO were shown in Fig. 5. As 
mentioned before, RGO stack and agglomerates together on account of 
strong van der Waals force between sheets. From the TEM images of PS- 
RGO, it is easily noticed that fewer layers of graphene sheets can be 
observed at the edge, which origins that PS-DMC acts as a spacer to 
increase the interlayer spacing of graphene and reduces the phenome
non of sheets agglomeration. Moreover, the existence of π–π interaction 

between PS-DMC and graphene weakens the van der Waals force be
tween graphene sheets, which reduces the phenomenon of sheets 
agglomeration. Furthermore, the reduction of sheet agglomeration is 
beneficial to the dispersion of graphene in the AE matrix, which results 
in the improvement of dielectric properties. 

3.3. Microstructure of RGO /AE and PS-RGO/AE composites 

In order to more intuitively observe the dispersion of RGO and PS- 
RGO fillers in the AE matrix, SEM fracture surface images of the com
posites are essential. As shown in Fig. 6(b), RGO presents an large 
massive particles in the matrix, especially at the bottom of the figure. 
This is due to the agglomeration of RGO caused by the poor dispersibility 
of RGO in the AE matrix. However, As shown in Fig. 6(a), PS-RGO 
presents a very small layered shape in the matrix, uniformly dispersed 
and no obvious agglomeration. On the one hand, PS-DMC microspheres 
act as insulating layer to isolate graphene sheets, and the π–π interaction 
between PS-DMC and RGO also weakens the van der Waals force of the 
graphene sheets, so the agglomeration phenomenon is reduced. On the 
other hand, AE matrix contains styrene, which may cause the compati
bility of PS-RGO with the AE matrix is better than that of RGO, so it has 
better dispersion in the matrix. 

3.4. Electric properties of the composites 

Fig. 7 exhibits the curve of the DC conductivity of the composites 
with the content of conductive filler. Overall, the conductivity of either 
RGO/AE or PS-RGO/AE increases with the increase of the conductive 

Fig. 3. FT-IR spectra of PS-DMC, GO, RGO, and PS-RGO (a). Raman spectra of RGO and PS-RGO (b).  

Fig. 4. XRD patterns of RGO, PS-DMC and PS-RGO.  
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filler. Specifically, when a small amount of conductive filler was added, 
the conductivity increases slowly, and when the filler loadings approach 
a critical value (percolation threshold), the conductivity increases 
sharply, and the composites change from an insulator to a conductor. 
After the content of the filler beyond the percolation threshold, the 
conductivity increases slowly. The above phenomenon can be explained 
by the percolation theory. The percolation threshold of RGO/AE and PS- 
RGO/AE composites can be acquired by the least-squares fit of the 
electrical conductivity by the following formula: 

σ∝(fc − f )− s f < fc (3)  

σ∝(f − fc)
t f > fc (4)  

where σ, f, and fc are the DC conductivity of the composite, the volume 
fraction of the filler, and the percolation threshold of the composite, 
respectively. And t and s are the critical parameters [37]. The percola
tion thresholds of RGO/AE and PS-RGO/AE composites were 1.58 vol% 
and 2.46 vol%, respectively, through formula fitting. PS-RGO/AE com
posites have a higher percolation threshold than RGO/AE composites, 
which results from following reasons. (1) The hybrid filler of PS-RGO 
has better compatibility with the AE matrix, which improves the 
dispersion of PS-RGO in the matrix. (2) PS-DMC microspheres act as 

Fig. 5. TEM images of PS-RGO (a, b) and RGO (c, d).  

Fig. 6. SEM images of fracture surfaces of PS-RGO/AE (a, c) and RGO/AE (b, d).  
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insulating layer to prevent the graphene from contacting each other and 
delay the formation of the conductive network. (3) PS-RGO contains 
non-conductive component PS. From this point of view, more conduc
tive fillers need to be added to form a conductive network. 

Fig. 8 exhibits the dielectric constant of RGO/AE and PS-RGO/AE 
composites with different conductive filler loadings as a function of 
the frequency of the electric field. In general, the dielectric constant of 
the composites decreases with increasing frequency, and the higher the 
content of filler, the more obvious the downward trend. The dielectric 
constant of the material is determined by polarization effects, including 
interface polarization (Maxwell-Wagner-Sillars effect), electronic po
larization, and orientation polarization, etc. The interface polarization 
requires longer time than orientation polarization, meanwhile the 
electron polarization requires a short time. At low frequency, all po
larizations can keep up with the change of electrical field frequency, 
orientation polarization and interface polarization play a leading role, so 
the dielectric constant is higher. As the frequency increases, due to the 
existence of internal resistance of the material, the orientation polari
zation of the dipole gradually cannot keep up with the change of the 
frequency, which hardly contribute to the dielectric constant, so the 
dielectric constant decreases [38]. Besides, the dielectric constants of 
2.43 vol% PS-RGO/AE are 194 and 151 at 100 Hz and 1000 Hz, which 
are 2.40 times and 2.75 times that of 1.55 vol% RGO/AE. This can be 
mainly attributed to the following reasons. (1) Micro capacitor effect 
[39]. The two adjacent graphene sheets and the matrix sandwiched 
between them form a micro capacitor (graphene is equivalent to the 
electrode and the matrix is equivalent to the insulating medium), which 
contribute to enhance the capacitance and dielectric constant of com
posites. As mentioned earlier, PS-RGO has better compatibility with the 
matrix, so PS-RGO can be more uniformly dispersed in the matrix, which 
can delay the formation of conduction path. All of these are feasible to 

the formation of more micro capacitors, thereby improving the storage 
capacity of charge and dielectric constant. (2) Maxwell-Wagner-Sillars 
effect [40]. When there is a large difference in electrical conductivity 
between filler and composite matrix, charges will accumulate at the 
interface, leading to interface polarization to increase the dielectric 
constant. Among the PS-RGO/AE composites, besides the RGO-AE 
interface, there are also the PS-RGO interface and the PS-AE interface, 
and their interface types and numbers are more abundant than the RGO/ 
AE composites. As a result, compared with RGO/AE, PS-RGO/AE com
posites exhibit stronger Maxwell-Wagner-Sillars effect. (3) The good 
dispersion of PS-RGO in the matrix delays the percolation threshold of 
the material, and more fillers can be added, which bring about the for
mation of more interfaces and more micro capacitor structures, so 2.43 
vol% PS-RGO/AE composite has a higher dielectric constant than 1.55 
vol% RGO/AE composite. 

Fig. 9 exhibits the dependence of the dielectric constant of RGO/AE, 
PS-RGO/AE composites on the content of filler at 100 Hz. The changing 
trend of the dielectric constant of the composite with the filler content is 
similar to the conductivity, and the difference is that the dielectric 
constant will decrease beyond the percolation threshold. If the content 
of nano conductive filler is at a low level, the distance of adjacent gra
phene sheets is too far to form the micro capacitors. When the loading of 
conductive filler is increased, especially close to the percolation 
threshold, the number of micro capacitors increases sharply and the 
dielectric constant increases significantly. After the content of the filler 
beyond the percolation threshold, the composite is transformed from an 
insulator to a conductor, attributing to the micro capacitor effect invalid 
and the dielectric constant dropping sharply. 

In order to further explore the difference in the dielectric properties 
of RGO/AE and PS-RGO/AE composites, electrochemical impedance 
spectroscopy is necessary. The equivalent circuit diagram of RGO/AE 

Fig. 7. The DC conductivity of RGO/AE (a) and PS-RGO/AE (b) varies with fillers loading. The insets of top left corner represents the log(σ) − log(fc − f) plot (f < fc). 
The insets of bottom right corner shows the log(σ) − log(f − fc) plot (f > fc). 

Fig. 8. Dielectric constant of RGO/AE (a) and PS-RGO/AE (b) with different volume fraction of fillers as a function of the electric field frequency.  
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and PS-RGO/AE composite materials is shown in the Fig. 10. The 
components of the equivalent circuit diagram of RGO/AE include sub
strate resistance (Rm), substrate capacitance (Cm), contact resistance 
(Rc), contact capacitance (Cc), charge transfer resistance (Rct), and 
charge transfer capacitance (Cct). Constant phase element (CPE) repre
sents capacitance calibration that deviates from pure capacitive 
behavior. In addition to the above components in the equivalent circuit 
diagram of the PS-RGO/AE composites, there are also parallel resistor 
including polarization resistance (Rp) and CPEp, which comes from the 
enhancement of the interface polarization effect. As is known to all, the 
semicircle diameter of Nyquist curve is related to Rct for dielectric ma
terials. According to following formula, the impedance can be consid
ered as the synergistic effect of polarization impedance and conductivity 
impedance, 

Z = ZR +ZP (5)  

ZP = RP +
1

jwCP
(6)  

in which, ZR, ZP, RP, j, w, and Cp represent the conductivity impedance, 
the polarization impedance, the polarization resistance, the imaginary 
unit, the angular frequency, and the polarization capacitance, 
respectively. 

As shown in Fig. 11, the Nyquist curve of 1.77 vol% RGO/AE com
posites shows a typical semicircular shape, which origins from the for
mation of conductivity path. The Nyquist curve of 2.73 vol% PS-RGO/ 
AE is composed of two semicircles, one of which represents RP and 
another semicircle stands for the ZR of the composite, which indicates 
the enhancement of dielectric constant of PS-RGO/AE composite origins 

from the improvement of micro capacitor effect and Maxwell-Wagner- 
Sillars effect. As the filler content increases, the Nyquist curve of PS- 
RGO/AE gradually changes from a straight line to a semicircle 
(Fig. S4), which demonstrates the formation of conductivity path and 
more micro capacitor. 

Fig. 12 presents the dependence of the dielectric loss of RGO/AE and 
PS-RGO/AE composites on the frequency of the electric field. The 
variation trend of the dielectric loss of the two composites is almost 
similar. As the frequency of the electric field increases, the dielectric loss 
shows a trend of falling first and then rising. To the best of our knowl
edge, polarization relaxation loss and conduction loss are the main 
causes of dielectric loss of composites. When the electric field frequency 
is low (such as 100 Hz), orientation polarization and interface polari
zation can keep up with the change of frequency. There is almost no 
dielectric relaxation at low frequency, and the reactive current has a 
negative relation with frequency, resulting in a decline of the dielectric 
loss at first [6]. When the electric field frequency increases to around 105 

Hz, the internal resistance of the composites makes charge accumulation 
and dipole orientation more difficult. At this moment, orientation po
larization and interface polarization hardly keep pace with the change of 
frequency, which brings about the occurrence of dielectric relaxation 
phenomenon and the increase of dielectric loss. In addition, compared to 
the dielectric loss of the composites near the percolation threshold, it is 
noticed that the loss of 2.43 vol% PS-RGO/AE composites at 100 Hz and 
1000 Hz is 0.29 and 0.14, which are 0.25 and 0.18 times that of 1.55 vol 
% RGO/AE composites. As is known to all, the leakage current inside the 
conductor plays a significant role in the dielectric loss. Leakage current 
is closely related to the formation of the internal conductive network of 
the material, that is, it is related to the dispersion of the filler in the AE 
matrix. Therefore, the dielectric loss is closely related to the dispersion 
of the filler in the matrix. The good compatibility of PS-RGO with AE 
matrix leads to the homogeneous dispersion of PS-RGO in the matrix. 
Besides, PS-DMC acts as an insulating layer to increase the distance and 
suppress the leakage current between the graphene sheets. Therefore, 
PS-RGO/AE composites has smaller dielectric loss than RGO/AE. The 
PS-RGO hybrid filler in the AE matrix resulted in composite having high 
dielectric constant and low dielectric loss. Data given in Table S1 con
firms that the PS-RGO/AE composite has better dielectric performance 
than the other reported similar composites. 

As mentioned earlier, the polarization cannot keep up with the 
change of frequency at high electric field frequency, resulting in the 
increase of dielectric loss. PS-RGO/AE composites have dielectric 
relaxation under high frequency (106Hz), and the more filler content, 
the more obvious the relaxation phenomenon. This phenomenon can be 
depicted by the cole–cole curve, as shown in Fig. 13, which is con
forming to the following revised debye formula: 

ε∗ = ε∞ +
Δε

1 + (iωτ)1− α = ε′

− iε′′ (7)  

where ε* is the complex dielectric permittivity, ε′ and ε′′ are the real and 
imaginary part of ε*, respectively. Δε = (εs − ε∞), εs, and ε∞ are the static 
dielectric constant and infinite frequency dielectric constant, respec
tively. α is the parameter which depicts the broadness of relaxation time, 
τ is the dielectric relaxation time [7]. As shown in Table 1, both εs and ε∞ 
increase with the conductive filler added, which is consistent with the 
aforementioned change trend of dielectric constant with filler content. It 
is worth noting that the relaxation time τ will increase as the filler 
content increases. On the one hand, there are still defects on the surface 
of the reduced graphene, which act as the center of polarization and 
cause polarization relaxation [41]. On the other hand, the filler particles 
are equivalent to defects in the matrix and hinders the polarization of 
the dipole on the molecular chain [7]. More defects make polarization 
more difficult and lead to longer relaxation time. 

It is significant to carry out dielectric withstanding voltage tests, 
which results from that the reliability of the actuator is related to the 

Fig. 9. Dependence of the dielectric constant of RGO/AE and PS-RGO/AE 
composites on the volume fraction of fillers. 

Fig. 10. The equivalent circuit diagram of RGO/AE (a) and PS-RGO/AE (b).  
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breakdown field strength. As shown in Table S2, the breakdown field 
strength of 2.43 vol% PS-RGO/AE (38.5 MV/m) is higher than that of 
1.55 vol% RGO/AE (28.3 MV/m), which is attributed to improved 
compatibility and the more homogeneous dispersion of PS-RGO in the 
AE matrix. 

3.5. Mechanical properties of the composites 

Elastic modulus is another significant factor affecting the driving 
strain of the actuator. Fig. 14 shows the change of elastic modulus of 

Fig. 11. The Nyquist curve of 1.77 vol% RGO/AE (a) and 2.73 vol% PS-RGO/AE (b).  

Fig. 12. Dielectric loss of PS-RGO/AE (a) and RGO/AE (b) composites with different volume fraction of fillers as a function of the electric field frequency.  

Fig. 13. The cole–cole plot of PS-RGO/AE with different volume fraction 
of fillers. 

Table 1 
The theoretical calculation data for the cole–cole plot of PS-RGO/AE.  

The volume fraction of filler (vol%) εs ε∞ τ (μs) 

0.91% PS-RGO 3.76 0.86 0.027 
1.82% PS-RGO 36.3 4.3 0.091 
2.12% PS-RGO 53.2 17.2 0.196 
2.43% PS-RGO 96.1 26.1 0.201  

Fig. 14. Elastic modulus of RGO/AE and PS-RGO/AE composites as a function 
of the volume fraction of fillers. 
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RGO/AE and PS-RGO/AE composites with filler content. The elastic 
modulus of both composites increases with the increase of filler content, 
which results from the addition of filler hinders the movement of mo
lecular chains. It is worth noting that the elastic modulus of PS-RGO/AE 
composites is higher than that of RGO/AE. The filler makes chains more 
rigid but in PS-RGO/AE more so because of increased compatibility 
between PS-RGO and AE, which brings about that the movement of the 
molecular chain more difficult. After the filler was added, the elastic 
modulus of composites is still low (the elastic modulus of 2.43 vol% PS- 
RGO/AE is 4.52 MPa), so it is still suitable for DE actuators. 

Fig. S5 exhibits the mechanical damping (Δ) and relative rigidity (1/ 
p2) of AE and composites as function of temperature. As the temperature 
increases, the mechanical damping (Δ) of AE and composites appears 
two loss peaks, and the relative rigidity (1/p2) also shows the tendency 
of decline in the corresponding temperature range. These two transitions 
correspond to different molecular motion processes of polymers. The 
corresponding transformation around − 50 ◦C is a secondary trans
formation. In this process, the small molecular groups and chain seg
ments of the polymer are first thawed and can move freely, which results 
in the decrease of relative rigidity and the appearance of loss peak. As 
the temperature continues to rise, the molecular chains of the polymer 
can also move freely, and the relative rigidity further decreases and a 
large loss peak appears. The corresponding temperature is the glass 
transition temperature Tg, and this process is the main transition (glass 
transition). The secondary transition temperatures of AE, 1.55 vol% 
RGO/AE, and 2.43 vol% PS-RGO/AE are − 58.3 ◦C, − 51.2 ◦C, and 
− 45.6 ◦C, respectively. The glass transition temperatures of AE, 1.55% 
RGO/AE, and 2.43 vol% PS-RGO/AE are − 19.4 ◦C, − 15.8 ◦C, and 
− 8.4 ◦C, respectively. The transition temperature of the composites is 
higher than that of the AE matrix, which origins that the addition of 
fillers hinders the free movement of small molecular groups and polymer 
molecular chains. It is worth noting that the transition temperature of 
PS-RGO/AE composite is higher than that of RGO/AE. The filler is 
equivalent to the physical cross-linking point in the matrix. PS-RGO has 
better compatibility with the AE matrix. Therefore, PS-RGO and the AE 
matrix have a stronger physical cross-linking effect, making the move
ment of the group and molecular chain more difficult. 

3.6. Actuated strain of RGO/AE and PS-RGO/AE 

The electromechanical sensitivity (β) was calculated based on the 
following equation. 

β = ε/Y (8) 

As shown in Table S3, whether it is RGO/AE or PS-RGO/AE, the 
electromechanical sensitivity increases with the increase of filler con
tent. This is ascribed to the increase in the dielectric constant is higher 
than the increase in the elastic modulus. It is worth noting that the 
electromechanical sensitivity of 2.43 vol% PS-RGO/AE (43.36) is higher 
than that of 1.55 vol% RGO/AE (24.6), which is consistent with the 
result of area actuation strain. As shown in Table S4, the area actuation 
strain of 2.43 vol% PS-RGO/AE is 18.0% at an electric field strength of 
8.5 V/μm, which is higher than that of 1.55 vol% RGO/AE (3.39%). 
2.43 vol% PS-RGO/AE has a higher driving strain than 1.55 vol% RGO/ 
AE, which proves that the modification of graphene by PS-DMC is 
successful. 

4. Conclusion 

In our work, we fabricated PS-RGO/AE composites using the method 
of solution casting, and the PS-RGO hybrid filler was prepared by 
adsorbing PS-DMC to the graphene sheet through electrostatic force. PS- 
DMC cannot only inhibit the aggregation of graphene sheets, but also 
improve the dispersion of the PS-RGO hybrid filler in the AE matrix. 
When the filler content is close to the percolation threshold, the 
dielectric constant and loss of the PS-RGO/AE composites are 2.40 and 

0.25 times that of the RGO/AE composites at 100 Hz. We suppose that 
the high dielectric constant of PS-RGO/AE results from enhanced micro 
capacitors effect and Maxwell-Wagner-Sillars effect through the uniform 
dispersion of PS-RGO in the AE matrix and the formation of more in
terfaces, respectively. The PS-RGO/AE composites with good dielectric 
and mechanical properties, which is suitable for electromechanical 
conversion fields. 
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