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creates charged sites and results in redistribution of spin 
and charge densities in graphene by disrupting the ideal sp 2  
hybridization of carbon atoms, [ 20 ]  improving the conductivity 
and providing more active sites for electrochemical reac-
tions. [ 9 ]  Moreover, co-doping of graphene is a currently growing 
avenue, which can further modify the properties of monoatom-
doped graphene. [ 21–23 ]  Among various heteroatoms, co-doping 
of sulfur and nitrogen is mutually complementary owing to 
larger electronegativity of N (3.04) compared to C (2.55) and 
almost similar electronegativity of S (2.58) with C. The larger 
size of S is benefi cial for tuning the electronic properties of 
graphene, polarizing electron pairs easily, creating charge sites, 
and signifi cantly enhancing electrical, mechanical, and elec-
trochemical properties. The heteroatoms create n-type trans-
port behavior, attracting more electrons from the anode. [ 19,21,38 ]  
Until now, heteroatom-doped graphene has been used in engi-
neering applications, such as supercapacitors, lithium ion 
batteries, fuel cells, solar cells, sensors, and gas storage. [ 22 ]  
However, heteroatom-doped graphene has not been deeply 
investigated as an effi cient electrode for highly bendable ionic 
artifi cial muscles. 

 Here, inspired by the synergistic effects of heteroatoms 
co-doped graphene, we report a highly effi cient metal-free 
sulfur and nitrogen co-doped graphene electrode for economi-
cally viable, largely bendable, air-working, and highly durable 
ionic polymer actuators. In this study, we used mesoporous 
sulfur and nitrogen co-doped reduced graphene oxide (Th-SNG) 
and polyethylenedioxythiophene (PEDOT):polystyrenesulfonate 
(PSS) for a highly fl exible and nonmetallic conducting electrode 
and sulfonated polybenzimidazole (SPBI) embedding mobile 
ionic liquid (EMIM-BF 4 ) as a dry-type ionic polymer. The co-
doping of graphene with sulfur and nitrogen produces syner-
gistic effects with PEDOT:PSS, which greatly enhances electro-
chemical activities of the electrodes as well as the mechanical 
bending motion of the actuators. The use of PEDOT:PSS with 
Th-SNG is not only to enhance the electrical and ionic conduc-
tivity among graphene fl akes but also to improve mechanical 
fl exibility, conductivity, capacity, and mechanical stability under 
large bending deformation of the electrode without using any 
additional metallic current collector. More importantly, the 
actuation performances of the bio-inspired artifi cial muscle are 
mainly attributed to the ultrahigh capacitance of the Th-SNG 
electrode and high ion mobility of lithiated SPBI with an 
EMIM-BF 4  (Li-SPBI-EMIM-BF 4 ) membrane. In this study, in 
order to facilitate fast ion migration, we have fi rst applied an 
interpenetrating polymer network of SPBI, which has a high 
degree of ionic conductivity, mechanical stability, and ionic 
liquid uptake capability, to achieve a high-performance ionic 
actuator. 

  During the last decades, bio-inspired artifi cial muscles that 
can be accurately controlled by electrical stimuli have received 
intensive attention from scientists and engineers who are 
working in the fi elds of smart materials and actuators for engi-
neering applications. Among several artifi cial muscles, electro-
active ionic polymer (EAIP) actuators have been investigated 
owing to their striking exceptional features: lightweight, fl ex-
ibility, facile processability, quick response, cost-effectiveness, 
and relatively large deformation. [ 1–5 ]  One of the most attractive 
EAIPs is an ionic polymer-metal composite (IPMC) actuator 
that is composed of an ion exchangeable polymer material and 
noble metal electrodes. [ 6–8 ]  Although typical IPMC actuators 
exhibit several outstanding advantages, including large bending 
strain at low voltages, low power consumption, and fl exible bio-
mimetic movements, they have some serious drawbacks, such 
as cracks in the metal electrodes that result in poor durability, 
the high cost of noble metals, and the time-consuming process 
of electroless plating. [ 6 ]  Therefore, to overcome these obstacles, 
the development of high-performance ionic polymer actuators 
with carbon electrodes having excellent mechanical, electrical, 
and electrochemical properties is highly desirable. 

 Although some well-known carbon nanomaterials, including 
graphitic carbon, [ 9 ]  carbon nanotubes, [ 10–12 ]  graphene produced 
by chemical vapor deposition (CVD), [ 13 ]  reduced graphene 
oxide, [ 14,15,37 ]  and graphene papers, [ 16,17 ]  have been extensively 
investigated as the electrode materials for polymer actuators, 
the overall actuation performance is at a standstill due to the 
limitations of the electrical and electrochemical properties 
of these carbon nanomaterials. Interestingly, recent studies 
have revealed that doping of graphene with heteroatoms (e.g., 
nitrogen, boron, sulfur, phosphorus) is an effi cient way to 
tailor electronic, chemical, optical, and most importantly, elec-
trochemical properties. [ 18,19 ]  Heteroatom doping in graphene 
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 Several synthetic methods have been reported on heter-
oatom-doped graphene for ORR, supercapacitor, and Li-bat-
teries, but these methods involved tedious CVD, plasma treat-
ment, or high temperature annealing methods that are time 
consuming and require harsh experimental conditions. [ 23–26 ]  
Hence, a simple and eco-friendly microwave-associated method 
for synthesizing sulfur and nitrogen co-doped graphene is 
developed in this study. In a typical synthetic procedure for 
the electrode, we carried out microwave assisted synthesis of 
Th-SNG as illustrated in  Figure    1  a and then designed a fl exible 
hybrid electrode based on a conducting polymer, PEDOT:PSS, 
with DMF. As observed from the HRTEM image (Figure  1 a), 
Th-SNG thus contained structural defects in its honeycomb-
like lattice structure forming a pentagon, a heptagon, and 
even a 9-membered ring, which appeared to be related to the 
sites occupied by doped sulfur and nitrogen atoms (red and 
blue circle). The doping mechanism for fabricating S and N 
co-doped rGO in microwave is illustrated in Figure S1 (Sup-
porting Information). In addition, the morphology of Th-SNG 
and rGO as demonstrated in Figure S2 (Supporting Infor-
mation, both FESEM and TEM) revealed that both rGO and 
Th-SNG had a lamellar morphology like silk veil waves, 
although loose lamellar sheets with rich wrinkled structures 
and porous features were detected in the Th-SNG. The mor-
phology having defective structures formed during the heter-
oatom doping process. The HRTEM image of rGO (Figure S2e, 
Supporting Information) showed an almost regular honey-
comb-like lattice structure with a wavy nature due to the pres-
ence of a few reduced graphene oxide layers. Importantly, the 
selected area electron diffraction (SAED) pattern of Th-SNG 
had sharp hexagonal diffraction spots and visible crystal lattices 
indicating crystallinity, which was in agreement with previous 
reports. [ 20,26 ]  Figure  1 b represents the schematic illustrations 
of ionic artifi cial muscles with Th-SNG electrodes. In general, 

the bending actuation performance is highly infl uenced by 
the mechanical, electrical, and electrochemical properties of 
the electrodes of ionic type actuators. Porous, highly electrical 
conductive, and electric double layer capacitive (EDLC) charac-
teristics of Th-SNG electrodes dominantly affect and improve 
the ion redistribution response of the ionic liquids in the ionic 
polymer matrix. Therefore, larger bending strain of ionic artifi -
cial muscles based on Th-SNG electrodes in comparison with 
PEDOT:PSS or rGO electrodes can be obtained due to the 
synergistic effect of heteroatom co-doping.  

 The co-doping of S and N atoms into Th-SNG was further 
confi rmed by elemental mapping images through electron 
energy-loss spectra (EELS) of carbon, sulfur, and nitrogen 
( Figure    2  a–d) of Th-SNG. It shows that sulfur and nitrogen 
atoms are homogeneously distributed in mesoporous rGO 
sheets. Additionally, the EELS of each element and their over-
lapped EELS spectroscopy for Th-SNG are shown in Figure S3 
(Supporting Information). It represents the presence of sig-
nals from core edges like K edges for C, N, O, and L 2,3  edges 
for S reaffi rms successful co-doping of S and N atoms in 
mesoporous rGO. We further investigated the binding state 
and quantitative chemical composition of rGO and Th-SNG 
with X-ray photoelectron spectroscopy (XPS), which exhibits 
typical N1s, S2p, S2s peaks along with C1s and O1s indicating 
successful co-doping of S and N atoms inside the rGO lattice 
(Figure  2 e–h). The elemental percentage of Th-SNG reveals 
that a signifi cant amount of nitrogen (4.89% atomic per-
cent) and sulfur (2.35% atomic percent) are incorporated in 
Th-SNG (Table S1, Supporting Information). The asymmetric 
C1s XPS peak for Th-SNG can be fi tted to four subpeaks at 
around 284.6, 286.0, 288.1, and 290.7 eV, which corresponds 
to C–C/C=C, C–O/C–N/C=N, C=O, and O–C=O, respectively. 
For comparison, C1s deconvoluted spectra of rGO are dis-
played in Figure S4 (Supporting Information). In addition, N1s 
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 Figure 1.    Schematic diagrams for the synthetic route of Th-SNG and the concept of a novel ionic artifi cial muscle; a) sulfur and nitrogen co-doped 
reduced graphene oxide (Th-SNG) and b) bio-inspired ionic artifi cial muscles with Th-SNG/PEDOT:PSS electrodes.
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XPS spectra of Th-SNG indicates the existence of pyridinic N 
(398.7 eV), pyrrolic N (400.2 eV), and graphitic N (401.2 eV) 
structures. [ 21,27–29 ]  Moreover, the deconvoluted spectra of S2p 
suggest that the binding states of sulfur are C–S–C (163.9 eV), 
C=S (165.2 eV), and 168.2 eV (S–O/S=O). [ 19,21,23 ]  Structural 
characterizations of rGO and Th-SNG utilizing XRD, Raman, 
BET surface area, and pore size distribution further provide 
additional evidence of the incorporation of S and N atoms into 
Th-SNG as elaborately explained in Figure S5 (Supporting 
Information). The co-doping of S and N atoms and generation 
of additional structural defects inside the graphene lattice 
of Th-SNG are reaffi rmed by the redshift of D as well as the 
relatively high intensity ratio of the D to G band ( I  D / I  G ) (1.16) 
found in the Raman spectra, the dramatically broadened peak 
with reduced intensity at 24.7° in the XRD, the larger BET sur-
face area (490 m 2  g −1 ) with large pore volume (1.82 cm 3  g −1 ) 
and the average mesopore size (5.5 nm) with respect to rGO. 
These fi ndings are crucial to facilitating electrolyte diffusion 
and thereby enhancing the capacitive performance while acting 
as an electrode.  

 To explore actuation behavior, the electrochemicial perfor-
mances of Th-SNG were characterized by cyclic voltammeter 
(CV) in both aqueous and nonaqueous electrolytes with a three-
electrode system.  Figure    3  a shows the CV responses of rGO and 
Th-SNG in a 1  M  KOH solution at a 100 mV s −1  scan rate in a 
potential window of 0 to −0.6 V. Figure S6a,b (Supporting Infor-
mation) represents the CV curves of all the samples at varying 
scan rates from 10 to 100 mV s −1 . There is no remarkable peak in 
any of the curves for both rGO and Th-SNG. The maintenance 
of almost (quasi) rectangular CV curves at all scan rates signifi es 
not only the ideal double layer capacitor nature but also their rate 
capability even at a high scan rate. The specifi c capacitances cal-
culated from the integrated area of CV curves are plotted against 
scan rates as presented in Figure  3 c. The Th-SNG has a remark-
ably higher specifi c capacitance at all scan rates than rGO. For 
instance, Th-SNG exhibits 284 F g −1  at a scan rate of 10 mV s −1 , 

which is 1.96 times higher than that of rGO (145 F g −1 ). Inter-
estingly, the specifi c capacitance slightly decreased to 214 F g −1  
even at scan rate of 100 mV s −1  indicating the good rate capa-
bility of Th-NSG. Since dry-type actuation test would be dem-
onstrated with nonaqueous IL, EMIM-BF 4 , the CV responses 
of rGO and Th-SNG at different scan rates (10 – 100 mV s −1 ) 
were obtained in a 1  M  EMIM-BF 4 /CH 3 CN electrolyte as shown 
in Figure S6c,d (Supporting Information). Figure  3 b illustrates 
the CV responses of rGO and Th-SNG at 100 mVs −1  in the non-
aqueous electrolyte. The specifi c capacitance values of rGO and 
Th-SNG followed a similar trend as those in an aqueous elec-
trolyte. Some couples of slight peaks in the potential window of 
−1.6 to +1.6 V might be due to the ionic interaction of EMIM-
BF 4  with oxygen functional groups of rGO and Th-SNG. [ 30,31 ]  
We inferred that Th-SNG possesses a drastically higher specifi c 
capacitance in both aqueous and non-aqueous electrolytes than 
rGO as shown in Figure  3 c. This is because the considerably 
larger surface area, pore size and pore volume of Th-SNG com-
pared to those of rGO provide rich sites for adsorbing ions and 
accelerating electron transfer, thus creating fast electrolyte dif-
fusion. In addition, the presence of S and N active sites with 
geometric lattice defects in Th-SNG enhances the charge den-
sity as well as the binding interaction with ions, resulting in 
decreased intrinsic resistance of the carbon and improved elec-
tron transfer rate. [ 28,32 ]  Thus, the electrode composed of Th-SNG 
is ideal for the exploration of high-performance ionic artifi cial 
muscles. Furthermore, we investigated the CV responses of the 
PEDOT:PSS, rGO/PEDOT:PSS and Th-SNG/PEDOT:PSS elec-
trodes to determine the charge transport effect of the electrode 
in the non-aqueous electrolyte. The CV plots of all the samples 
at a scan rate of 100 mV s −1  are presented in Figure  3 d. Figure 
S7a–c (Supporting Information) shows the CV responses of all 
the samples at different scan rates from 10 to 100 mV s −1 . The 
curve shape of the CV response for the PEDOT:PSS electrode 
is similar to previous reports. [ 33,34 ]  Th-SNG/PEDOT:PSS elec-
trode has the highest volumetric capacitance of 8951 mF cm −3  at 
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 Figure 2.    Chemical characterization of sulfur and nitrogen co-doped graphene: a) HR-TEM image of Th-SNG with the corresponding b) carbon, 
c) nitrogen, and d) sulfur elemental mapping images. e) C1s, f) N1s, and g) S2p XPS spectra of Th-SNG and h) XPS survey spectra of Th-SNG and rGO.
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scan rate of 10 mV s −1 , which is three times higher than that of 
pristine PEDOT:PSS and even 1.87 times higher than the rGO/
PEDOT:PSS electrode (Figure  3 e). Importantly, even at high 
scan rate of 100 mV s −1 , Th-SNG/PEDOT:PSS electrode exhibits 
a volumetric capacitance of 6140 mF cm −3  which suggests good 
rate capability of the fl exible electrode. Such outstanding CV 
responses imply synergistic utilization of the electrical double 
layer capacitance of Th-SNG. The drastic electrochemical perfor-
mance of the electrode plays a very important role in generating 
a large mechanical bending motion of the actuator. As mechan-
ical properties of the electrode also make a signifi cant contribu-
tion to the bending performance of the actuator, we also studied 
the stress–strain behavior of the electrodes. The reinforcing 
effect of rGO and Th-SNG in PEDOT:PSS based electrodes 
along with pristine PEDOT:PSS are illustrated in Figure  3 f 
and Table S2 (Supporting Information). Among the electrodes, 
the Th-SNG/PEDOT:PSS electrode exhibits the highest tensile 
strength and modulus. More precisely, the Th-SNG/PEDOT:PSS 
electrode had a tensile strength of 52.25 MPa, which was 44.66% 
higher than that of the pristine PEDOT:PSS electrode and 
27.07% higher than that of the rGO/PEDOT:PSS electrode, and 
a tensile modulus of 1.85 GPa, which was remarkably higher 
(85%) than pristine PEDOT:PSS. The remarkable improvements 
in the modulus and tensile strength of the Th-SNG/PEDOT:PSS 
electrode clearly demonstrate the importance of the synergistic 
infl uence of Th-SNG and PEDOT:PSS. The defect and larger 
surface area of Th-SNG, generated from co-doping of S and N 
atoms, provide a strong interfacial interaction with PEDOT:PSS 
and result in a signifi cant enhancement of the mechanical 
properties. The electrical conductivity of the electrodes, meas-
ured by the four probe method, were calculated to be 355.33, 

575.71, and 767.49 S cm −1  for PEDOT:PSS, rGO/PEDOT:PSS, 
and Th-SNG/PEDOT:PSS, respectively. The improved electrical 
conductivity is attributed to the modifi cation of the electronic 
structure after co-doping of S and N in rGO and better compat-
ibility with PEDOT:PSS. [ 19,20 ]   

 The functional groups and the chemical composition of the 
as-synthesized SPBI membranes as shown in Figure S8 (Sup-
porting Information) were analyzed by ATR-IR and  1 H NMR 
spectra and those are described in Supporting Information 
(Figures S9 and S10). The mechanical stability, ion exchange 
capacity, and ionic conductivity of SPBI membranes were inves-
tigated in order to understand the SPBI actuators as listed in 
Table S2 and Figure S11 (Supporting Information). We found 
that SPBI-IL exhibits a dramatic increment of elongation at 
break and moderate tensile strength and modulus, which are 
highly desirable to generate the large mechanical bending 
motion of the actuators. The ion exchange capacity (IEC) values 
of Na-SPBI, H-SPBI, and Li-SPBI were estimated to be 1.42, 
1.60, and 1.84 meq g −1 , respectively. This observation is due to 
the fast exchange of Li +  ions with H +  rather than Na +  during 
protonation of the all membranes. [ 35,36 ]  

 The actuation performances of the dry-type Th-SNG-SPBI-IL 
actuators were evaluated with various conditions of harmonic 
electric inputs. The cross-section images of the Th-SNG-SPBI-
IL actuator is shown in  Figure    4  a. The Th-SNG/PEDOT:PSS 
electrode of the actuator is completely bonded on the surface 
of the SPBI-IL membrane without delamination. In addition, 
Th-SNG is homogeneously distributed in the electrodes of the 
actuators and the red arrows in Figure  4 a refer to the well-
distributed Th-SNG. The surface image of the electrode also 
suggests the presence of Th-SNG in the electrode as shown 
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 Figure 3.    Cyclic voltammetry analysis of Th-SNG and rGO in a) 1  M  KOH and b) 1  M  EMIMBF 4 /CH 3 CN electrolyte at a scan rate of 100 mV·s −1  and 
c) the specifi c capacitance of Th-SNG and rGO at various scan rates. d) Cyclic voltammetry analysis of PEDOT:PSS, rGO/PEDOT:PSS, and Th-SNG/
PEDOT:PSS electrodes in a 1  M  EMIMBF 4 /CH 3 CN electrolyte at a scan rate of 100 mV·s −1  and e) the voltammetric capacitance of the electrodes at 
various scan rates. f) Stress–strain curves of the electrodes.
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in the inset image of Figure  4 a. Figure  4 b shows the optical 
images of the actuator during actuation under the excitation of 
±1 V at frequency of 0.1 Hz. The actuator was symmetrically 
and largely bent according to the electrical stimulus. Figure  4 c 
presents the harmonic responses of the Th-SNG-SPBI-IL actua-
tors under the input voltage of ±0.5 V at an excitation frequency 
of 0.1 Hz. The tip displacement of the Th-SNG-SPBI-IL actu-
ator was up to 2.3 mm, about 2.5 times higher than that of 
PEDOT:PSS-SPBI-IL actuators. The high bending performance 
of the actuators is induced by the high electrical, electrochem-
ical and mechanical properties of the Th-SNG, resulting from 
the S and N co-doping effect on the rGO. During the verifi -
cation of the actuation performances with the actuators, the 
input voltage was increased from ±0.5 to ±1 V to obtain high 
tip displacements of the actuators. As illustrated in Figure  4 d, 
the tip displacement of the actuators were 4.5, 3.3, and 1.8 mm 
without the distortion of the actuation performances under the 
applied voltage of ±1 V at a frequency of 0.1 Hz. Moreover, the 
peak-to-peak displacements of the actuators were also meas-
ured along with various excitation frequencies, 0.1, 0.2, 0.5, 
1, 2, 5, and 10 Hz, as shown in Figure  4 e. The bending per-
formance of the Th-SNG based actuators was impressively 

higher than those of the other actuators under all frequency 
conditions. The inset graph of Figure  4 e shows the harmonic 
responses of the Th-SNG-SPBI-IL actuator with different exci-
tation frequencies. As the frequency decreased, the tip displace-
ment of the Th-SNG-SPBI-IL actuator gradually increased due 
to the suffi cient time to move the inner electrolytes of the SPBI 
polymer toward the electrodes. Furthermore, the durability 
performance of the Th-SNG-SPBI-IL actuator was evaluated 
as seen in Figure  4 f. The Th-SNG-SPBI-IL actuator was suc-
cessfully demonstrated without any signifi cant performance 
degradation for 5 h under an input voltage of ±1 V at an excita-
tion frequency of 1 Hz. The peak-to-peak strain of the Th-SNG-
SPBI-IL actuator was maintained above 0.037%, while that of 
the PEDOT:PSS-SPBI-IL actuators was below 0.012%. After 
the 5 h demonstration of the Th-SNG-SPBI-IL actuator over 
18 000 cycles, the actuators still showed a harmonic response 
without performance distortion or degradation as depicted 
in the inset of Figure  4 f. We attributed the remarkable actua-
tion performances of the Th-SNG-SPBI-IL actuator, including 
a large bending deformation and a highly durable response, 
to the synergistic effect of both the capacitive, conductive 
Th-SNG/PEDOT:PSS electrodes and the mechanically stable, 
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 Figure 4.    Actuation performances of Th-SNG based actuators: a) Cross-sectional and surface SEM images of Th-SNG-SPBI-IL actuators. b) Optical 
images of the bent actuator under 1 V at 0.1 Hz. Bending actuation performances of the actuators under harmonic excitation of c) 0.5 V and d) 1.0 V 
at 0.1 Hz. e) Peak-to-peak displacement of the actuators at different frequencies, and f) durability results of harmonic response for 5 h.
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ionic conductive SPBI membrane containing IL. In addition, 
the blocking force of all three actuators were measured and the 
Th-SNG-SPBI-IL actuator shows the highest blocking force.as 
listed in Table S3 (Supporting Information).  

 In summary, we successfully developed a high-performance 
electroactive artifi cial muscle based on sulfur and nitrogen 
co-doped graphene electrodes. The heteroatom co-doping in 
reduced graphene oxide resulted in more defect sites, increased 
charge density, a much larger surface area (490 m 2  g −1 ), and 
wide pore size (5.5 nm) in Th-SNG. The good compatibility of 
PEDOT:PSS with Th-SNG through π–π interaction and chem-
ical binding provided much higher stiffness and strength for 
the hybrid electrodes and induced intimate contacts with SPBI-
IL membrane. The emerging electrochemical activity, ultra-
high capacitance (284 Fg −1  in aqueous electrolyte, 505 Fg −1  in 
nonaqueous electrolyte) and electrical conductivity (767 Scm −1 ) 
along with outstanding mechanical stability (1.85 Gpa, 85% 
higher than pristine PEDOT:PSS) of Th-SNG/ PEDOT:PSS 
electrode together with a mechanically stable SPBI-IL ionic 
polymer membrane facilitated a remarkably improved actua-
tion performance: large bending strain (up to 0.36% under 
1 V at 0.1 Hz, 4.5 times higher than PEDOT:PSS electrodes) 
and good durability (96% of initial strain after 18 000-cycle dem-
onstration). Taking the advantage of the fl exibility, light weight, 
cost-effectiveness, and durability of the actuator, we consider 
that our newly designed actuators can be used in the next-gen-
eration soft electronic products like wearable electronics, smart 
phones, fl exible displays, and various soft haptic devices.  
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