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The sulfonated polyphenylsulfone (SPPSU) membranes with different degrees of sulfonation (DS) were 

prepared for fabricating low-cost and high-performance ionic polymer-metal composite (IPMC) actuators. 

The properties of SPPSU ion exchange membranes and the electromechanical performance of resulting 

SPPSU actuators can be manipulated by controlling their DS. As the DS of SPPSU membranes increases, 

their ion exchange capacity (IEC), water uptake and ion conductivity increase accordingly, whereas the 10 

hydrated mechanical properties (strength and modulus) decrease. The SPPSU membrane with the highest 

DS (SPPSU4) shows much higher IEC and water uptake, and slightly lower ion conductivity than those of 

the traditional Nafion membrane. Among the prepared IPMC actuators, the SPPSU4 actuator performs 

the best in the bending deformation under the electric stimulus. The maximum bending strain (MBS) of 

SPPSU4 actuator is comparable to that of Nafion actuator coupled with several times faster bending 15 

response at 3 V DC voltage. Compared with Nafion system, the SPPSU4 actuator increases 

approximately twice at MBS under sinusoidal voltage of 3 V at 1 Hz. These greatly enhanced actuation 

performance indicates the SPPSU is a candidate to substitute Nafion in the field of IPMC actuator. 

Introduction 

Ionic polymer-metal composite (IPMC) is one of the most 20 

promising elctroactive polymer (EAP) materials, which has 

attracted much attention owing to its unique actuation and 

sensing capabilities.1-4 Compared with other types of EAP-based 

actuators, IPMC actuator exhibits a large bending strain 

(displacement) under a low applied voltage (1-3 V). Besides, 25 

IPMC has many attractive features including: flexibility, light 

weight, easy miniaturization, low power consumption, high 

force/weight ratio, and rapid response. These excellent 

characteristics make IPMC be attractive for potential applications 

in soft actuators, soft sensors and artificial muscles.5-7 The IPMC 30 

has a sandwich-like configuration, typically consisting of an ion 

exchange membrane covered by two layers of thin metal 

electrodes (e.g. Pt or Au) on both surfaces through the 

impregnation-reduction method. When a hydrated cantilever strip 

of IPMC is subjected to a low driving voltage, the IPMC 35 

undergoes a fast bending deformation toward the anode. 

Conversely, charge in term of voltage or current will be produced 

between two sides of IPMC if the IPMC is stimulated by 

mechanical bending deformation. The above-mentioned two 

unique functions of IPMC are considered to be its actuation and 40 

sensing capability, respectively. In general, the IPMC’s actuation 

mechanism is thought to be primarily due to asymmetric swelling 

of IPMC strip, namely expansion of the cathode side and 

contraction of the anode, resulting from the combined effects of 

cation’s migration and water molecule’s electro-osmosis toward 45 

the cathode under the electric field.4 

   The electromechanical performance (strain or force) of IPMC 

actuator mainly depends on the kind of cation, the amount of 

absorbed solvent, the quality of plated metal electrode, and the 

property and dimension of ion exchange membrane or 50 

polyelectrolyte membrane.8-10 The composition, nature and 

morphology of ion exchange membrane which is one of the most 

crucial components of IPMC actuator can severely affect and 

modulate the performance of the resulting IPMC actuator. The 

most widely used polyelectrolyte membrane in IPMC actuator is 55 

Nafion (Dupont), which has some advantages, such as 

commercially availability, proper mechanical robustness, 

excellent chemical stability and high proton conductivity. 

Although the Nafion-based IPMC actuator has demonstrated 

good actuation performances (large strain or displacement, and 60 

quick response) under electric voltage stimulus, there are still 

some inherent drawbacks which limit its practical applications, 

such as high cost, environment-unfriendliness, low water-

retention capability, low actuation force, back-relaxation under 

direct current (DC) voltage, and unalterable physical properties 65 

(e.g. fixed ion exchange capacity and proton conductivity). 

Therefore, many easily synthesizable and inexpensive 

polyelectrolyte membranes have been used in IPMC actuators to 

replace Nafion membranes.5-7  

Inspired from the chemical structure of Nafion, Jeong and Kim 70 

et al. prepared the first IPMC actuator using fluorinated acrylic 

copolymer membranes instead of Nafion.11,12 No back relaxation 

was observed for all actuators during the DC test. However, the 

high voltage (3-8 V) was needed for the actuation. Moreover, 

fluorinated monomers were not cheap and not environmentally–75 
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friendly. Since then, some industrial-grade polymers, such as 

nonfluorinated hydrocarbon polymers and a few fluorinated 

polymers, have been used to develop novel IPMC actuators after 

simple chemical modification. For polymers,  sulfonation and 

carboxylic acidification are two major methods of chemical 5 

modification in order to transform ordinary polymers into 

polyelectrolytes (ion-exchange resins). Sulfonated polymers used 

in IPMC actuators included: radiation-grafted  fluoropolymers,13-

15 sulfonated aromatic block polymers,16-22 sulfonated random 

copolymers,23-27 sulfonated condensation polymers,28-33 10 

sulfonated semi-interpenetrating networks,34-36 sulfonated 

homopolymers and their blends or composites.37-44 Meanwhile, 

relatively few carboxylated polymers derived from radical 

copolymerization were also employed to prepare IPMC actuators, 

e.g. fluorinated acrylic copolymers11,12,45 and acrylic acid 15 

copolymers.26,27 Very recently, Oh, Kim, and Asaka et al. 

reported a review paper about various types of novel 

hydrocarbon-backbone ionic polymer membranes used in the 

IPMC application.7 As stated above, many efforts have been 

undertaken to develop new, easily synthesized, cost-effective and 20 

high-performance ionic membranes as alternatives of the 

traditional Nafion membrane for IPMC actuators, and improve 

their electromechanical performance. However, so far, the efforts 

of replacement have been only partially successful. Thus, it is still 

required to continue to seek new ionic polymers as alternatives 25 

used in high-performance IPMC actuators. 

   sulfonated polyphenylsulfone (SPPSU) which has its excellent 

mechanical and chemical stablility, good film-forming capacity, 

high hydrophilicity, high ionic conductivity and low price has 

been successfully used in some fields, such as fuel cells46,47 and 30 

reverse osmosis membranes for water purification.48 However, to 

the best of my knowledge, the use of SPPSU as ion exchange 

membrane for IPMC application has been not appeared so far. 

Furthermore, only very few studies have been concentrated on the 

effect of  DS or IEC of polyelectrolyte membranes on the 35 

electromechanical response for the corresponding IPMC 

actuators.13-15,37 In this study, SPPSU was synthesized through 

post-sulfonation method with chlorosulfonic acid (CSA) as 

sulfonating reagent, and used to prepare IPMC actuator for the 

first time by solution-casting and subsequent chemical plating of 40 

metal electrodes. Four kinds of SPPSU membranes with different 

degrees of sulfonation (DS) were synthesized, and their ion 

exchange capacity, water uptake, ionic conductivity, mechanical 

properties were studied. The electromechanical performances of 

the as-prepared IPMC actuators in term of bending displacement 45 

under DC and AC voltages were investigated according to their 

DS and compared with the Nafion counterpart. 

Experimental 

Materials 

Polyphenylsulfone (PPSU, Radel R-5500, Mw = 60,700) was 50 

purchased from Solvary Company (USA), and vacuum dried at 

100 oC overnight prior to use. Tetraamineplatinum chloride 

hydrate ([Pt(NH3)4]Cl2) was provided by Aladdin Industrial Inc., 

China. Nafion 117 membranes are from Dupont (USA). All other 

chemicals were supplied from Sinopharm Chemical Reagent Co., 55 

Ltd (China) and used as received without further purification.  

Preparations of sulfonated polyphenylsulfone (SPPSU) and 

SPPSU membranes 

The synthesis of SPPSU was carried out in dichloromethane 

(CH2Cl2) solvent using chlorosulfonic acid (CSA) as sulfonation 60 

agent at 0 oC following the procedure described by Hartmann-

Thompson et. al.49 Typically, the dried PPSU (20 g) was 

completely dissolved in 200 mL of CH2Cl2 for 2 h at room 

temperature. Then, a certain volume of CSA was added to 

another 100 mL of ice-cooled CH2Cl2. The mixture solution was 65 

added slowly to the aforementioned PPSU solution immediately 

under vigorous stirring within 25 minutes, and the reaction 

continued for further 5 minutes at 0 oC. Finally, the SPPSU was 

obtained by pouring all the reaction solution into a large amount 

of frozen ice. The product was filtered and washed with DI water 70 

repeatedly until a neutral pH level. The SPPSU samples were 

dried at 60 oC for 48 h, and followed by drying at 100 oC under 

vacuum for 72 h.   

The SPPSU membranes were prepared by the solution casting 

method. Firstly, the SPPSU was dissolved in N,N-75 

dimethylacetamide (DMAc) at 60 oC to make a 35 wt% 

homogeneous solution. The solution was then cast onto a clean 

glass plate and spread thoroughly by using a doctor blade with 

600-700 µm gap. The solvent was removed by first air drying at 

35 oC for 12 h, then drying at 65 oC and 85 oC for 2 h 80 

respectively, and finally followed by further drying at 135 oC for 

3h. The resulting membranes were peeled off from the glass 

plate. The thickness of dried SPPUS membranes was measured in 

the range of 100-120 µm with a digital micrometer. According to 

different volumes of CSA used in sulfonation reactions, the 85 

degree of sulfonation (DS) of these four SPPSU membranes were 

91.1%, 98.5%, 101.2%, 108.7%, respectively. Following the 

increasing order of DS, SPPSU membranes with different DS 

were named sequentially as SPPSU1, SPPSU2, SPPSU3 and 

SPPSU4, respectively. 90 

Preparation of IPMC actuators 

Electroactive IPMC actuators were fabricated using the SPPSU 

membranes by an electroless plating method (namely, 

impregnation-reduction) as described in Refs.50,51 The whole 

process of plating Platinum consisted of two reduction steps: 95 

primary reduction by using a strong reductant (NaBH4) and 

surface or secondary reduction by using the combination of two 

weak reductants (NH2NH2 and NH2OH·HCl). The SPPSU 

membranes were initially roughened by metallographic abrasive 

paper (1200 mesh) in order to increase the surface area, followed 100 

by water-washing, soaking in HCl aqueous solution (1 M) and 

rinsing with DI water in sequence. The pretreated membrane 

(1cm × 5 cm) was immersed in 120 mL of aqueous [Pt(NH3)4]Cl2 

solution containing 2 mg Pt/mL for the purpose of ion exchange. 

Meanwhile, 1 mL of ammonium hydroxide (NH4OH) solution (5 105 

wt%) was added to the ion exchange solution. The membrane 

was kept in the solution at ambient condition for 3-4 days to 

complete ion exchange from H+ to Pt2+. After rinsing with DI 

water, the membrane was placed in water with stirring at 40 oC. 

Then, 3 mL of sodium borohydride (NaBH4) solution (5 wt%) 110 

was added every 30 min for 10 times. During this sequence of 

addition, the temperature was raised to 60 oC gradually. After 5 h, 
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20 mL of the reducing agent (NaBH4 solution, 5 wt%) was added 

to the solution in order to ensure the complete reduction of Pt 

inside the membranes. Gentle stirring was kept for 2 h at 60 oC. 

After finishing the primary reduction, the membrane was 

removed, rinsed with DI water and then soaked in HCl solution (1 5 

M) at 40 oC for 5 h. The membrane was rinsed with a large 

quantity of DI water several times until the filtrate was neutral. At 

the beginning of secondary plating, the membrane was placed in 

240 mL of stirring [Pt(NH3)4]Cl2 solution (0.5 mg Pt/mL) at 40 
oC, and 5 mL of NH4OH solution (5 wt%) was then added. 6 mL 10 

of hydrazine hydrate (NH2NH2) solution (20 wt%) and 3 mL of 

hydroxylammonium chloride (NH2OH·HCl, 5 wt%) solution was 

dropped into the Pt solution every 30 min, respectively. The 

temperature was increased gradually from 40 oC to 60 oC over 4 h. 

The resulting membrane covered with Pt layers was washed with 15 

DI water and immersed in HCl solution (1 M). The plating 

process was repeated in order to obtain high conductive surfaces, 

with 3 times of primary plating and 1 time of secondary plating. 

Because the hydrated IPMC actuator in Li+ form can show better 

electromechanical performance,8 IPMC actuators were soaked in 20 

lithium hydroxide (LiOH) solution (1 M) overnight for cation 

exchange from H+ to Li+, then rinsed repeatedly with DI water to 

remove excessive LiOH, and finally stored in fresh DI water. In 

addition, Nafion 117-based IPMC actuators were also prepared 

via the same chemical plating process as mentioned above. 25 

Measurements 

Fourier transform infrared spectroscopy (FTIR) spectra were 

recorded on an Equinox 55 spectrometer (Bruker) in the range of 

4000-400 cm-1. The samples were prepared by casting several 

drops of polymer solutions (2 wt%) onto KBr pellets and dried in 30 

oven. 1H nuclear magnetic resonance (1H NMR) spectra were 

performed by a Bruker AV400 NMR spectrometer with 

deuterated dimethyl sulfoxide (DMSO-d6) as the solvent and 

tetramethylsilane (TMS) as the standard.  

The thermal stability of the samples was characterized by 35 

thermogravimetric analysis (TGA, TGA-7, Perkin-Elmer, USA) 

at a heating rate of 20 oC min-1 in an argon flow (20 mL min-1). 

The degree of sulfonation (DS), which is the average number 

of sulfonic acid groups (SO3H) per repeating unit in a polymer, 

can be used to calculate the ion exchange capacity (IEC, meq g-1). 40 

The DS and IEC of the membrane were determined by the back-

titration method. Firstly, the membrane was converted from the 

acid form (H+) to the sodium form (Na+) by soaking in NaCl 

aqueous solution (1 M) for 2-3 days. Then, the exchanged proton 

(H+) of the solution was titrated with a sodium hydroxide (NaOH) 45 

standard solution (25 mM) using phenolphthalein as an indicator. 

Since IEC is defined as the number of moles of proton per gram 

of dry polymer, the values of DS and IEC were calculated by the 

following equations, respectively:  

400 ( )

100%

1000 80 ( )

NaOH NaOH

d

NaOH NaOH

d

V M

W
DS

V M

W

×
×

= ×
×

− ×

                          (1) 50 

NaOH NaOH

d

V M
IEC

W

×
=

                                                            (2) 

where Wd is the weight (g) of the dry polymer film, and VNaOH 

and MNaOH represent the consumed NaOH volume (L) and the 

molarity (mol L-1) of NaOH solution, respectively. The molar 

masses of the repeating unit of PPSU main chain and the SO3 55 

group are 400 and 80, respectively. 

The water uptake (WU) of the membrane is the weight ratio of 

absorbed water inside the wet membrane to that of the dry 

membrane. The WU value was calculated using the equation 

shown below: 60 

 

wet dry

dry

W W
WU

W

−
=

                                                                   (3) 

where Wwet and Wdry denote the weights of the wet and the dried 

membranes, respectively. 

Proton conductivities (σ) of the full hydrated membranes in the 

acid form were measured at room temperature by the two-65 

electrode alternating current (AC) impedance method (Autolab 

PGSTAT302N, Switzerland). The measured process was carried 

out over a frequency range of 10-106 Hz under oscillating voltage 

of 10 mV. The proton conductivity of membrane was calculated 

by the following equation: 70 

 

l

R w d
σ =

⋅ ⋅                                                                            (4) 

where R, l, w and d are the resistance of the impedance, the 

distance between the two measured electrodes, the width of the 

membrane, and the thickness of the hydrated membrane, 

respectively.    75 

Young’s modulus (tensile modulus) and the tensile strength of 

the dry and the wet membranes were determined by an electric 

universal testing machine (CMT-4104, Shenzhen Sans Testing 

Machine Co., Ltd., China). The test was conducted at the tensile 

speed of 5 mm/min with a 30 mm gauge length. All data were 80 

averaged for at least seven samples. 

Electrical resistances of the IPMCs along the surface direction 

of metallic electrodes, namely surface resistances, were measured 

by the four-probe DC current method  using a Keithley 2400 

SourceMeter and an Agilent 34401A Digital Multimeter.  85 

The surface and cross-sectional morphologies of IMPC were 

observed by a field emission scanning electron microscopy (FE-

SEM, Sirion 200, FEI Corp., Netherlands). The cross-sectional 

distribution of platinum element was analyzed using an energy 

dispersive X-ray spectrometer (EDX, EADX Inc., USA). 90 

   For electromechanical tests, the SPPSU-based IPMC were cut 

into a strip with a width of 5 mm and a length of 40 mm. The 

IPMC strip was vertically suspended in air, and the top end of the 

strip was fixed with a electric clamp, while the bottom end 

remained free with the ability of bending horizontally under the 95 

voltage stimulus. In other words, the IPMC strip was in a 

cantilever configuration. The experimental setup consisted of a 

laser displacement sensor (LK-G80, Keyence, Japan), a data 

acquisition system (NI PCIe-6351, National Instruments, USA) 

and a desktop computer. A current amplifier based on an 100 

OPA548 chip (Texas Instruments, USA) was used to supply 

sufficient electric power for IPMC actuation measurement. The 

displacement was measured in air at a point which is 25-30 mm 

away from the fixed end or 5 mm from the free end of a 

cantilever type of IPMC strip. The displacement was calculated 105 

and normalized for different-size IPMC strips under the voltage 

excitation according to the following equations:34,52   
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max min
( - ) / 2δ δ δ=

                                                            (5) 

     
2 2

2

+f

t

L

δ
ε

δ
=                                                                          (6) 

where δmax and δmin are the maximum and minimum values of 

displacement under AC voltage, respectively; ε is the normalized 

strain, δ is the displacement under DC excitation or the average 5 

displacement under AC excitation, t is the thickness of IPMC 

strip, and Lf is the free length of the sample which is the distance 

between the measured point and the electrically-clamped fixed 

end of IPMC strips. 

 10 

Results and discussion 

Chemical structures of PPSU and SPPSU 

The polyphenylsulfone (PPSU) is a thermoplastic and 

hydrophobic polymer with aromatic hydrocarbon (non-

fluorinated) backbone. To obtain ionic conductivity, the PPSU 15 

was subjected to a sulfonation reaction via electrophilic aromatic 

substitution. The chemical structures of PPSU and SPPSU, and 

the sulfonation reaction scheme were shown in Fig. 1. The 

sulfonic acid group is grafted on high electron density site which 

is one of four unsubstituted positions (site “a”) of the benzene 20 

rings between two ether links. 

 
Fig. 1 Synthetic scheme of SPPSU. 

 
Fig. 2 FTIR spectra of PPSU and SPPSU: the full spectra (a), and local 25 

zoom-in view (b). 

 
Fig. 3 1H NMR spectra of PPSU and SPPSU. 

  To confirm the successful introduction of sulfonic acid group 

and check the change of chemical structure before and after the 30 

sulfonation reaction, FTIR spectroscopy measurement was 

conducted on the SPPSU polymer. As shown in Fig. 2, the 

characteristic absorption peaks of sulfonic acid groups (-SO3H) 

appear at 1034 cm-1.53 It is also noted that the absorption intensity 

of this band increases with the corresponding IEC value 35 

increasing. Additionally, another notable difference before and 

after sulfonation is the presence of a new absorbance peak for 

SPPSU at 1668 cm-1, which is assigned to one of the peaks 

associating with the stretching vibration of benzene rings. The 

intensity of the peaks at 1668 cm-1 increases when the amount of 40 

substituted polar groups (i.e. SO3H) or the polarity of substituted 

groups on the benzene rings increases. 
1H NMR spectra of PPSU and SPPSU are given in Fig. 3. A 

new significant signal at 7.74 ppm appears in SPPSU, which is 

related to the aromatic proton (He) ortho to -SO3H at the position 45 

e in Fig. 1.49 It is clear that the intensity (integral area) ratio of He 

signal to that of other aromatic protons is intimately linked to the 

DS of SPPSU. The ratio increases with increasing of the DS or 

IEC. Obviously, the result of 1H NMR measurement also 

confirms that the PPSU polymer is successfully sulfonated. 50 

Thermal analysis 

The thermal stabilities of PPSU and SPPSU were examined by 

TGA under N2 atmosphere. The pristine PPSU exhibits higher 

thermal stability than SPPSU (Fig. 4). SPPSU has three stages of 

weight loss. The initial weight loss occurs at the temperature of 55 

70-200 oC, which corresponds to evaporation of water molecules 

bonded to the sulfonic groups in SPPSU. The second weight loss 

occurs in the range of 260-430 oC, which is assigned to the 

decomposition of sulfonic acid groups (side chains) in SPPSU. 

Similar to the pristine PPSU, the final weight loss above 560 oC 60 

for SPPSU is also ascribed to the degradation of the polymer 

backbone. 

 
Fig. 4 TGA cures of PPSU and SPPSU. 
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Properties of SPPSU membranes and SPPSU-based IPMCs 

The chemical and mechanical properties of SPPSU and Nafion 5 

membranes are summarized in Table 1. As expected, the ion 

exchange capacity (IEC), the water uptake (WU) and the proton 

conductivity of SPPSU membranes increase with increasing the 

DS. Moreover, these SPPSU membranes have higher IEC and 

WU than those of Nafion 117 membrane. The SPPSU4 10 

membrane has the highest IEC of 2.23 meq g-1 and WU of 67.2 

wt% (entry 4). However, its proton conductivity is 0.074 S cm-1, 

which is slightly lower than 0.081 S cm-1 of the Nafion 

membrane (entry 5) due to the confinement of SPPSU’s higher 

molecular rigidity, lower aggregation density of short and rigid 15 

ionic side chains (sulfonic groups).39 In Nafion membrane, the 

long and flexible side chains with the ionic groups at the end, can 

aggregate and further form well-defined and ionic-nanochannel-

connected ionic clusters by microphase separation, which 

facilitate ion transport along ion channels in Nafion membrane.54 20 

The high molecular rigidity of the SPPSU membranes leads to 

higher tensile moduli in dry and wet states relative to the Nafion 

membranes. Specifically, the tensile modulus and strength of dry 

SPPSU membranes firstly decreases, and then increases with the 

corresponding DS increasing. It can be explained that, on the one 25 

hand, the introduction of side chains (SO3H) damages the 

regularity of arrangement of molecular chain in the solid state;55 

but on the other hand, the introduction increases the interaction 

between SPPSU molecular chains by hydrogen bonds and polar 

dipole-dipole interaction. There is a tradeoff between these two 30 

effects. However, both the tensile modulus and strength of the 

membranes in the wet state continuously decrease with increasing 

the DS or IEC value. This is because absorbed water (WU), of 

which the amount increases accordingly as the DS or IEC value 

increases, acts as plasticizer to decrease the interaction between 35 

SPPSU segmental chains.8,9,14,56,57 Although the tensile strength 

of each hydrated SPPSU membrane is lower than that of Nafion 

117 membrane, the hydrated SPPSU membranes show several 

times higher modulus than that of Nafion membrane. With these 

improved excellent ion conduction and mechanical properties, 40 

SPPSU4 membranes could be a better option for producing high-

performance IPMC actuators. 

Surface resistance, which can produced a voltage drop along  

the surface-electrode direction and decrease the actual voltage at 

the free end of IPMCs, is one of important factors to affect the 45 

performance of IPMC actuators.58 As listed in Table 2, the 

surface resistances of all IPMC’s electrodes are relatively small 

(below 3.6 Ω sq-1) so that the measured voltage drop at the free 

end of IPMC strips is not beyond 0.1 V under 1.5 V of applied 

DC voltages. Therefore, on the whole, the surface resistance of 50 

IPMCs is acceptable and more or less approximative. The 

mechanical properties of SPPSU-based and Nafion-based IPMCs 

were also investigated and summarized in Table 2. Similar to 

pure SPPSU membranes, the tensile modulus and strength of 

SPPSU-based IPMCs in the wet state decrease with increasing 55 

the DS or IEC value of the corresponding SPPSU membrane. 

However, there are still some differences in mechanical 

properties between the SPPSU-based IPMCs and pure SPPSU 

membranes, which are mainly ascribed to the competing 

influences from three aspects induced by the chemical plating 60 

process. Specifically, the first kind of influence results from the 

pretreatment before chemical plating (rubbing the surfaces of 

SPPSU membranes by the sandpapers), which produces some 

cracks or mechanical defects on the the surfaces of SPPSU 

membranes; thus, it will decrease the mechanical properties 65 

(tensile modulus and strength) of SPPSU membranes and 

subsequent IPMCs. The second kind of influence  is from further 

swelling or more absorbed water of SPPSU membranes when 

they undergo higher temperature (40-60 oC) than room 

temperature in the water within  the chemical plating process, 70 

which will further decrease the mechanical properties of SPPSU 

membranes and subsequent IPMCs. On the contrary, the third 

kind of influence can increase the mechanical properties due to 

the enhancing effect of coating metallic electrodes. As a result, 

compared to wet pure SPPSU or Nafion membranes, the 75 

corresponding IPMCs in wet state don’t show significant 

advantages in terms of mechanical properties; even in most case, 

the mechanical properties of IPMCs are inferior to those of pure 

SPPSU or Nafion membranes. In addition, after 3-min actuation 

in the air under the sinusoidal voltage of 3V and 1Hz, the tensile 80 

modulus and strength of IPMCs become slightly lower perhaps 

due to somewhat destroying of surface electrodes of the IPMCs 

during the repeatedly-bending-deformation cycle.  

Table 1  Properties of SPPSU and Nafion membranes 

Entry Sample 
IEC 

(meq g-1) 

WU 

(wt%) 
σ (S cm-1) 

Tensile modulus (MPa) Tensile strength (MPa) 

dry wet dry wet 

1 SPPSU1 1.93 43.5 0.050 1094.7 450.7 52.2 16.4 

2 SPPSU2 2.06 49.0 0.068 874.5 422.5 35.3 16.4 

3 SPPSU3 2.10 53.8 0.070 863.0 334.9 34.6 12.9 

4 SPPSU4 2.23 67.2 0.074 1114.4 296.4 49.7 10.8 

5 Nafion 117 1.02 18.7 0.081 174.8 91.6 30.3 20.4 

Table 2  Properties of SPPSU-based and Nafion-based IPMCs in wet state 

Entry Sample 
Surface resistance  

(Ω sq-1) 

Tensile modulus (MPa)  Tensile strength (MPa) 
before actuation after 3-min actuation before actuation after 3-min actuation 

1 SPPSU1-based IPMC 2.35 604.9 541.7 15.9 14.3 

2 SPPSU2-based IPMC 0.87 392.8 367.7 8.8 8.7 

3 SPPSU3-based IPMC 3.50 358.7 325.7 8.8 8.4 

4 SPPSU4-based IPMC 2.01 272.2 260.8 7.5 6.9 

5 Nafion-based IPMC 3.55 110.6 101.5 11.8 11.6 
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Fig. 5 Optical photograph of pure SPPSU4 membrane (left) and platinum-

plated SPPSU4-based IPMC (a); SEM micrographs of the surface (b)-(d) 

and cross-section (e)-(f) of SPPSU4-based IPMC. The red line in Fig. 5f 

represents EDX line-scan analysis for Pt along the cross section of the 5 

SPPSU4-based IPMC actuator. 

Morphology of SPPSU4-based IPMC 

The surface and cross-sectional morphologies of the SPPSU4-

based IPMC actuator are shown in Fig. 5. It is clearly observed 

from Fig. 5a that there is a metallic luster on the SPPSU 10 

membrane after chemical plating of platinum (Pt). As shown in 

Figs. 5b and 5c, Pt particles are densely deposited on the 

electrode surface of the IPMC actuator. Besides, some 

microcracks are observed on the Pt electrode layers of SPPSU4-

based actuator as a result of the cracking of the Pt electrode layers  15 

during the sample drying process before SEM measurement.34 

Fig. 5d reveals that there are many small dendritic Pt 

nanoparticles on the top Pt electrode layers, and these Pt 

nanoparticles are interconnected and densely coagulated, which 

contributes to improve the conductivity of the IPMC electrodes. 20 

As is clearly seen in Fig. 5e, two layers of thick Pt electrodes of 

about 5-8 µm thickness are coated on both the sides of SPPSU4 

membrane. In addition, the EDX characterization exhibits that the 

Pt particles are not homogeneously distributed through the cross-

section of SPPSU4 membrane (Fig. 5f), but the Pt particles 25 

predominantly deposit near the interface boundaries of SPPSU4 

membrane, forming the Pt particle surface layers. Besides, some 

Pt particles deeply diffuse into the SPPSU4 membrane, and the 

density of Pt particles decreases toward the middle part of the 

SPPSU4 membrane. The Pt diffusion layers can enhance the 30 

interfacial adhesion between the electrode and membrane in this 

IPMC. 

Actuation performance of the SPPSU-based IPMC actuators 

The SPPSU-based IPMC actuators were measured to obtain tip 

displacement and normalized bending strain under DC and 35 

sinusoidal voltages in air, respectively. 

Fig. 6a shows the time-bending strain curves of the four kinds 

of SPPSU-based IPMC actuators and Nafion-based IPMC 

actuator under an applied DC voltage of 3 V. When the DC 

voltage is applied across the thickness of the water-saturated 40 

SPPSU-based IPMCs in the cantilever configuration, these 

actuators immediately bend toward the anode side. The bending 

deformation is believed to be originated from the combined 

effects of the electrophoretic migration of hydrated Li cations, 

and subsequent electro-osmosis drag of free water molecules 45 

toward the cathode, which produce water-concentration-gradient- 

 
Fig. 6 Bending strain as a function of time for various SPPSU-based 

IPMC actuators in air under DC voltage of 3 V (a); voltage dependence of 

maximum bending strain of various SPPSU-based IPMC actuators (b). 50 

induced differential or asymmetric swelling on the two sides of 

IPMC strip (in details: expansion of the cathode side vs. 

contraction of the anode side).4 Among the prepared four kinds of 

SPPSU-based IPMC actuators, the SPPSU4-based IPMC 

performs the best actuation performance, and shows the largest 55 

max. bending strain (MBS) of 3,760 × 10-6 within 500 ms under a 

DC voltage of 3 V, which is ascribed to its highest IEC, water 

uptake, ionic conductivity and lowest hydrated tensile modulus 

(Table 1). Higher IEC, which means larger number of sulfonic 

groups and more available mobile cations as well as higher 60 

adsorbed water for polymer electrolyte membrane, thereby results 

in larger volume of water moving toward the cathode by the 

action of hydrated cation electrophoresis and electro-osmosis 

drag of water, greater volume expansion on the cathode side and 

consequent larger bending deformation.13,15,37 In addition, under 65 

the premise of guaranteed dimensional stability, low mechanical 

modulus is helpful for the realization of large bending 

displacement.41,42 This is because the resistant force against 

deformation, produced by the IPMC cantilever beam itself,25 

decreases along with decreasing mechanical modulus of IPMC; 70 

consequently, the hydraulic actuation force generated in hydrated 

IPMCs under the electric excitation can more easily overcome the 

anti-deformation force of the IPMC beam with lower hydrated 

modulus. Compared with the Nafion-based IPMC actuator under 

the identical DC voltage of 3 V, the SPPSU4-based IPMC shows 75 

comparable or slightly lower MBS than that of the Nafion 

counterpart (i.e. 3,960 × 10-6). However, similar to Nafion-based 

IPMC actuator, all four SPPSU-based actuators show obvious 

back-relaxation phenomenon. Back-relaxation by an IPMC 

actuator refers to a phenomenon in which the actuator cannot 80 

maintain the maximum bending deformation and return toward 

the initial (zero) position in the opposite direction immediately 

after it reaches its largest deformation under a sustained constant 

DC voltage. The back-relaxation of the bending strain in IPMCs 
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may be caused by the diffusing back of water toward the anode 

side as a result of concentration gradient and pressure gradient of 

water.13,24,34 This process of relaxation will be terminated when a 

new equilibrium of water is established. Another interesting 

feature observed in Fig. 6a is that all the SPPSU-based actuators 5 

need much shorter time for attaining the MBS compared to the 

Nafion one. Although the MBS of SPPSU4 actuator is 

comparable to that of Nafion counterpart, the response time for 

maximum strain is greatly reduced to 486 ms for SSPSU4 

actuator, compared with 3,250 ms for Nafion actuator. Moreover, 10 

the response times of all SPPSU-based actuators are less than 600 

ms, and three other SPPSU actuators except for SPPSU4 one 

exhibit the decreasing trend in the response time as the IEC of the 

corresponding SPPSU membrane increases, which is attributed to 

the increase of their number of movable hydrated cation, amount 15 

of migrating water and ion conductivity together with the 

decrease of hydrated mechanical modulus. The voltage-dependent 

max. strains of the SPPSU actuators and the Nafion actuator are 

shown in Fig. 6b. The MBS of all the actuators gradually 

increases as the amplitude of the applied DC voltage increases, 20 

which complies with the general characteristics of IPMC 

actuator. The electrophoresis and electro-osmosis originate from 

the application of the voltage through the IPMC. Consequently, 

higher voltage can produce more accumulation of hydrated cation 

and water near the cathode boundary, greater volume expansion 25 

at the cathode side, and a larger bending strain as a result.59 

Moreover, the SPPSU4 and Nafion actuators show significantly 

lager bending strain relative to other SPPSU actuators, especially 

when the voltage exceeds 2 V. The SPPSU4 actuator has a 

comparable value of max. strain as that of Nafion counterpart, 30 

which is perhaps due to their approximately identical ion 

conductivity, as well as good compromise between the positive 

effect of IEC and water uptake and the negative effect of hydrated 

mechanical modulus on the electromechanical performance of 

IPMC actuator. It is also noted that the max. strain of the SPPSU 35 

actuator always increase in the order of SPPSU1 < SPPSU2 < 

SPPSU3 < SPPSU4, regardless of the amplitude of input DC 

voltage. Meanwhile, the SPPSU2 actuator and SPPSU3 actuator 

display more or less the same electromechanical performance in 

terms of MBS, which can be explained by their approximate 40 

physical properties.   

 
Fig. 7 Voltage-dependent maximum bending strain for various SPPSU-

based IPMC actuators and Nafion actuator at 1 Hz (a), 2 Hz (b), 5 Hz (c) 

and 10 Hz (d), respectively. 45 

Fig. 7 shows the dependence of MBS on the amplitude of 

voltage for IPMC actuators under the sinusoidal excitation. It can 

be seen that the MBS of all actuators is relatively small under low 

voltage below 1.5 V. There is a great improvement once the 

applied sinusoidal voltage exceeds 1.5 V. In addition, the max. 50 

strain of IPMC actuator increases accordingly with increasing the 

sinusoidal voltage, which is consistent with the general law of the 

traditional IPMC actuator. The MBS of these SPPSU-based 

IPMC actuators follows the order of SPPSU4 > SPPSU3 > 

SPPSU2 > SPPSU1. It should also be highlighted that, under the 55 

same experimental conditions, the SPPSU4-based IPMC actuator 

shows superior bending performance to that the Nafion-based 

system. Even, most of the time, the MBS of SPPSU3 actuator is 

more than that of the Nafion counterpart. At high voltage beyond 

2 V, the actuation performance of Nafion actuator begins to 60 

approximate (i.e. at the frequency of less than 10 Hz) or surpass 

(i.e. at 10 Hz) that of SPPSU3 actuator. These exciting results are 

anticipated from the previously shown advantages of SPPSU3 

and SPPSU4 membranes over Nafion counterpart in terms of 

higher IEC, higher WU, and slightly lower ion conductivity. 65 

Also, all the as-prepared IPMC actuators show an obvious 

dependence on the frequency of electric voltage. As shown in 

Fig. 8, these IPMC actuators show large MBS at low frequency 

of 1 Hz. With increasing the frequency, their MBS decreases 

rapidly. As the frequency is up to 5 Hz, the decreasing trend 70 

begins to become slow. The principle of actuation for IPMC 

actuator is thought to be ion flux and electro-osmotic drag of 

water toward the cathode side, and therefore, the dependence of 

the MBS on electric frequency is closely related to the speed and 

total time of migration and accumulation of cations and water. At 75 

lower frequency, there is relatively sufficient time for migration 

and accumulation of cations and water in IPMC actuators, which 

leads to larger bending strain. Whereas at higher frequency, the 

speed of movement of cations and water is much slower than the 

converting speed of the voltage polarity. Consequently, the 80 

cations and water have insufficient time to migrate and 

accumulate toward the transient cathode, which results in the 

smaller bending strain of IPMC actuators.42,43,58 Similar to the 

above-mentioned observation, in Fig. 8f, the SPPSU4 actuator 

also shows the largest bending strain for all frequencies at 3 V, 85 

and even the maximum bending strain of SPPSU3 actuator is 

more or less the same as that of Nafion counterpart at 3 V peak 

voltage. 

As mentioned above, all the IPMC actuators show their best 

electromechanical performance under sinusoidal excitation of 3 V 90 

at 1 Hz, thereby it is essential to check and compare their bending 

response with time in such case. Clearly seen from Fig. 9b, the 

SPPSU4 actuator shows the best bending performance and 

prevails over other actuators. The max. strain of SPPSU4 actuator 

is approximately twice as much as that of Nafion actuator under 3 95 

V sinusoidal voltage at 1 Hz. This is a very great improvement 

and demonstrates that SPPSU4 is a good candidate to replace 

Nafion for the purpose of preparing high-performance IPMC 

actuator. 

To further explore the harmonic actuation response of the best 100 

performer (SPPSU4 actuator), the measured bending strain for 

the SPPSU4-based IPMC actuator under sinusoidal electric 

stimulation of 3 V at different frequencies, and sinusoidal electric  
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Fig. 8 Maximum bending strain vs. frequency curves under sinusoidal 

voltage with different amplitudes, respectively for SPPSU1-based IPMC 

actuator (a), SPPSU2-based IPMC actuator (b), SPPSU3-based IPMC 

actuator (c), and SPPSU4-based IPMC actuator (d), Nafion-based 5 

actuator (e) and comparison of various actuators under sinusoidal voltage 

with 3 V peak (f). 

 
Fig. 9 Time-voltage curve (a), and Harmonic bending response of various 

SPPSU actuators and Nafion actuator (b) under the sinusoidal voltage 10 

with the amplitude of 3 V at the frequency of 1 Hz. 

 
Fig. 10 Comparison of bending strain for SPPSU4-based IPMC actuators 

under sinusoidal excitation of 3 V at different frequencies (a); sinusoidal 

electric stimulation at 1 Hz with different voltages (b). 15 

 
Fig. 11 Successive photographs of SPPSU4-based IPMC actuator 

recorded by a digital camera at different times under DC voltage of 3 V. 

frequency of 1 Hz at different voltage, is shown and compared in 

Figs. 10a and 10b, respectively. As observed, the MBS of 20 

SPPSU4 actuator increases along with decreasing the frequency 

of the input sinusoidal voltage and increasing the peak voltage. 

Besides, under sustaining sinusoidal electric stimulation, the 

bending strain of the SPPSU4-based IPMC actuator does not 

decrease obviously with time, and the time-strain response is 25 

harmonic without a severe distortion. These are intimately related 

to good quality of electrodes and strong interfacial adhesion 

between the electrode and membrane for SPPSU4 actuator. 

In order to more intuitively observe and truly demonstrate the 

bending deformation of SPPSU actuators, a series of photographs 30 

were captured by a commercial digital camera at different times 

during actuation process of SPPSU4 actuator (see Fig. 11). Prior 

to photographing, an essential pretreatment should be carried out 

to decrease the speed of bending response of SPPSU4 IPMC 

actuator under DC voltage, and assure a real-time recording of 35 
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bending deformation by a camera. A filter paper was used to wipe 

off trace water on the electrode surface of SPPSU4 actuator for 

two purposes of increasing the stiffness of electrode layers and 

reducing the total amount of absorbed water in the IPMC 

actuator. Fig. 11 shows six successive photographs of SPPSU4 5 

actuator under DC voltage of 3 V after the pretreatment. As can 

clearly seen, the cantilevered strip of SPPSU4 actuator bends 

toward the anode side after the application of DC voltage. With 

the time increasing, the degree of bending deformation increases 

continuously. When the applied time of sustained DC voltage 10 

reachs 35 seconds, the bending angle of the SPPSU4 actuator 

exceeds 90o. 

Conclusions 

Four kinds of sulfonated polyphenylsulfone (SPPSU) with 

different degree of sulfonation (DS) or ion exchange capacity 15 

(IEC) were synthesized, and their IPMC actuators based SPPSU 

membranes were successfully prepared through the solution-

casting method and consecutive electroless plating procedure. 

Experimental results demonstrated the DS or IEC was one of 

dominant factors determining the property of SPPSU ion 20 

exchange membrane, thereby largely affected the 

electromechanical performance of SPPSU IPMC actuators. With 

the increase of DS of SPPSU membrane, the IEC, water uptake 

and ion conductivity of corresponding membrane increase, 

whereas the hydrated mechanical strength and modulus decrease 25 

accordingly. These improved properties synergistically contribute 

to the dramatically enhanced bending performance of SPPSU 

actuators. Compared with Nafion 117 membrane, in spite of 

having higher hydrated mechanical modulus, the SPPSU4 

membrane with the highest DS (108.7%) shows almost twice 30 

IEC, 3.5 times water uptake and slightly lower ion conductivity 

as much as those of Nafion counterpart, respectively. Among four 

SPPSU actuators, the SPPSU4 IPMC actuator shows the largest 

max. bending strain under the DC and sinusoidal voltages. In the 

case of DC excitation, the SPPSU4 actuator gives more rapid 35 

bending response relative to Nafion actuator, and its max. strain 

is comparable to that of Nafion counterpart at DC voltage of 3 V. 

More incredibly, the max. strain of SPPSU4 actuator is 

approximately twice as much as that of Nafion actuator under 3 V 

sinusoidal voltage at 1 Hz. This is a very great improvement and 40 

demonstrates that cost-effective and property-adjustable SPPSU 

is a promising electroactive polymer which can serve as an 

alternative of Nafion used in the field of soft actuators, soft 

sensors and artificial muscles. 
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Fig. 1. Synthetic scheme of SPPSU. 

 

 

Fig. 2. FTIR spectra of PPSU and SPPSU: the full spectra (a), and local zoom-in view (b). 

 

 

 

 

Fig. 3. 
1
H NMR spectra of PPSU and SPPSU. 
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Fig. 4. TGA cures of PPSU and SPPSU. 

 

 

 

 

 

 

Fig. 5. Optical photograph of pure SPPSU4 membrane (left) and platinum-plated 

SPPSU4-based IPMC (a); SEM micrographs of the surface (b)-(d) and cross-section 

(e)-(f) of SPPSU4-based IPMC. The red line in Fig. 5f represents EDX line-scan 

analysis for Pt along the cross section of the SPPSU4-based IPMC actuator.  
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Fig. 6. Bending strain as a function of time for various SPPSU-based IPMC actuators 

in air under DC voltage of 3 V (a); voltage dependence of maximum bending strain of 

various SPPSU-based IPMC actuators (b).  

 

 

 

 
Fig. 7. Voltage-dependent maximum bending strain for various SPPSU-based IPMC 

actuators and Nafion actuator at 1 Hz (a), 2 Hz (b), 5 Hz (c) and 10 Hz (d), 

respectively. 
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Fig. 8. Maximum bending strain vs. frequency curves under sinusoidal voltage with 

different amplitudes, respectively for SPPSU1-based IPMC actuator (a), 

SPPSU2-based IPMC actuator (b), SPPSU3-based IPMC actuator (c), and 

SPPSU4-based IPMC actuator (d), Nafion-based actuator (e) and comparison of 

various actuators under sinusoidal voltage with 3 Vpeak (f). 
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Fig. 9 Time-voltage curve (a), and Harmonic bending response of various SPPSU 

actuators and Nafion actuator (b) under the sinusoidal voltage with the amplitude of 3 

V at the frequency of 1 Hz.  

 

 

 

 

 

Fig. 10. Comparison of bending strain for SPPSU4-based IPMC actuators under 

sinusoidal excitation of 3 V at different frequencies (a); sinusoidal electric stimulation 

at 1 Hz with different voltages (b).  
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Fig. 11. Successive photographs of SPPSU4-based IPMC actuator recorded by a 

digital camera at different time under DC voltage of 3 V.  
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The novel SPPSU-based IPMC membranes with different ion exchange capacities 

were synthesized. SPPSU4-based IPMCs showed the best actuation performance. 
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