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K E Y W O R D S 

In this study, ionic polymer metal composite was fabricated using the 

optimized chemical electroless plating (CEP) method. Bath ultra-

sonication was employed to deposit the platinum ions on the nafion 

sheet which decreased the time of deposition from 24 h to 3 h. 

Morphology of the fabricated ionic polymer metal composite (IPMC) was 

characterized using the atomic force microscopy (AFM) and field 

emission scanning electron microscopy (FESEM). A smooth platinum 

layer with the thickness of about 1 µm was deposited on the nafion sheet 

after one step deposition. Strain analysis also revealed high quality 

electrode deposition on the nafion sheet. Inductively coupled plasma 

(ICP) spectroscopy was utilized to measure the quantitative deposition 

of Pt ions on the nafion sheet through sonication process. 97.4% of the 

Pt ions in the solution were deposited on the nafion using the optimized 

CEP process. Voltage-angle and force-voltage characterizations were 

also employed to assess the actuation application of the fabricated IPMC.  
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Introduction  

Electroactive polymers (EAPs) are 

representatives of a new category of organic 

materials with relatively high conductive 

properties. Conductivity in these field of 

materials can be a great property to be used as 

functioning parts in many devices and can also 

be controlled by modifying their chemical and 

physical structure [1]. This conductivity, such 

as metals and semiconductors, is based on the 

charge mobility along with their backbone of 

the polymer chain which is considered as 

electronic structure [2-5]. Ionic polymer 

metal composite (IPMC) is a smart EAP which 

has demonstrated a large displacement with 

even less than 5 V driving potential. In 

particular, IPMC is a bending actuator suitable 

for applications where the source power is 

low. The bending deflection can be very large 

and could even extend beyond 90º according 

to its trimmed shape. Therefore, the IPMC 

actuator possesses both actuation figures of 

merit together; large deflection and low 

extinction voltage [6]. IPMCs have been used 

as actuators in different fields such as 

biomechanical and biomedical applications 

(artificial muscles and drug delivery systems) 

[7-9], robotics and MEMS (transducers and 

sensors) [10-15], as well as the aerospace and 

vehicles industry [16-17]. Using nafion-based 

IPMC in biomedical field is of concern due to 

biocompatibility of both nafion and IPMC [18-

21].  

Manufacturing IPMC starts with 

manipulating an ion exchange ionic polymer. 

The term of “ion exchange polymers” refers to 

polymers designed to selectively exchange 

ions of a single charge with their own incipient 

ions. They are often constructed from 

polymers consisting of fixed covalent ionic 

groups such as perfluorinated alkenes with 

short side chains, terminated either by ionic 

groups (typically sulfonate or carboxylate 

(SO3
¯ or COO¯) for cation exchange or by 

ammonium cations for anion exchange [22]. 

Nafion, as a sulfonated tetrafluoroethylene-

based fluoropolymer, terminated by sulfonate 

groups onto the backbone, has drawn 

attentions as a cation exchanger membrane. 

In perfluorinated sulfonic acid polymers, 

there are relatively few fixed ionic groups. 

These groups are located at the end of the 

side-chains to give themselves a position in 

their preferred orientation to some extent. 

Therefore, they can create hydrophilic 

channels, also known as cluster networks. The 

H+ ions of sulfonate can be traded with small 

cations such as Na+ and Li+ with the ability to 

move through the membrane within hydrated 

conditions in an electrical field [23].    

To fabricate IPMC, as a general method, 

metallic electrodes should get deposited on 

the nafion polymer. Nafion polymer has a sort 

of internal channel in its membrane that lets 

the ions migrate between anode and cathode 

under a certain applied voltage [24]. Two 

main methods have been previously used to 

deposit metal layers on the nafion. First, the 

chemical electroless plating (CEP) process 

which involves chemical reactions; and 

second, physical sputtering (PS) metal 

deposition that has been studied in recent 

years and mainly involves the sputtering of 

chosen metals through a vacuum 

environment [25]. In the CEP method, as the 

more efficient one, the pretreated nafion is 

immersed in a metal complex which usually 

consists of Pt. As a noble metal, Pt is highly 

suitable to be used as the electrode [26]. Other 

metals (or conducting materials), are also 

successfully used, including palladium, silver, 

gold, carbon, graphene and nanotubes. The 

deposited ions on the nafion will then be 

converted to a metal layer by a reductant such 

as sodium borohydride [26]. This method 

usually prepares high quality electrode on 

nafion; however, it is time consuming since 

the required time for ion deposition and 

reduction may last from hours to days. In 

previous studies, the pretreated nafion sheet 

was kept in the metal complex solution for 
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about one night. The additional steps of 

reduction with hydroxylamine and hydrazine 

solutions were also carried out which made 

the procedure even more time consuming and 

expensive [27]. The additional process was 

mainly executed to enhance the surface 

electrode quality. Herein, we have developed 

the CEP method with optimized and modified 

process times by using ultra sonication of the 

Pt complex solution while pretreated nafion is 

immersed. In fact, by using bath-ultra 

sonication, more Pt ions interact with nafion 

surface and hence the deposition takes place 

faster but with the same quality. The proposed 

flow has resulted in high quality metal 

electrode after reducing the metal ions 

without needing any additional reduction 

steps. Removing the use of extra materials for 

reduction with amine groups not only 

decreased the time and expense of the process 

but was also a great help to environment since 

the materials with amine groups are not safe 

for the environment. Finally, the efficient 

IPMC underwent a process to be tested for 

actuation applications. 

Experimental 

Materials and methods 

The Nafion 115 sheet was provided from 

ION Power, GmbH. Hydrochloric acid and 

lithium chloride were prepared from Merck 

Millipore. Tetra amine platinum (II) chloride 

(Pt(NH3)4Cl2) and sodium borohydride 

(NaBH4) were purchased from Sigma Aldrich. 

A nafion sheet with the thickness of 127 

microns was first cut in 15×3 mm2 pieces.  

Optimized CEP procedure 

To fabricate the IPMC via the chemical 

route, both sides of the nafion sheet were 

primarily roughened by oxygen plasma to 

create active sites that achieve better 

adhesion of metal to the surface. Then the 

roughened nafion was boiled in diluted 

hydrochloric acid (2N) for 30 min in order to 

detach any impurities from the membrane. 

The membrane was then boiled in deionized 

water for 30 min to remove any acid from the 

surfaces.  

Adsorption of the Pt ions acting as the 

metal electrode on the nafion surface was 

conducted as noted in previous studies [14], 

albeit with an optimization. As mentioned in 

the literature [22], the nafion sheet should be 

immersed in the aqueous solution of Pt 

complex (Pt(NH3)4Cl2) with the proper ratio 

(3 mg of Pt per cm2) preferably for one night. 

The Pt ions should then be reduced to Pt 

layers by adding a sodium borohydride 

solution every 30 min, making the whole 

process very time consuming. Herein, the 

nafion sheet was immersed and sonicated in 

the solution of tetra amine platinum (II) 

chloride (Pt(NH3)4Cl2, 10 mM) for only 3 h in 

an ultrasonic bath (100 watt). Sonication 

helped the adsorbing process to be done in a 

shorter time. To reduce the Pt ions, the nafion 

sheet was immersed in the aqueous solution 

of NaBH4 (6 mM) while rising the temperature 

from 40 °C to 60 °C for 2 h. The sudden 

reduction of Pt ions in this warm reductant 

occurred without needing any necessary 

additional reduction steps by using other 

reductants with amine groups. Our time, 

expense efficient and environment friendly 

CEP approach produced a high quality Pt layer 

on the nafion, with the surface resistivity of 

about 0.2 ohm/mm2 on both sides. The final 

IPMC was obtained by trimming the 

membrane from all sides to avoid any direct 

connection (short circuit) between two 

electrodes.  

Ion exchange procedure 

As the final step, the prepared IPMC was 

kept in the stirring solution of LiCl (1M) for 4 

h. This process resulted in replacing the H+ 

ions attached to the sulfonate groups with 

small ions of Li+. In fact, the mobility of Li+ is 

much higher than H+ which results in faster 
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and easier migration of them toward the 

cathode in an applied electrical field.  

Results and discussions 

Morphological and microstructure analysis 

The key step in preparing the IPMC, is the 

pretreatment of the membrane. For example, 

surface roughening, which was initially 

proposed and adopted for the purpose of 

eliminating the issue of the electrode peeling 

off. Nafion surface roughening enlarged the 

interfacial area between the membrane and 

the electrode while forming penetrated 

electrodes [28]. An atomic force microscopy 

(AFM) analysis of the nafion surface after O2 

plasma (Figure 1a) and sandblasting 

treatment followed by O2 plasma (Figure 1b). 

As it can be seen in Figure 1, oxygen atoms 

could uniformly roughen the nafion surface 

with the surface RMS roughness of 131.58 nm. 

In other words, it could successfully prepare 

uniform active sites for the penetration and 

deposition of Pt ions on the nafion surface via 

the chemical route. Although sandblasting 

technique is a necessary step in the physical 

methods, it may produce less uniform sites 

with a surface roughness of 499.90 nm. The 

sheet resistance of IPMC’s electrodes was less 

than 0.5 ohms/mm2 right after synthesis. The 

low surface resistance implies successful 

deposition of metals in optimized CEP 

method. In this method, Pt particles penetrate 

into the swelled nafion with a diffusion 

coefficient of 5.2×10-7 cm2/s while the amount 

of penetration depends on the time of  process 

and concentration of the Pt complex [26]. 

Figure 1c illustrates the AFM images of the 

surface of the prepared IPMC after being 

immersed in water for the ion exchange step. 

As the AFM images display, the surface of the 

IPMC prepared via optimized CEP route 

shows a monotone and smooth deposition 

with a RMS roughness of 1.07 µm. 

Figure 2 (a and b) shows SEM images (45°) 

of single and double deposition by optimized 

CEP method on nafion sheet respectively. The 

thickness of the deposited layer of electrode 

was intended to be approximately 1 µm in the 

single deposition and 4 µm for double 

deposition. The thicker the electrode is the 

better voltage bias at higher deflections and 

hence the better actuation application is 

achieved. As it is consistent with the AFM 

images, the deposited layers in both single and 

double deposition are smooth and uniform.

Figure 1. The morphology 

of the nafion sheet after a) 

5 min O2 plasma and b) 

sandblasting followed by 5 

min O2 plasma, c) IPMC 

surface prepared by 

optimized CEP method 

after immersing it in water 

for the ion exchange step 
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Figure 2. SEM images of 

prepared IPMC by 

optimized CEP method (a) 

single deposition (b) 

double deposition, (c) 

optical microscope image 

of IPMC 

 
 

Figure 3. Log (Resistance (Ω)) 

vs strain (%) for IPMC 

obtained by optimized CEP 

method 

 

In addition, the more the deposition takes 

place, less cracked electrodes are obtained. 

Figure 2c also shows the optical microscope 

image of the as prepared IPMC after single 

step deposition which shows smooth layers of 

Pt electrode. 

To acquire a better evaluation of the 

quality of the electrode, IPMC went under a 

strain analysis. To do so, the nafion polymer 

was cut in dimensions of 4 cm × 0.5 cm. 1 cm 

from each side was left without electrode for 

the attachment to measurement tools and so 

electrodes were deposited on the 2 cm in the 

middle. A resistance measurement was 

performed on the electrodes as the stress tests 

were carried out using a Universal Testing 

Machine (GEOTECH). Figure 3 shows the 

comparison of the electrode resistance vs. the 

strain on these samples.  As it can be seen in 

this figure, the IPMC obtained by optimized 

CEP method experienced small changes of 

surface resistance while being stretched. 

Surface resistance started from 2.5 Ω in 0% 

strain and reached to 10 Ω after stretching to 

100%. This implies an excellent metal 

electrode adhesion to nafion with the quality 

being so high that the surface resistance 

stayed below 10 Ω even under a 100% strain. 

Pt ions deposition measurement 

To understand whether or not the whole Pt 

ions in the solution were deposited on the 

nafion sheet through the sonication process, 

Pt atoms of the deposited layer on the IPMC 

sample were quantitatively measured using 

the inductively coupled plasma (ICP) 

spectroscopy. To do so, a sample of IPMC with 



M.S. Saneei Mousavi et al.  459 

 
the dimensions of 1.5 cm × 0.5 cm was placed 

in the solution of HCl/HNO3 (3:1) for 5 h so 

that the Pt atoms from the deposited layer got 

dissolved in the aqua regia. Figure 4 shows the 

Pt analysis by absorbance intensity vs. ions 

concentration considering Pt standard 

calibration curve. As it was maintained from 

the curve, Pt ions concentration was 

calculated to be 115 ppm which was so close 

to what it was expected to be (112 ppm) 

according to theoretical calculations. The 

2.6% error may refer to instrumental or 

human error through the deposition process. 

Voltage-angle characterization 

IPMC is an active actuator with a large 

deformation at the presence of a low applied 

voltage. Actuation performance of the IPMC 

actuator is resulted solely from the motion of 

the lithium cations through the nafion 

membrane caused by the applied voltage 

across the sheet. Upon the application of an 

electric field, cations that are mobile, migrate 

towards the cathode. Accumulation of ions 

near an electrode results in an imbalance in 

volume within the samples and thus, a 

bending deformation occurs. IPMCs 

containing higher concentration of ionic liquid 

exhibited more capacitor-like behavior which 

leads to a larger electromechanical response. 

Li ion was used at the present work for the ion 

exchange process, causing a large and fast 

bending of IPMC due to its small size [29]. The 

fast response of the IPMC also inhibited it to 

display any back relaxation which usually 

occurs with larger ions [30]. 

Figure 5a illustrates the schematic of the 

setup carried out for measuring the angle of 

bending IPMC vs. applied voltage. IPMC strip 

was placed between two handles of a clip. 

Each handle was then linked to a power 

supply to apply the positive and negative 

voltage to the IPMC. The angle of bending was 

then measured. Figure 5b shows the angle of 

bending vs. the applied voltages at 1 Hz 

frequency after being immersed in an aqueous 

solution of Li+ 1 M for 4 h. As it can be seen in 

this figure, IPMC starts bending from a low 

threshold voltage of 1.3 V and bends up to 

about 140° by applying only 4 V. This implies 

the remarkable actuation application of the 

prepared IPMC in any device that needs a low 

voltage actuator with high bending reaction. 

Force-voltage characterization 

To evaluate the output force of the IPMC, a 

measurement setup consisting of a load cell 

and a power supply (Figure 6a) was 

established. The IPMC strip was placed in a 

straight position with zero-degree deflection 

on the load cell; meanwhile the load cell’s 

force monitor displayed the applied force of 

the IPMC to the load cell (mN) while being 

actuated in the electrical field.

Figure 4. Absorbance intensity vs. 

Pt concentration curve derived by 

ICP spectroscopy 
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Figure 5. (a) 

Schematic of the 

bending angle 

measurement set up, 

(b) bending angle vs. 

the applied voltage for 

the IPMC prepared by 

optimized CEP method 

 
  

Figure 6. (a) 
Schematic of IPMC 
output force 
measuring setup and 
(b) measured output 
force of IPMC vs. the 
applied DC voltage 
 

 

Figure 6b shows the measurement results. 

Observations revealed that, the IPMC can 

make a force of 45 mN in an applied electrical 

field of 5 V. This makes our prepared IPMC a 

suitable leverage to make small forces in 

biomedical devices. 

Conclusion 

In this research study, IPMC was prepared 

using the optimized CEP process by using a 

bath ultra-sonication in the Pt ion deposition 

step. The extra reductant materials including 

amine groups were also removed from the 

reduction step to minimize the time and 

expense of the process. Microstructure 

analysis of the IPMC revealed that the 

optimized CEP method fabricated efficient 

electrodes suitable for actuating applications 

with a smooth and monotone platinum 

deposition. ICP spectroscopy was also utilized 

to determine the concentration of the Pt ions 

deposited on the nafion sheet in bath ultra-

sonication step. The results revealed that, only 

2.6% of the Pt ions were not deposited on the 

nafion sheet according to instrumentation or 

human error. Voltage angle and force voltage 

curves were also in good consistency with 

each other, showing the remarkable actuation 

properties of the fabricated IPMC. 
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