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Metal layer, used as a current collector layer for textile-based supercapacitor (SC), was 

prepared on polyethylene terephthalate (PET) fabrics using wet chemical methods. By 

integrating this additional current collector layer into the SC structure, the carbon-nanotube 

(CNT)-based SC showed an improved capacitive performance. The specific capacitance of the 

CNT/Cu/PET SC and CNT/Au/PET SC were 4.312x10-3 Fcm-2 and 3.683x10-3 Fcm-2 

respectively, about 60 times larger than that obtained from the CNT/PET SC without metal 

collector layer. On the other hand, the energy densities of these CNT-based SC with metal 

layers were found to be ~ 50 folds increased as compared to the CNT/PET SC. Similarly, the 

power densities of these two SCs with current collector layers were two orders of magnitude 

larger than that of CNT/PET SC. High flexibility was also demonstrated in these two metal-

layered SCs. For the durability measurement, the CNT/Au/PET SC showed a stable 

performance, with its specific capacitance maintained about 89% of its initial value after 2500 

charge-discharge cycles. However, the CNT/Cu/PET SC only showed a relatively short-term 

stability, as its specific capacitance dropped to 12% of its initial value after 2500 charge-

discharge cycles. In order to further improve its capacitive performance, polyaniline (PANI) 

was deposited on the CNT/Au/PET SC surface using a cyclic voltammetric deposition method. 

Specific capacitance of 0.103 Fcm-2, about 30 times larger than that of the CNT/Au/PET SC, 

was obtained in the PANI/CNT/Au/PET SC which also showed good flexibility as well as high 

stability performance, with only 11% drop after 2500 charge-discharge cycles. On the basis of 

our results, we believe that by integrating a thin current collector layer into the textile-based 

CNT SC, its specific capacitance is enhanced while its flexibility and durability can be 

maintained. This method allows us to make any non-conducting fabrics into SC and turn it into 

portable and wearable energy storage device. 

 

 

Introduction 

Owning to the development of portable and wearable 

electronics, fabrication of small, light and flexible energy storage 

devices becomes one of the hot research topics in materials science 1-

3. Supercapacitor (SC), also known as electrochemical capacitor, 

provides higher energy density than conventional capacitor and is a 

promising candidate for wearable energy storage devices. Compared 

to battery, it exhibits higher power density, faster charge-discharge 

rate, longer cycling lifetime and is safer. However, the energy 

density of SC is usually much lower than that of the battery1, 4-9. 

Most of the recent studies on flexible SC have been focusing on 

improving their energy densities as well as maintaining their high 

power densities and stability. For example, new carbon materials 

which provide large surface area, such as carbon nanoparticles, 

carbon nanotubes (CNT) and graphene, have been used as the base 

electrodes as well as the current collector of the SC3,4,9,13-15. These 

new carbon materials enhanced the specific capacitance of the SC. 

Studies also showed that by adding pseudocapacitance materials 

such as RuO2, MnO2 and NiO into CNT-based SCs, the specific 

capacitance and operation potential of the SC were increased4,10-12. 

However, in these studies, the electrical conductivity of the SC has 

been overlooked. Compared with metal layer, these carbon layers are 

not a good current collector layer as the electric conductivity of these 

carbon layers is usually lower than that of the metal layer15,16. 

Indeed, in order to further increase the energy density of these SCs, a 

good current collector which can improve the collection and 

transport ability of electrons as well as reduce the energy loss due to 

internal resistance will be  needed17,18.  

As one of the main applications of these flexible SCs is used in 

energy storage for wearable electronic devices, fabrics would be a 

normal choice for being used as substrate. Other flexible substrates 

such as PET sheet13, paper17, and carbon cloth18 have been used as 

substrates for flexible SC, but all these substrates are not suitable to 

be used in clothing. Among various commercial fabrics, 

polyethylene terephthalate (PET) is common used in clothing as it 

possesses good strength, shrinkage resistance, chemical resistance, 

lustre, aesthetics, economics, consistency in quality and ready 

availability19. It is a great challenge to obtain a metal current 

collector layer on the PET fabrics. The layer should be uniformly 

coated on the polymer fabrics, although the surface morphology of 

the polymer fabrics is very rough. Furthermore, the metal layer 

should be flexible but with good adhesion i.e. the metal layer cannot 

be too thick. Normally, there are two techniques to deposit a metal 

current collector on top of polymer fabrics i.e. physical or chemical 

deposition methods. Physical deposition methods such as screen 
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print, sputtering and evaporation are commonly used20-22. However, 

these physical deposition methods suffer from the weak adhesion of 

metal layer to the fabrics and uneven deposition arisen from the 

shadow effect. Conversely, wet chemical methods provide an 

effective way to deposit metal layer on fabrics. The chemical bonds 

that formed between the metal layer and the polymer fabrics usually 

results in better adhesion. With no shadow effect in chemical 

deposition, the metal layers are usually uniform. Furthermore, 

chemical methods are easily scaled up for large scale production 

without much cost23-25. 

To enhance the capacitive performance of CNT-based SCs, 

addition of faradic materials is another common method. Transition 

metal oxides such as manganese oxide26 and conducting polymers27 

have been employed to improve the capacitive performance of CNT-

based SCs. However, transition metal oxides normally possess a 

poor electric conductivity and thus limit the SC to achieve high 

specific capacitance value28. Conductive polymers, on the other 

hand, have higher conductivity. Polyaniline (PANI) is one of the 

conductive polymers with good electric conductivity, high specific 

capacitance and good capacitive retention abililty29.   

In this paper, wet chemical plating methods were employed to 

fabricate metal current collector layer on PET fabrics. Afterward, 

CNT was dip-coated onto the metallized PET fabrics to fabricate a 

solid-state flexible CNT SC. Multi-wall CNT was used as the 

electrodes as they have large surface area, good chemical stability, 

reasonable electrical conductivity and mechanical properties30,31. 

Compared to single-wall CNT, multi-wall CNT is normally cheaper. 

Mixture of polyvinyl alcohol/phosphoric acid (PVA/H3PO4) was 

used as the electrolyte as well as separator. The capacitive 

performance of the SC was characterized by cyclic voltammetry 

(CV). The galvanostatic charge-discharge and capacitance retention 

performance were also measured. In order to investigate how the 

metal current collector layer improved the capacitive performance, 

CNT-based SC on PET fabrics without any metal layers was also 

fabricated for comparison. In order to further enhance the 

performance of the CNT-based SC, PANI film was deposited on the 

CNT/Au/PET SC by a cyclic voltammetric deposition method. Its 

capacitive performance, galvanostatic charge-discharge and 

capacitance retention performance was also studied. 

 

Experimental  

PET fabrics were metallized using nickel electroless-plating 

and copper/gold electroplating methods. Before the metallization 

process, the fabrics were cut into samples with size of 10 x 10 cm2, 

and they were cleaned by detergent in ultrasonic bath to remove 

grease as well as dirt. A four-step metallization process including 1) 

surface modification, 2) activation, 3) Ni electroless plating and 4) 

Cu/Au electroplating was carried out. For surface modification, the 

cleaned samples were dipped into 6M NaOH for 30 minutes to 

modify and roughen the surface. The samples were then dipped into 

1% HCl for 30 seconds to neutralize excess NaOH that remained on 

the sample. Activation using Pd was carried out by dipping into a 

MACuPlex activator D-34 concentrate bath for 3 minutes, where the 

bath was prepared by mixing 774 ml of de-ionized water, 220 ml of 

32% HCl, 20 ml of sensitizer-78 and 6 ml of MACuPlex activate 

D34C (Macdermid, solution of Pd/Sn2+ colloidal). In order to avoid 

the oxidation of Sn2+ into Sn4+, a metal cover was used to shield the 

light as well as moisture and dirt from the bath during the 

experiment. After that, the samples were dipped into a solution of 

50g/L H2SO4 at 50°C for 1 minute to remove the Sn2+ ions from the 

Pd/Sn2+ colloidal and explode the Pd out for the reduction of Ni2+ to 

be taken place.  The dipping time in H2SO4 should be controlled 

carefully. If the time is too short, the Sn2+ cannot be completely 

removed; if the time is too long, the Pd ions in the samples will be 

removed. To perform the Ni electroless plating, the samples were 

dipped into a MACuplex J-64 Ni bath, which was prepared by 

mixing 865 ml of de-ionized water, 5 ml of 28% of NH4OH, 100 ml 

of MACuPlex J-60 and 30 ml of MACuPlex J-61 (Macdermid), at 

35°C for 3 minutes in order to deposit the nickel layer on the 

activated PET fabrics. The thickness of the nickel layer was 

depended on the dipping time. In our experiments, dipping time of 3 

minutes was employed so that the thickness of the Ni layer was 

about 0.02 µm. Before Cu/Au electroplating process, the samples 

were cleaned by electrolytic degreasing for 1.5-3 minutes. Non-

cyanide alkaline copper bath was used for electroplating of copper 

and the plating process lasted for 2-3 minutes at 50°C with 2-3 ASD 

(current density).  

Commercial multi-wall carbon nanotube (International 

Laboratory USA, 95%, 10-30 nm) was dispersed in water using 

sodium dodecylbenzenesulfonate (SDBS) as surfactant. Multi-wall 

CNT was used as the carbon material instead of double wall and 

single wall CNT because multi-wall CNT is much cheaper, even 

though its electric conductivity is not as good as the others. The 

concentrations for CNT and SDBS were 4 mg/ml and 0.4 mg/ml 

respectively. The CNT was uniformly dispersed in the solution using 

ultrasonic bath for 2 hours. 6 g of PVA powder (ACROS Organic, 

Mw: 95000) and 6 g of phosphoric acid (Sigma-Aldrich) were added 

into 60 ml DI water with stirring at 80oC for 12 hours to form a 

PVA/Phosphoric acid mixture gel which was used as the electrolyte. 

A simple dip-coating method was employed to synthesize the SCs. 

PET fabrics as well as metallized PET fabrics were dipped into the 

CNT ink and withdrawn slowly so that the ink was evenly coated on 

the fabrics surface. The fabrics were then dried at 80oC for 15 

minutes. This procedure was repeated for several times to ensure that 

the CNT was uniformly coated on the surface of the fabrics. 

Afterwards, the CNT coated fabrics were immersed into the 80oC 

PVA/phosphoric acid electrolyte for 10 minutes. Two fabric samples 

were assembled together face to face to form a capacitor. The 

assembled sample was dried at room temperature for 12 hours until 

the excessive solution was evaporated completely.  

To study the effects of adding PANI into the SCs, PANI was 

deposited on the surface of CNT/Au/PET SC using cyclic 

voltammetric deposition method with a continuously potential 

scanning at 50 mVs-1 in the potential range from -0.2 to 1.2 V. 0.1M 

aniline monomer (Sigma Aldrich 99.5%) and 0.5M H2SO4 were used 

as the plating solution. Different numbers of cycles were performed 

to deposit a uniform green PANI coating on top of the electrode 

surface.  

The surface morphology and cross-section of the samples were 

examined by an optical microscope (Nikon Microphot-FXA) 

equipped with a digital camera (Pixar), an environmental scanning 

electron microscope (Hitachi TM 3000) and a field emission 

scanning electron microscope (FESEM JEOL JSM-6335F). The 

cyclic voltammetry were carried out by using an electrochemical 

workstation (PARSTAT 2273, Princeton Applied Research) with 

scan rates between 10 mVs-1 and 200 mVs-1, and scan voltage 

ranging from 0 to 0.8 V. The galvanostatic charge-discharge and 

capacitance retention measurements were carried out by an 

electrochemical station CHI660C with current densities varied 

between 0.005 and 1 mAcm-2. 
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Results and Discussion  

The qualities of the copper and gold layers depend on the 

qualities of the underlying electroless-plated nickel layer. Fig. 1a 

shows the surface morphology of the nickel plating. The coatings 

covered every single fiber individually and uniformly as shown in 

Fig. 1c.  From the magnified micrograph (Fig. 1b), pitting sites and 

small cracks were observed on the surface. The pitting sites of size 

were about 1 µm. Indeed, these pitting sites, introduced by the 

etching process, roughened the surfaces and acted as anchors for the 

upper copper/gold layer.  From the cross-section SEM micrograph 

(Fig. 1c), the thickness of the nickel coating was about 0.02 µm. By 

introducing this thin Ni layer, the fabrics became conductive and 

were able to carry out electroplating process. Fig. 1d and Fig. 1e 

show the surface morphology of the Cu-coated PET fabrics. The 

copper coatings were uniformly coated on every single fiber, and the 

coatings were adhered tightly on each individual fiber and no peeling 

off was noticed. Most of the cracks and the pitting sites were cover 

by the Cu or Au layer with only a few pitting sites were still 

observed. The thickness of the metal layer after the electroplating 

was about 0.2 µm (Fig. 1f) so that the flexibility of the PET fabrics 

was still preserved. Similarly, gold was also electroplated on the 

nickel coated PET fabrics.  Fig. 1g and Fig. 1h show the surface 

morphologies of the samples at different magnifications. Similarly, 

the Au coatings were also adhered tightly on the fabrics without 

peeling off, and the thickness of the gold layer was about 0.2 µm. 

Again, the cross-section micrographs demonstrated that the metal 

coatings were thin and the flexibility was still preserved. Although 

the metallization procedure is quite complicated, the qualities of the 

metallized PET have high repeatability. 

 

 

Figure 1.  Optical micrographs of electroless nickel plated fabrics at a) low and b) high magnifications. c) Cross-section SEM image of the 

electroless nickel plated fabrics. Optical micrographs of copper electroplated fabrics at d) low and e) high magnifications. f) Cross section 

SEM image of the copper electroplated fabrics. Optical micrographs of gold electroplated fabrics at g) low and h) high magnification. i) 

Cross section SEM image of the gold electroplated fabrics. 
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Figure 2. a) Schematic diagram of the flexible supercapacitor. b) Photograph of CNT ink with (right) and without (left) SDBS disperser.. 

SEM image of CNT coated Cu/PET fabric c) at low and d) high magnifications. 

Fig. 2a shows the schematic diagram of the textile-based 

CNT SC and Fig. 2b shows the effect of SDBS on the CNT ink. 

Without adding SDBS, two separated layers were observed (the 

left bottle in Fig. 2b), indicating that CNT was precipitated out 

from the ink. By adding SDBS, CNT was dispersed uniformly in 

the de-ionized water and was able to maintain in well-dispersed 

ink for few months. Fig. 2c shows the SEM micrograph of the 

CNT coated Cu/PET fabrics. CNT was uniformly deposited on 

the whole fabric and the diameter of the CNT was about 30 nm 

(Fig. 2d). They were tangled with each other, formed a porous 

network on the metallized fabrics, and provided large surface 

area. In our experiment, the thickness of the CNT coating was 

kept at ~1µm. 

In this study, SCs with three different types of electrode 

were fabricated. They were a) CNT electrode with no current 

collector (CNT/PET), b) CNT electrode with copper current 

collector (CNT/Cu/PET) and c) CNT electrode with gold current 

collector (CNT/Au/PET). CV scans were performed under 

different scan rates and the specific capacitance of SC was 

estimated from the curves using Eq. 1: 

                                   � � � idV/Sv∆V ------(1) 

where i, S, v and ∆V are the current, the area of electrode, the 

scan rate and the potential range of the CV scan, respectively13. 

Fig. 3a shows the CV curves of the CNT/PET SC at different 

scan rates. The shape and size of the curves were almost the same 

at different scan rates. The relatively high resistance of the CNT 

makes the curves deteriorate from an ideal rectangular shape, 

becoming an approximately ellipse shape. Fig. 3b and Fig. 3c 

show the CV curves of the CNT/Cu/PET and the CNT/Au/PET 

SCs at different scan rates respectively. Compared to Fig. 3a, all 

the curves exhibited rectangular shape; in particular, the curves 

of the CNT/Au/PET SC exhibited a nearly perfect rectangular 

shape. These results indicate that these two types of SCs 

exhibited a lower resistivity loss and possessed a closely ideal SC 

behavior, as compared to the CNT/PET SC32. However, from the 

CV curve of CNT/Cu/PET, it shows that there is a redox peak at 

0.2V, showing a potential delay during the reversing of potential. 

This might indicate that a remarkable pseudofaradic reaction is 

taking place and a kinetically slow process is involving during 

charging the pseudocapacitance.32 Therefore, we predicted that 

these abnormal features should be due to the reaction between the 

copper layer and the electrolyte. In order to evaluate the 

capacitive performance of different SCs, their specific 

capacitances were calculated using Eq. 1 and the results are 

plotted in Fig. 3d. General speaking, the specific capacitance 

increased with decreasing scan rate for all types of SCs. At 

smaller scan rate, the SC has a longer time to charge up as well 

as discharge, the electrolytic ions diffuse and migrate to the 

active materials and thus more charge will be stored. If the scan 

rate is increased, the SCs may not have enough time to charge up 

completely. Limited diffusion and migration of electrolytic ions 

make parts of the surface area inaccessible to store charge, so the 

specific capacitance decreases33. The largest value of specific 

capacitance obtained in CNT/PET SC is about 1.4 x 10-4 Fcm-2. 

However, its specific capacitance varied in a large range (from 

10-4 to 10-5) and this large difference may probably due to the 

poor resistance of the CNT electrode which does not provide 

enough time for charging up the capacitor at high scan rate. On 

the other hand, the largest specific capacitances of the 

CNT/Cu/PET and the CNT/Au/PET SCs are about 8.5 x 10-3 

Fcm-2 and 7.1 x 10-3 Fcm-2 which are 60 times and 50 times 

larger than that of the CNT/PET SC, respectively. The 

improvement is more significant at fast scan rate (as shown in 

Fig. 3d). This indicates that the current collector layers greatly 

improve the capacitive performance of the SCs. The 

enhancement might be attributed to fast electron transport, better 

charge collection capacity and low resistivity loss of the metal 

current collectors18. 
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Figure 3. Cyclic voltammograms of a) CNT/PET SC b)  CNT/Cu/PET SC c) CNT/Au/PET SC at different scan rates. d) Specific 

capacitance of the three SC at different scan rates. 

Another important measurement to evaluate the capacitive 

performance of SC is galvanostatic charge-discharge curve (Fig. 

4). The specific capacitance can be calculated from the charge-

discharge curve using Eq. 2:  

               C =  
�∆�

∆�
 ------ (2) 

where ∆t is the discharging time. Furthermore, the energy density 

and the power density are obtained by Eq. 3 and Eq. 4 

respectively 34. 

 E �
�

�
CV� ---(3)      and     P = 

�

��
  ---(4) 

Fig. 4a shows the galvanostatic charge-discharge curves of the 

CNT/PET SC with two different current densities. The obtained 

specific capacitance were 6.875x10-5 Fcm-2 and 7.5x10 -5 Fcm-2 

for current densities of 0.01 mAcm-2 and 0.005 mAcm-2 

respectively. The asymmetry of the curves demonstrated that the 

SC behavior is not very good, and this is consistent with our 

previous results. The galvanostatic charge-discharge curves of 

the CNT/Cu/PET and the CNT/Au/PET SCs with current 

densities of 0.1 mAcm-2, 0.5 mAcm-2 and 1 mAcm-2 are shown in 

Fig. 4b and Fig. 4c respectively. Similarly, the curves of 

CNT/Cu/PET SC also showed an asymmetric shape, the charging 

time was longer than the discharging time, demonstrating an 

imperfect capacitive behavior17,18. On the other hand, the curves 

of CNT/Au/PET SC showed a more symmetric and linear 

charging-discharging profile, demonstrating a better capacitive 

behavior. From Fig. 4, the obtained specific capacitances for 

CNT/Cu/PET SC at different current densities were 4.312x10-3 

Fcm-2, 3.526x10-3 Fcm-2 and 2.653x10-3 Fcm-2; while the specific 

capacitances for the CNT/Au/PET SC were 3.683x10-3 Fcm-2, 

3.381x10-3 Fcm-2 and 3.175x10-3 Fcm-2. Obviously, both metal 

current collectors increase the specific capacitance by about 60 

times, similar to the results obtained in Fig. 3. Besides, the metal 

layer also improved the current-resistance drop (IR drop). The IR 

drop of CNT/PET SC was about 0.3 V at current density 0.01 

mAcm-2; while the IR drops of CNT/Cu/PET and CNT/Au/PET 

SC were about 0.05 V and 0.01 V respectively. On the basis of 

these results, it is demonstrated that the metal current collector 

layer greatly improves the capacitive performance. Moreover, it 

enhances the energy density without sacrificing the power 

density of the SCs. Fig. 4d is the Ragon plot of different SCs. 

The highest energy densities of CNT/Cu/PET and CNT/Au/PET 

were 8.517x10-6 Wh cm-3 and 8.183x10-6 Wh cm-3 respectively. 

These energy densities were about 56 times and 54 times larger 

than the value of CNT/PET SC (1.528x10-7 Wh cm-3), 

respectively; while their power densities (about 1 x 10-3 W cm-3) 

were 20 times larger than that of the CNT/PET SC (5 x 10-5W 

cm-3). The energy density value of flexible SC with current 

collector are comparable to the solid state SCs, such as Double-

walled CNT SC (8 x 10-6Wh cm-3)35,36 and single-walled CNT 

SC (10 x 10-5Wh cm-3)35,37. These demonstrated that the current 

collector can enhance the energy store of the multi-walled CNT 

SC comparable with the double-walled and single-walled SCs. 
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Figure 4. Galvanostatic charge-dischrage curves of a) CNT/PET SC, b) CNT/Cu/PET SC and c) CNT/Au/PET SC at differernt current 

densities. d) Ragon plots of the SC 

For practical applications, the stability of SCs is an 

important factor. Gao et al. demonstrated that MWCNT SCs have 

a excellent cyclic stability31. The SC device can remain 99.9% 

after 1000 cycles. In Fig. 5, we studied the cycling performance 

of the other two SCs by measuring their charge-discharge curves 

for 2500 cycles. The CNT/Cu/PET SC in Fig. 5a show a poor 

stability. The specific capacitance dropped significantly after 100 

cycles and settled at 12% for the remaining cycles. We suggest 

that the poor stability might be due to the interaction of copper 

layers with the electrolyte. This reaction might be occurred 

during the charge-discharge cycle and is probably non-reversible. 

Further investigation will be required in order to confirm this 

suggestion. Although, the copper can enhance the capacitance 

performance, this improvement cannot last long which is not 

suitable for devices application. Nevertheless, the CNT/Au/PET 

SC shows a more stable performance (Fig. 5b). The specific 

capacitance slowly decayed to 89% of the initial value and 

remained almost constant for the remaining 2500 cycles. Thus, 

gold layer is much more suitable to be the metal current collector 

for enhancing capacitive performance.  

 

Figure 5. a) Cycling performance of CNT/Cu/PET SC at current density 0.5 mAcm-2. b) Cycling performance of CNT/Au/PET SC at current 

density 0.5 mAcm-2  
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Figure 6. a) Photograph of the CNT/Au/PET SC. b) Photograph 

to demonstrate the highly flexible supercapacitor. c) Cyclic 

voltammograms of the SC at 100 mV/s scan rate with different 

bending curvatures. d) Bending (90o) cycle test of the 

Au/CNT/PET SC 

Being a portable and wearable energy storage device, both 

flexibility and safety are very important. In Fig. 6b, the 

CNT/Au/PET SC was able to be bended in any angles without 

losing its performance, showing its high flexible property. CV 

curves were measured under various bending angles and the 

specific capacitance of the SC (Fig. 6c) were almost the same for 

different bending angles. The CV curves were in rectangular 

shape, and the sizes are nearly the same in various bending 

angles, demonstrating that the deformation would not affect the 

capacitive performance of the SC. Repeated Bending cycles test 

was used to evaluate the capacitive performance. Our results 

show that the retention is maintained at 97% after 100 bending 

cycles which demonstrated that the bending cycles also would 

not affect the capacitive performance of the SC. Therefore, our 

results show that this textile-based flexible SC is suitable for 

being a portable and wearable energy storage device.  

In order to further enhance the specific capacitance of the 

CNT/Au/PET SC, PANI was deposited on the surface using a 

CV growth method with 10, 20, 40 and 60 CV growth cycles. 

Fig. 7a shows the CV growth of the PANI in the range of -0.2V 

to 1.2V with scan rate at 50 mVs-1. Three peaks at 0.3V (A), 

0.55V (B) and 0.95V (C) were observed: peak A is the radical 

cation formation peak, peak B is the head-to-tail dimmer 

oxidation peak and peak C is the emeraldine to pernigraniline 

conversion peak38. When the number of deposit cycle increases, 

the area becomes larger, indicating that more PANI had been 

deposited, resulting a higher capacitive ability of the SC.  After 

the growth of PANI, the SC was covered with a green coating. 

Raman spectroscopy was employed to verify the successfully 

growth of PANI. Fig. 7b shows the Raman spectrum of the 

CNT/Au/PET SC, and two sharp peaks were observed. The peak 

at 1350 cm-1, assigned as D band, is the disorder band or defeat 

band of CNT. It represents a ring breathing mode from sp2 

carbon rings. On the other hand, the peak at 1582 cm-1, called G 

band, is designated as the primary mode in CNT. This mode 

represents the planar configuration sp2 bonded carbon that 

constitutes the CNT39.  

 

Figure 7. a) CV growth of PANI on the CNT/Au electrode. b) Raman Spectrum of CNT. c) Raman Spectrum of PANI with 10 cycles CV 

growth on gold fabric only. d) Raman Spectrum of PANI of 10 cycles CV growth on CNT/Au electrode  
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Fig. 7c and Fig. 7d show the Raman spectra of PANI/Au/PET 

and PANI/CNT/Au/PET SC, respectively.  In general, these two 

spectra were very similar. The peaks at 416 cm-1 and 565 cm −1 

represent C–N–C out of plane deformation modes and the 

deformation mode of protoninated amine groups, respectively. 

The peak at 813 cm −1 is assigned as a mixture of various torsion 

angles between the two aniline rings of the PANI structure. The 

peaks between 1000 cm-1 and 1700 cm-1 represent the PANI 

oxidation state. For example, the peaks at 1170 cm-1, 1510 cm-1 

and 1603 cm-1 represent the C–H deformation band of the 

benzoid ring, the N–H bending deformation band of protonated 

amine, and the C–C deformation band of benzoid ring, 

respectively40. Although with a much weaker signal-to-noise 

ratio, the Raman spectrum shown in Fig. 7d was nearly the same 

as the spectrum in Fig. 7c, indicating that all the characteristic 

peaks of PANI were observed. Thus, we believe that PANI was 

successfully deposited on the CNT/Au/PET SC.  

 

Figure 8. a) SEM image of the PANI in 10 CV growth cycles. b) 

SEM image of the PANI in 60 CV growth cycles. c) The 

magnified SEM image of the PANI in 10 CV growth cycles. d) 

The magnified SEM image of the PANI in 60 CV growth cycles 

Different growth cycles of PANI (10, 20, 40 and 60 cycles) 

were deposited to study the effect of PANI growth cycle on the 

capacitive performance. Fig. 8 present the SEM micrographs of 

the PANI with different growth cycles. Fig. 8a and Fig. 8b show 

the large area SEM images of the PANI with 10 and 60 growth 

cycles, respectively. In general, PANI was completely covered 

the CNT surface with some cracks. Compare with the 10 growth 

cycle sample, more cracks with PANI peeling off from the 

surface of the 60 growth cycle sample. This might be due to the 

poor adhesion between the PANI and CNT. When the growth 

cycle was increased, the PANI film grew thicker and peeled off 

easily and this phenomenon was observed at the 40 and 60 

growth cycles. Fig. 8c and Fig. 8d show the magnified SEM 

image, a porous structure of PANI was observed. The high 

surface area and the faradic properties of the PANI can increase 

the capacitance of the SCs. However, the morphologies of the 

PANI in different samples were different. For the 10 cycle 

growth sample, the PANI was in flakes shape and became 

granular like when the growth cycles increased to 60. 

 

Figure 9. Cross section image of PANI coated fabric a) in 10 CV 

growth cycles and b) 20CV growth cycles. 

As mentioned before, the PANI started to peel off after 40 

growth cycles. Therefore, 10 and 20 CV growth cycles were used 

to make the PANI/CNT/Au/PET SCs. To evaluate the thickness 

of the PANI coating, cross section SEM image were taken. The 

thickness of PANI in 10 CV cycles and 20 CV cycles were 4µm 

(Fig. 9a) and 6.5µm (Fig. 9b) respectively. Our studies only 

focused on 10 and 20 cycles, as the growth cycles is further 

increase, the flexibility of the SC would become poorer. 

 The capacitance performances of PANI/CNT/Au/PET SC 

were evaluated using the cyclic voltammetry within a potential 

range between 0 V and 0.8 V. Fig. 10a and Fig. 10b show the CV 

curves of the PANI/CNT/Au/PET SC with 10 CV growth cycles 

and 20 CV growth cycles respectively. The shape and area of the 

curves are more or less the same. The curves were deteriorated 

from the nearly rectangular shape (Figure 3c) to an ellipsical 

shape. This might due to the delay of potential from the 

pseudofaradic reaction of PANI or the resistivity becomes higher 

after the deposition of the PANI32. Although the shape was 

deteriorated, the current was greatly enhanced by an order of 

magnitude. The specific capacitances at different scan rates were 

calculated and the results were shown in Fig. 10c. As expected, 

the specific capacitances were larger at slower scan rate, and the 

largest values for PANI/CNT/Au/PET SC of 10 and 20 growth 

cycles were about 0.5 Fcm-2 and 0.51 Fcm-2, respectively. Our 

results indicated that the capacitance does not change much with 

the increase in the growth cycle. Comparing with the value 

obtained in Figure 3d, the specific capacitance was 100 times 

larger than that of the CNT/Au/PET SC and 3570 times larger 

than that of the CNT/PET SC. It demonstrated that the capacitive 

performance of the textile-based SC was greatly improved by 

adding PANI as active material. To further evaluate the 

capacitive performance, galvanostatic charge-discharge curves 

were measured within the potential range of 0 V to 0.8 V in 

different current densities and the results are shown in Fig. 10d.  

The calculated specific capacitance are 0.103 Fcm-2, 0.074 Fcm-2, 

0.061 Fcm-2, 0.045 Fcm-2  and 0.039 Fcm-2 for current density of 

1x10-3 Acm-2, 2.5x10-3 Acm-2, 5x10-3 Acm-2, 7.5x10-3 Acm-2, and 

1x10-2 Acm-2 respectively. The charge-discharge curve shows 

highly symmetric shape and this indicates that the device has a 

good capacitive behavior. The IR drop was about 0.04 V which 

was higher than that in CNT/Au/PET (0.01 V). The energy 

density and power density were calculated from the charge-

discharge curves and the results are shown in Fig. 4d. The 

PANI/CNT/Au/PET SC exhibit the largest energy density at 

about 2.412 x 10-4Wh cm-3 with a power density of 0.011 W cm-3. 

The energy density is 28 times larger than the CNT/Au/PET SC, 

indicating that the PANI enhances the energy storage capacity. 
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Figure 10. Cyclic voltammograms of PANI/CNT/Au/PET SC of a) 10 CV growth cycles and b) 20 CV growth cycles at different scan rates. 

c) Specific capacitance of the two PANI/CNT/Au/PET SC at different scan rates. d) Galvanostatic charge-dischrage curves of 

PANI/CNT/Au/PET SC (10 CV growth cycles) at differernt current densities.  

The stability performance of the PANI/CNT/Au/PET SC 

was investigated at a current density of 1 mAcm-2 and the results 

were shown in Fig. 11a. The capacitance retained about 89% 

after 2500 cycles of the galvanostatic charge-discharge process, 

indicating the good stability of this SC. Fig. 11b shows the CV 

curves of the SC at different bending angles. The CV curves were 

almost overlapping with each other, indicating the excellent 

performance under bending stress of this SC.  

 

 

 

Figure 11. a) Cycling performance of PANI/CNT/Au/PET SC at 

current density of 1 mAcm-2 b) Cyclic voltammograms of the 

supercapacitor at 100mV/s scan rate in different bending 

curvature.  
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Conclusion 

Solid-state flexible SCs on textile-based substrates were 

successfully fabricated by simple wet chemical and dip-coating 

methods. A thin layer of metal was used for the current collector 

layer for the SCs. It provided a fast electron transport and 

improved the charge collection capacity of the CNT-based 

electrode. Our results showed that this metal layer improved the 

specific capacitance by about 60 times as compared to the SC 

without the metal layer. The capacitance retention study showed 

that the CNT/Cu/PET SC dropped significantly to 12% of the 

initial value which might due to reaction existed in the copper 

electrodes. For the CNT/Au/PET SC, it showed a more stable 

performance which only dropped by 11% after 2500 charge-

discharge cycles. A large energy density and a high power 

density were maintained in these metal layered SC.  On the basis 

of our studies, the Au layer will be a suitable current collector 

material to achieve a large energy density, high power density 

and long life time capacitive device. In addition, PANI was 

added on top of the CNT/Au/PET SC by a simple CV deposition 

method and the specific capacitance was further enhanced by 30 

times. This PANI based SC showed a good stability performance, 

only 11% drop after the 2500 charge-discharge cycles. It also 

showed excellent performance under bending stress. These 

outstanding performances reveal that PANI/CNT/Au/PET is a 

great potential energy storage device for the flexible and 

wearable electronic. 
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