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ABSTRACT 
In the present work, we have fabricated a flexible and 

efficient micro-supercapacitor for future advanced 

electronic applications. A simple time saving, eco-friendly 

electrodeposition method was employed for 

nanostructured thin film materials formation on a micro-

pattern flexible polyethylene terephthalate (PET) 

substrate, and the resulting outcome shows that its 

promising applications in miniaturized power electronics 

devices. The nanostructures-based flexible micro-

supercapacitor can deliver areal capacitance of 0.253 

mF/cm2 at a current density of 0.03 mA/cm2. The 

maximum power and energy densities of the fabricated 

flexible asymmetric micro-supercapacitor are estimated to 

be 30 mW/cm2 and 0.056 mWh/cm2, respectively. 
 

INTRODUCTION 
Nowadays, planar micro-supercapacitors for micro-

integrated power systems used in the research area are 

more progressive and have a tendency to build integrated 

electronic devices with smaller in size, lightweight and 

more flexible [1]. The batteries and supercapacitors are 

most promising electrochemical energy storage devices 

used in present race for different applications. However, 

batteries work on the basis of bulk storage mechanism, 

exhibiting high scale energy storage capacity but they 

usually suffer from low power density and restricted 

lifespan [2]. Otherside, supercapacitors act to store 

electric charge via non-faradaic surface adsorption and/or 

faradaic redox reactions and characterized by high power 

densities for excellent cycle stability. Micro-

supercapacitors are a new type of green energy storage 

devices show better power efficiency and much faster 

charge/discharge characteristics than batteries, good 

cyclic reversibility, and long stability life [3]. In addition, 

flexibility and portability are two broadly expected 

specialties for modern industrial electronic technologies 

that enable the fabrication of a variety of sophisticated 

applications such as in wearable sensors, smart clothing, 

flexible touch screens, etc [4, 5]. Within this 

circumstance, miniaturized electronic devices such as 

micro-sensors require new power sources with small 

dimensions and high power densities used in centuries 

owing to their advantages such as miniaturization, 

lightweight, and good mechanical flexibility. To tackle 

this need for flexible and wearable applications, micro-

supercapacitors have been fabricated onto flexible 

substrates. Existing micro-supercapacitors were 

manufactured by several techniques [6-8]. However, such 

types of processes confine the output power performance 

like because of the marginal potential window (less than 

one volt) and limited use for the future large-scale 

application [9]. Hence, enormous research attempt has 

been consecrated for improving micro-supercapacitor 

performance by employing novel nanostructured electrode 

materials with advanced architectures for innovative 

technological applications.  

 Considerable efforts have been dedicated to 

developing high-performance flexible solid-state micro-

supercapacitors based on various nano-structured material 

electrodes. There have been used different strategies to 

promote the electromechanical efficiency of the energy 

storage devices by choosing the pseudocapacitive 

materials that store energy via fast and reversible redox 

reactions occurring mainly at their surface. Herein, we 

proposed two different nanostructured electrode materials 

have attracted intense interest for promising applications 

in energy storage application, due to its wide potential 

range, excellent conductivity and mechanical flexibility, 

large specific surface area, and good chemical stability 

[10]. 

 

METHODOLOGY 

 

Figure 1: Schematic diagram of the process flow of an 

all-solid-state micro-supercapacitor fabrication based on 

MEMS technique. The major process flow includes 

Sputter deposition of an Au-collector current on PET 

substrate, micro-patterning, metal etching, 

electrodeposition and drops casting gel electrolyte on the 

integrated microelectrode. 
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The schematic diagram for the fabrication process of 

flexible planner micro-supercapacitor on PET substrate is 

described in Figure 1. An important component of the 

flexible energy storage device is a current collector that 

formed on the flexible substrate. Initially, micro-patterns 

were implemented on a flexible PET substrate. In a 

typical process, Au/Ti current collectors with a thickness 

of 100/10 nm were formed onto the flexible PET substrate 

using a sputtering technique. Subsequently, a 

photolithographic process was carried out to pattern the 

microelectrodes on the substrate. After removing 

photoresist, the electrodes for micro-supercapacitor were 

simultaneously prepared. Further, the nanostructured 

MnO2 and MoO2 (act as a positive and negative electrode) 

electrode materials in the thin film forms were deposited 

[9]. In the present work, an efficient and versatile 

electrodeposition method has been proposed for electrode 

material deposition. Latterly; solidified gel-electrolyte 

was drop-casted on the nanostructured electrode material 

to form the micro-supercapacitors assembly and the 

fabricated micro-supercapacitors were used for further 

electrochemical characterizations.   

RESULTS AND DISCUSSION 
Surface Microstructural Studies 

The surface morphologies of electrodeposited 

materials are characterized by a field emission scanning 

electronic microscope (FE-SEM). Figure 2 (A and B) 

shows surface micrographs of the electrodeposited 

nanomaterials. The electrode material shows the 

nanostructure surfaces with uniformly distributed 

nanoparticles of MnO2 (Figure 2 (A)) while a MoO2 

exhibits the visible microspheres with a porous surface 

(Figure 2 (B)). Both electroactive material surfaces have 

rough and porous surface microstructure that can lead the 

surface wettability and corresponding increase the 

electrolyte ion diffusion rate is attributed for the 

improvement in electrochemical performances [11]. 

 

Figure 2: SEM, images for (a) MnO2 and (b) MoO2 

material. 

 

Electrochemical Studies 

The digital photographs of the fabricated flexible 

micro-electrode patterns at different bending and twisting 

positions are seen in Figure 3(A). The electrochemical 

performances of the fabricated flexible micro-

supercapacitor based on two electrode materials were 

recorded in a two-electrode cell configuration in 

polymeric electrolyte gel with KOH salt, results as 

illustrated in Figure 4. The cyclic voltammogram 

measurements for the micro-supercapacitors were 

performed in different potential windows at a fix scan rate 

of 50 mV/s and results as shown in Figure 4(A). It is seen 

that with an increase in potential window range the 

current density increased up to limit and then small decay 

in curves was observed. 

 

Figure 3: (A) Actual photographs of the fabricated micro-

patterns at different bending and twisting positions. (B) 

The performance evaluation of the fabricated flexible 

micro-supercapacitor at normal, bended, folded and 

twisted position.  

Further, the rate performances of the flexible 

asymmetric micro-supercapacitor were assessed from the 

charge-discharge profiles performed at different current 

density rates in 0 to 1.2 V potential windows. Obviously, 

the areal capacitance values of micro-supercapacitor show 

a linear dependence on current density rates was 

calculated from equation (1), 

AV
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Where, I (mA) and ΔV (mV) are the current density and 

potential window, respectively. td (s) and A (cm2) are the 

discharge time and area of the device, respectively. C 

(mF), E (mWh) and P (mW) is the areal capacitance, 

energy density and power density of the device, 

respectively. 

Figure 4(B) exhibits the areal capacitances of the 

fabricated nanostructured-based flexible micro-

supercapacitor were calculated from the equation (1) from 

charge-discharge studies. The high areal capacitance of 

0.253 mF/cm2 obtained at the current density of 0.03 
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mA/cm2 in PVA/KOH gel electrolyte. The calculated 

capacitances of 0.23, 0.21, 0.19 and 0.18 mF/cm2 are 

corresponding to current densities of 0.035, 0.04, 0.045 

and 0.05 mA/cm2, respectively. The fabricated micro-

supercapacitor exhibits a more than 70 % of capacitive 

retention with charge-discharge rates. Further, energy and 

power density performances of the fabricated 

nanostructures-based flexible micro-supercapacitor were 

calculated from the equation (2) and (3), respectively. At a 

high scan rate of 0.05 mA/cm2, the micro-supercapacitor 

delivers 30 mW/cm2 power densities and it decreased to 

18 mW/cm2 at a current density of 0.03 mA/cm2. The 

Ragone plot as illustrated in Figure 4(D), the energy 

density of the fabricated flexible micro-supercapacitors 

decreases from 0.051 to 0.036 mWh/cm2, whereas the 

power density for the device increases from 18 to 30 

mW/cm2, as the discharge current increased from 0.03 to 

0.05 mA/cm2. The comparative power performances of 

the fabricated all-solid-state flexible micro-supercapacitor 

based on a MnO2 and MoO2 electrode materials is better 

than, CF/MnO2//MoO3 (0.53 μW/cm2) [12], 

MnOx/C/PSiNWs (18 mW/cm2) [13]. Further, the 

flexibility of the fabricated flexible micro-supercapacitor 

device was studied at normal, bending, folding and 

twisting positions, the results as shown in Figure 3(B). It 

means that the fabricated nanostructure-based micro-

supercapacitor exhibits good power performance and 

excellent flexibility.  

 

Figure 4: Electrochemical performances of the micro-

supercapacitor fabricated based on nanostructured 

electrode materials: (A) cyclic voltammetry curves of 

different potential ranges at a constant scan rate of 50 

mV/s. (B) The charge/discharge profiles recorded at 

different current densities. (C) The areal capacitance as a 

function of current densities of the micro-supercapacitor. 

(D) Ragone plot (areal power and energy densities) of 

flexible micro-supercapacitor at current densities of 0.03, 

0.035, 0.04, 0.045 and 0.05 mA. 
    

CONCLUSION 
In summary, nanostructured electrode materials were 

successfully electrodeposited in a thin film form on the 

micro-patterns of the PET substrate. The micro-electrode 

exhibits excellent flexibility at different bending and 

twisting. The fabricated asymmetric micro-supercapacitor 

on a flexible substrate exhibits the highest areal 

capacitance of 0.253 mF/cm2 at a current density of 

0.03 mA/cm2 and the maximum power density of 30 

mW/cm2. This result shows that the fabricated flexible 

micro-supercapacitors have potential to use in power 

applications. 
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