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We report an all solid-state micro-supercapacitor with patterned photoresist-derived porous carbon 

electrodes and an ionogel electrolyte. The interdigitated finger electrodes are synthesized via pyrolysis of 

SPR-220 photoresist, which results in a high surface area porous carbon via a highly scalable technique. 

The ionogel electrolyte is formed by 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 10 

ionic liquid hybridized with a fumed silica nanopowder. The fabricated device has an excellent long-term 

cycling stability. The maximum energy density obtained is about 3 mWh cm-3, higher than that of 

commercial Li-ion thin film batteries, with the maximum achieved power density of 26 Wcm-3. Our 

results indicate that the novel combination of pyrolyzed photoresist with ionogel electrolyte holds 

promise for applications in integrated energy storage for all solid-state microsystems or microelectronics 15 

technologies. 

1. Introduction 

Supercapacitors (SCs) have attracted increasing attention because 

they bridge the energy and power density gap between batteries 

and capacitors.1  SCs can be divided into two types based on 20 

energy storage mechanism: one is the electrochemical double 

layer capacitor, which stores energy via ion adsorption at the 

electrode/electrolyte interface; the other is the pseudocapacitor, 

which stores energy using surface and near-surface redox 

reactions.2When SCs are miniaturized, they can help to satisfy the 25 

increasing energy demand of microdevices, such as autonomous 

microsensors, micro-robots and implantable medical 

devices.3,4,5,6,7 On-chip integration of energy storage devices can 

achieve high efficiency energy delivery.8,9 

 The electrode materials of SCs must have high specific surface 30 

area, which is of utmost importance to achieve high energy 

densities. Highly porous carbon materials are commonly used as 

supercapacitor electrodes due to their high specific surface area 

and good conductivity.10, 11Examples of these high surface area 

materials include onion-like carbon,5activated carbons,12carbon 35 

nanotubes, 13  carbon aerogels, 14 carbide-derived carbon9, 15 and 

carbon fibers. 16  In order to realize on-chip integrated micro-

supercapacitors, a scalable technique for deposition and 

patterning of porous carbon material is required. Pyrolyzed 

photoresist-derived carbon is one attractive electrode material 40 

candidate for electrochemical applications owing to its good 

electrochemical performance and excellent properties including 

easy fabrication procedure.17 

 The electrolyte, the other core component of SCs, should meet 

the requirements of high ionic conductivity and wide 45 

electrochemical stability window.18 Conventional SCs typically 

use a liquid phase electrolyte; however, for micro-supercapacitors, 

all solid-state devices would significantly simplify the fabrication 

and packaging processes as well as improve their safety. 19 

Ionogels, which maintain the electrochemical properties of ionic 50 

liquids and can be easily shaped for the desired applications, have 

been demonstrated as an effective solid-state electrolyte material 

with good mechanical compliance and a large electrochemical 

window.20, 21, 22 

 In this study, an all solid-state micro-supercapacitor based on 55 

patterned photoresist-derived porous carbon microelectrodes and 

ionogel is demonstrated through a combined micro-fabrication 

and sol-gel approach. The patterned electrode is fabricated 

through a simple and scalable method that is easily amenable to 

on-chip integration. The ionogel is obtained by mixing together a 60 

fumed silica nanopowder and an ionic liquid.21 Combining the 

highly porous patterned electrode and ionogel electrolyte, the all 

solid-state micro-supercapacitor presented here shows high 

specific energy and excellent cycling stability. 

2. Experimental 65 

2.1 Electrode fabrication 

A planar microsupercapacitor configuration is selected in which 

interdigitated electrodes are fabricated on the same plane and 

isolated by a physical separation. This configuration has the 

advantages of easy fabrication and flexibility to the electrolyte 70 

choice. 23 Figure 1 (a) shows the device fabrication procedure. 

The patterned electrodes are fabricated via three primary steps: 

photoresist deposition, patterning and pyrolysis. A 100-nm 

thermal oxide is grown on Si (100) wafers to electrically
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Fig. 1(a) Schematic illustration of micro-supercapacitordevice fabricationprocess; (b) optical image of the patterned photoresist-derived porous 

carbonlinesafterpyrolysis; (c) SEM top-view and (d) SEM cross-sectional view of a pyrolyzedline. 

isolatethe supercapacitor from the substrate. SPR-220-7 

photoresist (MicroChem) is spun coat to an approximate 5 

thickness of 10 µm on the SiO2/Si wafer. Following a 5-min soft 

bake at 115 °C in air, the interdigitated electrodes are patterned 

via UV lithography. The wafer is diced into individual chips, 

which are then loaded into a hot-wall chemical vapor deposition 

furnace (Thermo Scientific Lindberg Blue M). After purging for 10 

several minutes in Ar, the furnace is heated to 300 °C and held at 

this temperature for 30 min under ~1 Torr Ar. The temperature is 

then increased at a rate of ~30 °C min-1 to 900 °C; at this 

temperature, the ambient gas is switched to a H2/Ar mixture 

(10%/90%, Praxair) and the temperature is held for 1 h. Finally, 15 

the sample is cooled at a rate of about 25 °C min-1 to room 

temperature in the same H2/Ar gas environment. For 

electrochemical testing, silver epoxy is used to electrically 

contact the patterned electrodes to Cu wires. 

2.2 Ionogel preparation 20 

The ionogel electrolyte used in this study is prepared following 

closely the procedure in Ref. 21, with the gelation mechanism 

described in Ref. 24. A fumed silica nanopowder (FS, Sigma-

Aldrich, 7 nm) and 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMI TFSI, Iolitec, 99% 25 

purity) are used without further purification. The FS and EMI 

TFSI are mixed in a 0.03:1 mass ratio in a glass vial. The mixture 

is stirred for 5 min to ensure the solution is uniformly mixed. The 

solution is then transferred via a micropipette onto the patterned 

electrode and allowed to gel in a nitrogen rich, low-humidity 30 

(<1% relative humidity) environmental chamber. The gelation 

process takes about 12 h to complete. 

2.3 Characterization methods 

Porous carbon morphology is characterized by scanning electron 

microscopy using a Zeiss Gemini Ultra-55 analytical SEM. 35 

Electrochemical testing is performed using a potentiostat (CH 

Instruments, 660D Model). The samples are kept in a low-

humidity environmental chamber during testing. Cyclic 

voltammetry (CV) is used to determine specific capacitance. A 

potential window of 2V is used and various scan rates (ranging 40 

from 0.01 to 20V s-1) are applied. Constant-current charge and 

discharge cycles are performed to quantify the equivalent series 

resistance (ESR) of the device.25 In order to probe the frequency 

response of the device, AC impedance spectroscopy (potential 

amplitude of 5 mV) is performed. Long-term cycling stability is 45 

investigated via repetitive CV scans at the full potential window 

of 2 V at a scan rate of 0.5 V s-1. 

3. Results and discussion 

3.1 Structural characterization 

The microsupercapacitor reported here consists of two 50 

interdigitated electrodes, each having 9 fingers with size 0.250 × 
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Fig. 2(a-b) Cyclic voltammograms of the fabricated micro-supercapacitor at various voltage scan rates; (c) Specific capacitance dependence on scan rates; 

and (d) Lifetime testing of the fabricated device. Capacitance is plotted over 10,000 cyclic voltammograms cycles, normalized by original capacitance 

value. Scan rate is 0.5 V s-1 and voltage window is 2 V. The CV plots of the first cycle and the 10,000th cycle are provided in the inset. 

6 mm2, and a gap between fingers of 300µm. An optical image 5 

of the microfabricated porous carbon electrode, showing three 

full fingers, is provided in Fig.1 (b). Figures 1 (c) and (d) show 

representative top- and cross-sectional view SEM images of the 

pyrolyzed finger, respectively. As reported previously via high-

resolution imaging and Raman spectroscopy,17 the pyrolysis 10 

process yields high surface area graphitic carbon. The thickness 

of the pyrolyzed fingers decreases from ~10 µm during the 

pyrolysis to 1.2 µm; however, the footprint of the electrode 

remains approximately the same due to good adhesion with the 

underlying substrate. 15 

3.2 Cyclic voltammetry and long-term cycling stability 

Figures 2 (a) and (b) show the current vs. voltage applied 

between the two electrodes over a 2V potential window at scan 

rates ranging from 10 mV s-1 to 20 V s-1.The specific capacitance 

(C) can be calculated via the equation,  20 

avgI
C

sA
=       (1) 

where Iavg is the average current magnitude of the cathodic and 

anodic sweeps, s is the voltage scan rate and A is the total 

electrode area covered by the ionogel, measured to be about 

0.225 cm2. At low scan rates, the CV curves show a quasi-25 

rectangular shape, with an increasing cathodic current at low 

potentials. A rectangular CV curve would indicate pure double 

layer capacitance. The observed deviation from a rectangular 

shape indicates the occurrence of electrode/electrolyte charge 

transfer which could arise from reactions occurring at the 30 

electrodes, in the electrolyte, or both. These reactions can be 

considered pseudocapacitive if the charge transfer is reversible, as 

reversible surface reactions can contribute to additional charge 

storage. 26 Previous investigations on pyrolyzed photoresist 
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Fig. 3(a, b) Galvanostatic charge/discharge curves for the fabricated micro-supercapacitor for a variety of specific currents.

electrodes in a three-electrode setup in aqueous electrolyte also

showed evidence of pseudocapacitive reactions in aqueous 

electrolytes, which were attributed to the reversible reaction of 5 

surface oxygen-containing functional groups on the electrode.27 

Of course, pseudocapacitive contributions are useful only if the 

reactions do not adversely affect the long-term performance of 

the device. At higher scan rates, the CV curves become skewed 

and the voltammogram edges round off, resulting in a decrease in 10 

capacitance. These characteristics arise from internal resistances 

including the electrical resistivity (120 Ω cm) of the pyrolyzed 

photoresist film and the resistance to ionic transport in the 

electrolyte and in the porouselectrode.16, 28 This effect of scan rate 

on capacitance is clearly illustrated in Fig. 2 (c), which plots the 15 

specific capacitance as a function of scan rate. The specific 

capacitance drops rapidly (from 600 to 150 µFcm-2) with scan 

rate increasing from 0.01 to 2 V s-1, but then drops more slowly 

with the scan rate further increasing from 2 to 20 V s-1. 

 A long-term cycling stability test is performed via repetitive 20 

CV scans over the full 2V voltage window at a scan rate of 0.5 V 

s-1. Figure 2 (d) shows the percent retained capacitance as a 

function of the cycle number. The micro-supercapacitor retains 

94% of its initial capacitance after 10,000 cycles, which reveals a 

stable behavior for the electrode material and ionogel electrolyte. 25 

The inset shows the first cycle and the 10,000th cycle CV scans, 

and clearly demonstrates that the CV shape is unchanged after 

long-term cycling. Moreover, the cathodic current at low 

potentials also remains the same; thus, the charge transfer 

reactions do not have a negative effect on the stability of the 30 

fabricated device and can be considered to contribute to 

pseudocapacitive charge storage. The charge stored during 

charging and delivered during discharging are measured to show 

a deviation of only about 0.5%, confirming the reversibility of the 

charge transfer reactions. The small drop (6%) in capacitance 35 

seen upon cycling is typical of many supercapacitor devices 

reported in literature. 29, 30 

3.3 Galvanostatic charge/discharge 

Galvanostatic charge/discharge of the fabricated device are 

performed at a variety of specific currents and the curves are 40 

presented in Fig.3. Pseudolinear discharge curves are observed 

for all tested currents. The device equivalent series resistance can 

be estimated using the magnitude of the IR drop, 21 and is 

calculated to be ~ 650 Ωcm-2 electrode area at various current 

densities ranging from about 4 to 310 µA cm-2. Such large values 45 

of ESR likely contribute to the sharp decrease in capacitance with 

increasing scan rate seen in the CV results. The nonlinearity of 

the discharge curve results from the charge transfer reactions 

discussed in the previous section. Given the excellent CV cycling 

stability of the device, this nonlinearity is not expected to have an 50 

adverse effect on the device performance. 

3.4 AC impedance spectroscopy 

Figure 4 shows the AC impedance spectroscopy results for the 

fabricated device. From the x-intercept of the Nyquist plot shown 

in Fig. 4 (a), the equivalent series resistance can be obtained, 31,32 
55 

The ESR is found to be 740 Ωcm-2 electrode area from this 

analysis, in reasonable agreement with the galvanostatic 

charge/discharge results. Regarding the shape of the Nyquist 

curve, an ideal RC circuityields a vertical line, with the x-

intercept representing the ESR. It is known that porous 60 

geometries typically lead to a high-frequency semicircle, due to 

the high resistance to ionic transport in small pores. 33 Studies on 

pyrolyzed photoresist under these conditions show a high for 

frequency semicircle in three-electrode AC impedance tests.16 

High-frequency semicircles have also been frequently reported on 65 
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Fig. 4AC impedance data showing the (a) Nyquist plot with an enlarged view of the high-frequency region provided in the inset and (b) Bode plots 

 
Fig. 5 Ragone plot of the specific energy and power density (per cm3 of 

electrode volume) of the all solid-state micro-supercapacitorand other 5 

microdevices. Data forlaser-scribed graphene (LSG-MSC16), carbon 

onions micro-supercapacitorand other commercial devices (Li thin-film 

battery, 3.5V/25mF supercapacitor and 63V/220 µF electrolytic capacitor) 

obtained from Ref. 9 and 21, respectively. 

pseudocapacitive reactions that are limited by charge transfer and 10 

kinetics. 34, 35 The CV and galvanostatic charge/discharge results 

clearly show the presence of charge transfer reactions at the 

electrodes, and hence the presence of a second high frequency 

semicircle is expected. While definitive assignment of each arc to 

a particular phenomenon is not possible given the probed data, 15 

the AC impedance behavior nonetheless confirms the 

interpretation of the CV and galvanostatic charge/discharge 

results. Figure 4 (b) displays the Bode plots of the fabricated 

supercapacitor. The frequency at the phase angle of -45° (f0), 

defined as the onset of capacitive behavior, is about 11 Hz, to be 20 

compared to that of onion-like carbon (38 Hz), 5activated carbon 

(1 Hz). 5 Pure capacitive behavior can be obtained and most of the 

stored energy is accessible at frequencies below this frequency. 
5,36, 37 

3.5 Energy and power density 25 

For practical energy storage devices, high energy and power 

density are necessary. Generally, there is a trade-off between 

energy density and power density in electrochemical energy 

storage devices. The theoretical energy, E, and power density, P, 

in supercapacitors can be calculated via Eqs.2 and 3. 30 

21

2
E CV=      (2) 

E
P

t
=
∆

      (3) 

where C is the specific capacitance, V is the maximum voltage 

window and ∆t is the discharge time. Using the electrode volume 

to calculate the specific capacitance yields a volumetric energy 35 

density value ranging from 0.7 to 3 mWh cm-3 with a maximum 

power density of about 26 W cm-3. Figure 5 shows a Ragone plot 

of the specific energy vs. power density for the fabricated device. 

Neither thin film lithium-ion batteries nor conventional 

supercapacitors can provide the high energy and power density of 40 

the device presented here.9 The specific energy density of the 

fabricated device in this work is comparable with that of onion-

like carbon micro-supercapacitors and laser scribed graphene 

(LSG) micro-supercapacitors. 9, 22 

4. Conclusion 45 

In conclusion, an all solid-state micro-supercapacitor is 

successfully fabricated using microfabricated photoresist-derived 

porous carbon electrodes with an ionogel electrolyte. The 
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electrode synthesis method is simple and scalable and the 

electrode can be readily patterned, leading to easy integration in 

an on-chip micropowerdevice. The fabricated device has 

excellent long-term stability and yields high energy and power 

performance. This novel combination of electrode materials and 5 

solid-state ionogel electrolyte shows significant promise for 

microdevice energy storage applications. 
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photoresist-derived porous carbon electrodes and an ionogel electrolyte. The 

fabricated device has excellent long-term stability and yields high energy and power 

performance. 
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 An all solid-state micro-supercapacitor is fabricated using patterned photoresist-derived porous 

carbon electrodes and an ionogel electrolyte. The fabricated device has excellent long-term 

stability and yields high energy and power performance. 
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