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ABSTRACT. An environmentally benign supercapacitor is developed incorporating an ionic 

liquid, carbon powder, a cellulose separator and a Molybdenum electrode. The ionic liquid is 

dispersed into a water-dissolvable polymer, poly(vinyl alcohol), to produce solid electrolyte, so-

called an ionic gel. A carbon composite mixed with the ionic liquid maintains a gel form. The ionic 

gel and the carbon composite enable an all-solid-state supercapacitor which can be charged at the 

voltage of 1.5 V. The supercapacitor shows areal and volumetric capacitance of 65 mF/cm2 and 

2.2 F/cm3. A cycle test reveals that capacitance retention and coulombic efficiency are 77% and 

90%, respectively. As for dissolution test, the ionic gel and carbon composite dissolves into 

phosphate buffer solution in 18 days, and the Mo electrode is able to fully dissolve in 500~588 

days. Potential applications of the environmentally benign supercapacitor include smart 

agriculture by monitoring of soil, disaster prevention by the wireless sensor network without need 

for retrieval of devices after use. 
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1. Introduction 

As the development of wireless sensor networks, use of the electronic devices will expand from 

inside to outside, and the electronic waste (e-waste) will not be retrieved from the environment to 

remain after use. The abandoned e-waste could trigger adverse effect on nature. Resins, for 

example, decomposes to become microplastic which accumulates on organs of living things in sea; 

electrolytes of batteries possess toxicity, and may result in pollution of the environment by leakage 

from packages. It is, therefore, essential to reduce the e-waste and protect the environment from 

the pollution of harmful substances leaked from e-waste. The retrieval of e-waste is challenging 

because wireless sensor modules are expected to be installed in places where humans are unable 

to access easily. Researchers, thus, have developed biodegradable electronic devices including, 

transistors, sensors, and batteries which decompose into environmentally benign materials after 

prescribed time1-6; such a new class of electronic devices is so-called transient electronics7-9. As 

for the transient batteries, a supercapacitor represents high power density and cycle stability, and 

hence is a promising candidate for a battery of wireless sensor modules. A previous work reported 

the supercapacitor employing biodegradable materials of metals (Mo, W, and Fe), a polymer 

(poly(lactic-co-glycolic acid)), and a gel electrolyte (agarose)1. Despite the fact that the 

supercapacitor shows negligible change of capacitance after 10000 cycles, flexibility, and 

biodegradability, the evaporation of water is inevitable for such an aqueous electrolyte, which may 

provide a negative influence on long term operation. Furthermore, a potential window of the 

aqueous electrolyte is around 0.8 V due to electrolysis of the water, which needs the multiple 

supercapacitors connected in series to operate commercial electronic devices operated at 3.0 V.  

 Here, we report a biodegradable supercapacitor (BDSC) with an ionic gel (IG) made of  the 

ionic liquid, [MTEOA][MeOSO3] and the poly(vinyl alcohol) (PVA), to address the issues as 
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shown in Figure 1h. The ionic liquid that consists of a pair of ions shows extremely low vapor 

pressure, large potential window, and high ionic conductivity. Furthermore, the ionic liquid is able 

to be dispersed into the PVA, to form an ionic gel10, which is suitable for applications of battery 

and flexible/stretchable electronics10-12. We adapt molybdenum (Mo), carbon, cellulose, and ionic 

gel as a current collector, an electrode, a separator, and an electrolyte, respectively, to develop the 

supercapacitor. The carbon is environmentally benign, and the Mo and the ionic gel possess 

biodegradability, which enables us to develop the harmless supercapacitor to the environment. The 

cyclic voltammetry indicates that the developed BDSC shows the electrochemical stability with a 

voltage ranging from 0 to 1.5 V, which value is almost twice as large as the supercapacitor with 

aqueous electrolytes. The BDSC exhibits areal and volumetric capacitance of 65 mF/cm2 and 2.2 

F/cm3, respectively with a discharge current density of 0.2 mA/cm2. According to the Nyquist plot 

of the BDSC, the BDSC shows capacitive behavior in low frequency regime. As of equivalent 

series resistance (ESR) of the device, the resistance of 59 Ω is obtained by fitting with an 

equivalent circuit models. The two BDSCs connected in series increases a voltage limit of 3 V, 

and were able to illuminate LEDs for 150 seconds. As for dissolution of the BDSC, the carbon 

composite and ionic gel dissolved 18 days after soaking into PBS solution heated at 100˚C. The 

Mo electrode is able to completely dissolve in 500~588 days according to previous studies3, 13. The 

environmentally benign supercapacitor allows operation of electronics devices in outsides without 

pollution of the environment, and eliminates need for retrieval after use. The future applications 

of the environmentally benign supercapacitor include smart agriculture by monitoring of soil, 

disaster prevention by the wireless sensor network. 

 

2. Results and Discussion 
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2.1 Device fabrication.  

Figure 1a displays a schematic illustration of the BDSC which consist of the Mo electrode, 

composite of carbon black and the ionic liquid (CIL), cellulose separator, and IG electrolyte. The 

CIL was coated on a Mo electrode by a doctor blade method using a 50 µm-thick mold to obtain 

an active electrode with the area of 10 mm × 10 mm. The IG precursor was coated on the Mo 

electrode and the CIL by dip-coating, followed by dried in the ambient air for 1 day. The IG 

covered the CIL on the Mo electrode as shown in Figure 1d. A pair of Mo electrodes and the 

cellulose separator were laminated to yield the Mo-separator-Mo configuration using the IG 

precursor as glue. Intersection of the BDSC by a scanning electron microscope (SEM) appears in 

Figure 1e, which indicates that the PVA in the IG enables tightly adheres the electrodes, CIL, and 

separator. 

 

2.2 Raman spectroscopy and XRD. 

Previous studies reports that the intercalation of the ionic liquids into emerging materials 

including, graphene14, CNT15, and MXenes16 enhances electrical and mechanical properties. The 

CNT forms a bundle due to the strong Van der Waals force associated with the one-dimensional 

structure, and therefore solvents are unable to disperse the bundle. Nonetheless, the cation in the 

ionic liquid shows cation–π interaction with the surface of the CNT, which results in numerous 

weak physical crosslinks to disperse the CNT into the ionic liquid. The mixture of ionic liquid and 

carbon nanotube, so called “bucky gel”17-20, shows high electrical conductivity and mechanical 

robustness. The MXenes and graphene are an emerging two-dimensional (2D) material due to the 

atomically thin and flat structure and intrinsic flexibility. The intercalation of the ionic liquid into 

those nanosheets realizes large ion-accessible surface area and fast ionic transportation, which 
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results in the large volumetric capacitance, high areal energy density, and volumetric energy 

density15, 16. A study of Raman and X-ray Diffraction (XRD) spectroscopy were performed on the 

CIL in this work to figure out the nanostructure by the cation-π interaction between the carbon 

black and ionic liquid. 

As for the XRD measurement, the CIL was coated on a glass substrate to form a 50 µm-

thick layer as shown in Figure 2a. As a reference sample for the measurement, we placed carbon 

powder in the mold on the glass substrate, and gently removed excess powder by the doctor blade 

method to form the 50 µm-thick layer. Figure 2b shows XRD patterns of the CIL and carbon 

powder. The carbon powder shows a broad peak at 2θ = 26˚, which is attributed to the graphitic 

structure (002) in the carbon powder21, 22. The composite, on the other hand, shows a sharp peak 

2θ = 28˚with the d spacing of 3.25 Å. We assume that the sharp peak 2θ = 28˚ is associated with 

the molecular ordering by cation–π interaction between the carbon black and the ionic liquid. The 

intercalation of the ions is supposed to shift the 2θ of the carbon black to decrease by increase of 

the d spacing; the 2θ of the composite is, however, higher than that of the carbon black. According 

to previous works, the ions are intercalated into every several layers of the graphitic structure, 

which number of the layer is referred as the intercalation stage23. The peak more than 26˚ in the 

XRD profile corresponds to the intercalation stage which is higher than three. The intercalation of 

the ions of the IL allows the increase of the accessible surface area of the carbon black to boost 

the capacitance. 

Figure 2c shows the Raman shift of the carbon powder and the CIL. The graphs represent 

two peaks of D-band (1350 cm-1) and G-band (1580 cm-1) associated with the disorder of the 

graphene structure and the graphene structure in the carbon powder, respectively24, 25. We define 

the ratio of the intensity of D-band ID and G-band IG as  
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IR =
ID
IG
.  （1）  

The IR of the carbon and carbon paste are of 1.04 and 1.08, respectively. The IR shows no change 

with and without ionic liquid, and therefore the ionic liquid does not chemically modify the carbon 

powders. This result agrees with the previous work of bucky gel17. 

 

2.3 Cyclic voltammetry. 

A study of cyclic voltammetry (CV) was performed to investigate the electrochemical 

characteristics of the BDSC. Unless otherwise noted, the experiments were performed in a 

chamber filled with 1-atm nitrogen gas. Figure 3a shows the CV curves with scan rates varying 

from 5 mV/s to 300 mV/s. The CV curves remain quasi-rectangular shapes up to 300 mV/s. The 

CV curves with aqueous electrolyte shows peak at 0.8 V due to electrolysis of water. The BDSC 

with the ionic liquid, [MTEOA][MeOSO3], shows no peak within 1.5 V. According to this result, 

the developed supercapacitor is able to exhibit 1.8 and 3.5 times as large charge and energy 

capacity as those of supercapacitor with aqueous electrolyte with the same capacitance, 

respectively. 

 

2.4 Galvanostatic charge-discharge. 

We performed a galvanostatic charge-discharge (GCD) to investigate capacitance of the 

supercapacitor. As shown in Figure 3b, a line in a GCD profile is sloping and almost symmetric 

triangular shape with charge and discharge current density of 0.20 mA/cm2, which reveals that the 

developed supercapacitor shows ideal capacitive behavior. It should be noted that the current 

density was calculated by dividing the applied current by the area of carbon paste. The areal 

capacitance Careal and volumetric capacitance Cvol are written as 
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Careal = 
i	×	t

S(Ve − Vd)
, （2）  

 

Cvol = 
i	×t

TS(Ve − Vd)
, （3）  

where i is the discharge current, t is the time of discharge, T is the thickness of the supercapacitor, 

S is the area of carbon paste, Ve is voltage after charging, and Vd is the voltage drop during the 

discharge16. The Careal and Cvol with the discharge current density of 0.20 mA/cm2 is of 65 mF/cm2 

and 2.2 F/cm3, respectively. As the increase of the discharge current density up to 2.0 mA/cm2, the 

Careal and Cvol slightly decrease to 54 mF/cm2 and 1.8 F/cm3, respectively, as shown in Figure 3c 

and Figure 3d.   

Figure 3e summarizes changes of the Careal and coulomb efficiency during a cycle test with 

the discharge current density of 1.0 mA/cm2. The capacitance decreased by 33% after 1400 cycles, 

then recovered to be 77% after 4,800 cycles. The recovery of the capacitance results from the 

intercalation of the ions into the carbon and the pores. The coulombic efficiency remained more 

than 90 % during the cycle test. The capacitance retention and coulomb efficiency after 10000 

cycles are comparable to conventional ionic liquids, e.g., 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI])26, 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM][BF4])27-29, and 1-ethyl-3-methylimidazolium tris(pentafluoroethyl) 

trifluorophosphate ([EMIM][FAP])30.  

Figure 3f and 3g show areal and volumetric Ragone plots, respectively, to compare the 

energy and power densities with a commercial supercapacitor (Panasonic, EECRF0H104N) and 

Al electrolytic capacitor (nichicon, UVR1E471MPD), where the areal energy Eareal and power 
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density Pareal, volumetric energy Evol and power density Pvol were calculated by following equations 

16 : 

Eareal = 
1
2

 × Careal  × 
(Ve − Vd)2

3600
, （4）  

 

Pareal = 
Eareal

t
 × 3600, （5）  

 

Evol = 
1
2

 × Cvol × 
(Ve − Vd)2

3600
, （6）  

 

Pvol = 
Evol
t

 × 3600. （7）  

 The areal energy and power densities of the developed supercapacitor are 19 µWh/cm2 and 1.1 

mW/cm2, respectively, whereas the commercial supercapacitor shows 338 µWh/cm2 and 9.0 

mW/cm2; the Al electrolytic capacitor shows 3.3 µWh/cm2 and 19 mW/cm2. Those values of the 

BDSC are smaller than those of Al electrolytic capacitor and commercial supercapacitor due to 

the thin configuration. The BDSC shows remarkably high volumetric energy and power densities 

of 632 µWh/cm3 and 38 mW/cm3, respectively. The volumetric energy density of BDSC is two 

orders of magnitude higher than that of the Al electrolytic capacitor (2.6 µWh/cm3), and 2.7 times 

higher than that of the commercial supercapacitor (238 µWh/cm3). The volumetric power density 

of BDSC is 2.7 times and 6.0 times higher than those of the Al electrolytic capacitor (14 mW/cm3) 

and commercial supercapacitor (6.3 mW/cm3), respectively. 
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Figure 3h shows change of the Nyquist plot of the BDSC with a frequency ranging from 10 mHz 

to 1 MHz after 1st and 10000th cycles, where dots and lines show experimental and fitting results 

using an equivalent circuit model31-33 as displayed in Figure 3i, respectively. The equivalent circuit 

model is composed of equivalent series resistance Rs, charge transfer resistance Rct, leakage 

resistance Rleak, Warburg element W, constant phase elements Q1, Q2. The Rs after the 1st cycle is 

of 36 Ω; the low Rs is attributed to a conformal contact between the current collector and the 

electrode, which reduces the electron-transfer resistance34.  The Rs increases after the 10000th cycle 

to be 82 Ω, and the increase of the Rs could result from the oxidization of the electrode and/or 

corrosion of the electrode35. The Mo electrode is subject to be oxidized by the aqueous electrolyte, 

which grows MoO3 on the electrode to increases the Rs
1. The IL was heated to expel the moisture 

inside, however a few weight percent of the water could have remained in the ionic liquid16. We 

assume that a small amount of water in the ionic liquid oxidized the Mo electrode by applied 

current. As shown in Figure 2c, the ions are intercalated into the graphitic structure, and the high 

accessible surface area results in the fast ion transport of the BGiD; the Rct was, therefore, as low 

as 21 Ω after the 1st cycle. The ionic liquid provides physical bonding with the carbon to render 

the CIL soft to easily deform by mechanical pressure. The charge-discharge cycle causes 

mechanical expansion of the CIL36-38, and hence degradation of the contact between the CIL and  

IG occurs to increase the Rct of 70 Ω. The constant phase elements, Q1 and Q2, corresponding to 

double layer capacitance and pseudo-capacitance, respectively, show negligibly small change 

before after the cycles. 

 

Multiple supercapacitor 
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The capacitance of the BDSC could be insufficient for certain applications, and increase of the 

total capacitance by the parallelly connected BDSCs are essential. Figure 4a shows the CV curves 

of supercapacitor of one cell and two cells in parallel with the scan rate of 10 mV/s. The current 

density of two cells in parallel is almost twice as large as that of supercapacitor of one cell due to 

the increase of the total capacitance. The charge and discharge time of two cells in parallel is 

almost doubled, compared with that of one cell, according to the GCD profiles as displayed in 

Figure 4b. We calculated the capacitance using the following equation1, 39, 

	Careal = 
i	×	t

S(Ve − Vd)
. （8）  

The capacitance of one cell and two cells in parallel are of 63 mF and 111 mF, respectively. 

Compared with the capacitance of one cell, the capacitance of two cells is doubled with the current 

ranging from 0.2 mA to 2 mA as shown in Figure 4c. 

 The study of the CV reveals that the maximum voltage which we are able to apply on the 

BDSC is of 1.5 V, however the value is not sufficiently high to operate electronic devices. To 

expand the voltage limit, we connected two BDSC in series, and performed the CV and GCD to 

investigate the characteristics. Figure 4d shows the CV curves of one cell and two cells in series 

with the scan rate of 10 mV/s. Although the current density of two cells in series shows almost 0.5 

times smaller than that of one cell because of the reduction of total capacitance, the CV curve of 

two cells in series shows no peak with the voltage range from 0 V to 3 V. This result indicates that 

the voltage limit increased from 1.5 V to 3.0 V, which enables operation of commercial electronic 

devices including light-emitting diode (LED), MPU, and sensors. The GCD profile of two cells in 

series is sloping and the quasi-triangular shape with the discharge current density of 0.5 mA/cm2 

and the voltage ranging from 0 V to 3 V as shown in Figure 4e. The capacitance of two cells in 

series is of 29 mF, which value is almost half of that of one cell (63 mF), which agrees with the 
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result of the CV. As shown in Figure 4f, the capacitance of one cell remains large as the discharge 

current density increases, and so does the capacitance of two cells in series. 

 Figure 4g and 4h shows electrical circuit and a photograph for the LED illumination as a 

practical application of the BDSC. The BDSCs with two cells in series were charged at 3.0 V, and 

able to illuminate the three red LEDs for 150 seconds as shown in Figure 4i. This result suggests 

that the BDSC is able to operate the commercially available electronic devices, and serve as the 

power source for the biodegradable wireless sensor modules. The applications of such modules 

include the environmental sensing for forecast of disasters, e.g., flood, mudflow, and wildfire. The 

environmentally benign module has an opportunity to monitor soil, rivers, and seas without 

environmental pollution, which allows the expansion of the application for agriculture, fishery, 

and animal husbandry. 

 

2.6 Dissolution into PBS. 

We immersed the BDSC into 0.01 M phosphate buffer solution (PBS) to investigate transient 

behavior during dissolution of the BDSC. The sample in PBS solution was kept in an oven at 

100˚C, which accelerated the dissolution. We refreshed the PBS solution every two days. In the 

first day, the Mo foil showed glossy gray color without significant change. The BDSC, then, 

delaminated into the cellulose separator, CIL, and Mo electrodes in 1 day. The dissolution of the 

IG, gradually, broke down the CIL into small pieces as shown in the photograph in 9 days. The 

Mo electrode changed the color from glossy gray to dark gray in 18 days. It should be noted that 

the Mo foil did not dissolve within 18 days. The dissolution rate of the Mo film is 0.017 µm/d ~ 

0.02 µm/d3, 13 according to the previous studies, and therefore the 10 µm-thick Mo film in this work 

completely dissolve in 500 ~ 588 days. 
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3. Conclusion 

An environmentally benign supercapacitor has been developed using a water-dissolvable ionic gel 

incorporating an ionic liquid and the PVA. The supercapacitor is charged at the voltage of 1.5V, 

and possesses the areal and volumetric capacitance of 65 mF/cm2 and 2.2 F/cm3. A study on the 

cycle test reveals that capacitance retention and coulombic efficiency are 77% and 90%, 

respectively. The supercapacitor decomposes by a contact with water. The ionic gel and carbon 

composite dissolve into phosphate buffer solution in 18 days, and the Mo electrode could fully 

dissolve in 500 ~ 588 days. The environmentally benign supercapacitor will deserve to be the 

power source of modules which are installed in outdoors including smart agriculture by monitoring 

of soil, disaster prevention. 

 

4. Experimental Section 

Fabrication of BDSC. The process started with fabrication of the CIL. We thoroughly mixed 

carbon powder (TOYO TANSO, CNovel MJ(4)010) with the ionic liquid (Sigma-Aldrich, catalog 

ID 91198) with weight ratio of carbon : IL = 2 : 8 to obtain the composite. The CIL was coated on 

a 10 µm-thick Mo sheet (Nilaco, MO-293171) to obtain the electrode with the area of 10 mm × 10 

mm by the doctor blade method using the 50 µm-thick mold. The PVA (Sigma-Aldrich, molecular 

weight 89,000−98,000, 99+% hydrolyzed, catalog ID 341584) and the IL were dissolved into DIW 

using an oven at the temperature of 110˚C to obtain the precursor of the ionic gel. The ionic gel 

precursor was coated on the Mo electrode by dip-coating, followed by drying in the ambient air 

for 1 day. A pair of Mo electrode and a cellulose as a separator were laminated to yield the Mo-

separator-Mo configuration using the precursor as glue. 
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XRD and Laser Raman spectroscopy measurement. The carbon paste was annealed at 110˚C for 1 

hour before measurement to expel the moisture inside. For the XRD (Bruker, D8 ADVANCE) 

measurement, the carbon and carbon paste were coated on a glass substrate by the doctor blade 

method using a mold with the thickness of 50 µm. As of the Raman spectroscopy, we used a 

Raman spectrometer (JASCO Corporation, NRS-5100) with a laser of 532 nm, and carbon and the 

carbon paste were placed on stainless steel to reduce noise from a substrate. 

 

Electrochemical measurement and LED illumination. The measurements were performed in the 

chamber filled with 1-atm of nitrogen. The CV, GCD, and EIS were conducted with a potentiostat 

and galvanostat (Autolab, PGSTAT204) with an EIS module (Autolab, FRA32M). We used 

commercially available three LEDs and a resistor of 1 kΩ for the LED illumination. 

 

Dissolution of BDSC. The BDSC was immersed into the PBS (0.01 M, pH 7.4, FUJIFILM Wako 

Pure Chemical Corporation, lot number: SKG7696) of 100 mL. The solution and BDSC were kept 

in an oven at 100˚C to accelerate the dissolution. The solution was refreshed every two days. 
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Figure 1. Schematic illustration and photographs of the biodegradable supercapacitor. (a) 

Schematic of the biodegradable supercapacitor and chemical formula of the ionicl liquid 

([METOA][MeOSO3]). (b) Illustration of sustainable electronics proposed in this paper. 

Photographs of (c) the developed biodegradable supercapacitor (Scale bar 10 mm), (d)carbon and 

ionic liquid composite on the Mo electrode (Scale bar 10 mm), and (e) intersection of the 

supercapacitor (Scale bar 50 µm).  
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Figure 2. XRD measurement and laser Raman spectroscopy. (a) Photograph of the composite of 

carbon and ionic liquid. Scale bar 10 mm. (b) XRD patterns and (c) Raman shift of the carbon 

black and the composite of carbon and ionic liquid. 
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Figure 3. Electrochemical measurement on the supercapacitor. (a) CV profile with the scan rate 

ranging from 5 mV/s to 300 mV/s. (b) GCD curves with various current densities from 0.2 mA/cm2 

to 2.0 mA/cm2. (c) The areal and (d)volumetric capacitance calculated by the discharge current of 

GCD. (e) The change of the capacitance retention and coulombic efficiency during cycle test. (f) 

The areal and (g) volumetric Ragone plots to compare the supercapacitor in this work with a 

commercial supercapacitor and an Al electrolytic capacitor. (h) The equivalent circuit model 

obtained by fitting the Nyquist plot. (i) The Nyquist plot of the supercapacitor with the various 

frequency from 10 mHz to 1 MHz after the 1st cycle and 10000th cycle. 
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Figure 4. Electrochemical measurement on multiple supercapacitors connected in parallel and 

series. (a) The CV profile of one cell and two cells in parallel with the scan rate of 10 mV/s. (b) 

The GCD curves of one cell and two cells in parallel with the current density of 0.5 mA/cm2. (c) 

The capacitance of one cell and two cells in parallel with various current densities from 0.2 

mA/cm2 to 2.0 mA/cm2. (d) CV profile of one cell and two cells in series with the scan rate of 10 

mV/s. (e) GCD curves of one cell and two cells in series with the current density of 0.5 mA/cm2. 

(f) The capacitance of one cell and two cells in series with various current densities from 0.2 

mA/cm2 to 2.0 mA/cm2. (g) The electrical circuit to illuminate three LEDs. (h) The photograph of 
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electrical circuit. (i) The transient behavior of voltage at the two supercapacitors connected in 

series during discharge. Photographs show the LEDs every 100 s. 

 

 

Figure 5. Photographs of transient behavior during dissolution into water. The dissolution of the 

PVA in the ionic gel leads to peel off the Mo electrode and break carbon composite into small 

fragments in day two. The Mo electrode showed glossy gray color in day one, and gradually shifted 

to dark gray associated with the oxidation. Scale bar 10 mm. 
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