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Abstract

Design and fabrication of fully 

biodegradable secondary battery for 

eco-friendly energy storage systems

Dayoung Kang

School of Chemical and Biological Engineering

The Graduate School

Seoul National University

The production of the lithium-ion secondary battery (LIB) has exponentially 

increased with advent of mobile and personal electronics, and this trend is being 

accelerated further in the era of electronic vehicles and large-scale energy storage 

systems. Since most of LIBs consist of chemical components hazardous to human 

and nature, dramatic increase of their production can cause critical environmental 

and biological issues in disposal of used batteries. Here, this paper propose a novel 

strategy to minimize environmental impact of the battery waste by using the 

biodegradable material and device technology. The eco-friendly and fully 



biodegradable sodium-ion secondary battery (SIB) was succesfully developed 

through the careful survey and synthesis of biodegradable electrodes and their 

seamless fabrication with the biodegradable separator, electrolyte, and package. 

Each component of the developed SIB is well decomposed into non-toxic 

compounds or elements in nature by hydrolysis and/or fungal degradation 

mechanism. All biodegradation products are biocompatible and eco-friendly. The 

assembled full-cell exhibits comparable performance to the SIBs of conventional 

non-degradable materials, and I demonstrate the operation of a global positioning 

system (GPS) in a moving vehicle by using the developed SIB pouch cell. The 

fully biodegradable SIB strategy presents a new eco-friendly paradigm for the next 

generation large-scale rechargeable battery systems.

Keywords: Biodegradable secondary battery, Sodium ion battery, Energy 

storage system, Biodegradation mechanism.
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1. Introduction

Recent climate changes have boosted research and development of 

environmentally benign energy technologies. Large scale energy storage devices, 

for example those in electronic vehicles and solar power generation, are at the 

center of this research trend. Although there have been significant advances in 

these rechargeable battery technologies, many challenges still exist toward the ideal 

energy storage system1. One of the key issues is in disposal of used batteries2, 3. 

The disposal of LIBs brings us critical environmental and biological issues largely 

because of the toxic materials such as cobalt/nickel from the cathode and fluorides 

from the electrolyte. Non-degradable materials in disposed LIBs, which need more 

than 100 years for natural decomposition or otherwise require incineration that 

causes huge amount of CO2 emission, are also a concern to our environment. The 

impact of these issues becomes immense, particularly as the current demand for 

battery usage increases. Not only improvement of the material safety and better

recycling of toxic elements but also completely new approaches for sustainable and 

environment/human friendly energy storage systems are highly required.

As an alternative to conventional battery systems, therefore, biodegradable4-7

and transient8-10 material and device concepts have been applied to the battery 

components11-15. However, biodegradable material researches for rechargeable 

battery components were limited only to some electrode materials found in 

nature11-13. Other battery components, such as the electrolyte, binder, and separator, 

still contain hazardous materials14 that may induce severe environmental and 

biological damages; it is the most critical issue that should be solved in order to

develop literally fully biodegradable battery technologies. Furthermore, the 
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electrochemical performances of such degradable/transient batteries are still 

insufficient11-14 compared to conventional non-degradable rechargeable batteries.

Here, we propose a novel material and device assembly strategy for the fully 

biodegradable sodium-ion secondary battery (SIB). Not only the cathode and anode 

materials, all the battery components such as the binder, separator, package, and 

electrolyte were carefully designed and fabricated through extensive screening and 

testing processes. The sodium- and iron-based poly-anion compound was found to 

be biocompatible and biodegradable among various cathode materials. Other 

components, the pyroprotein-based carbon anode, cellulose-based separator, 

propylene carbonate electrolyte, and cellulose/polyester/silicon-based package, 

were also selected considering diverse factors ranging from compatibility with the 

sodium chemistry to biodegradability and biocompatibility of the degradation 

products. In order to assess the toxicity influence of the battery components and 

their degradation products on biological system, we used cell cytotoxicity assay as 

a quantitative toxicity evaluation method. The fully biodegradable SIB exhibited 

comparable performance to that of conventional SIBs with operation voltage of ~3

V, cyclic stability over 60 cycles, and the coulombic efficiency over 95%.
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2. Materials of biodegradable SIB

2.1. Materials and structure of biodegradable SIB

Fig. 1 schematically shows the materials that constitute each component of the 

proposed biodegradable SIB. Na4Fe3(PO4)2(P2O7) (NFP)16 and pyroprotein-based 

carbon17 were proven as stable and biodegradable active materials for the cathode 

and anode, respectively. Each was ball-milled with cellulose derivatives binder 

(cellulose acetate (CA) for the cathode and carboxymethyl cellulose (CMC) for the 

anode), and was casted on an aluminum current collector. A porous CA mesh, 

which served as a separator, prohibited direct contact and provided ion-conducting 

paths between the two electrodes. Sodium perchlorate (NaClO4) in a propylene 

carbonate (PC) solution was used as a biodegradable electrolyte. The 

electrochemical system was safely protected from oxygen and water by 

biodegradable encapsulation, a multilayered film of CA, silicon, and aliphatic 

co-polyester [Poly(butylene adipate-co-terephthalate); PBAT]. These materials for 

the battery components (i.e., cathode, anode, binder, separator, electrolyte, and 

package) exhibited superb biodegradability compared to conventional battery 

materials. NFP degrades into earth-abundant ions in water, and pyroprotein-based 

carbon reacts various elements in the environment which enables facile emission of 

the whole battery system. Unlike other organic electrolyte, PC18 and NaClO4
19 is 

known as readily biodegradable materials that can be decomposed by the 

microorganisms in water. Cellulose derivatives (CA20 and CMC21), carboxymethyl 

polyester22, and PBAT23 are well-known biodegradable materials (Fig. 2).
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Figure 1. Schematic illustration of structure and materials of SIB
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Figure 2. Biodegradation mechanism and time required for biodegradation
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2.2. Overall biocompatibility of biodegradable SIB

The biodegradable and environment-friendly SIB can be disposed in nature 

without additional treatment. When it is disposed, moisture and microorganisms 

suspended in the air and soil begin the natural decomposition of each battery 

component through hydrolysis and/or fungal metabolism (Fig. 2). The cathode is 

dissociated into earth-abundant ions (i.e. sodium, iron, phosphate, and 

pyrophosphate); the anode becomes a stable and earth-abundant carbon powder, 

and their binder turns into acetate and glucose24 after fungal metabolism. The 

separator becomes glucose and acetate through the fungal degradation, and the 

electrolyte becomes ethanol, methanol, carbon dioxide, propylene glycol18, sodium, 

and chloride19. The encapsulation transforms into silicic acid, glucose, acetate,

terephthalate, adipate, and 1,4-butanediol. Thus, the SIB makes no toxic transition 

metal ions or non-degradable wastes after biodegradation. Its macroscopic 

biocompatibility was confirmed with alive organisms. The SIB had no adverse 

effects to the growth and development of microorganisms such as Basidiomycota 

and Ascomycota (Fig. 3) and of larger organisms such as plant (Fig. 4).
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Figure 3. Images of a fully biodegradable SIB pouch cell after fungal degradation. 

a. Optical image of a fully biodegradable SIB pouch cell before (left) and after 120 

days (left) of fungal degradation. b. Optical magnified views of boxed area in (a) 

left. c. Top-view scanning electroscopic magnified (SEM) image of biodegradable 

SIB after 120 days of fungal degradation.
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Figure 4. Optical images of a fully biodegradable SIB pouch cell (right frame) 

buried in a plant (left frame) before (left) and after 120 days (right) after the burial.
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3. Hydrolytic and fungal biodegradation of battery 

components

3.1. Hydrolysis of cathodes

Among various cathode material candidates, sodium/iron-based materials were

intensively investigated due to their elemental biocompatibility25. We synthesized 

various sodium- and iron- based cathode materials in structure based on either 

oxides (NaFe0.5Mn0.5O2, NaCoO2, NaMnO2, NaFeO2 or phosphate-polyanion 

compounds (Na4Fe3(PO4)2(P2O7), NaFePO4, Na2FePO4F) (X-ray diffraction 

patterns in Fig. 5)26. The mechanism of their hydrolytic degradability was studied 

first (Fig. 6, 7). Representative cathode materials were placed under stirred water 

for 3 days, and solubilized ion concentrations were measured by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). In case of oxides, only 

the sodium ions were extracted from the structure (Fig. 6), even under the acidic 

condition (pH 2; Fig. 7). In contrast, in case of poly-anion compounds, transition 

metal ions that construct their main structure were dissolved into water, together 

with the mobile sodium ions (Fig. 6). As a result, the layer oxides materials 

maintained their initial morphology (Fig. 8), whereas the polyanion materials 

showed morphological change into more porous structure because of the 

disintegration of the crystal framework (Fig. 9, NFP). 

NFP was chosen as a biodegradable cathode material among the 

sodium/iron-based cathode materials because of its rapid hydrolysis (Fig. 10). The 

hydrolyzed products can be inferred with the atomic ratio of NFP (Na:Fe:P = 4:3:4)

using the Pourbaix diagram (Fig. 11). Under the condition found in natural soil (Fig. 

11 green box)27, NFP tends to be solubilized to ions (Na+ and Fe2+) and compounds 
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(H2PO4
-, and HPO4

2-) which are the thermodynamically preferred forms of sodium, 

iron, and phosphorus. Especially, the complete dissolution of the NFP can be more 

preferred when the pH is lower than ~7. All the products are non-toxic and 

naturally abundant forms, therefore, minimize the environmental concerns.
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Figure 5. X-ray diffraction (XRD) patterns of sodium- and iron- based cathode 

candidates for the biodegradable SIB
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Figure 6. Atomic loss of various sodium- and iron-based cathode candidates after 3 

days of hydrolysis



13

Figure 7. Atomic loss of various sodium- and iron- based cathode candidates after 

3 days of hydrolysis in pH 2 water solution
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Figure 8. SEM images of various sodium- and iron- based cathode candidates in 

structure based-on oxides. a. NaMnO2. b. NaFeO2.
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Figure 9. SEM images of various sodium- and iron- based cathode candidates in 

structure based-on phosphate-polyanion compounds. a. (Na4Fe3(PO4)2(P2O7). b. 

Na2FePO4F.



16

Figure 10. Atomic loss of NFP as a function of time
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Figure 11. Pourbaix diagram of sodium, iron, and phosphorous. The condition 

found in nature are highlighted by the green box.
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3.2. Fungal degradation of battery components

Other battery components such as the anode, binder, separator, electrolyte, and 

package can also disintegrate through hydrolysis; however, use of fungus 

accelerated their decomposition rates. In order to investigate the fungal 

biodegradation, each battery component was placed in liquid medium and solid 

medium, both of which are inoculated with a mixture of representative soil fungi 

(e.g., Aspergillus niger, Chaetomium globosum, Aureobasidium pullulans var.

pullulans, Talaromyces pinophilum, Penicillium bialowiezense, and Trichoderma 

virens). Figure 12 shows SEM images (top view) of the battery components 40 

days after the fungal inoculation. The SEM images revealed that the seeded fungi 

exhibited epiphytic behavior toward all the battery components. As Trichoderma 

virens showed high hyphal density on CA, it also well colonized on the surface of 

the every battery component (SEM images in Figs. 12a-d). In addition, the hyphae 

of Penicilium Pinophilum mainly exhibited epiphytic behavior to the anode and 

separator, while showed even endophytic behavior toward PBAT (SEM images in 

Fig. 12b-d). The growth of both species was particularly abundant in the presence 

of the electrolyte (Fig. 12e).

Such adhesion and colonization of the spores are evidence of the biodegradation 

of those materials28, since these results imply that the fungi utilized those battery 

components as sources for their growth and colonization29. Furthermore, a weight 

loss of the battery components was observed as a result of the fungal metabolism

after 120 days of inoculation both in liquid and solid medium (Fig. 13). It signifies 

the use of these materials as resources for fungal metabolism, although the 

complete biodegradation will require more time.
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Figure 12. SEM images of battery components after 40 days of fungal degradation. 

a. cathode. b. anode. c. package. d. separator. e. dried 3 v/v% electrolyte hydrogel
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Figure 13. Weight loss (% of the initial weight) of battery components before and 

after 120 days of fungal degradation. a. cathode, b. anode, c. package, and d.

separator in liquid medium (left) and solid medium (right). e. electrolyte with (right) 

and without (right) NaClO4.
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4. Biocompatibility evaluation of battery materials 

and degradation products

4.1. Biocompatibility evaluation of battery components

Beside to the biodegradability, systemic cell cytotoxicity test of each battery 

material was conducted to evaluate the toxicity and safety. The human umbilical 

vein endothelial cell (HUVEC) was used for the cytotoxicity test because it is 

highly sensitive to culture environment30. The toxicity of battery components was 

investigated by the colorimetric assay with tetrazaolium (MTT assay; Fig. 14). The 

extract from each component was used for the MTT assay, and none of the SIB 

components showed significant toxicity.
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Figure 14. MTT cell viability test of each battery component
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4.2. Biocompatibility evaluation of degradation products

The safety of the biodegradation products was then investigated. Since some 

metal ions are well-known for their biological toxicity31-33, a toxicity spectrum of 

representative metal ions conventionally and commercially used for the electrodes 

was established using the MTT assay with the HUVECs (Fig. 15). Sodium did not 

induce any cell death even at 160 mM, and iron exhibited no toxicity up to its 

maximum soluble concentration (8 mM in the cell medium). Magnesium, lithium, 

and potassium showed high 50% cytotoxicity concentration (CC50), confirming 

the biological safety of these metal ions, while the nickel and cobalt showed low 

CC50 values, indicating their toxicity on the biological system31,32.

A similar toxicity spectrum was further obtained for biodegradation products of 

battery components (Fig. 16). Dihydrogen phosphate and dihydrogen 

pyrophosphate ions (from the cathode); glucose (from the binder and separator); 

1,4-butanediol and terephthalate (from the package); and methanol, ethanol, and 

propylene glycol (from the electrolyte) were produced as the biodegradation 

product. All those biodegradation products exhibited high CC50 values, implying

their material biocompatibility34 (Fig. 16). It is notable that neither the components 

nor their biodegradation products damaged the HUVECs. 
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Figure 15. MTT cell viability test as a function of concentration and 

calculated CC50 value of various representative metal ions conventionally 

and commercially used for electrodes. 
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Figure 16. MTT cell viability test as a function of concentration and 

calculated CC50 value of biodegradation products of the battery 

components
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5. Electrochemical performance and system 

demonstration of the biodegradable SIB

5.1. Electrochemical performance of half cells

To evaluate the electrochemical capacity and cycling properties of positive and 

negative electrodes before fabricating the full cell, half cells with Na as the counter 

electrode were fabricated and investigated with the cellulose derivative binder. The 

NFP cathodes provided stable electrochemical performance with specific 

charge/discharge capacity of ~110 mAh/g and exhibited a similar voltage profile to 

that previously reported16 (Fig. 17a). Compared to commercial binders (e.g. PVDF), 

the NFP cathode with cellulosed-based biodegradable binder showed similar cycle 

performance, confirming its stability to establish a rechargeable battery system (Fig. 

17b). The NFP electrode with the biodegradable binder exhibited higher cycle 

retention of ~93% than that of PVDF (~89%) after 100 cycles under a current rate 

of 20 mA/g. The charge–discharge profile of the negative electrode 

(pyroprotein-based carbon) were then investigated (Fig. 18a). It stably maintained a 

capacity of 190 mAh/g during 50 cycles under a current rate of 50 mA/g (Fig. 18b). 
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Figure 17. Electrochemical performance of the NFP cathode. a. Charge–discharge 

profiles and b. cyclic stability of NFP in the Na half cell with CA binder.
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Figure 18. Electrochemical performance of the pyroprotein-based carbon anode. a. 

Charge–discharge profiles and b. cyclic stability of NFP in the Na half cell with CA 

binder.
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5.2. Electrochemical characteristics of other battery 

components

The electrochemical stability, pore size, and electrolyte wettability of the 

biodegradable separator were also analyzed. The electrochemical stability of the 

CA mesh was tested in Na metal symmetrical cell. The plating and stripping of Na 

ions were repeated with a current density of 1mA/cm2 after a 1-hour rest, and the 

CA mesh showed smaller plating/stripping potential than glass fiber filter (GFF) 

and commercialized separator (Celgard® 2325, Celgard, USA) (Fig. 19a). It

indicates the feasibility of CA mesh as biodegradable separator with low resistance 

in Na battery systems. This low resistance and enhancement of the electrochemical 

property were attributed to the good electrolyte wettability of the CA mesh 

separator (Fig. 19b inset) and the small and uniform pore size distributions (~2 μm) 

(Fig. 19b).

As a final battery component, CMC/PBAT/Si/PBAT multi-layered package was 

developed to encapsulate all the active battery components and protect them from

corrosive agents, such as moisture and oxygen (Fig. 20a; cross-sectional SEM 

image). Onto the biodegradable CMC/PBAT film, silicon was deposited by 

radio-frequency sputtering, and the exposed silicon layer was covered again by 

PBAT film. The fabricated encapsulation layer provided good waterproof and 

airproof properties to the biodegradable battery system (Fig. 20b). Although PBAT 

showed relatively high water- and oxygen- permeability, the deposition of ~10-μm 

interlayer silicon film significantly suppressed the water- and oxygen-permeation.
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Figure 19. Electrochemical performance of the cellulose acetate separator. a. 

Galvanostatic cycling performance of Na/Na symmetric cells with a current rate of 

1 mA/cm2 and b. SEM image of a CA separator. Inset shows before (left) and after 

(right) the wetting of CA separator with propylene carbonate solution.
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Figure 20. Electrochemical performance of the CMC/PBAT/Si/PBAT 

multi-layered package. a. Cross-sectional SEM image of the multi-layered package. 

b. Oxygen (left) and water vapor (right) transmission rate of the package with (red) 

and without (blue) Si thick layer.



32

5.3. Electrochemical performance of the biodegradable SIB

Before we assembled fully biodegradable battery system with each battery

component in the CMC/PBAT/Si/PBAT multi-layered package, we first assembled

a coin cell using the NFP cathode, pyroprotein-based carbon anode, CA mesh 

separator, and NaClO4/PC electrolyte to verify the function of each cell component 

in full-cell operation. The coin cell clearly showed a discharge voltage plateau near

~3 V with ~50 mAh/g a specific capacity based on the total electrode mass (Fig. 

21a). The charge-discharge cycling at a current density of 50 mA/g demonstrated 

the highly stable operation of biodegradable SIB with slight decrease of capacity 

(from 55 to 35 mAh/g) and a coulombic efficiency of 95-99% during 300 cycles 

(Fig. 21b).

After characterization of each battery component and verification of the half-cell 

and full-cell performances, fully biodegradable SIB was constructed (Fig. 22a) by 

stacking the bottom package, cathode, separator, anode, and top package in series

(cross-sectional view in Fig. 22b). The pouch-type fully biodegradable cell 

exhibited a discharge voltage plateau in the range of ~3 V (Fig. 23a), similar to the 

coin cell, and cycling property over 60 cycles (Fig. 23b), which implies the 

electrochemical stability of the biodegradable SIB. The performance was stable 

enough to power the global positioning system (GPS) to track a moving vehicle 

(Fig. 24). Furthermore, the monitoring time can be prolonged by repetitively 

recharging it.
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Figure 21. Electrochemical performance of the fabricated coin cell. a. Charge–

discharge profiles of the coin cell at current rate of 20mA/g. b. Cyclic performance 

of the coin cell at current rate of 50mA/g.
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Figure 22. Images of the fabricated pouch-type biodegradable SIB. a. Optical 

image and b. cross-sectional SEM image of the pouch cell.



35

Figure 23. Electrochemical performance of the fabricated pouch-type 

biodegradable SIB. a. Charge–discharge profiles and b. cyclic performance of the 

pouch cell at current rate of 0.15mA/cm2.
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Figure 24. Performance of the fabricated pouch-type biodegradable SIB in 

powering GPS for tracking moving vehicle. a. Optical image of the system during 

tracking moving vehicle. b. Sky view of the tracked result.
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6. Experimental section

6.1. Synthesis of NFP

Na4Fe3(PO4)2(P2O7) was synthesized as described in the previous report.35 5 wt% 

of pyromellitic acid (PA) and stoichiometric amount of Na4P2O7, FeC2O4·2H2O

(Sigma Aldrich, USA) were put into a container of ball milling (Pulverisette 5; 

Fritsch, Germany) in an Ar-filled glove box to prevent air exposure. Then they 

were ball-milled at 400 rpm for 12 h. The mixture was calcined at 300°C for 6 h 

under Ar atmosphere. The resulting powder was further ground and mixed with 5 

wt% of PA. In order to pelletize the resulting mixture, 250 kg/cm2 uniaxial pressure 

was applied and sintered at 600 °C for 12 h under Ar atmosphere.

6.2. Package preparation

The multi-layered biodegradable package was prepared as follows. First, CMC 

films were obtained through solvent casting. 1 ml of glycerol was added to 2 wt% 

CMC solution as a plasticizer. The solution was stirred constantly at 70 °C for 1 

hour and cast onto petri dish to dry at 35 °C for 72 h. Next, 4.5 g of ecoflex®

powder (BASF, Germany) was hot-pressed to a PBAT film at 160°C under 18 MPa 

pressure for 10 min, using a hot press (QM900S, QMESYS, Republic of Korea).

On one side of the resulting PBAT film, the prepared CMC film was hot-pressed at 

90 °C under 18 MPA to glue them together. The resulting film was removed from 

the mold, and the other side of the PBAT film was covered with silicon through 

sputtering. Finally, the resulting tri-layered CMC/PBAT/Si film was covered with 

another PBAT film using hot press at 80 °C to obtain tetra-layered package.
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6.3. X-ray diffraction measurement

X-ray diffraction pattern of the synthesized cathode candidates was obtained 

using a D2 PHASER (Bruker, Germany) equipped with a Cu-Kα line (λ = 

1.54178Å) at a scanning rate of of 1.0°/min in the 2θ range of 10-70°

6.4. Hydrolysis tests

The extract solutions of cathode candidates were prepared for hydrolysis test. 90 

mg of powdery materials (less than 1 um in diameter) were dissolved in 9 ml of 

deionized water and shaken at 200 rpm for 3 days. Undissolved powder in the 

resulting solution were eliminated using a 0.45 μm CA filter. The concentration of 

solubilized elements were measured with an inductively coupled plasma atomic 

spectrometer (ICP-AES; ICPS-7500, Shimadzu, Japan). For morphology analysis, 

the solution were dried in a vacuum oven at 60 ° C for 2 days and investigated 

using FE-SEM (MERLIN Compact, Zeiss, Germany) with Pt deposition.

6.5. Fungal biodegradation

The liquid culture medium was prepared with following salts: 1.0 g/L NH4NO3, 

0.7 g/L K, 0.7 g/L H2PO4, 0.7 g/L MgSO4·7H2O, 0.005 g/L NaCl, 0.002 g/L 

FeSO4·7H2O, 0.002 g/L ZnSO4·7H2O, and 0.001 g/L MnSO4·H2O. The solid 

culture medium was prepared by additionally dissolving 15 g/L of agar to the liquid 

culture medium. Six different fungi used for the fungal biodegradation experiments 

(Aspergillus niger (ATCC 9642), Aureobasidium pullulans var. pullulans (ATCC 

15233), Chaetomium globosum (ATCC 6205), Penicillium bialowiezense

(SFC20151014-M03), Talaromyces pinophilum (ATCC 9644), and Trichoderma 
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virens (ATCC 9645)) were separately grown on proper solid medium at 25°C for 

10 days, and the formed spores were collected using a triangular Drigalski rod with 

sterilized water and gauze filter. The concentration of the suspension was adjusted 

to 1×105 spores/mL, and then equal volume of each spore suspension was collected 

to obtain final spore suspension for the fungal biodegradation experiment.

Every battery component, cut into circle of 1/2-inch in diameter, were weighed 

and disinfected for 2 days under ultraviolet light. The samples were immersed in 

the iliquid culture medium or placed on the solid culture medium. with innoculated. 

The liquid and solid culture mediums were inoculated with the final spore 

suspension prepared as described above. The samples were incubated at 25°C for 

120 days. 

6.6. Sample preparation of fungi for SEM imaging

The sample was fixed in a petri dish with 3M tape (USA), and drying and 

fixation was conducted with a drop of OsO4 for 8 hours. Then the sample was 

deposited with Pt for ~5 nm and investigated with SEM.

6.7. Cell viability tests (MTT assay)

The biocompatibility of the battery components and their biodegradation 

products were quantified with the viability of cells using the MTT assay. The 

battery component in circle of 1/2-inch diameter were dispersed in 10 mL of 

deionized water (for the anode) or cell medium (EGM™-2 BulletKit™, Lonza, 

Swiss; for the cathode, separator, and package) and vigorously stirred for 3 days. 

The condition mediums for the MTT assay was prepared by filtering the resulting 
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solution through a 0.45-μm CA filter. The biodegradation products were dissolved

in deionized water (3.2 M) and filtered through a 0.45-μm CA filter to prepare 

condition medium of biodegradation products. To obtain toxicity spectrum, diverse 

concentration of each condition medium was prepared by repeatedly diluting the 

concentration in half.

For the MTT assay, HUVECs were priorly cultured in the cell medium 

overnight, and the medium was replaced to 200 μL of the condition medium 

prepared as described above. The sample was incubated at 37 °C with 5% CO2. 

After 3 days, the condition medium was switched to 100 μL of 8 v/v% MTT 

solution (5 mg/mL; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 

Sigma Aldrich, USA) and incubated at 37 °C for 3 hours. Then the MTT medium 

was changed to 100 μL of dimethyl sulfoxide (Sigma Aldrich, USA). The relative 

cell viability was calculated using the optical density measured at 550 nm using a 

multi-plate reader (SpectraMax M3, Molecular Devices, USA). 

6.8. Electrochemical characterization of the battery

A slurry for cathode was prepared by mixing the synthesized NFP (70 wt%), 

Super P (20 wt%; Timcal, Bodio, Switzerland), and CA binder (10 wt%; average 

Mn ~50,000 by GPC, Sigma Aldrich, USA) with N-methyl-1,2-pyrrolidone (99.5%; 

Sigma Aldrich, USA). For anode, synthesized pyroprotein-based carbon (90 wt%), 

and CA binder (10 wt%) were mixed in N-methyl-1,2-pyrrolidone to make a slurry. 

Using a doctor blade (Hohsen, Japan), the slurry was then coated on an Al foil 

(Hohsen, Japan), and dried in a vacuum oven at 70 °C overnight. The dried slurry 

was strongly pressed using a roll presser (Hohsen, Japan), and cut into appropriate 

shape (circle with 1/2-inch diameter for coin cell; L-shape with active region of 5 
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cm2 for pouch cell).

The half cell was fabricated using the cathode or anode and Na (Sigma Aldrich, 

USA) as the test electrode and the counter electrode, respectively. CA membrane 

filter (MN CA020047, porafil, Germany) and 1 M NaClO4 (Sigma Aldrich, USA) 

in PC (Sigma Aldrich, USA) were respectively used as separator and the electrolyte. 

The CR2032-coin full cell was assembled with the NFP electrode as the cathode, 

the pyroprotein-based carbon electrode as the anode, and the same separator and 

electrolyte. For a pouch-type full cell, L-shaped electrodes were used instead of 

circled electrodes and the assembled electrodes and separator were covered with 

the PBAT/CMC/Si/PBAT tetra-block package. The mass ratio of cathode and anode 

was adjusted to 2.5 ± 0.2 : 1.

To test the electrochemical stability of the CA binder, the NFP electrode with 

ethyl cellulose (Alfa Aesar, Ward Hill, MA, USA) or PVDF (Sigma Aldrich, USA)

were used as comparison. The test was conducted at fixed current density of 20 

mA/g. To characterize the stability of the CA mesh separator, Na metal foil in 

0.3-mm thickness was used as the counter and working electrodes in Na/Na 

symmetric test. The test was conducted at fixed current density of 1 mA/cm2. All 

the tests were conducted with the same protocol for the galvanostatic charging.

Under ambient condition, galvanostatic charge–discharge profiles were obtained 

at fixed current density (50 mA/g for the NFP electrode, pyroprotein-based carbon 

electrode, and coin cell and 0.15 mA/cm2 for the pouch cell) with proper cut-off 

voltages (2.0–4.3 V for the NFP electrode, 0.01–2.1 V for the pyroprotein-based 

carbon electrode, and 0.1–4.3 V for the pouch cell) using a potentiogalvanostat 

(WBCS 3000; WonA Tech, Republic of Korea). 
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6.9. Water vapor and oxygen permeability measurement

The oxygen and water vapor transmission rate of the tetra-layered package were 

quantified using a OX-TRAN 2/21 (MOCON, USA) and PERMATRAN-W Model 

3/33 (MOCON, USA), respectively. The former was measured under 23 °C, 760 

mmHg, and the test for the latter was performed under 38°C, 100% relative 

humidity.
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7. Conclusion

This paper proposed an eco-friendly and fully biodegradable SIB that can reduce 

the environmental damage based on careful survey and development of 

biodegradable battery components. The expected environmental impacts were 

evaluated by quantitative analysis of toxicity and degradation kinetics, proposing 

new criteria for future rechargeable battery system. The assembled biodegradable 

full-cell exhibited reasonable electronic performance. The biodegradable strategy 

presented in this paper provides a completely new insight for next-generation 

large-scale rechargeable battery system of which all the components are 

environment-friendly.
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요약 (국문초록)

친환경 에너지 저장 시스템을 위한 완전

생분해성 이차 전지의 설계와 제작

서울대학교 공과대학원

화학생물공학부

강다영

리튬 이온 이차 전지의 생산량은 모바일 및 개인 전자 제품의

출현으로 기하 급수적으로 증가했으며, 이러한 추세는 전자 차량 및

대규모 에너지 저장 시스템 시대에 더욱 가속화되고 있습니다. 대부분의

리튬 이온 이차 전지는 인체 및 자연에 위험한 화학 성분으로 구성되어

있기 때문에 생산량이 급격히 증가하면 사용된 배터리를 처리할 때 환경

및 생물학적으로 심각한 문제가 일으킬 수 있습니다. 여기서는 생분해성

소재 및 장치 기술을 사용하여 배터리 소비의 환경 영향을 최소화하는
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새로운 전략을 제안합니다. 친환경적이고 완전히 생분해 가능한 소듐

이온 이차 전지는 생분해성 전극의 신중한 조사 및 합성과 생분해성

세퍼레이터, 전해질 및 패키지의 완벽한 제조를 통해 성공적으로

개발되었습니다. 개발 된 소듐 이온 이차 전지의 각 성분은 가수 분해

및 곰팡이 분해 메커니즘에 의해 무독성 화합물 또는 원소로 분해됩니다. 

모든 생분해성 제품은 생체친화적이며 환경친화적입니다. 조립된 전체

셀은 기존의 비분해성 물질의 소듐 이온 이차 전지와 비교 가능한

성능을 보여 주며, 개발 된 생분해성 파우치셀을 사용하여 이동

차량에서 GPS 의 작동을 시연합니다. 완전 생분해성 소듐 이온 이차

전지 전략은 차세대 대규모 재충전 전지 시스템을 위한 새로운 친환경

패러다임을 제시합니다.
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