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A Biodegradable Secondary Battery and its Biodegradation
Mechanism for Eco-Friendly Energy-Storage Systems

Myeong Hwan Lee, Jongha Lee, Sung-Kyun Jung, Dayoung Kang, Myung Soo Park,
Gi Doo Cha, Kyoung Won Cho, Jun-Hyuk Song, Sehwan Moon, Young Soo Yun,
Seok Joo Kim, Young Woon Lim, Dae-Hyeong Kim,* and Kisuk Kang*

The production of rechargeable batteries is rapidly expanding, and there
are going to be new challenges in the near future about how the potential
environmental impact caused by the disposal of the large volume of the
used batteries can be minimized. Herein, a novel strategy is proposed

to address these concerns by applying biodegradable device technology.
An eco-friendly and biodegradable sodium-ion secondary battery (SIB) is
developed through extensive material screening followed by the synthesis
of biodegradable electrodes and their seamless assembly with an uncon-
ventional biodegradable separator, electrolyte, and package. Each battery
component decomposes in nature into non-toxic compounds or elements
via hydrolysis and/or fungal degradation, with all of the biodegradation
products naturally abundant and eco-friendly. Detailed biodegradation
mechanisms and toxicity influence of each component on living organisms
are determined. In addition, this new SIB delivers performance compa-
rable to that of conventional non-degradable SIBs. The strategy and find-
ings suggest a novel eco-friendly biodegradable paradigm for large-scale

rechargeable battery systems.

Rechargeable batteries are indispensable in the new energy
paradigm ranging from renewable energy production to elec-
tric vehicles and are an important enabler of environmentally
benign energy solutions.l! Significant advances have been

made in battery technologies,?! with a cor-
responding rapid increase in the mass pro-
duction of batteries. Even further increases
in battery production are expected in the
near future to meet the surging demand
for electric vehicles and large-scale energy
storage systems. Although these changes
are beneficial in expediting the shift to a
clean-energy-based society, challenges will
soon arise regarding the potential envi-
ronmental issues caused by the disposal
of such a large volume of batteries. Most
battery components raise critical environ-
mental concerns because of their decom-
position times of over 100 years when
disposed in naturel®l and the toxic gases
and large amount of CO, generated when
incinerated. Not only the known toxic sub-
stances such as cobalt/nickel or fluoride
from the cathode and electrolyte but also
the non-degradable synthetic materials in
the battery can have severe harmful effects
on biological systems, including cell
death, organ damage, and even the death of living organisms.
The impact of these issues would not be negligible and thereby
cannot be ignored, particularly as the demand for battery con-
sumption is drastically increasing. Although the recycling of
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the disposed batteries and/or their toxic elements presents the
promising outlook for the sustainability of the rechargeable bat-
teries, many limitations to fulfill the recycling of a large volume
of disposed batteries have yet to be overcome, such as the addi-
tional cost for the treatment of the disposed batteries and the
secondary environmental pollutions from the waste water, the
waste gas, and the waste residue during the recycling process.
Therefore, alternative approaches are necessary to achieve the
significantly improved sustainability and minimize the envi-
ronmental hazards associated with the continuously increasing
amount of the battery production.

Attempts have been made to apply a few biodegradable,?
bioresorbable, ] or transient”! materials as electrodes in the con-
ventional primary battery systems® because their relatively fast
decomposition can partly reduce the accumulation of overall
battery waste.l3 Specifically, electrode chemistries, derived from
natural redox-active organics has often been explored, serving
as a first step toward the realization of eco-friendly batteries.”!
Although these attempts on the development of the potentially
biodegradable batteries were insightful, most of the works up
to now have been limited to the development of an individual
component (i.e., each of electrode, electrolyte, binder, separator,
and package) of the battery system. Some of the transient and
partially biodegradable batteries were previously reported,l”!
however, such batteries still contain non-biocompatible com-
ponents. And, it is noted that only a single toxic component
can make the overall system harmful to the biological sys-
tems. Attempts to make the fully biodegradable battery have
been made, however it has been only realized in the primary
battery system which could not be recharged.!! Therefore, the
complete demonstration of an eco-friendly rechargeable battery
system which is composed of fully biodegradable and non-toxic
components has not yet been realized, which is of importance
for the next generation sustainable energy storage. Moreover,
the quantitative evaluation of the toxicity effect of the disposed
batteries are imperative protocols to minimize potentially
severe environmental and biological damages of large amounts
of disposed batteries in the future. However, the chemical/
biological evolution of the commercial battery components and
their constituent materials after their disposal has not been
studied in depth, still remaining unclear.

Herein, we propose a novel material and device integration
strategy for preparing biodegradable Sodium-ion secondary bat-
teies (SIBs). Through extensive screening processes and the
testing of a wide selection of candidates, the cathode, anode,
binder, separator, electrolyte, and package materials were care-
fully designed and fabricated (Table 1). Among the various
cathode candidates, sodium- and iron-based polyanion com-
pounds were determined to be biodegradable and non-toxic.
The other battery components were selected by considering
their compatibility with the sodium chemistry as well as their
biodegradability, including a pyroprotein-based carbon anode,
propylene carbonate electrolyte that is known for its high
biodegradability,” cellulose-based separator, and cellulose/
polyester/silicon-based package materials. The detailed biodeg-
radation mechanisms, i.e., hydrolytic and/or fungal biodegra-
dation, were profoundly analyzed for each component, as will
be discussed in detail later. Although there are several standard
tests and certifications (ASTM, OECD, and ISO) to validate the
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biodegradability and biocompatibility of a given material under
specific environmental conditions,¥! there is currently no
standardized test to analyze biodegradation of secondary bat-
teries, according to our knowledge. Therefore, we established a
new guideline to verify the biodegradability and the non-toxicity
of biodegradable compounds from the secondary batteries via
the cytotoxicity test. A cell cytotoxicity assay was used to assess
the toxicity influence of the battery materials and their biodeg-
radation products on biological systems. Their macroscopic
non-toxicity was also confirmed by the prevalence of microor-
ganisms and the growth of plants. Finally, we demonstrated a
biodegradable rechargeable SIB designed using this proposed
strategy provided comparable performance to that of conven-
tional SIBs and successfully supplied power to a global posi-
tioning system (GPS) in a moving vehicle.

The biodegradable material, in our study, is defined as a
material which can completely or partially degrade into simple
compounds through the action of microorganisms, such as
fungi, bacteria, and algae, with water and oxygen in the natural
environment. This definition of the biodegradable material dif-
fers from those of the transient and bioresorbable materials;
the transient material is capable of disappearing with minimal
or non-traceable residues over a period of stable operation, and
the bioresorbable material can be broken down and absorbed
by body.™ To screen the biodegradable rechargeable battery
materials, the materials were carefully selected by using the
following criteria: 1) the candidate materials should be decom-
posed or degrade naturally within one year, 2) the degradation
products from the biodegradable materials should be non-
toxic, 3) the materials that are naturally stable and non-toxic,
such as the carbon materials, can be candidates, 4) the candi-
date materials are selected only in the range of materials for
the sodium ion battery, because the sodium ion has the lowest
toxicity among commonly used cations for battery chemistry.
As a result, we could figure out a list of screened candidates
as tabulated in Table 1. It was found that the materials colored
in green in Table 1 are predicted to be suitable for the compo-
nents of the biodegradable rechargeable SIB. The materials
constituting each component of the proposed biodegradable
SIB are schematically shown in Figure 1a. Na,Fes;(PO,),(P,0)
(NFP)>1] and pyroprotein-based carbon[' with binders of
cellulose derivatives were selected to fabricate the biodegrad-
able composite electrode (cellulose acetate (CA) for the cathode
and carboxymethyl cellulose (CMC) for the anode, respectively),
and was coated on the aluminum (Al) current collector. The
Al current collector, which is not generally biodegradable, was
selected, since it could be dissolved after the biodegradation of
NFP, which results in the acidic condition (see Figure S5 and
Note S1, Supporting Information). A porous CA mesh was used
as a separator to prohibit direct contact of the electrodes and
provided ion-conducting paths between them. Sodium perchlo-
rate (NaClO,4; 1 M) in a propylene carbonate (PC) solution was
selected as a biodegradable electrolyte. The electrochemical cell
was safely protected from water and oxygen by encapsulation
in a biodegradable pouch, a multilayered film of CMC, silicon,
and aliphatic copolyester [poly(butylene adipate-co-terephtha-
late); PBAT]. These cathode, anode, binder, current collector,
separator, electrolyte, and package materials were demonstrated
to exhibit superb biodegradability compared with conventional
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Materials Degradability (Time) Degradation Pathway Degradation Products Ref. (in SI)
Cathode

NayFe;(PO,),(P,0;) (o) H Na*, Fe?*, PO, P,O,*

NaFePO, X X X

Na,FePO,F 0 H Na*, Fe**, PO, F~

NaFegsMng sO, X X X

NaCoO, X X X

NaMnO, X X X

NaFeO, X X X

Anode

Pyroprotein carbon * - -

Graphite * - -

Hard carbon * - -

Sb X - _

Ce X - -

P X - -

Electrolyte

NaClO, (¢] Oxidation Na, Cl #1
PC (Propylene carbonate) o} M Propylene glycol, CO, #2
DMC (Dimethyl carbonate) (¢) M X #3
EC (Ethylene carbonate) X X X

DEC (Diethyl carbonate) X X X

EMC (Ethylmethyl carbonate) X X X

glyme (Dimethoxyethane) X X X

Binder

Cellulose acetate @) M Glucose #4
Carboxymethyl cellulose o M Glucose #5
Gelatin derivatives [¢] M Amino acid #6, #7
Alginate derivatives @) M B-D-Mannuronate, o-L-guluronate #8, #9
PEO (Poly(ethylene oxide)) o H PEO

PVA (Poly(vinyl alcohol)) (0] H PVA

PTFE X X X

PVDF X X X

AB (Acetylene black) X X X

PAA (Poly (acrylic acid)) X X X

SBR (Styrene-butadiene rubber) X X X

PVP (Poly(vinylpyrrolidone)) X X X

Separator

Cellulose acetate e} M Glucose #4
Egg shell membrane [0) H Amino acid #10
Nylon series A H Amino acid #11
PEO, PPO O H PEO, PPO

PE (Polyethylene) X M CO,

PP (Polypropylene) X M CcO,

PvC X X X

PAN X X X

PTFE X X X
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Table 1. Continued.

Materials Degradability (Time) Degradation Pathway Degradation Products Ref. (in SI)

Packaging

PBAT (Ecoflex) [e] M, H Lactic acid, adipic acid, #12
1,4-Butanediol, terephthalic acid

PLA/PLGA O ,H Lactic acid, glycolic acid #13

Ecovio (0] JH Lactic acid, adipic acid, #12
1,4-Butanediol, terephthalic acid

Nylon (Polyamide) A H Diacids, diamine #11

EVOH (Ethylene vinyl alcohol) (0] H EVOH

PE A M co, #14

PET X X

PAN X X

SURLYN X X

O: Biodegradable, A: Biodegradation time of more than several tens of years, X: Negligible or no biodegradation. #: Naturally stable and non-toxic, H: Biodegradation by
hydrolysis, M: Biodegradation by microorganisms. Materials colored green in the table are the battery components used for the biodegradable rechargeable SIB in this work.
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Figure 1. System overview, materials, and biodegradation of the SIB. a) Schematic illustration of the materials and battery structure. b) Biodegradation
mechanism after brief biodegradation times for various battery components. c) Image of a biodegradable rechargeable SIB pouch cell after 0, 40, and 120
days of fungal degradation; d) magnified views of boxed areas in (c). e) Top-view and cross-sectional SEM images of biodegradable battery after 120 days of
fungal degradation. f) Image of a plant (left side) and buried battery (right frame) on day 0 (left) and day 120 (right) after burial of the SIB in the plant soil.
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binders (e.g., poly(tetrafluoroethylene) (PTFE), poly(vinylidene
fluoride) (PVDF)), separators (e.g., polyethylene (PE), poly-
propylene (PP)), and electrolytes (e.g., ethylene carbonate (EC),
dimethoxyethane (DME)), as discussed in detail later. NFP
and NaClO/™! dissolve into earth-abundant elemental cations
and anions via hydrolysis, whereas other components such as
PBAT,?% cellulose derivatives (CAY and CMC[?3), carboxym-
ethyl polyester,?3l PC,12l and pyroprotein-based carbon are dis-
integrated through fungal metabolism (Figure 1b).

When the biodegradable sodium-ion battery (SIB) is dis-
posed, the pouch that protects the battery components inside
the package will be contacted to water/moisture and microor-
ganisms in the air and soil. The natural degradation of the bio-
degradable pouches will be initiated at the surface, where the
package is exposed to the fungi in the soil. The degradation will
propagate into the inside of the pouch, reach the internal com-
ponents at some point, and initiate the biodegradation of the
internal components. The tetralayered pouch dissociates into
silicic acid, glucose, terephthalate, adipate, and 1,4-butanediol
after the natural microbial degradation reactions (cellulose) and
the hydrolysis reactions (Si and PBAT). When the pouch can
no longer protect the battery components inside the pouch due
to its biodegradation, the water/moisture and microorganisms
will penetrate into the package and be contacted to the battery
components inside the pouch, triggering the natural degrada-
tion of internal components via hydrolysis and/or fungal deg-
radation reactions. As discussed in the next section in more
detail, the cathode is hydrolyzed into sodium, iron, phosphate,
and pyrophosphate; and the binder is transformed into
glucose after its biodegradation. The cellulose mesh separator
is transformed into glucosel?¥ via the fungal degradation. The
electrolyte is decomposed via various mechanisms, of which
the representative products include ethanol, methanol, carbon
dioxide, propylene glycol,'?l sodium, and chloride! via natural
hydrolysis (PC) and microbial degradation (sodium perchlo-
rate), as shown Figure 1b and Figure S1 (Supporting Informa-
tion). Thus, none of the components of the SIB produces toxic
substances or non-degradable wastes after biodegradation. The
non-toxicity of the SIB was confirmed using living organisms.
As shown in Figure 1c—e, the degraded SIB did not adversely
affect the growth of microorganisms such as Basidiomycota
and Ascomycota. The growth of larger organisms such as a
plant (peperomia) was also not affected, as shown in Figure 1f.

Among electrode material candidates, sodium/iron-based
materials have been intensively investigated because of their
elemental non-toxicity.?’l We synthesized various sodium/iron-
based cathode materials, the structures of which were based on
either phosphate—polyanion frameworks (NayFes;(POg),(P,0-),
NaFePO,, and Na,FePO,F) or oxides (NaFe,sMn,50,, NaCoO,,
NaMnO,, and NaFeO,) X-ray diffraction patterns of each
sample are presented in Figure S2 (Supporting Information).2%l
We studied their degradation mechanisms, starting with their
hydrolysis (Figure 2a). The cathode materials were placed in
water with continuous stirring for 3 days, and the concentration
of solubilized ions was measured using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). The transi-
tion metal ions in the crystal structure, together with sodium
ions, were dissolved in the water together in case of the poly-
anion compounds (Figure 2a, left). In contrast, only sodium was
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hydrolyzed in case of the layered oxides (Figure 2a, right) even
under acidic conditions (pH 2; Figure S3, Supporting Infor-
mation). These differences resulted in morphological changes
only in the polyanions. The detailed morphological change
of the representative polyanion material, NFP, was examined
using scanning electron microscopy (SEM). NFP became more
porous because of the dissolution of the main crystal frame-
work (Figure 2b). Another polyanion material, Na,FePO,F,
showed similar morphological changes (Figure S4a, Supporting
Information). On the other hand, the morphologies of the lay-
ered oxides, such as NaMnO, and NaFeO,, remained intact
(Figure S4b,c, Supporting Information). It is widely known
that the intact morphologies of the layered oxides in water are
induced from both the H*/H,0 intercalation into the layered
structure and the negligible dissolution of the transition metal
ions.” Among the sodium/iron-based cathode materials, NFP
was selected as a cathode material because of its rapid hydrol-
ysis during biodegradation (Figure 2c). The hydrolyzed prod-
ucts of NFP could be speculated using the Pourbaix diagram
with the atomic ratio of NFP (Na:Fe:P = 4:3:4) (Figure 2d).8!
Under the conditions observed in natural soil (Figure 2d, green
box),1?! NFP tends to be solubilized into elemental (Na* and
Fe?*) and polyatomic (H,PO,~ and HPO,?") ions. In particular,
the complete dissolution of NFP is preferably preceded when
the pH is slightly lower than =7

The anode, binder, separator, electrolyte, and package also
undergo hydrolysis; however, their decomposition rates were
greatly accelerated by fungal biodegradation. To investigate
the detailed kinetics of their fungal biodegradation, each bat-
tery component was inoculated with a mixture of representa-
tive fungi (e.g., Aspergillus niger, Aureobasidium pullulans var.
pullulans, Chaetomium globosum, Penicillium bialowiezense,
Talaromyces pinophilum, and Trichoderma virens). Figure 2e-h
present SEM images (top view) of the battery components,
and Figure 2i presents an SEM image of the dried hydrogel
composed of agar, water, and the 3% v/v electrolyte after
40 days of fungal inoculation. The SEM images reveal the
satisfactory growth of the inoculated fungi on all the battery
components. Trichoderma virens (Figure S6, Supporting Infor-
mation) colonized well on the surface of the cathode, anode,
and package (SEM images in Figure 2e-g; corresponding
optical images in Figure S7a—c, Supporting Information). In
addition, the hyphae of Talaromyces pinophilum adhered well
to the anode, package, and separator and even penetrated
into the package (Figure 2f-h; corresponding optical images
in Figure S7b-d, Supporting Information). Both species grew
particularly well in the presence of the electrolyte (Figure 2i
and Figure S6, Supporting Information) and in the pure
polymer (Figure S8, Supporting Information). Furthermore,
these results confirm that the fungi utilized the battery com-
ponents as resources for their colonization.?! Because of the
fungal metabolism, a mass decrease of the battery compo-
nents was observed after 120 days of inoculation (Figure 2j-n;
complete biodegradation in Figure 2n results in the concen-
tration under the limit of detection (0.005 wt%)). Although
the complete biodegradation of the components will require
more time in most cases, the weight decrease due to the
biodegradation signifies the use of these materials as nutri-
ents for the growth of fungi.

© 2021 Wiley-VCH GmbH
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Figure 2. Hydrolytic and fungal biodegradation of battery components. a) Concentration of solubilized metal ions originated from various sodium- and
iron-based cathode materials after 3 days of hydrolysis. b) SEM image of NFP before (left) and after (right) 60 days of hydrolysis. c) Plot of solubilized
ions (% of the mass loss) of NFP as a function of time. d) Pourbaix diagram of sodium, iron, and phosphorous, which has been adopted from Mate-
rials Project (www.materialsproject.org), whose detailed calculation methods are provided in ref. [28]. The energy and pH ranges found in nature are
indicated by the green region. e-i) SEM images of the: e) cathode, f) anode, g) package, h) separator, and i) dried 3% v/v electrolyte hydrogel after
fungi inoculation. The images were captured after 40 days of inoculation and freeze-drying. j-m) Mass loss of the: j) cathode, k) anode, |) package,
and m) separator (% of the initial mass) in the solid medium (left) and liquid medium (right). n) Mass loss of electrolyte (wt%) without (left) and with
(right) NaClOy after 120 days of inoculation (N/D stands for non-detected).

The battery components and their degradation products may
have adverse effects on the biology of living organisms such as
individual cells and/or microorganisms. For example, cobalt,
which is a widely used element for cathode materials, can
induce the complete or partial death of cells at concentrations
of 1x 1073 M or less (Figure 3a). Therefore, the effect of each
battery material on the cell viability was systemically tested to
evaluate the safety and toxicity. We used human umbilical vein
endothelial cells (HUVECS) for the cytotoxicity test because of
their known sensitivity to the culture environment.’% The tox-
icity was investigated using the tetrazolium-based colorimetric
assay (MTT assay; Figure 3b). The cathode, anode, separator,
and package were individually placed in the cell medium or
deionized water under vigorous stirring for 3 days, and the
extracts were sterilized and used for the MTT assay. None of
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the SIB component materials exhibited any significant toxicity,
and some components (NFP, CA as a representative cellulose,
and carbon) unexpectedly promoted the growth of the HUVECs
because materials in the extracts (e.g., glucose, phosphate, and
iron) acted as nutrients for the cell metabolism.>l

The non-toxicity of the degradation products was sub-
sequently investigated. After the complete dissolution of
the cathode, it was hydrolyzed into Na*, Fe?*, H,PO,”, and
HPO,>". Because the biological toxicity of some metal ions is
already known,?233] we established a toxicity spectrum of rep-
resentative metal ions that are commonly used for the elec-
trodes using the MTT assay of the HUVECs. We identified the
characteristic toxic concentration (CC50) of the target ion of
the degradation products, the concentration which leads to the
cell death of 50% by systematically varying the concentration

© 2021 Wiley-VCH GmbH
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Figure 3. Material safety and toxicity of battery components and biodegradation products. a) Live and dead cell viability assay with 1.0 X 1073 m (left),
0.4 X 1073 m (middle), and 0.1 x 10~* m (right) Co?* in the cell culture medium. b) MTT cell viability assay of each battery component. c) MTT cell
viability assay result as a function of the concentration of various metal ions, and calculated CC50 of various metal ions. d) MTT cell viability assay
result as a function of the ion concentration while varying the concentration of the degraded products from the battery components, and calculated

CC50 of various degradation products of the battery components.

of the target ion in the cell medium, as shown in Figure 3c,d.
Sodium induced no cell death even at 160 x 10 m, and iron
did not exhibit any toxicity up to its maximum soluble concen-
tration (8 x 107 M in the cell medium). As a reference, mag-
nesium, lithium, and potassium exhibited a CC50 of =100 x
1073 M. The high CC50 values of sodium and iron confirms
their biological safety, whereas the low CC50 values of nickel
and cobalt indicate their toxicity®? to the cells. A similar tox-
icity spectrum was obtained for the anions. The anionic degra-
dation products of NFP (cathode), i.e., dihydrogen phosphate
and dihydrogen pyrophosphate ions, exhibited a CC50 of
=100 x 1073 ™, confirming their biological safety (Figure 3d).
After the fungal and hydrolytic degradation of the other battery
components, glucose (from the binder and separator); tere-
phthalate and 1,4-butanediol (from the package); and ethanol,
methanol, and propylene glycol (from the electrolyte) were
produced. All these degradation products exhibited high CC50
values, confirming their material non-toxicity (Figure 3d).34
Carbon is an insoluble non-toxic degradation product of the
anode (Figure 3b), which is widely found in nature.l*! Notably,
neither the components nor their biodegradation products dis-
turbed the growth of the HUVECs, and some even promoted
cell growth.
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We evaluated the electrochemical performance of the NFP
cathode and pyroprotein-based carbon anode with the cellulose
derivative binder in a half cell before fabricating the full cell.
The NFP cathode exhibited a voltage profile similar to that pre-
viously reported>1 with a specific charge-discharge capacity
of =110 mAh g! (Figure 4a). The NFP cathode fabricated using
cellulose-based biodegradable binders exhibited comparable
performance to that using commercial binders (e.g., PVDF),
confirming cycling stability (Figure 4b). The cycle retention of
the NFP electrode with the biodegradable binder reached =93%
after 100 cycles at a current rate of 20 mA g7}, which is a higher
retention than that with PVDF (=89%). The charge-discharge
profile of the negative electrode (pyroprotein-based carbon) is
presented in Figure 4c, indicating that a capacity of 190 mAh g
was stably maintained during 50 cycles (Figure 4d).

The electrochemical stability, electrolyte wettability, and
pore size of the CA mesh used as a biodegradable battery sepa-
rator were also examined. The electrochemical stability of the
cellulose (CA) mesh separator was tested using Na plating/
stripping cycles with a Na/Na symmetric cell. In Figure 4e, the
plating/stripping cycle profiles of the CA mesh are compared
with those of a glass fiber filter (GFF) and commercialized Cel-
gard separator with a current density of 1 mA cm™ aftera 1 h

© 2021 Wiley-VCH GmbH
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Figure 4. Electrochemical performance and system demonstration of the SIB. a) Charge—discharge profiles of NFP in the Na half-cell. b) Cyclic sta-
bility of NFP with the CA binder. c) Charge—discharge profiles of the pyroprotein-based carbon electrode in the Na half-cell. d) Cyclic stability of the
pyroprotein-based carbon anode with the CMC binder. e) Galvanostatic cycling performance of Na/Na symmetric cells with a current rate of 1 mA cm™2.
f) Magnified SEM image of the CA mesh separator. The inset presents photographs of the CA mesh before (left) and after (right) wetting with PC.
g) Cross-sectional SEM image of the package (100 um CMC, 70 um PBAT, 10 um Si, and 200 um PBAT). h) Oxygen (left) and water vapor (right) trans-
mission rate with (red, green) and without (blue) the silicon interlayer. i) Charge—discharge profiles of the fabricated coin cell at 20 mA g. j) Cycling
performance of the coin cell at 50 mAh g in the 0.1-4.15 V range. k) Photograph and I) cross-sectional SEM image of the fabricated pouch cell.
m) Charge—discharge profiles of the pouch cell at a current rate of 0.15 mA cm™2. n) Cycling performance of the single-layer pouch cell. o) Photograph
of the system during tracking of the position of a moving vehicle. The inset presents a photograph of the custom-made GPS. p) Position tracking of a

moving vehicle using the GPS powered by the biodegradable SIB.

rest. Interestingly, the CA mesh separator showed consistently
lower hysteresis of plating and stripping voltages than those
for the GFF and Celgard separator, indicating a low resistance
of the CA mesh separator. This low resistance was attributed
to the good wettability of the CA mesh separator to the elec-
trolyte, as shown in the inset of Figure 4f. Together with the
uniform pore size distributions (=2 um) shown in Figure 4f, the
good wettability aided in the enhancement of the electrochem-
ical kinetics in the cell, as shown in Figure 4e.

We also developed a CMC/PBAT/Si/PBAT multilayered
package to encapsulate all the battery components and protect
them from moisture and oxygen (Figure 4g). For the package

Adv. Mater. 2021, 33, 2004902 2004902

fabrication, a silicon thin film was deposited on the CMC/PBAT
film by radio-frequency sputtering, and the exposed silicon layer
was coated again with a PBAT film. The developed package
exhibited good waterproof and airproof properties (Figure 4h),
as the multilayer structure with the 10 um interlayer silicon
film dramatically suppressed water and oxygen permeation.
The water permeability could be further suppressed by adding
a thick magnesium foil (Figure S9a, Supporting Information).
Furthermore, the foldable property and the curvature of the
biodegradable pouch, composed of a multilayer of CMC/PBAT/
Si/PBAT coated on the magnesium metal foil, are similar with
the commercial aluminum pouch as shown in Figure S10

(8 of 11) © 2021 Wiley-VCH GmbH
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(Supporting Information), confirming its mechanical feasibility
as reliable packaging material.

Before we assembled each battery component in the CMC/
PBAT/Si/PBAT multilayered package, we first constructed a
coin cell using the NFP cathode, pyroprotein-based carbon
anode, CA mesh separator, and NaClO,/PC electrolyte to eval-
uate the full cell performance (see Note S2 (Supporting Infor-
mation) for electrochemical reactions of the full cell). The coin
cell exhibited a discharge voltage plateau at =3 V with a spe-
cific capacity of =50 mAh g™ based on the total electrode mass
(Figure 4i). Given the specific capacity of NFP and pyroprotein-
based carbon, the NP ratio (negative-to-positive electrode mass
ratio) was set to be =1:2.5.1*¢ The charge—discharge cyclic exper-
iment confirmed the stable operation of the biodegradable SIB
with only a slight decrease of the capacity during 200 cycles
(Figure 4j). After characterization of each battery component
and confirmation of the half-cell and full-cell performances,
we assembled the components in a CMC/PBAT/Si/PBAT
multilayered package to construct a biodegradable cell
(Figure 4k). We stacked the bottom package, cathode, sepa-
rator, anode, and top package in series (cross-sectional view in
Figure 4l). Similar to the coin cell, the pouch-type biodegradable
cell exhibited a discharge voltage plateau near =3 V (Figure 4m).
For the single-layered pouch cell, the reversible areal charge/
discharge capacity of =0.12 mAh cm™ could be maintained over
50 cycles (Figure 4n); the capacity of the overall system could
be increased by using multiple pouch cells. Additionally, the
protective property of the pouch cell was slightly improved by
using a magnesium foil package (Figure S9b,c, Supporting
Information). The capacity retention of =80% after 50 cycles
was comparable to that of the reference pouch cell, which is
attributed to the effective suppression in the permeation of
water and oxygen (Figure S9a, Supporting Information).

The biodegradable SIB cell was then tested by powering a
custom-made GPS to track the position of a moving vehicle
(Figure 40). The GPS was composed of the GPS communica-
tion unit, a microprocessor, and a memory device (circuit dia-
gram in Figure S11 (Supporting Information), corresponding
image in the inset of Figure 40), with a required voltage of =5 V.
Three biodegradable SIBs, connected in series, could success-
fully supply the required power to the system. Using the power
supply, the system successfully monitored the position of a
moving vehicle (sky view of the entire track in Figure 4p). In
addition, the SIB could be recharged repetitively to prolong the
monitoring time.

We presented a novel material and device strategy toward
the realization of a biodegradable eco-friendly and recharge-
able SIB, which can significantly reduce the potential envi-
ronmental and biological impacts by the disposal of a large
volume of used batteries. We selected and/or synthesized
high-performance biodegradable materials for the battery
components, and their biodegradation kinetics were sys-
tematically and extensively studied. All the components of
the biodegradable SIB developed here can be naturally dis-
integrated via hydrolysis and/or fungal biodegradation. The
material non-toxicity and environmental benignity of the bat-
tery components and degradation products were confirmed
by cell cytotoxicity tests. The assembled full cell exhibited rea-
sonable electrochemical performance compared with that of
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conventional non-degradable SIBs. Once this biodegradable
battery and the related analysis methods are certified by the
standardized tests from ASTM, OECD, and ISO, this biode-
gradable rechargeable SIB and its validation method will offer
a novel paradigm toward the realization of next-generation
environmentally benign large-scale rechargeable battery sys-
tems while simultaneously contributing to the sustainability
of both human lifestyle and nature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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