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Broader context

Small-scale, long-duration, and biodegradable
zinc—air batteriesy

Jingwen Zhang ‘& * and Mark G. Allen

The Internet of Things (loT) consists of multiple networked nodes, typically comprising transducers and
communication capability, that collect and exchange data to achieve a system goal. As loT node adoption
increases, the impact of e-waste on the environment must be considered. Many |loT nodes are therefore
incorporating biodegradable sensors. A recent example is that of precision agricultural systems, in which
biodegradable 10T nodes are placed on or below the soil to monitor the plant environment over time-
scales from weeks to months. Such nodes require energy sources that also biodegrade without harm to
the environment. Herein we report Zn—-air batteries fabricated from biodegradable materials, and charac-
terize battery performance under sensor-relevant power requirements. The battery comprises a bio-
degradable Zn anode, a hydrogel electrolyte, and an air cathode (normally consisting of a gas diffusion
layer and a catalyst layer). Battery dimensions studied range from 2 x 2 x 0.7 cm’® (large cell) to 10 x 8 x
5 mm? (corn cell, approximately the size of a corn kernel). A scalable biowax encapsulation process was
developed for battery passivation. A variety of hydrogel compositions and corrosion inhibitors were inves-
tigated to extend battery lifetime. Under discharge, large cell peak power densities ranging from 10 to
50 mW cm™2, and lifetimes ranging from 15 days to 340 days, were achieved. Similarly, corn cell peak

power densities ranging from 6.5 to 7.5 mW cm™

, and lifetimes ranging from 7 days to 82 days were
achieved. Battery operation was measured both in air and soil environments, showing the potential of this

approach for environmental loT applications.

The rapid development of the Internet of Things (IoT) has facilitated data collection, enhanced collaborative decision-making, and enabled system-level solu-
tions to critical applications. The operational efficacy of IoT relies upon the widespread deployment of sensing and actuation nodes and associated power

sources. For applications of IoT in natural environments, such as environmental monitoring and precision agriculture, a further constraint is that these
power sources must have a benign environmental profile. This study presents the design and characterization of scalable zinc-air batteries constructed from
biodegradable materials, aimed at enhancing both the biodegradability and the operational lifespan of IoT sensors and power sources. Natural biowaxes are

selected as the packaging material, and a wax encapsulation process is developed to ensure long-term protection during battery operation. Performance
characterization is conducted under IoT-relevant discharge conditions, both in the air and buried under soil. By engineering the gel electrolyte and cathode
materials, the lifespan of the batteries is extended to a duration of several agricultural seasons. Additionally, the wax-encapsulated zinc-air batteries are min-

iaturized to the size of a corn kernel to facilitate deployment. The results indicate that wax-encapsulated zinc-air batteries are promising long-term power
sources for sustainable IoT applications such as precision agriculture.

Introduction

of applications, including the natural environment as well as
agriculture.” The deployment of a variety of subsurface sensors

Recent advances in sensor fabrication, wireless communi-
cation, and data analysis have led to the establishment and
widespread implementation of IoT. Such IoT networks can be
a powerful tool for monitoring large physical areas in a variety
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that monitor ambient conditions such as soil moisture, temp-
erature, and nutrient level, enable the collection of accurate
information about the field or farm in real time;* such infor-
mation can be used to drive subsequent agricultural optimi-
zations or interventions in the field.

For long-term operation of an IoT network node, whether
continuously or intermittently, available energy resources
become one of the most crucial challenges. Such sensor net-
works are often expected to operate without human interven-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tion; however, in many applications, they are expected to be
deployed in areas away from convenient access to the estab-
lished energy grid. Although conventional on-board energy
sources could be used to power these sensors, it would be
time-consuming and costly to re-collect the nodes or to replace
the energy sources once they are depleted. One solution to this
problem is developing biodegradable onboard energy sources
that can power the sensors during their functional lifetime,
and passively degrade in an environmentally benign fashion
after use, removing the need for any post-use retrieval.

Batteries (or electrochemical cells; these terms will be used
interchangeably here) are an attractive approach to the
required energy sources. The material requirements for bio-
degradable batteries are more stringent than for conventional
batteries, considering that not only do the batteries need to
exhibit good electrochemical performance and stable output
over the operation lifetime, but also have the additional con-
straint of passive degradation into nontoxic products,
especially in agricultural settings.> Multiple investigators have
begun to research such biodegradable batteries. For example,
Esquivel et al. reported a degradable primary capillary flow
battery using organic redox species, cellulose, carbon, and
beeswax.” These batteries operated for up to 100 min with an
output voltage of 0.5-0.7 V, after being activated with the
addition of water. Navarro-Segarra et al. presented an evapor-
ation flow redox battery.” Liquid biodegradable chemicals
stored in reservoirs flow through porous carbon electrodes
where the electrochemical reaction takes place, with evapor-
ation as the pumping force. The battery has a working voltage
of 0.25-0.75 V under 500-100 pA, and can discharge at 100 pA
for up to 4 days. Ko et al. reported a biodegradable magnesium
alloy-tungsten (AZ31-W) battery, which has a lifetime up to
9.4 days under 50 pA cm~? with about 1 V output voltage.®

When considering longer-lifetime application scenarios, air
batteries may offer an attractive alternative approach to achiev-
ing biodegradable energy sources. A typical metal-air battery
comprises a metal anode and an air cathode, separated by an
electrolyte and/or a separator,” and encapsulated by a package.
The metal is oxidized into metal ions at the anode, while
oxygen from the ambient air is absorbed and reduced to
hydroxide ions in the presence of H,O at the cathode. In such
batteries the oxidant is not stored within the battery volume
but instead is extracted from the ambient; this feature not only
enables a high energy density of the battery, but also a
reduced environmental impact since there is no cathode reac-
tant enclosed.

For the anode, Mg and Zn are the most popular bio-
degradable metals previously utilized in transient batteries.>®
Zn-air batteries are especially promising for long-duration
applications, due to their low corrosion rate, coupled with
high theoretical specific energy density (1084 W h kg™, flat
discharge voltage, and low cost.” Zn will oxidize into ZnO after
discharge, which is a bio-safe material and has been used as
fertilizer, as it can release Zn>" into the cultivation medium.®
Zn>" acts as a micronutrient of plants, and most plants
contain 30-100 mg Zn kg™' dry matter.'®*

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

For the cathode, commercially available Platinum (Pt)-
loaded carbon air cathodes are conventionally used. Although
such cathodes often yield high power capability, their high
cost could limit IoT applications where many disposable
nodes are desired. In low power 10T, carbon cathodes without
metal catalysts but with high surface area can be considered."?

For the electrolyte, the biodegradable and water-soluble
polymer poly-(vinyl alcohol) (PVA) together with conducting
ionic species can be formed into a hydrogel; this gel then func-
tions both as the electrolyte host as well as a separator for Zn-
air batteries."*!*

For passivation, natural waxes are promising and cost-
effective materials for biodegradable packaging needs, consid-
ering their high hydrophobicity, bio-compatibility, non-tox-
icity, and abundance in nature.'>'® Beeswax and soy wax have
been investigated as a waterproofing package material for bio-
degradable batteries and sensors, as well as in slow-release
fertilizers.”'”™° Beeswax is composed of hydrocarbons, fatty
acids, and long-chain esters, while soy wax contains fatty acids
and glycerol.>>*! Both types of wax can be degraded in soil in
the presence of moisture, oxygen, and microorganisms (such
as bacteria and fungi) through aerobic degradation and meta-
bolic processes, ultimately decomposing into carbon dioxide
and water.”>** Sui et la reported a maize growth test with
these waxes buried in soil, in which, the introduction of waxes
in the soil has no obvious detrimental effect on maize
biomass growth and development.'® The package for a battery
is expected to be hard and cohesive, therefore resistant to
external forces. A comparison of physical properties of bio-
waxes can be seen in the ESI (Table S17).

Herein we investigate biodegradable air batteries with Zn
anodes, carbon-based cathodes with and without Pt catalysts,
hydrogel electrolytes with alkaline or neutral ionic species,
and packages of mixtures of natural waxes. The effect of
battery size, environment (i.e., in-air or in-soil), and discharge
mode (constant or duty cycle) on battery performance and life-
time is assessed.

Materials and methods
Alkaline and neutral PVA-based hydrogel fabrication

PVA-based gel electrolytes with two types of ionic species were
fabricated and investigated. The gels were classified based on
the pH of the gel after rehydration.

Alkaline gel fabrication. The preparation of PVA-KOH-
K,CO; alkaline gel followed the procedure developed in our
previous work." Briefly, the PVA-KOH-K,CO; gel electrolyte
precursor was made by first heating 10 mL of deionized (DI)
water to 85 °C (hotplate set to 140 °C), followed by dissolving
1.5 g of PVA (MW 88 000-98 000, hydrolyzed 90%-percent of
the side groups are -OH, Alfa Aesar) in the water while stirring
vigorously at 700 rpm. Stirring and heating were maintained
for 3 hours. This solution, termed the PVA solution, was then
allowed to cool to room temperature (RT). A second alkaline
solution was produced by dissolving 1.5 g KOH (potassium
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hydroxide, 85%, Sigma Aldrich) and 0.64 g K,CO; (potassium
carbonate, >99%, Sigma-Aldrich) in 10 mL DI water; this solu-
tion was then added dropwise to the PVA solution at RT. The
solution was stirred continuously at 700 rpm for approximately
one hour at room temperature to form the uniform alkaline
gel precursor. A glass Petri dish was cleaned by IPA and DI
water and a controlled amount of precursor (depending on the
required thickness of the final gel) was cast on the dish, dried
in a desiccator for 8-10 hours, and rehydrated in a rehydration
solution prepared by adding K,COj; to a saturated KOH solu-
tion in the mass ratio of 1:5.3 K,CO3/KOH solution. After
rehydrating for over 3 days for thorough infiltration, a hollow
steel punch with a diameter of 0.5 inch was used to cut the gel
and obtain the alkaline gel discs for characterization or battery
tests.

Neutral gel fabrication. A PVA solution was prepared as
described above. A second near-neutral solution was produced
by dissolving 1.9 g NH,CI (>99.5%, Sigma Aldrich) in 10 mL DI
water. This second solution was added dropwise to the PVA
solution at 85 °C, and stirred continuously for approximately
one hour at 700 rpm to form the NH,Cl gel precursor. The pre-
cursor was cooled to RT and then cast on a plastic Petri dish.
The dish was then placed in a freezer at —25 °C for 24 hours,
followed by a one-hour thaw at RT to facilitate physical cross-
linking of the precursor. This freeze-thaw process was
repeated 4 times to form the neutral gel film as shown in the
ESI (Fig. S1t). The gel was stored in the freezer at —25 °C,
taken out 1 hour before use to thaw, and punched with the
hollow steel punch with a diameter of 0.5 inch to obtain the
neutral gel disc.

Battery assembly

Battery active components preparation. For anodes, Zn foils
(250 pm in thickness, 99.99% pure, Sigma-Aldrich) were micro-

kernel layers pad

Fig. 1
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machined using a 532 nm machining laser (IPG IX280-DXF)
into a 1 cm diameter circle with a 3 mm wide handle protrud-
ing from the circle (later the handle was expanded to 0.8 cm
wide).

For air cathodes, platinum-loaded carbon paper (4 mg cm™
Platinum Black - Carbon Paper Electrode, Fuel Cells Store),
and different types of carbon papers without metal catalyst
(Sigracet 22 BB, Sigracet 29 AA, Toray Carbon Paper 060, and
Freudenberg H24C5 Fuel Cells etc.) were purchased and cut
into 1 cm diameter discs using a hollow steel punch.

Wax package preparation. The wax packages are comprised
of a bottom pad and a top pad. The fabrication of wax
packages begins with the preparation of molds for the wax as
described in the ESI (Fig. S21). Beeswax (Beesworks Yellow
Beeswax Pellets, 100% pure, Cosmetic grade, Amazon) and soy
wax (Natural Soy 444 Candle Making Wax, Brand Golden
Foods, Amazon) were mixed in a mass ratio of 3:1, melted at
80 °C for 4 hours in an oven, thoroughly stirred, and cast in
the PDMS mold as shown in Fig. 1(a). The top and bottom
pads (20 x 20 x 2 mm?*) were de-molded after solidification at
room temperature.

Battery assembly. Batteries were assembled with the wax
pads through the encapsulation process depicted in the ESI
(Fig. S31). The three functional layers (anode, hydrogel, and
cathode) of the battery were sandwiched between the top and
bottom pads, with a thin layer of Ni mesh contacting the
cathode side to facilitate testing (this mesh can be replaced by
a biodegradable material). Both mesh and anode handle were
attached to insulated 34 G Cu lead wires by silver paste for
secure external connection. Finally, the four edges of the two
pads were manually sealed with melted wax with interconnects
enclosed, leaving the Cu lead wires extended through the wax
package. In this way, the parasitic leakage current was avoided
when the battery was discharged in soil. In addition to the

2
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(a) Top view of melted wax formed within PDMS molds. (b) Top view of battery active layers on a wax pad. (c) Top view and (d) side view of a

wax-encapsulated battery. (e) Corn cell components, (f) active layers stacked on a wax pad, (g) and (h) dimension of an assembled corn cell, (i) open

circuit voltage of a corn cell.
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above sealing process, some batteries were additionally dip
coated in wax as described in the ESL{ Fig. 1(b) shows the
battery layers stacked on top of a wax pad with the uppermost
layer being the cathode contact mesh. Fig. 1(c) and (d) show a
wax-encapsulated battery and its dimension.

Reference batteries without wax packaging were also tested
using a clamp board technique as described in our previous
work.'*

Loctite sealing for air path verification

To assess potential air paths in the wax package between the
internal electrochemical components of the battery and the
external environment, a UV-curable instant adhesive (Loctite
4311) was optionally used to reinforce and seal potential para-
sitic air paths along the Cu wires extending from the inside to
the outside of the wax package. A wax-encapsulated battery
with the carbon cathode (Sigracet 22 BB,), approximately
200 mg alkaline gel (PVA-KOH-K,CO; gel), Zn anode, and Ni
mesh current collector was fabricated. Subsequently, the
Loctite adhesive was painted around the egress point of the Cu
wires and cured under a UV lamp for 1 min. This process was
repeated twice to ensure a tight seal, as shown in Fig. S4 in the
ESLY

Corn cell fabrication

To achieve a battery the size of a seed, each component of the
battery was scaled down to the size of a corn kernel as shown
in Fig. 1(e) and (f). The footprint of the anode, gel, and
cathode was controlled to be 6 x 7 mm?. After the final dip-
coating sealing step as shown in Fig. 4(d), the corn cell was of
the dimension 10 x 8 x 5 mm® as shown in Fig. 1(g) and (h).
Fig. 1(i) shows a corn cell with an OCV of 1.46 V after
assembly.

Implementation of corrosion inhibitors in corn cell

Polyethylene glycol 600 (PEG 600, Alfa Aesar), Polysorbate 20
(Tween 20, Sigma Life Science), and Maltodextrin
(Maltodextrin powder, 419699, dextrose equivalent 16.5-19.5,
Sigma-Aldrich) were purchased and used as received.

Fig. 2
set-up.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Two approaches were taken to incorporate the inhibitors
into the battery. One is to mix PEG 600 and Tween 20 in a
1:1 mass ratio and paint the mixture onto the Zn anode
surface to form the protective layer between the hydrogel and
the anode. The second approach is to add the MLD to the gel
by dissolving it in the gel precursor and the rehydration solu-
tion at a concentration of 0.3 g L™'. To achieve the former,
0.006 g MLD powders was dissolved in the alkaline solution
containing 1.5 g KOH and 0.64 g K,CO; (in 10 mL DI water) to
form the alkaline gel precursor containing MLD. The rehydra-
tion solution was prepared by dissolving 0.011 g MLD in 60 g
saturated KOH solution (37.5 mL), then K,CO; was added to
the saturated KOH solution with MLD in a mass ratio of
1:47.6.

Soil test environment

Batteries were tested in the ambient air and in soil. To charac-
terize in-soil performance, the batteries were placed in organic
raised bed soil (Harvest Organics, Lowe’s) inside 600 mL
beakers at a controlled buried depth of 5 cm. Fig. 2(a) shows
the schematic of the battery in-soil test setup. Fig. 2(b) shows a
wax-encapsulated battery in a beaker half-filled with soil. After
the battery was placed, extra soil was placed on top until the
desired depth was reached as shown in Fig. 2(c), and no more
water was added to the soil during the battery test. Copper
wires extend from the buried battery for external
characterization.

Performance characterization

Electrochemical assessment was performed using a BioLogic
BCS-805 Ultra-Precision battery cycler. A 10 minute open
circuit potential test was first carried out to stabilize the bat-
teries in their respective environments. A current-voltage (I-V)
curve to demonstrate the power capability of the battery was
then performed through a galvanodynamic test with a scan
rate of 5 mA s~ from 0 to 100 mA. Battery performance was
then characterized by chronopotentiometry testing. Batteries
with Pt-loaded cathodes were discharged at 30 pA, which is
selected based on the power requirements of typical MEMS
fabricated oxygen sensors as well as RFID chips.**?

AL

(a) Schematic of battery soil test setup, (b) top view of a battery prior to adding the top layer of soil, (c) front view of soil-buried battery test
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To verify the air path, batteries with or without the Loctite
sealing were tested at a constant current load, which was pro-
gressively lowered from 1 mA to 0.015 mA through a multi-step
discharge (1-0.030-0.015 mA). For a 1 mA current load, the
battery was discharged for 2 h to enable the voltage to reach a
plateau value. The battery was then rested for 1 min allowing
the OCV to revive. A 30 pA current load was then applied to the
battery for 1 h, followed by a 1 min OCV test (current load is
0). Finally, a 15 pA current load was applied to the battery for
another hour. A test step will be forced to stop if the voltage
falls below 0 V, jumping to the next test step in the queue.

In many cases, sensor nodes in IoT applications do not
operate continuously, but instead with a duty cycle, for
example, waking up periodically to collect and transmit
data.>®*” In duty-cycling schemes, the node could be switched
off to save energy, maximizing its operational lifetime, and
also avoiding network congestion.”® The battery lifetime may
depend on the corresponding duty cycle. To measure the
battery lifetime in a typical intermittent scenario, batteries
were discharged at a 5% duty cycle (discharge at 30 pA for
3 min in a one hour period).

Table 1 Summary of wax-encapsulated batteries tested in this study
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Results and discussion

Table 1 is a summary of the various battery types, geometries,
and tests undertaken. Each permutation will be discussed
below.

Prior to implementing the testing of Table 1, three studies
on battery subcomponents were performed: a package study to
understand the air diffusion paths, an alkaline gel study to
optimize the gel parameters, and a cathode study to investigate
the effect of the presence or absence of Pt in the cathode on
the power performance of the battery.

Wax package study

Fig. 3(a) shows the discharge profile of the battery without the
Loctite sealing. The output voltage under a discharge current
of 1 mA dropped gradually to 0.56 V within 2 hours, implying
a relatively low internal oxygen level, as shown in ESI Fig. S5.1
The low internal oxygen level was attributed to the relatively
high oxygen consumption rate and the low oxygen replenish-
ment rate. When the discharge load changed to 30 pA and

Battery Gel electrolyte Cathode material Corrosion inhibitors Discharge load Testing environment
Large cell” Alkaline Carbon paper — Continuous 30 pA In the air

Large cell Alkaline Carbon paper — Continuous 30 pA 5 cm under soil
Corn cell”? Alkaline Carbon paper PEG 600 + Tween 20 Continuous 30 pA In the air

Corn cell Alkaline Carbon paper 0.3 gL~ MLD Continuous 30 pA In the air

Corn cell Alkaline Carbon paper 0.3 gL' MLD 5% duty cycle In the air

Corn cell Alkaline Carbon paper 0.3 gL~ MLD 5% duty cycle 5 cm under soil
Large cell Neutral Pt-Loaded carbon paper — 5% duty cycle In the air

Large cell Neutral Pt-Loaded carbon paper — 5% duty cycle 5 cm under soil

“Large cell refers to a battery of size 2 x 2 x 0.7 cm?® after encapsulating in wax, with a Zn anode of 1 cm diameter. ? Corn cell refers to a battery of

size 10 x 8 x 5 mm” after encapsulating in corn-sized wax package.

a b c
1mA —30UuA 15 uA 1mA —30uA 15 uA 1mA —30uA 15 uA

1.4 1.4 1.4

1.2 - 1.2 1.2 —
10 1.0 1 hole formed in the _10
> ° wax package using a >
v 0.8 %0.8 23 G needle %0.8
£ 06 506 Lo06
o > 9
= 04 04 | i\ 0.4

0.2 02 |~ 0.2

0.0 0.0 0.0

0 2 4 0 10 20 0 2 4
Time (h) Time (h) Time (h)

Fig. 3

(a) Discharge curves at step currents 1 mA—-30 pA-15 pA for the battery without Loctite sealing, (b) discharge curves at step currents 1 mA—

30 pA-15 pA (an extended 16 hours discharge under 0.030 mA current load for oxygen to diffuse in the wax package) for the battery with Loctite
sealing, a hole was formed in the wax package with a 23 G needle at approximately 21 h, and (c) discharge curves at step currents 1 mA-30 pA-

15 pA of the same battery with Loctite sealing after the hole was formed.
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15 pA, the working voltage recovered to 1.2 V, which shows that
before the Loctite sealing, the oxygen flux entering the battery
was sufficient to support a 30 pA discharge, but not a 1 mA dis-
charge. However, after sealing with the Loctite, the battery was
no longer able to output over 1 V voltage even at 15 pA, demon-
strating constrained air paths which led to the diminished
oxygen flux, as shown in Fig. 3(b). Once a new air path was
created by insertion and removal of a 23-gauge needle through
the wall of the package, the battery voltage revived quickly as
gas replenished the wax package. Fig. 3(c) shows that with this
new air path, the battery can output 1 V even at 1 mA.

These results explained the operation of the wax-encapsu-
lated battery without nominal air paths under a 30 pA dis-
charge current. The small gaps formed around the Cu wires
are the main air paths of the battery, enabling a sufficient
amount of oxygen to access the battery. After blocking the
gaps, the flux of air diffusing through the wax encapsulation is
insufficient to support a 30 pA discharge. This shows that the
wax acts as an oxygen barrier in this package, and that oxygen
transport pathways can be designed independently of the
diffusion properties of the wax itself.

For the further battery characterization work described
below, the air paths along the wires extending from the inside
to the outside of the wax package were utilized to provide
airflow necessary for a long term discharge current of 30 pA.

Alkaline gel study

An alkaline gel study was undertaken using the large cell
format, alkaline gels of various thicknesses, and Pt-loaded
carbon cathode. Our previous work showed that the total
output energy of the battery will increase with the gel mass
when it operates in the gel-limited condition, and that bat-
teries with minimal exposure to the working environment have
the longest lifetime.'****® Wax-encapsulated batteries with
increasing amounts of gel electrolyte were assembled and dis-
charged under a constant 30 pA both in the air and soil.
Fig. 4(a) shows that an increase in the gel mass from 36 mg to
approximately 250 mg resulted in an up to 3.6 times increase
in battery lifetime. By increasing the gel electrolyte beyond
300 mg, the battery lifetime did not exhibit significant

a ——— 36 mg gel - in soil 97 mg gel - in the air
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improvement. The I-V curves of these batteries have a similar
trend, as shown in Fig. 4(b). Although different masses of gel
may result in varying distances between the electrodes and
thus a different internal impedance, since batteries are encap-
sulated within the wax package with constrained air flux, this
flux may be the dominant factor that determines the
maximum current at which such wax-encapsulated batteries
can operate.

Two potential mechanisms behind the observed variation
of battery lifetime include carbonation and slow decompo-
sition of an intermediate reaction product.** The OH™ ions in
the hydrogel provide the ionic conductivity for the battery.
While theoretically no OH™ will be consumed in the overall
reaction, CO, from external sources can diffuse together with
O, into the battery and react with the OH™ ions in the alkaline
electrolyte to form CO,>~ or HCO;~, which have much higher
ionic resistivity than OH™.>" Zn is oxidized and combines with
hydroxide ions in the electrolyte, forming soluble zincate ions
(zn(OH),*"). This process continues until the zincate ions in
the electrolyte reach saturation, at which point zincate begins
to decompose into zinc oxide and release hydroxide ions.>> A
relatively slow zincate decomposition at early stages of dis-
charge may result in slow hydroxide ion regeneration.**°
When the amount of gel electrolyte is relatively small - e.g.,
the tested 38 mg gel, the OH™ could be consumed gradually
over time (as well as the electrolyte pH falling over time) as the
battery discharges. When the concentration of OH™ falls too
low, the reduced ionic conductivity can induce a large overpo-
tential, leading to the end of discharge.

Gels when encapsulated in the wax package have less than
20% weight loss over 79 days, as shown in Fig. S6 and Table S2
in the ESIL.} In ambient air, such gels normally dried out com-
pletely within several days. This shows the wax package can
provide a good moisture barrier that keeps the gel hydrated for
long-term battery operation.

As the battery lifetime increased to over two weeks, cracks
in the wax package along the edges were observed as shown in
Fig. 4(c). This cracking resulted from the volume expansion of
the Zn anode during the electrochemical reaction. This emer-
ging defect during discharge in the package could expose the
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Fig. 4

(a) 30 pA discharge curves and (b) /-V curves of wax-encapsulated batteries with different masses of gels in the air and soil. (c) /-V wax

package cracking of batteries discharged over 2 weeks, (d) additional dip-coating process to enhance the package, (e) consumption of Zn handle, (f)
bare narrow handle versus wide handle wound with Cu wire, paint-coated by silver paste followed by a dip-coated layer of wax.
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Table 2 Carbon-based materials properties
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Materials Thickness/pm PTFE treatment Microporous layer Macroporous layer
Toray 060 190 Yes No Yes
Sigracet 29 AA 180 No No Yes
Sigracet 22 BB 215 Yes Yes Yes
Freudenberg H24C5 270 No Yes Yes

internal battery components to the external environment, and
the contact between the battery active component layers might
loosen due to the lack of stack pressure from the package.
Fig. 4(d) shows an additional fabrication step implemented
after manually sealing the edges of the wax encapsulation. The
entire battery was dip-coated in melted wax as described in the
ESI to form an additional conformal layer, thereby improving
the mechanical strength of the wax package and preventing
cracking.

The batteries after discharge, were disassembled to inspect
the condition of the active components. As shown in Fig. 4(e),
it was observed that in some cases, the Zn anode handle had
turned into ZnO and broken before the main part of the Zn
anode (the part facing the cathode) was fully consumed. This
could be attributed to the consumption of the handle if
exposed to the electrolyte (e.g., if any liquid electrolyte is
squeezed out from the hydrogel and wets the handle) and
oxygen.®” To address this issue, a new design of Zn anode with
a handle roughly three times as wide was implemented as
seen in Fig. 4(f). The wider handle was wound with Cu wire
and coated with silver paste at the connection region.
Subsequently, the interconnect was dip-coated in melted wax
to form an additional hydrophobic protective layer, thus pre-
venting reaction at the handle and maintaining the electrical
connection over the long-term test. Due to the success of this
anode passivation technique, it was utilized in all subsequent
large cell tests.

Carbon cathode study

An investigation into substitute cathode materials was under-
taken to reduce the cost and further increase the biodegrad-
ability of the battery. The air cathode typically consists of a gas
diffusion layer for oxygen transfer (comprising a macroporous
layer) and an active catalyst layer (typically microporous),
where the oxygen reduction reaction (ORR) occurs.*® The Pt-
loaded cathode used in the above alkaline gel study contains
Pt particles in the catalyst layer, with carbon paper serving as
the gas diffusion layer. Additionally, hydrophobic material
such as poly-tetrafluoroethylene (PTFE) is optionally used to
treat the cathode. Noble metal catalyst, However, carbon with
high surface area, vacancy defects, and porous structure as
activity sites has been reported as an electrocatalyst for the
oxygen reduction reaction.’**® The indirect two-electron
reduction pathway is favored on most of the nanostructured
carbons, where oxygen molecules are reduced to the inter-
mediate product H,0,.*® Carbon without a metal catalyst has
been found to provide catalytic activity for the oxygen reactions

884 | £ES Batteries, 2025, 1, 878-890

in nonaqueous electrolytes for Li-air batteries, especially at
low current density."” In this case, carbon functions not only
as the catalyst support but also as a good ORR catalyst. To
explore the feasibility of Pt-free cathodes, four types of carbon-
based materials were tested with the alkaline hydrogel and Zn
anode (Table 2). Fig. 5(a) and (b) show the microporous layer
structure of the Sigracet 22 BB and Freudenberg H24C5.

Batteries were initially assembled with these carbon-based
materials as the cathode (with the micro-porous layer, if
present, facing the hydrogel) in the large cell format, using
approximately 100 mg gel alkaline electrolyte, and clamp
boards to characterize the peak power. Fig. 5(c) and (d) show a
comparison of the power curves and I-V curves. Batteries with
Sigracet 22 BB and Freudenberg H24C5 had a significantly
higher peak power and voltage compared to those with Toray
060 and Sigracet 22 AA, potentially attributable to the high
surface area of the micro-porous layer. Sigracet 22 BB delivered
a higher peak power and voltage than Freudenberg H24C5,
due to its highly porous structure in contrast to the flake struc-
ture of the Freudenberg H24C5, as shown in Fig. 5(a) and (b).
The battery with Sigracet 22 BB carbon cathode was also dis-
charged under higher current loads of 600 pA-8 mA, showing
that the carbon cathode alone has sufficient catalytic activity
for sensor applications even at higher discharge rates
(Fig. S77).

For all subsequent testing involving non-Pt cathodes
(Table 1), Sigracet 22 BB was selected due to its superior power
performance. Though the microporous layer of Sigracet 22 BB
has been treated with 5 wt% PTFE to make it hydrophobic, the
total amount of the PTFE contained in one battery would be
less than 0.27 mg (calculated as the PTFE in one cathode 70 g
m™> x 0.785 cm® x 5 wt%). Alternatively, biodegradable
materials could potentially replace PTFE, such as modified
hydrophobic nano-scale cellulose fibers or crystals.*'**

Wax-encapsulated batteries with carbon cathodes (Table 1,
rows 1 and 2)

The above gel and cathode studies were conducted using
clamp boards, which have minimal oxygen mass transport
limitations. In actual application, both the wax package and
soil could significantly limit oxygen transport. To examine this
effect, batteries with wax encapsulation were assembled and
tested. The peak power of the battery with the wax package in
the soil is roughly 1/3 that of the battery with the clamp
boards as shown in Fig. 5(e), and the voltage can be lower due
to the oxygen diffusion limitation."* Although the peak power

using this carbon cathode was measured to be 10 mW cm™?,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM image of the micro-porous layer of (a) Sigracet 22 BB and (b) Freudenberg H24C5. (c) Power curves and (d) /-V curves of batteries with

carbon-based cathodes assembled by clamp boards. Power curves and /-

V curves of batteries with (e) Sigracet 22BB carbon cathode assembled

with clamp boards in the air or wax package in soil, (f) Sigracet 22BB carbon cathode versus Pt-loaded cathode with the wax package in soil. (g)
Discharge curves of wax-encapsulated batteries with carbon paper cathodes in the soil and the air under 30 pA discharge load.

lower than that of the Pt-loaded cathode as shown in Fig. 5(f),
it is still sufficient to fulfill many typical IoT sensor operation
requirements of tens of pyW. The initial voltage drop in the I-V
curves suggests the activation overpotential difference between
the carbon cathode and the Pt-cathode, due to their different
catalytic activities.

Furthermore, the battery with the carbon paper cathode dis-
charged for 50 days at the sensor-relevant 30 pA in soil, and a
70 day lifetime was achieved in the air with an increased
amount of the gel electrolyte as shown in Fig. 5(g). The rela-
tively shorter lifetime in the soil that is observed may be attrib-
uted to the lesser amount of gel electrolyte in the battery, and
the environmental effects of the soil. The CO, level in soil can
be over an order of magnitude higher than that in the air due
to microorganism activity.*> Additionally, the air in soil nor-
mally has a much higher relative humidity than atmospheric
humidity.** Both characteristics of the soil environment can
have a detrimental effect on the battery performance. The CO,
can react with the charge carrier ion OH™ in the gel electrolyte,
therefore increasing the internal impedance; the alkaline gel
may absorb water when discharged in a high-humidity
environment, which can lead to a lower concentration of OH™
and ionic conductivity, and flooding of the porous cathode.
However, these effects may be partially mitigated by the low
current use case of these batteries, which requires less
exposure to the environment because of reduced oxidant flux
requirements. The lifetime of these batteries was also found to
be longer than the Pt-loaded cathode batteries of the alkaline

© 2025 The Author(s). Published by the Royal Society of Chemistry

gel study. These results indicate the utility of carbon cathodes
for low-power sensor applications, as well as the potential of
Zn-air batteries as biodegradable power sources to sustain
long-term operation in subsurface conditions.

Miniaturized batteries (Table 1, rows 3-6)

Battery miniaturization has the potential advantage of utilizing
existing agricultural equipment for deployment, therefore
shortening the path for adoption of this technology. For
example, batteries of the size of seeds could exploit conven-
tional planters for undersoil positioning. To investigate these
potential benefits, the battery was miniaturized to the size of a
corn kernel, referred to as a “corn cell”. Corn cells with alka-
line gels and Pt-free carbon cathodes were then fabricated as
described above. Fig. 1(i) shows the OCV of the corn cell after
assembly was approximately 1.46 V, similar to that of the large
cell, demonstrating that the wax encapsulation technology
developed can be applied to corn cells.

Power performance study. As the output power of batteries is
expected to scale with the battery size, the power performance
of corn cells was characterized. Fig. 6(a) and (b) show that bat-
teries of footprint 0.785 cm?® (large battery format) and
0.42 cm” (corn cell format) were assembled with clamp boards.
The power density and current density were calculated by
dividing the measured power and current by the footprint
area. As shown in Fig. 6(c), the corn cell had a similar power
density curve to the large battery, implying that the output
peak power of the battery would scale down at the scale of the

EES Batteries, 2025, 1,878-890 | 885
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Fig. 6 Top views of (a) a battery with 0.785 cm? footprint assembled with clamp boards and (b) a corn cell with 0.42 cm? footprint assembled with
clamp boards. (c) Power curves of (a) and (b) batteries. (d) Power curves of corn cells with different packages. Corn cell active component layers on

top of (e) corn-sized wax pad and (f) large wax pad.

footprint area when no air diffusion barrier of the package is
present. Fig. 6(d) demonstrates the effect of the package on
the peak power of the corn cell. The peak power density of the
corn cell dropped by approximately half when encapsulated
within wax pads used for large batteries as shown in Fig. 6(f).
As the wax package scaled further down to the size of the corn
kernel shown in Fig. 6(e), the peak power density of the corn
cell dropped to approximately 7 mW cm™2, potentially due to
the reduced amount of air encapsulated, and the slow oxygen
replenishment rate. These differences in peak power could be
caused by encapsulation reducing air paths or by differences
in internal resistance due to different methods of stacking and
compressing the cell layers; however, under the typical use
case of longer term, low current discharge (i.e., far below the
peak power), these differences are expected to be of less
concern.

The comparable peak power density of the corn cell and the
large cell suggests that their internal impedance normalized
by footprint area is similar. The gel mass and anode footprint
of the corn cell are approximately 1/4 and 1/2 that of the large
cell respectively, while the lifetime of the corn cell (Fig. 7c) is
approximately 1/9 that of the large cell (Fig. 5g). Thus, other
phenomena that limits the lifetime of the corn cell may be
occurring. It should be noted that since the discharge current
of both cells was held the same, the discharge current density
of the corn cell was double that of the large cell. Additionally,
it is possible that the limited internal free space in the corn
cell may result in less tolerance to anode expansion caused by
ZnO accumulation during discharge and self-corrosion. This
hypothesis is also supported by the observation that some
corn cells exhibited formation of ZnO along the conducting
wire paths, which also could lead to blockage of the parasitic
air paths associated with the wires, or even cause damage to
the package itself.

Lifetime improvement with corrosion inhibitors. With a con-
strained amount of anode material, the lifetime of a corn cell
could be limited by self-corrosion, especially under a relatively
low operational current load. The self-corrosion can also accel-
erate the anode expansion, which may lead to package failure

886 | £ES Batteries, 2025, 1, 878-890

and air path blockage. Therefore, biodegradable corrosion
inhibitors to lengthen the lifetime of the corn cell were investi-
gated. Liang et al. introduced a mixture of biodegradable
polymer polyethylene glycol 600 (PEG 600) and polysorbate 20
(Tween 20) as composite corrosion inhibitors for Zn/MnO,
button batteries to suppress the self-discharge of the Zn anode
and improve the discharge capacity of the battery.*®
Maltodextrin (MLD) has also been reported to be a bio-
degradable, inexpensive, and extremely water-soluble inhibitor
for Zn corrosion in alkaline and acidic electrolytes.*®*” These
corrosion inhibitors added into the electrolyte would adhere to
the Zn surface through adsorption, forming a protective layer
that reduces the direct contact of the Zn with the water mole-
cules, therefore reducing the anode self-corrosion rate.

Potentiodynamic polarization tests were performed to quan-
tify the corrosion current and corrosion potential of the Zn
anode, using a three-electrode setup shown in Fig. S8.f
Fig. 7(a) shows the collected polarization curves for batteries
without any corrosion inhibitors, with PEG 600 and Tween 20
on Zn anode, and with hydrogel containing 0.3 g L™' MLD.
The corresponding I, and E,,, values are extracted from the
polarization curve through Tafel approximation (described in
the ESI with Fig. S8%), shown in Table 3. The bare Zn anode
has the highest corrosion current of 169 pA, which dropped to
21.6 pA after painting the anode with a thin layer of PEG 600
and Tween 20. The bare Zn anode with a gel containing MLD
has a corrosion current of 80.2 pA, higher than the Zn paint
coated with PEG 600 and Tween 20, but half that of the battery
without inhibitors. The initial efficiency of the corrosion inhi-
bition can be estimated from the reduction in corrosion
current of the inhibited group relative to the blank group,*®
which is 87.2% for PEG600 + Tween 20, and 52.5% for
Maltodextrin, at the beginning of the discharge.

Based on these electrochemical results, corn cells with
corn-sized packages were assembled with Pt-free carbon
cathode and alkaline electrolyte, with or without inhibitors to
characterize their electrochemical performances. A corn cell
with MLD gel has a similar peak power density to the cell with
normal alkaline gel, approximately 7.2 mW cm™> as shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Corrosion current and corrosion potential of corn cells
without or with corrosion inhibitors

Materials Teor/PA Ecor/V
Bare Zn 169 —-1.43
Zn coated with PEG 600 + Tween 20 21.6 —1.44
Zn with MLD gel 80.2 -1.46

Fig. 7(b). The corn cell with PEG 600 and Tween 20 coated Zn
anode has a relatively lower peak power density of approxi-
mately 6.4 mW cm™>, potentially due to the polymer film
formed at the interface between the anode and the gel. Corn
cells were then discharged at 30 pA in the air. Using corrosion
inhibitors PEG 600 and Tween 20, together with increased gel
electrolyte mass, the lifetime of the corn cell increased from
7.5 days to 17.2 days in the air. In contrast, by introducing
MLD into the gel alone, the lifetime of the corn cell was
further extended to 21.8 days as shown in Fig. 7(c). The corn
cells were also tested under a 5% duty cycle to mimic a typical
real-case application scenario. Fig. 7(d) and (e) show that the
corn cells with MLD discharged for over 82 days in the air and
65 days in soil, longer than corn cells with PEG 600 and Tween

© 2025 The Author(s). Published by the Royal Society of Chemistry

20 under both conditions. Since the PEG 600 and Tween 20
were initially applied at the anode-gel interface, it is possible
that their interfacial concentration could reduce with time,
whereas the MLD is stored in the reservoir of gel electrolyte
and could replenish the interface and be effective for a longer
duration.

Neutral gel batteries (Table 1, rows 7 and 8)

In some applications, the expected operational timeframes for
batteries in biodegradable IoT systems can extend over mul-
tiple months. For example, in agricultural fields, sensor nodes
are expected to be distributed throughout the field during the
initial planting process and could be required to operate for
the entire growing season to capture complex environmental
variables.*® Therefore, approaches to further extend the battery
operational lifetimes are of interest.

It is observed that the alkaline hydrogel of the battery after
long-term discharge darkened or disintegrated as shown in the
ESI (Fig. S91). A color change of the alkaline gel from white—
yellow to brown to dark brown was noted with time; further,
embrittlement of films when stored in high-pH aqueous
environments was observed. This discoloration may be attribu-
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ted to a deterioration of the chemical structure of the PVA,
such as forming polyene fractions, generally caused by oxygen
or hydroxyl attack,’®" or the formation of a more porous PVA
structure due to long-term exposure to a high-pH solution.’*>*
This degradation of the hydrogel may become more severe
when the battery is discharged,’®> especially over longer
durations.

To resolve the degradation issue of the alkaline gel and
further extend the lifetime of the battery, a neutral gel electro-
lyte was investigated. The neutral gel containing NH,Cl as the

View Article Online

EES Batteries

ionic species has stable electrochemical properties and high
water retention capability.>®>” Additionally, Zn has a lower
self-corrosion rate in the neutral environment.>®>°

As one potential drawback of batteries with neutral gel elec-
trolytes is the lower power performance compared with alka-
line gel electrolytes, a characterization of neutral gel batteries
was performed using Pt-loaded cathodes. Power curves of
neutral gel batteries were collected in an air environment and
were compared to those of the alkaline gel batteries. As shown
in Fig. 8(a), a lower peak power of neutral gel batteries was
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(a) Power curves of batteries with neutral gel and alkaline gel, when using Pt-loaded cathode. (b) Discharge curves of batteries with neutral

gel under 5% pulse and continuous discharge load in the air, (c) zoom-in view of the 5% pulse discharge curve showing the 1 hour period, (d) zoom-
in view of the 5% pulse discharge curve showing the battery was discharged for 3 min in an hour. (e) Discharge curve of the battery with neutral gel
under 5% pulse in soil.
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observed, potentially due to the lower catalytic activity of the Pt
and the higher overpotential of the redox reaction in neutral
electrolytes.””

Fig. 8(b) shows the discharge curves of neutral gel batteries
under continuous 30 pA discharge and under a 5% duty cycle
discharge in an air environment. Fig. 8(c) and (d) are zoomed-
in views of the 5% duty cycle discharge curve, showing the
duty cycle period of 1 hour and the individual 3 minute dis-
charge curve within 1 hour. It was observed that the battery
with 330 mg neutral gel has a higher and more stable working
voltage under 5% duty cycle discharge. A small degradation in
working voltage with time was observed, which may be due to
the lower ionic conductivity of the gel as well as the gradual
passivation of the Zn anode, since Zn ions have a lower solubi-
lity in the neutral environment.>® Nonetheless, the duty-cycled
neutral gel batteries discharged over 340 days in the air
environment, and 260 days in soil, as shown in Fig. 8(e). These
results demonstrate the potential of a biodegradable neutral
gel battery supplying growing-season-long power to an IoT
sensor node.

Comparison to the state-of-the-art

Fig. 9(a) and (b) summarize the performance of the various
wax-encapsulated batteries studied here. For corn cells, peak
power densities range from 6-7.5 mW cm %, and lifetimes
range from 8 days to 82 days. For large format cells, peak
power densities range from 10 to 50 mW cm ™2, and lifetimes
range from 15 days to 340 days.

Fig. 9(c) compares the lifetime and the corresponding oper-
ational voltage of batteries discussed in this work to state-of-
the-art long-term biodegradable primary batteries reported in
the literature.>%°°> The wax-encapsulated Zn-air batteries pro-
vided stable operational voltage, with lifetimes exceeding the
literature-cited batteries by several orders of magnitude. In
addition, the Zn-air chemistry compares favorably to litera-
ture-cited batteries under high output as shown in Fig. 9(d).
These results demonstrate that biodegradable Zn-air batteries
may be promising as long-term power sources for environmen-
tally friendly IoT sensor nodes.
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