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Biocompatible ionic liquid-biopolymer electrolyte enabled thin and compact
magnesium air batteries

Abstract

With the surge of interest in miniaturized implanted medical devices (IMDs), implantable power sources
with small dimensions and biocompatibility are in high demand. Implanted battery/supercapacitor
devices are commonly packaged within a case that occupies a large volume, making miniaturization
difficult. In this study, we demonstrate a polymer electrolyte-enabled biocompatible magnesium-air
battery device with a total thickness of approximately 300 um. It consists of a biocompatible polypyrrole-
para(toluene sulfonic acid) cathode and a bioresorbable magnesium alloy anode. The biocompatible
electrolyte used is made of choline nitrate (ionic liquid) embedded in a biopolymer, chitosan. This polymer
electrolyte is mechanically robust and offers a high ionic conductivity of 8.9 x 10-3 S cm-1. The
assembled battery delivers a maximum volumetric power density of 3.9 W L-1, which is sufficient to drive
some types of IMDs, such as cardiac pacemakers or biomonitoring systems. This miniaturized,
biocompatible magnesium-air battery may pave the way to a future generation of implantable power
sources.
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Abstract:

With the surge of interest in miniaturized implanted medical devices (IMDs), implantable
power sources with small dimensions and biocompatibility are in high demand. Implanted

battery/supercapacitor devices are commonly packaged within a case that occupies a large

volume making miniaturization difficult. In this study, we demonstrate a polymer electrolyte

enabled biocompatible magnesium-air battery device with a total thickness of approximately
300 pm. It consists of a biocompatible polypyrrole-para(toluene sulfonic acid) cathode and a

bioresorbable magnesium alloy anode. The biocompatible electrolyte used is made of choline

nitrate (ionic liquid) embedded in a biopolymer, chitosan. This polymer electrolyte is
mechanically robust and offers a high ionic conductivity of 8.9x10° S cm™. The assembled

battery delivers a maximum volumetric power density of 3.9 W L™, which is sufficient to

drive some types of IMDs such as cardiac pacemakers or bio-monitoring systems. This
miniaturized, biocompatible magnesium-air battery may pave a way to the future generation

of implantable power sources.

Keywords: Polypyrrole; Mg-air batteries; Biocompatible ionic liquid; Chitosan; Integrated

solid-state batteries.



1. Introduction

Implanted medical devices (IMDs) including pacemakersl, micro stimulators® and drug

delivery microchips®, etc are impacting on medical science. Power sources to drive IMDs are
designed to meet strict clinical dimension constraints4; however miniaturization of IMDs

remains a challenge that is hampered by battery size. Batteries normally account for a large

volume of the overall IMD device, and are typically constructed with a strong case
encapsulating toxic/harmful chemicals to prevent their contact with the body.>® Batteries

could be more easily miniaturized if all of the components were biocompatible and integrated

into one single, continuous unit without the need for packaging. Such an approach also allows
the device to be fabricated in a thin film manner with increased mechanical flexibility.’

Bio-implantable power sources built with biocompatible or biodegradable materials are of

growing interest for future IMDs. These systems may have the ability to physically dissolve
away after a period of stable operation, if they employ bioresorbable metals or biodegradable

polymers as electrodes. Rogers and coworkers recently reported a fully biodegradable Mg-

Mo primary battery®, which demonstrated a discharge current of 100 uA cm? for 24 h in
phosphate buffered saline (PBS) solution. This battery utilized biodegradable polyanhydride

as a packaging material. Bettinger and coworkers developed an edible sodium-ion battery®

with biologically derived melanin electrodes'®. Potentials up to 0.6 V and currents in the
range of 5-20 WA can be generated. Another recent advance in this field employs gastric

juices in the digestive tract and a Zn anode in combination with a Pd cathode for powering a

wireless endoscopy capsule! They have also demonstrated their utility as a transient
implanted power supply. However, these biodegradable transient batteries normally suffer

from relatively short lifetimes and low power densities under physiological conditions.

There remains a need to develop novel power sources that are capable of performing in
physiological conditions.**** Such implantable batteries would rely on oxygen in the internal

body fluid to produce a voltage between the anode and the cathode. Magnesium or its alloys

present an appealing anode material due to its elemental abundance, overall benign nature,
high theoretical specific charge capacity (2.2 Ah g'l) and a considerably negative electrode

potential (-2.3 V versus SHE).***® The rapid corrosion (degradation) of pure magnesium in

aqueous solution limits use as an anode. The use of Mg alloy, AZ31 can deliver much better
discharge characteristics due to its greatly improved corrosion resistance after the

incorporation of Al and Zn elements. Biocompatible polypyrrole (PPy) has been shown to

have potential applications in biomedical implants'® and demonstrated as a promising cathode
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17,18

material for bio-batteries. A biocompatible liquid electrolyte is used in these studies. To

date, we are not aware of any report on using biocompatible polymer electrolytes for this
application. The use of a polymer electrolyte enables the components to be integrated to form

a thin, compact configuration that is easy to implant.

Hence the main objective of the present study is to develop a biocompatible polymer
electrolyte based on a biocompatible ionic liquid embedded in a host biopolymer, chitosan

(CS). CS is a versatile, abundant, and naturally occurring cationic polyelectrolyte, that has

19-21

been extensively studied for pharmaceutical and biomedical applications. Room

temperature ionic liquids (ILs) are promising electrolytes because they possess negligible

vapour pressure, low flammability, high ionic conductivity and high electrochemical
stability.?*?® Amongst a variety of ILs, choline-based ILs are considered to be promising, low

toxicity ILs for a variety of biomedical applications.***® This is mostly due to the fact that

choline (more correctly cholinium) is a naturally occurring cation that shows very low
toxicity and it can work as a cell signaling agent.??® Choline salts have also been used

recently in IL-gel systems for cancer therapy delivery.29 Choline nitrate, [Ch][NOs], is chosen
in this work due to its low viscosity, high conductivity and biocompatibility. CS hydrogels

incorporated with choline chloride and choline dihydrogen phosphate have demonstrated
their utility in biocompatible multi-responsive drug delivery systems.30

In this study we also demonstrated a compact bio-battery system with the use of this thin-film

gel electrolyte, chitosan-choline nitrate. Bioresorbable Mg alloy and biocompatible
polypyrrole-para(toluene sulfonic acid) served as anode and cathode, respectively. This gel

electrolyte is mechanically robust and offers a high ionic conductivity. The battery system
can generate an open circuit voltage of 1.80 V and an output power of 3.9 W L™, which could

be sufficient to drive the low power IMDs such as cardiac pacemakers or bio-monitoring

systems.

2. Experimental

2.1 Materials

Pyrrole, toluene-4-sulphonic (sodium salt), glacial acetic acid (99%), sodium hydroxide

(97%), choline hydroxide (20 wt% in water), nitric acid (70%), phosphate buffered saline
tablet (PBS) and chitosan (CS, My 60K-120K, 85% deacetylated degree) were obtained from

Sigma-Aldrich. Pyrrole was freshly distilled. All the other chemicals were used as-supplied.



The PBS solution was prepared by dissolving one PBS tablet in 200 mL de-ionized water.

Magnesium alloy (AZ31) sheet with the nominal mass composition 96% Mg, 3% Al and 1%
Zn was purchased from Goodfellow Metals, UK. It was polished with fine sandpaper and

degreased with acetone prior to use. The 316 type stainless steel (SS) mesh was purchased

from Hongye Stainless Steel Wire Cloth Co. Ltd..
Choline based ionic liquids were generally made by the neutralisation reaction of the

corresponding acid with choline hydroxide as described in the literature.* The synthesis of

choline nitrate ([Ch][NO3]) typically involves a dropwise addition of nitric acid aqueous
solution to choline hydroxide aqueous solution in an ice bath, and the contents were stirred

for about 2 hours at room temperature. Then water was removed by distillation; the ionic

liquid was dried under vacuum and the yield was found to be 98%. The ionic liquid was
characterized as follows:

Melting point: 29 °C; Electrospray mass spectroscopy analysis, (cone *25V): CN; m/z
(relative intensity, %): ES*, 103.9 (MesN"CH,CH,OH, 100); ES’, 62.0 (NO3’, 100).

2.2 Fabrication and characterization of chitosan-choline nitrate (CS-[Ch][NOs3]) thin
film electrolytes

This thin film electrolyte was prepared by a simple casting method. CS was dissolved in an
acidic solution (1% v/v glacial acetic acid) to a concentration of 2 wt% and stirred overnight
until a clear solution was obtained, followed by adding choline nitrate ([Ch][NOs]). The

weight ratios of CS to [Ch][NOs] used were 1:1, 1:5 and 1:9. The mixtures were stirred
continuously for 4 h and then cast onto a Teflon mould and dried at room temperature for two

days. The formed films were dipped into an aqueous 0.1 M NaOH solution to remove any

remaining acetic acid and washed several times with deionized water. They were dried for 24
h at room temperature and peeled off the substrate. Their thickness was in the range of 60-

100 pum. They are cut into 10x10 mm? squares for testing.

The residual water content of these films was measured using thermogravimetric analyses
(TGA). TGA was conducted by heating the samples from room temperature to 500 °C at a

heating rate of 10 °C min* and under N using a Q500 TGA analyser (TA Instruments, UK).

Fourier-transform infrared spectra (FTIR) measurements were recorded with a Shimadzu
AIMB8000 spectrometer. The mechanical properties of thin films were evaluated using a

Shimadzu EZ mechanical tester with a 500 N load at an elongation rate of 10 mm min™. The

ionic conductivity of ionic liquid and thin film electrolytes were determined with AC
impedance using a Gamry EIS 3000 system in the frequency range of 100 kHz to 1 Hz. The
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gel sample or the ionic liquid saturated filter paper was sandwiched between two stainless
steel plates with a testing area of 1.5 cm?. The ionic conductivity (S cm™) was estimated

according to the following equation:

g="" )

Where d is the thickness of the film (cm), R is the bulk resistance (Q2) obtained from the first
intercept on the x-axis of the impedance data in the complex plane, and A is the contact area

(cm?).

The ionic liquid component may potentially separate from the polymer electrolyte due to lack
of long term compatibility of the liquid component and the CS when it is directly exposed to

air. As a result, the conductivity of electrolyte will decrease and affect the Mg-air battery

performance. An IL leaching test was carried out by leaving the film electrolyte in open air
under ambient conditions. The liquid released from the film was absorbed with Kimwipes

until a constant weight was reached, and it was monitored every 24 h. The ionic liquid loss
was calculated according to the following equation:

IL loss (%) =2 100% )
WiL,
where W, is the initial weight of film, and Wy is the film weight during the leaching test. Wi

is the initial weight of IL in the film. The ionic conductivity change was also monitored and

its loss was calculated according to the following equation:

al-ay,

lonic conductivity loss (%) = X 100% 3

a
Where o is the initial conductivity of the electrolyte film, and o_ is the electrolyte film

conductivity during the leaching test.

2.3 Electropolymerization and electrocatalytic properties of polypyrrole electrode

The polypyrrole-toluene-4-sulphonic (PPy-pTS) film was galvanostatically electrodeposited
onto a stainless steel mesh following the reported procedures.32 Briefly, the electrodeposition

was conducted at a constant current of 0.5 mA cm™ for 30 min in a solution containing 0.1 M
pyrrole monomer and 0.1 M p-toluene sulfonic acid sodium salt. The surface morphologies of

PPy-pTS were investigated by FE-SEM (JEOL JSM-7500FA).



The effect of oxygen on the reduced polypyrrole electrode was investigated by monitoring

the open-circuit potential of the PPy-pTS electrode in nitrogen saturated, oxygen saturated,
air saturated and normal PBS solutions (no gas disturbance), similar to the work reported by

Wu et al. The PPy-pTS electrode was firstly reduced at -0.8 V (vs Ag/AgCl) for 10 min,
followed by the gas introduction if applied. The gas flow rate was controlled at 200 ml min™.

Cyclic voltammetry of PPy-pTS electrode was conducted in nitrogen or oxygen saturated
PBS solution. They were performed with an electrochemical workstation (CHI 650D) in a

conventional three-electrode cell with a stainless steel mesh counter electrode and a Ag/AgCl
(3 M NacCl) reference electrode.

2.4 Battery assembly and testing
The integrated solid-state battery was fabricated with a PPy film cathode (11x10x0.04 mm3),

3
Mg alloy anode (11x10x0.2 mm ) and CS-[Ch][NOs] polymer electrolyte film (10x10x0.06
mm?). This electrolyte functioned as both electrolyte and separator. Two such electrodes with

polymer electrolyte are pressed together face-to-face to form a sandwich structure. During the

assembly process, a thin layer of CS-[Ch][NOs] solution was dropped onto the electrode
surface to hold all the device components together like a glue, improving the mechanical

integrity. The tilted cross-sectional view (approximately 20°) of the solid-state battery was

characterized using an optical microscope (Leica DM6000). We also assembled batteries with
the same size electrodes in a one component cell with 5 mL of PBS solution for comparison.

The battery discharge tests were carried out by using a battery testing device (Neware

Electronic Co., China). The cells were discharged galvanostatically to a cut-off cell voltage of
1.0 V. Electrochemical impedance spectra for cells were measured using a Gamry EIS 3000

system in the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV at

open circuit potential before and after discharge. Polarization curves of Mg alloy foils were
obtained with the CHI workstation (CHI 650D) after being immersed in PBS solution and

contacted with polymer electrolyte for 6 h under ambient conditions. They were performed at
a scan rate of 1 mV s using Mg alloy as the working electrode and a stainless steel mesh as

the combined counter and reference electrodes.

3. Results and discussion

3.1 Characterization and properties of CS-[Ch][NOz] polymer electrolyte film
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Within the weight ratio range investigated, 1:1, 1.5, 1:9 (chitosan to [Ch][NOs]), it was found

that free standing electrolyte films can be formed. These films are robust and, for instance,
the film formed at a ratio of 1:5 can withstand large mechanical deformation (Fig. 1a)

The mechanical properties of these polymer electrolytes are shown in Fig. 1b. The CS
substrate exhibited a tensile strength of 27 MPa being able to withstand a 32% elongation at

break. When the weight ratio was 1:5 (CS:[Ch][NOz]), the mechanical strength decreased to

4.5 MPa and a 82% elongation at break was observed. After the introduction of [Ch][NOs]
into the CS matrix, the hydrogen bonding interactions between polymer chains are reduced

due to the plasticizing effect.® When the CS:[Ch][NOs3] ratio was 1:9, the mechanical

strength was lowered to 0.4 MPa and the elongation to break slightly reduced to 66%. At
higher choline nitrate content, film formation was not possible due to insufficient CS.

The pure CS film did not present any measurable ionic conductivity (<10® S cm™) (Fig. 1c).
Upon addition of [Ch][NOz], the ionic conductivity was significantly enhanced to 7.3x10* S

cm™ when the weight ratio was 1:1 (CS:[Ch][NOs]). This is attributed to the joint influence

of the strong plasticizing effect of ionic liquid along with the inherent ionic conductivity
introduced by the IL ions.** The ionic conductivity of a polymer electrolyte is related to the

polymer chain motion which increases with increasing plasticizer and continuously creates
free volume into which the ions migrate.®® With an increase in concentration of choline

nitrate (ratio of 1:5), the conductivity increased to 6.2x10° S cm™, one order of magnitude

higher than films with a ratio of 1:1. At a ratio of 1:9, the conductivity reached 8.9x10°S cm’
! The limitation on conductivity increase with a large amount of IL may be related to the

formation of ion aggregates, which decreased the number of effective charge carriers.*
Interestingly, the ionic conductivity of CS-[Ch][NOs] polymer electrolyte (1:5 and 1:9) is

higher than that of pure ionic liquid [Ch][NO3] (4.85x10° S cm™). This may be attributed to
the increasing “ionicity” of the ionic quuid37 induced by the presence of chitosan, which has

highly polarizable substituents such as amino and hydroxyl groups. This phenomenon was
also observed for chitosan-based gel electrolytes containing an imidazolium based ionic
liquid.*®

The weight loss in TGA curves (Fig. 1d) over the temperature range up to 150 °C was

attributed to water vaporization. It was 9%, 13%, and 11% for the CS film, [Ch][NO ] and

CS-[Ch][NO3] polymer electrolyte (1:5), respectively. The decomposition of the CS
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backbone occurred mainly at 230-350 °C due to the depolymerisation of glucosamine units.

The ionic liquid was stable up to 260 °C and decomposed at 320 °C. The CS-[Ch][NOs]
polymer electrolyte showed a similar thermal stability up to 230 °C as CS, followed by a

sharp weight loss as IL, proving that its thermal stability was affected by these two

components.
30
d b 25k Weight ratio of CS:[Ch][NO,]
cs
’{? 20
[
s 15}
= 2 Ho}
. i 5k
!|'llIll‘lHI\IHI[HH\IHI]] 2
3l 45 e s o
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Fig. 1 (a) Digital image of a CS-[Ch][NOs] (1:5) polymer electrolyte film demonstrating its

mechanical robustness; (b) Stress-strain curves and (c) AC impedance spectra of polymer electrolyte
films (inset, expanded view at high frequency region); (d) TGA curves of chitosan film, ionic liquid

and CS-[Ch][NOgz] polymer electrolyte (1:5).

In this CS-[Ch][NOs] gel polymer electrolyte system, the polymer CS provides mechanical

support and dimensional stabilization, and the ionic liquid functions as a charge carrier and
plasticizer for the polymer matrix. The mechanical and electrochemical properties of the

polymer electrolyte are summarized in Table 1. CS-[Ch][NOs] (1:5) polymer electrolyte film

was selected for further tests due to its robust mechanical properties and high conductivity.
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Table 1 Basic properties of CS-[Ch][NOs] polymer electrolytes at room temperature.

at break
(weight ratio) (ohm) (S cm™) (mm) (MPa) (%)
CS n/a - 0.077 27.0 32
CS-[Ch][NO] (1)  10.31 7.3x10™ 0.113 5.10 59
CSChIINO ] (1:5)  1.279 6.2x10° 0.118 4.46 82
CS-[Ch][NOs] (1:9)  0.896 8.9x10° 0.121 0.38 66

3.2 Electrocatalytic properties of PPy-pTS electrode

In a typical metal-air battery system, the oxygen reduction reaction (ORR) occurs at the
cathode electrode/air electrode.*® Noble metal Pt is a biocompatible electrocatalyst to ORR.

However, the high cost limits its use. The PPy cathode would be reduced by the action of the

electrochemical cell when coupled with Mg anode and in the presence of oxygen would be
re-oxidised to create a catalytic cycle. To verify if the reduced PPy-pTS can be used as an

ORR electrocatalyst, it was firstly reduced by applying a constant potential of -0.8 V for 10

min. The open circuit potential of such reduced polypyrrole increased immediately after the
applied current was removed (Fig. 2a), due to the re-oxidation of reduced polypyrrole. It is

also noticed that a much higher potential increase can be produced with the introduction of

air or Oz stream. A potential of 0.04 V, -0.03 V and -0.27 V was measured after 10 min with
0o, air, and no gas bubbling, respectively. The high potential observed in the oxygen-rich

solution demonstrates the effective re-oxidation of reduced polypyrrole induced by oxygen

reduction.

The ORR on PPy was also investigated using cyclic voltammetry in oxygen-saturated or
nitrogen-saturated PBS solutions at a scan rate of 10 mV s (Fig. 2b). In N,-saturated solution,

the influence of oxygen could be excluded and the redox peaks can be attributed to PPy only.
In O-saturated solution, the cathodic peak became more pronounced, with a higher current

response. The cathodic current increase can be attributed to the enhanced redox properties of

polypyrrole in the presence of O.. The reduced polypyrrole (close to the fully-dedoped state)
can be re-oxidized by oxygen (and oxygen is reduced in that process). For the anodic peak, a

slightly reduced current compared with that in N»-saturated solution was observed. This can

be attributed to less dedoped PPy available and concomitantly less electrons were involved in
the electrochemical oxidation because part of them have been oxidized via oxygen molecules.



This is consistent with previous reports.*>* It is believed that the carbon atoms on the pyrrole

ring could supply an active site for oxygen chemical adsorption, which could weaken the O-
O bond of oxygen and lower the activation energy for reduction according to the mechanism

proposed by Khomenko et al.*?

a
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Fig. 2 (a) Potential response of the reduced PPy-pTS electrode in PBS solution with O, air, or no gas

bubbling after the applied potential (-0.8 V' vs Ag/AgCl) was removed; (b) CV of a PPy-pTS electrode
in N2- or O,- saturated PBS solution at a scan rate of 10 mV/s.

3.3 Battery performance using CS-[Ch][NOs] polymer electrolyte film or PBS solution
electrolyte

The integrated solid-state batteries are fabricated with the CS-[Ch][NO3] film sandwiched
between PPy-pTS cathode and Mg alloy anode, as shown schematically in Fig. 3a. Thus the

polymer film functions both as the electrolyte and separator. During the assembly process,
the gel polymer electrolyte could hold all the device components together like a laminating

10
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adhesive, improving mechanical integrity. The PPy polymer (doped with toluene-4-sulphonic

acid (pTS)) is grown on the stainless steel substrate using conditions described in the
experimental section.

a Chitosan

Choline Nitrate ©@®

Gel electrolyte

Chitosan-IL Nt _~_ NOg
Anode, Mg alloy o I OH

PRy-pTS

Electrolyte I ;"1;'_-7-‘::'_.,' R i

Fig. 3 Schematic configuration, (a), and optical image of cross-sectional view (20° tilted), (b), of the

integrated solid-state Mg-air battery.

The discharge characteristics of cells at various current densities were investigated using a

polymer electrolyte film and PBS solution electrolyte for comparison (Fig. 4). The open
circuit voltages for the integrated solid-state batteries were in the range of 1.80-1.71 V just

after the cell was assembled. The cell voltage dropped immediately when the discharge

current was applied and soon reached a flat discharge plateau. At low current density,
batteries using the film electrolyte delivered a slightly higher discharge plateau than that with

PBS solution electrolyte. Specifically, at a current density of 10 pA cm?, the Mg|CS-

[Ch][NOs3]|OH|O2(aq)|PPy cell displayed a voltage of 1.33 V (middle point of the discharge
curve) for up to 160 h, 40 mV higher than that of Mg|PBS|O2(aq)|PPy cell (1.29 V). However,

when the current density increased to 50 pA cm, the Mg|CS-[Ch][NO3]|OH|O2(aq)[PPy cell

could only sustain a voltage of 1.13 V for 35 h, 60 mV lower than that of Mg|PBS|O2(aq)|PPy
cell (1.19 V). The main cause for the lower discharge voltage of the solid-state battery at

higher discharge current is likely due to the lower ion mobility in the polymer electrolyte.

This creates a potential drop, the size of which depends on the resistivity of the electrolyte.

11



To further support the hypothesis that this battery system involves processes involving Mg

oxidation and Oy reduction, a blank stainless steel (SS) mesh cathode was used in a control
experiment. With a plain SS mesh as the cathode, this cell can only be discharged for 0.5 h to

a cut off voltage of 1.0 V (Fig. 4a inset), in sharp contrast to that of 88.7 h using the PPy
electrode at the same discharge current of 20 WA cm™. This supports the proposal that PPy

plays a catalytic role in oxygen reduction. The contribution from the SS mesh is negligible.
SS mesh acts as an underlying conductive substrate material for PPy electropolymerization

and as a current collector in this work. After the discharge experiment, Mg alloy was treated
in an ultrasonic bath (H2O) for 5 min, followed by rinsing with H.O. A great number of

cracks were formed on the Mg alloy electrode after use in PBS solution (Fig. 4d). This is
attributed to hydrogen evolution as occurs on rapid oxidation of Mg.*® In contrast, much less

cracks were observed with the polymer electrolyte (Fig. 4c), which may be explained by the

reduced corrosion rate of magnesium alloy.

12
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Fig. 4 Discharge curves of Mg-air batteries with PPy cathode and Mg alloy anode at various discharge
current densities using CS-[Ch][NOs] (1:5) film electrolyte (a) and PBS solution electrolyte (b); SEM

images of AZ31 surfaces after the discharge experiment at a current density of 20 pA cm™ using CS-

[Ch][NOs] (1:5) film electrolyte (c) and PBS solution electrolyte (d); plateau voltage and the
corresponding power density of Mg batteries as a function of discharge current densities using CS-

[Ch][NOs] (1:5) film (e) and PBS solution (f) as electrolyte. (Fig. 4a inset: discharge curve of Mg-air
battery using stainless steel mesh cathode as control).

In order to evaluate the practical battery performance, we calculated the volumetric power
density. The plateau voltages ranged between 1.33 V and 1.13 V with an applied

discharge current density in the range of 10-100 uA cm™ (Fig. 4e). Compared with the
recently reported biodegradable Mg-Mo primary battery®, this novel battery structure
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exhibited a much higher voltage than previously reported (0.4 V-0.7 V) and had a longer

lifetime up to 160 h compared to 24 h. This battery system also delivered a maximum
volumetric power density of 3.9 W L™, which is almost 200 times higher than that (0.02

W L'l) from the same size electrode in 5 mL PBS. This was attributed to the large dead

volume when PBS electrolyte was used. Nevertheless, a maximum energy density of 72
Wh L? could be generated from this solid-state battery, much higher than that (2.2 Wh L’

1) of the flexible thin-film lithium-ion battery reported previously.44 Generally, the power
requirements of active IMDs fall in the level of pW-mW.®> This integrated solid-state

battery could thus become a power source for some IMDs, such as cardiac pacemakers or
bio-monitoring systems. A higher power output can be achieved using devices connected

in series.

The electrochemical impedance spectra for both the solid state and liquid electrolyte

batteries were collected before and after 6 hours of discharge (Fig. 5). They exhibited

similar Nyquist plots with a compressed semicircle in the high to medium frequency
range. This semicircle was associated with the charge transfer reaction at the

electrolyte/electrode interface.* The charge transfer resistance, Re, was 1175 ohm with

film electrolyte and 243 ohm in PBS, respectively. After the discharge (6 h), this Re of
the cell with PBS electrolyte was 577 ohm, much lower than that of solid-state battery

(3968 ohm). The large resistance of the solid-state battery can be mainly ascribed to a low

ion migration rate in the polymer electrolyte. The low ion movement can decrease the ion
exchange rate at the interface and consequently deteriorate the catalytic efficiency of the

cathode. The greatly increased resistance of polymer electrolyte during discharge was the

main cause for the lower discharge voltage of the solid-state battery at higher discharge
current.

To determine the corrosion behaviour of the Mg anode, its polarization behaviour was

investigated in these two electrolytes with a stainless steel mesh serving as both counter and
reference electrode (Fig. 5c). Prior to the scan, the Mg anode was left at open circuit potential

in both electrolytes for 6 h until a steady, free corrosion potential value was recorded. The

corrosion potential shifted toward more positive potential from -2.12 V using PBS solution to
-1.72 V with the polymer electrolyte. The anodic and cathodic current densities decreased by

nearly an order of magnitude. These results clearly demonstrated that the anodic dissolution

of Mg was hindered by the use of polymer electrolyte, and a better discharge performance

14
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may be obtained. This may explain the higher discharge plateau obtained at low charge
density (10 pA cm?) using the polymer electrolyte. However, the reduced ionic mobility also

limited the battery performance at higher discharge current.
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Fig. 5 Electrochemical impedance spectra of Mg-air batteries before and after discharge at a current
density of 20 pA cm™ for 6 h using CS-[Ch][NOs] (1:5) film (a) and PBS solution (b) as electrolytes;
(c) Polarization curves of Mg alloylelectrolytes|SS at a scan rate of 1 mV s™.
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It has previously been reported that the ionic liquid leakage from the polymer matrix reduces
ionic conductivity.*® To evaluate the IL retention ability in the polymer electrolyte film

during long-term operation, an IL leaching test was carried out by leaving the film electrolyte

in open air under ambient conditions.

It was observed that liquid was expelled from the polymer matrix onto the polymer surface.
Such liquid exhibited the same characteristic peaks in the FTIR spectra as that of [Ch][NOs]

(Fig. 6a), indicating the released liquid is the IL (JCh][NOs3]) or an aqueous solution of it. The

percentage of IL leached out from the film electrolyte during one-week is shown in Fig. 6b. It
can be seen that the film weight remained nearly steady after a 120 h testing period. The

weight loss was 13.4% after 168 h. The IL leakage from the film reflects the fact that the IL

is not anchored to the polymer chain via strong hydrogen bonds and can easily partition into a
IL-water phase on the surface. The ionic conductivity decreased to 4.9x10° S cm™ (21.5%

loss) after 168 h (Fig. 6b). This conductivity is still high enough to maintain battery operation.
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Fig. 6 (a) FTIR spectrum of the released liquid from CS-[Ch][NOgz] (1:5) film electrolyte and pure
ionic liquid [Ch][NOs]; (b) The weight loss (%) and ionic conductivities change of the film electrolyte

during the IL leaching test at ambient condition.
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4. Conclusions

The results presented in this work indicate a promising approach to the fabrication of
miniaturized biocompatible batteries employing a bioresorbable metal anode, biocompatible

conducting polymer cathode and biocompatible polymer electrolyte. This polymer electrolyte
functions as an electrolyte and separator and as the “glue” to hold all the device components

together. With a whole device volume of 30 mm?® the integrated solid-state battery can

generate an open circuit voltage of 1.80 V and a maximum output power of 118 puW, which
could be sufficient to drive some low power IMDs such as cardiac pacemakers or bio-

monitoring systems. In contrast to conventional aqueous bio-batteries, this integrated solid-

state battery would occupy minimal space. However, its performance declines at higher
discharge currents, due to the low ion motilities. Given its small device dimensions and

biocompatibility, this battery may be a promising power source for miniaturized implantable

medical devices. Despite our battery system using the biocompatible cathode, bioresorbable
anode and biocompatible electrolyte, a conformal biocompatible O -permeable and proton-

transporting encapsulation layer® is recommended for practical applications to prevent direct

contact with body tissues and also provide a barrier to any peroxide products.
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