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Abstract

For medical sensing devices, such as wound healing patches, it is necessary to provide wearable and long-term
usable power supply. This calls for cost-effective, lightweight batteries. We propose here a metal-air battery
composed out of a Zn anode and a poly(3,4- ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT: PSS)
cathode. A PEDOT: PSS layer was created by film deposition and used as cathode without binders because of its
high adhesion. Two film types of different thicknesses were analysed. The effect of a 1-butyl- 3-
methylimidazolium octyl sulfate ionic liquid, also reported to act as a stabilizer, on the electric performance has
been assessed. The electrodes presented low surface resistivity and a considerable discharge capacity. The results
showed that PEDOT: PSS acts properly as an O, redox reaction matrix and conducting binder in the air electrode,
implying that PEDOT: PSS films are suitable for Zn-Air batteries' cathode. Moreover, we demonstrate a polymer-
enabled biocompatible Zn—air battery device with a total thickness of approximately 2 mm, easily to assemble,
light-weight and cost-effective.

1. Introduction
The increase of chronic disease, the growing geriatric population, and the burden on healthcare management
represented by rural and remote areas push for finding cost-effective and robust e-monitoring devices and concepts

[1].

In the last decade, an exponentially increasing trend concerned the development of medical devices designed to
comply with specific requirements such as affordability, portability, stability, biocompatibility and connectivity.
Examples of those new concepts could be found in the literature under the name of Implanted Medical Devices
(IMDs) [2]-4], low-cost Internet of Medical Things (IoMT) sensors [5].

An open challenge in developing portable devices is represented by the power needed for sensors to record and
transmit data. Many solutions have been proposed ranging from in-vivo energy harvesting devices [6]-[8] up to
energy storage devices, but no definite technology is eventually available [9]. According to what is reported by
Stauss and Homma [10], to power drug delivery systems and muscle stimulators, powers of the order of 102 mW
and a duration of several hours would be sufficient for such devices.

Zn—air batteries have attracted much attention and recently received revived research efforts due to their high
energy density, making them a promising candidate for emerging mobile and electronic applications [11]. These
batteries possess some desirable features such as a high theoretical energy density, low cost, safety and
environmental friendliness [12]. The theoretical energy density of Zn—air is 1086 Wh-kg™!, and its operational cost
is estimated to be less than 10 $-kW-1-h'!,

Zn-air batteries face the challenge of having low-cost yet efficient catalysts for the air cathode to promote
electrochemical oxygen reactions. Different configurations and materials for the cathode have been explored.
Platinum (Pt) catalysts and alloys are the standard but are not cost-effective and scarcely available [13]. Non-



precious metals as metal oxides, transition-metal macrocycles and nitrogen-doped carbon-based materials are also
widely used, but they still face sustainability concerns of the possible negative impacts on the environment [14].

Our group considered conductive polymers poly(3,4-ethylenedioxythiophene) (PEDOT) as a material to be
integrated as the air cathode for biosafety and low cost. Conductive polymers as PEDOT have high conductivity
and electrocatalytic activity for oxygen reduction [15]-[17]. They are already in use in many commercially
available technologies, such as organic light-emitting diodes (OLEDs) for screen application, organic thin-film
transistors (OTFTs) and organic solar cells (OSCs) [18]. Some PEDOT applications are reported in the literature
as part of the air electrode in the metal-air batteries, showing good performances [19], [20].

In the present study, PEDOT: PSS is proposed as the cathode for the Zn-Air battery. A PEDOT: PSS layer was
created by film deposition and used as an electrode without binders because of its high adhesion. The influence
of the film thickness and of the 1-butyl- 3-methylimidazolium octyl sulfate ionic liquid on the electrodes'
electrochemical properties is presented. A discharge test and characterisation of the electrodes is also proposed to
assess the battery's functioning and performance. The easiness of assembling, cost-effectiveness and compactness
of our system will be given due attention.

2. Materials and method
2.1. Materials

For the preparations of the films, the materials used were: PEDOT: PSS aqueous dispersion (CLEVIOS™ PH
1000) with a solid content between 1.0-1.3 % purchased from Heraeus; 1-butyl-3-methylimidazolium octyl sulfate
ionic liquid (>96% HPLC) from Sigma Aldrich; and Polydimethylsiloxane (PDMS) (DOW SYLGARD 184
Silicone Elastomer Kit) bought from Dow Inc.

For the battery's anode, zinc foil was used with a purity of 99.9% and surface resistance of 5.8 uQ-cm at room
temperature, purchased from Sigma-Aldrich. Whatman Grade 41 filter paper with pore size between 20 to 25 um
as separator and a sterile and filtered phosphate buffered saline (PBS) solution, with pH 7.4, purchased from
Sigma-Aldrich, as the electrolyte. 80 um thick gold foils were employed as connectors, and PLA filament for 3D
printers from RS International was modelled to create the mould for hosting the different layers of the battery.

2.2. Preparation PEDOT films and characterisation

Two types of PEDOT: PSS films were formed (thin and thick film) following the procedures proposed by Wang
et al. [21]. For every kind of films, one chemical dopant was added in different concentrations to enhance the
conductivity properties and find the optimal formulation to be used as the cathode. A 1-butyl- 3-
methylimidazolium octyl sulfate ionic liquid (IL) was added to the PEDOT: PSS's aqueous dispersion before
annealing, varying the end-product concentration (0 wt%, 15 wt%, 30 wt%, 45 wt% and 60 wt%).

Tests were done to analyse the properties of the films and discriminate the best formulation. Fourier-Transform
InfraRed spectrum (FTIR) measurements were recorded using a Jasco FT/IR-6600 spectrometer in ATR mode to
assess if the addition of the dopant started any chemical reaction. The PEDOT: PSS films' structures were observed
using Hitachi SU-70 scanning electron microscope (SEM), and The Veeco Dektak® 150 Surface Profiler was
used to get the thickness and the surface profile of the films. The chemical compositions of the material were
recorded with Energy Dispersive X-ray spectroscopy (EDS). The films' conductivity was measured with the
Keithley 2400 SourceMeter SMU, allowing for four-probe resistivity measurements.

2.3. Assembly of the stack and testing

The battery was assembled as a sandwich structure. The external parts were the PLA supports modelled in the
SolidWorks 2017 software and fabricated using Prusa i3 MK3 3D printer. They were designed with a cavity 0.4
mm deep of 25 mm? to host the electrodes ensuring good adhesion of components and grooves for connection
terminals. In addition, the cathode’s support has also air-flow channels that are necessary to provide air in this
metal-air battery. A 80 pm thick gold foil was glued directly to the PLA supports. On one support, a 25 mm? Zn
foil anode of 0.25 mm thickness was attached, and on the other one, a 25 mm? PEDOT: PSS film cathode was
deposited. As a separator, 25 mm? Whatman Grade 41 filter paper was used, chosen for its flexibility,
biodegradability, and precise pore size from 20 to 25 um. The separator was immersed for 10 minutes in a
phosphate buffered saline (PBS) electrolyte. The phosphate buffer saline was chosen as the electrolyte since it can



mimic bodily fluids. The whole setup was held up by 4 PTFE screws mounted through the predesigned holes in
supports.

PLA
Gold Foil
PEDOT:PSS

Electrolyte impregnated divider
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Gold Foil
PLA

Fig. 1 (a)Layers of the battery; (b) The assembled battery.

Some of the most crucial battery parameters are discharge time, capacity and energy density. All of these could
be obtained simply by performing the discharge test. Discharge tests are carried out by applying a constant current
on the battery while measuring the potential difference that it generates over time. The discharge time of a battery
varies according to the load to which it is subjected, so it is necessary to choose a suitable load. In our work, it
was chosen 0.8 mA+-cm and 1 mA+cm (200 pA and 1 mA constant currents). The discharge test was completed
with a Keithley 2400 SourceMeter SMU measuring instrument. All the data were recorded using KickStart -V
Characterization software.

After discharge, to analyse the influence on the materials of reaction responsible for the charge generation, post-
discharge tests were done. Scanning Electron Microscope (SEM) images and EDS spectra were done for Zn-
electrode, PEDOT: PSS electrode and the separator.

3. Results and Discussion

PEDOT: PSS films were created with two thicknesses ~24 um and ~142 pm, measured with the profilometer. 1-
butyl-3-methylimidazolium octyl sulfate ionic liquid was used as dopant in concentrations 0 wt%, 15 wt%, 30
wt%, 45 wt% and 60 wt%. The conductivity was considered to be the discriminant parameter between the films
and to choose which is the best formulation and thickness. The resistivity and conductivity can be calculated if
the sheet resistance and material thickness are known. This allows for the materials to be electrically characterized,
purely by measuring their surface resistivity. The technique for measuring sheet resistance is the four-probe
method. This method consists of four electrical probes in a line, with equal spacing between each of the probes.
The measurement of surface resistance with this four-probe system operates by applying a current I on the outer
two probes and measuring the resultant voltage drop V between the inner two probes. For a uniform spacing S =
7 mm between the probes (with contact diameter of 0.4 mm), and a sheet thickness much smaller than the probe
spacing, the sheet resistance is given by Rg = C %%, where we introduced a geometrical correction factor C. The
geometrical correction factor equals unity when the sample dimensions (length L and width W) are significantly
larger than the probe spacing, i.e. L > S and W > § so that the sheet resistace is R; = Rg°. By varying the length
and width of the samples, measuring the sheet resistance and comparing it to Rg’, a calibration test is performed.
Knowing the electrode sample width and length, it can be interpolated that C =~ 0.43. The sheet resistivity g is
then given by ¢ = R,8, where § is the sample thickness. The surface electric conductivity is simply given by o =
o™

Table 1 Properties of PEDOT: PSS films.

Film type IL [wt%] Sheet Resistance [Q] Conductivity [S-em™]
Thin Film 0 NA NA
(~24 pm) 15 3.9975 104.23




30 1.5200 274.13
45 1.8466 225.64
60 1.6318 255.35
0 21.8834 3.2
15 1.0469 67.27
2‘;3‘; ﬁ ﬂl“)‘ 30 0.7151 98.48
45 0.9898 71.15
60 0.5405 130.28

The measured sheet resistance and electric conductivity are given in Table 1. A noticeable value is the pure
PEDOT: PSS thick film, which is the highest registered, but still relatively low. Even though it could be considered
satisfactory, this film is so brittle that it could not be used as a cathode or any similar purpose.

The 1-butyl- 3-methylimidazolium octyl sulfate ionic liquid increased the conductivity, e.g., of the films of two
orders of magnitude in case of the thick films. Moreover, the IL also enhanced the mechanical properties since,
with the higher concentrations of IL, more robust and stretchable films were obtained. This is a result of the IL’s
screening effect explained by a higher crystallinity and interconnection of the PEDOT nanofibrillar structures,
which has been demonstrated by UV-vis-NIR spectra, Raman spectra and AFM phase images of PEDOT:PSS
films as a function of ionic additives [21]. This is the main reason behind the increase in conductivity. The thick
film shows a lower sheet resistance, probably because the thick film appears to be more compact (see SEM images
in Fig. 2). However, as the formula for the electric conductivity shows (see earlier), the much higher thickness
results into a lower electric conductivity of the thicker film. Furthermore, it is suspected that the IL molecules are
mostly present in the more disordered regions due to the increased PEDOT crystallinity, which gives rise to a
nanofiber network embedded in a soft matrix. This structure is responsible for the high elasticity and softening of
the material, in agreement with [21].

From Table 1, the thick and thin formulations with 60 wt% of IL were chosen to be tested as the cathode in the
battery due to their value of conductivity. Furthermore, they possessed better compactness, and they were the
easiest to spread and the most flexible and bendable ones.

The surface morphologies of the PEDOT:PSS films were first characterised using SEM images. Fig. 2 shows
SEM images of the thick and thin film with 60 wt% of IL, the thick and thin films present quite smooth surface
aside from few agglomerations. The sample surface compositions were compared using energy-dispersive X-ray
spectroscopy (EDS). The PEDOT:PSS films surface exhibit majoritarily C (Carbon), O (Oxygen) and S (Sulfur)
contents on different spots, two of which are shown in Fig. 2 (b) and (d), which indicates quite small impurities
and quite high homogeneity of the films.
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Fig. 2 SEM images and EDS results of thick(a,b) and thin(c,d) film with 60% of IL.

Fig. 3 shows FTIR profiles of: a pure PEDOT:PSS film, the pure ionic liquid and the PEDOT:PSS film with 60
wt% of IL. The FTIR analyses help to determine whether some new chemical structures are created. What can
be seen is that the spectra are very similar, and that the only difference is in the intensity of the peaks. The
similarity proves that there is indeed no chemical reaction between the ionic liquid and PEDOT or PSS, just as it
was suggested by Wang et al. [21].
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Fig. 3 FTIR profiles of PEDOT:PSS film with 60% of IL, pure PEDOT:PSS film and Ionic liquid.

To characterise the electrochemical performances of the battery, thin and thick films with 60 wt% of IL were
inserted in the sandwich structure and tested as described in the methodology above. Fig. 4 and Fig. 5 show the
discharge curves of the two types of cell at two current densities: 0.8 mA-cm™ and 4 mA-cm™. The initial voltage
drops as a result of polarisation phenomena occurring during the assembly of the battery. The resulting discharge
curves are not perfectly linear and horizontal due to various imperfections related to assembly and connections,
but the standard features indicate that they are working as batteries.
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Fig. 4 Discharge curves of thick film battery at two current densities: 0.8 mA-cm™and 4 mA-cm™.
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Fig. 5 Discharge curves of thin film battery at two current densities: 0.8 mA-cm2and 4 mA-cm™.
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Fig. 6 After discharge SEM and EDS analysis: (a) PEDOT:PSS thick film, (b) separator and (c,d) zinc anode.
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After discharge, the batteries were opened, and each element of the stack was analysed with SEM and EDS. Fig.
6 shows these SEM/EDS results, where Fig. 6(a) and (b) present the results of the PEDOT:PSS thick film and
separator, respectively. It is clearly seen that a new shape appeared on the surface of the electrode. Comparing the
PEDOT: PSS EDS spectra in Fig. 6 with those in Fig. 2, we can see that the oxygen content has increased, and a
new peak, belonging to Zn, appears. This leads to the conclusion that zinc-oxide particles are present on the
cathode. The separator shows two distinct areas. The first is a fibre-like structure for which the EDS shows
predominantly carbon and oxygen peaks, which are the components of cellulose. The second shows zinc and
oxygen peaks, indicating the presence of some ZnO. ZnO's presence on both the PEDOT:PSS film and the
separator warrant the conclusion that the ions actually migrate through the separator pores so that the metal-air
electrochemical reactions are indeed occurring. Then, also the anode (Fig. 6 c,d) was analysed. The obtained
results show Zinc and Oxygen's predominance on the discharged electrode's surface, just as we expected. The
other elements found on the electrode's surface are Cl, K and small traces of Si. Chlorine and Potassium are
elements in the electrolyte used (PBS), so it is not questionable to find them in small quantities on the surface.
Fig. 6 (d) represents a colour map with different electrode surface areas where concentrations of different elements
are found. This inhomogeneity of the distribution is due to a non-homogeneous consumption of the electrode and
therefore makes it clear that the contact between the various layers of the battery is not perfect and must
undoubtedly be improved. Looking closer, the most widespread areas (red and blue), almost only Zinc and Oxygen
are observed on the surface. This result confirms the idea that the battery is a zinc-air battery and that the
predominant reactions are those between atmospheric oxygen and zinc.



Table 2 Discharge characteristics of the batteries.

Current . Average . Volumetric Volumetric
. Discharge voltage at | Capacity | . .
Type Density time[h] lateau mA-h] Power density Energy density [
[mA-cm?] p V] [mW-cm™) mW-h-cm™]
Thin 0.8 ~21 ~0.66 4.2 8.05 169.05
film 4 ~16 ~0.72 16 44.42 710.72
Thick 0.8 >57 ~0.82 11.4 8.53 486.21
film 4 ~35 ~0.60 35 30.51 1067.85

To evaluate the practical performance of the battery, the discharge characteristics of the batteries are presented in
Table 2. The assembled stacks exhibited voltages between 0.6 - 0.8 V and had lifetimes longer than 57 h at 0.8
mA-cm? current density for the thick film. It is clear that the film thickness influences the performances of the
battery, having better behaviour for thin film stacks but shorter discharge time in comparison with the thick film
batteries. It should be noted that, although the thin film showed a higher electric conductivity, a thicker film will
allow for more contact with the PEDOT catalyst sites and therefore for a higher formation of active species, which
finally results into more delivered energy for the thick film. This can be explained in more detail when looking to
the redox reactions that are happening for the Zn-air battery. The oxygen from the air is reduced at the
PEDOT:PSS cathode, releasing hydroxyl ions that diffuse through the electrolyte towards the zinc anode where
it oxydizes zinc to zinc oxide [12]. The reaction occurring at the PEDOT:PSS cathode is represented by 0, +
2H,0 + 4e~ - 40H™, with a standard cathode electrode potential at 25 °C of E0 = 0.4 V, whereas at the Zn
anode the following reaction occurs Zn + 20H~ — Zn0O + H,0 + 2e~, with a standard anode electrode potential
at 25 °C of EJ = —1.25 V. The equilibrium standard potential is given by E,, = E — E§ = 1.65 V. It is easy to
see that the total reaction is 2Zn + 0, — 2Zn0, but the role of the hydroxyl ion is crucial as it also serves to close
the electric circuit loop. As E,q > 0, it is a spontaneous reaction, delivering a current. It can therefore be
understood that a thicker PEDOT-electrode will enhance such reactions, because of a higher number of contact
sites in the pores of the PEDOT:PSS. Apparently, the balance between the reduction in the electric conductivity
and possible overpotential losses on one side and the increase of catalyst contact sites on the other tilt towards a
better battery performance with the thick film. Let us note that the working voltage on discharge is quite lower
than the theoretical 1.65 V, being typically less than 1.2 V [12]. The measured voltage is lower than this one, most
probably due to the internal loss of the cell, ohmic and concentration losses (overpotential). The influence of the
electrolyte should also be taken into account. The PBS contains chloride ions which may cause overpotential
accompanying the side reaction Zn — Zn?* + 2e~ [22]. As such a voltage, shown by the discharge curves, is
amply sufficient for the purposes of monitoring medical devices, this is not a problem. Improving the setup to
reduce the several aforementioned losses would result into unnecessary higher costs. On a side note, the polymeric
layer of PEDOT:PSS not only acts as a catalyst but may also show side reactions in the process, where reversible
reductions and oxidations are reported in the literature by means of visible and NIR spectra [23],
[24].Nevertheless, the thin film shows appreciable performances for a thickness of just 24 pm. These batteries
system also delivered a maximum volumetric power density of 7.97 mW-cm™, and a maximum energy density of
259.07 mW-h-cm= could be generated. Generally, the power requirements of active IMDs fall in the level of
micro- to milliwatts [25]. PEDOT:PSS as a cathode in a Zn-air battery could become a cost-effective power source
for some IMDs, such as endoscopy capsules. Higher power output can be achieved using devices connected in
series. Fig. 7 shows three cells placed in series, being able to power a 2.5V LED for more than four hours.



Fig. 7 Series of three batteries connected to power a 2.5V LED.

The results have shown battery characteristics that are sufficient for supplying power to medical monitoring
devices. As the future purpose is to implement such studies as wearable devices, let us assess the possibility that
the battery in this work is wearable. We propose three main criteria. The first is weight, the second
biocompatibility and the third is a minimum of flexibility. It was measured that a whole battery setup weighs
around 3 g, which obviously does not cause any difficulties for the patient to wear. The biocompatibility of the
PEDOT:PSS [26] means that such a hydrogel would not cause any difficulties when worn on the skin. Should
such a battery be incorporated in clothing, its small size would allow its positioning relatively easily. In order to
perform the characterisation tests, the battery was placed between PLA plates. However, it should be noted that
in its application the battery will be incorporated in, for instance, a wound dressing, which is englobed by flexible
hydrogels. This brings us to assessing the flexibility of the electrodes. Flexibility tests have shown that small
curvatures (such as on an arm) do not pose any difficulty for the functioning of the battery. These observations,
although further development is necessary, along with the energetic characteristics show that the battery studied
in this paper is quite viable as a wearable battery.

4. Conclusions
This research project's primary aim was to explore the possibility of building energy storage systems that would
be easy to fabricate, cost-effective, and have the potential for miniaturisation. Different configurations were taken
into consideration, and finally, it was decided to develop a Zn-air battery for its great potential, low cost and
resistance to aqueous electrolytes. As cathode, PEDOT:PSS films was taken in consideration for its suitability as
a conductive, stable and easy-to-handle polymeric material.

The results presented in this work indicate a promising approach to the fabrication of miniaturised biocompatible
batteries employing a stable and low-cost metal anode, biocompatible conducting polymer cathode, and body fluid
as the electrolyte. With a layered structure, with a volume of ~20 mm?, and a full battery thickness of ~2 mm, the
battery can generate a voltage up to 0.8 V and deliver a maximum output power of 550 uW. The battery would
occupy minimal space and would be easy to build with a first cost of less than ~ 20 €/g, as demonstrated. Moreover,
this configuration produces a power of the order of 102> mW and a duration of several hours, so could already be
used to power some implantable and wearable medical devices.
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