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Abstract

Fully printed primary zinc-manganese dioxide (Zn|MnQ,) batteries in coplana?configuration were
fabricated by sequential screen printing. While electrode dimensions and.transferred active masses were
kept at constant levels, electrode separating gaps were incrementally enlarged from 1 mm to 5 mm.
Calendering of solely zinc anodes increased interparticle contact of active material within the electrodes
while the porosity of manganese dioxide based electrodesswas maintained by non-calendering.
Chronopotentiometry revealed areal capacities for coplanar batteries up.to 2.8 mAh cm. Galvanostatic
electrochemical impedance spectroscopy (GEIS) measurements and short circuit measurements were
used to comprehensively characterise the effect of gap avidth-extension on bulk electrolyte resistance
and charge transfer resistance values. Linear relationships between nominal gap widths, short circuit
currents and internal resistances were evidenced, but showed only minor impact on actual discharge
capacities. The findings contradict previous assumptions to-minimise gap widths of printed coplanar
batteries to a sub-millimetre range in order to retain useful discharge capacities. The results presented
in this study may facilitate process transfer.of printed batteries to an industrial environment.

1 Introduction

Flexible, highly scalable printed electronics applications are considered key components in establishing
a globally connected Internet of Things (l1oT) [1-6]. Significant advances are reported in the fabrication
of printed soft wearable sensingdevices far the surveillance of vital physiological parameters in
healthcare [7-16] and in profession@l sports [17]. The implementation of fully printed smart tags or
Flexible Hybrid Electronics (FHE) devices for monitoring supply chains or temperature-controlled
transports in food logistics [18-20] in major evolving markets may be entered soon [21]. Wireless
operation and communication of active smart tags require integration of an independent power source
at device level. Therefore, printed Zn|MnO: batteries are predestined to act as eco-friendly and product
lifecycle customised/power sources. Growing interest in printed smart tags is recognised due to the
resource-saving additive nature of printing technologies. Though, market implementation of printed
electronics devices-is ultimately driven by the unit costs which need to compete with mass products
based on silican Integrated Circuits (IC).

High-volume,print_runs of printed electronics devices are preferred to be realised on continuously
producing roll-to-roll machinery to ensure cost-effectiveness [22]. Fabrication of printed electronics
devices on.already installed conventional printing machines used in the field of graphic printing is the
long<term objective [23]. However, products like screen-printed coplanar batteries set high demands on
the  registration accuracy of printing equipment. Due to physical connections, gap widths of less than
1 mm between anode and cathode are usually aspired to retain acceptable electrochemical battery
performance characteristics [24, 25]. High-precision laboratory-scale printing equipment with optical
positioning systems is required to ensure gap widths on this scale. Any incorrect positioning of
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electrically conductive layers or displacement of electrode active material due to shifts in the registration
would consequently result in battery malfunction.

The versatility of recently reported construction principles, electrode shapes and novel approaches to
achieve rechargeability of this battery chemistry [25-27] reflects the substantial interest in/printed
Zn|MnO; batteries. Saidi et al. [28] report on screen-printed primary Zn|MnO; batteries inscoplanar
configuration. Comprehensive studies on electrode design characteristics and printed MnQOz:Zn mass
ratios are presented with respect to battery discharge capacities. Printed single cells were activated by
applying liquid (5.6 M) or gel-like (8.0 M) alkaline potassium hydroxide (KOH) electrelytes. Increased
battery discharge capacities were recorded when both electrodes covered equal areasion printed current
collectors instead of the Zn anodes being separated in fractional areas. Examined batteries were
discharged to an extended cut-off voltage (COV) of 0.75 V and delivered maximum.discharge capacities
up to 19 mAh [28].

Lao-atiman et al. [29] present an innovative approach of screen-printed stack-type Zn|MnO- batteries
with transparent current collectors, electrodes and electrolyte. The authors ensured transparency of the
batteries by printing of micro-electrode arrays with a size of (50 x 50) umwhich isbelow the resolution
limit of the human eye. Screen-printed electrodes were varied in a thickness range of 30-80 um while
current-voltage characteristics of the batteries were studied in response to the transparency. Open circuit
potentials (OCPs) up to 1.25V could be achieved and a battery with,80 % opening area delivered a
maximum energy density of 3.16 mWh cm2 at 1 mA cm. Working,batteries could be demonstrated,
but Lao-atiman et al. admitted that the presented “[...] method may not be feasible for mass production
on account of cost inefficiency and high level of complexity:[29]:”
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current collector
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Figure 1 Fabrication of printed Zn|MnOz2 coplanar micro-batteries (MBs). (a—d) Schematic of screen-printing fabrication of
printed Zn|MnO2 MBs:_(a) the blank PET substrate; (b) the printed graphene current collectors; (c) the printed MnO2 cathode
and (d) the printed Zn anode. (e-h) Optical photographs showing the stepwise printing fabrication of Zn|MnO2 MBs: (e) the
blank PET substrate; (f) the graphene current collectors; (g) the printed MnO: cathode and (h) the printed Zn anode on
interdigital graphene fingers. (i=k),.Zn|MnO2 MBs printed onto different substrates, including (i) cloth; (j) A4 paper, and (k)
glass. Figure reproduced from Wang et al. [25] and licensed under CC BY 4.0.

Wang et al. [25] present highly flexible secondary coplanar Zn|MnO; micro-batteries (MBs) with metal-
free graphene-based current collectors printed on a variety of substrates including PET, glass, cloth and
paper(Figure.1i-K). An interdigital battery layout comprising of eight fingers and a gap width of 1 mm
between the electrodes was selected and created by screen printing (Figure 1a-g). Battery activation was
realised by application of a mixture of 2 M zinc sulphate (ZnSQO,) and 0.5 M manganese sulphate
(MnSQa4) as the aqueous electrolyte. Rechargeability of the Zn|MnO; battery chemistry was obtained by
anvintercalation process with insertion/extraction of Zn?* ions in the porous structure of MnO, based
cathodes. MBs were printed in single-cell configuration and in multi-cell series and parallel
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configurations. Fabricated single-cell batteries demonstrated discharge plateaus of 1.3V even under
bending stress. A capacity retention of 83.9 % is reported after performing 1,300 cycles at 5C for a
single-cell battery. Due to safety and low-cost of the raw materials Zn and MnO,, Wang et al. see in
printed Zn|MnO-, batteries “[...] great potential as next-generation microscale power sources invarious
wearable, flexible, miniaturized and printed electronics [25].”

Various others performance affecting parameters of screen-printed Zn|MnO- batteries have been
investigated in recent years [5, 27, 30-32]. Research efforts include the optimisation of printing ink
formulations [31, 33], electrode shapes [24, 34], printing substrate characteristics [30, 35] and“the
evaluation of nonwoven and hydrogel separators [32]. The effect of gap width extension.on battery
performance metrics of printed coplanar Zn|MnO- batteries has not yet been subject of research:

In the present study, the nominal gap width of fully screen-printed zinc chloride (ZnCl,) operated
coplanar Zn|MnO; batteries is increased in increments of 1 mm in the range of 1 mm to 5 mm. Gap
length and geometrical electrode areas are kept constant for all batteries’(Figure 2c). Galvanostatic
electrochemical impedance spectroscopy measurements and chronopotéentiometry. are systematically
used to investigate the mechanism of the gap width variation on corresponding battery performance
parameters discharge capacity Qou, internal resistance Rin, and short circuit current lIs. In accordance
with the results of our previous experiments [36], all batteries of this experimental series comprise of a
calendered Zn electrode and non-calendered MnO- cathodes. Typically; primary Zn|MnQO; batteries are
discharged to the COV of 0.9 V. Here, we discharged the batteries by.chronopotentiometry to a COV of
0.6 V to determine potentially useful discharge capacity beyond the 0.9'V battery potential. The current
load ability of prepared batteries with varying gap widths.dsinvestigated by applying constant discharge
currents (CC) of 0.2 mA and 0.4 mA. The presented coplanar battery layout with an overall thickness
of 0.5 mm is free of manual pick-and-place technologies which simplifies transfer of the lab-scale
printing process to an industrial-scale production.. Moderate<requirements on registration accuracy
conditioned by battery gap width extension can additionally improve machinability on already installed
industrial-scale screen printing equipment. The innavation of this work may contribute to enhance cost-
effectiveness and thus possible market implementation of this battery technology to power disposable
wearable PE or FHE applications.

2 Materials and methods
2.1 Battery design

The main advantage of coplanar batteries is the redundancy of the application of a printed or
mechanically placed separator on and between the electrodes. Figure 2a and b provide information on
the construction principle selected for the printed coplanar batteries. Current collectors are realised by
printed silver layers beneath subsequently printed carbon black passivation layers circumferentially
overlapping the silver patterns by 0.3 mm. For all fabricated batteries examined in this experimental
series, the geometrical area of the MnO, cathode is set to 32 cm? and 12 cm? for the Zn anode. The gap
length was set to 80.mm. Electrochemical activation of the batteries is realised by printing of a gel-like
5.8 M ZnCl; electrolyteink on top of the electrodes and in the separating gap as illustrated in Figure 2a.
Encapsulation/of the'batteries.is realised by direct lamination with a 75 um thick two-layered composite
substrate comprising of 37.5 um PET and 37.5 um ethylene-vinyl acetate (EVA).

The pursued gap width extension from 1 mmto 5 mm in increments of 1 mm is achieved by an opposing
shift of the current collectors and passivation layers as illustrated by the magenta-coloured arrows in
Figure 2c. Therefore, screen printing forms were prepared for current collectors and passivation layers
forieach individual gap width variation. Printing inks and relevant printing process parameters were kept
constant for.all printed battery variations. This procedure enables determination of differences in battery
performance metrics in relation to the varying gap widths.
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Figure 2 (a) Cross-sectional view of the coplanar construction principle of the printed Zn|MnOz2 batteries; (b) top view of
battery and electrode dimensions indicating directions of printing, calendering (Zn anode) and:lamination; (c) illustration of
the procedure used for gap width extension. Geometrical areas of the current collectors for/the cathode C and anode A are
kept constant as well as the gap length between both electrodes. (a, b) adopted from Rasseket al. [36].

2.2 Galvanic inks

Battery grade G 007-pe Zn dust provided by Grillo Werke AG (Goslar, Germany) was used as electrode
active material for the preparation of the water-based galvanic Zn ink. The G 007-pe Zn dust consists of
spherical Zn particles with an average dso particle size of 27.5 um [37]. Initially, double distilled water
(ddH,0) was emulsified by the addition of binding and thickening agents in a Dispermat LC30 dissolver
equipped with a Polypropylene (PP) coated dissolver disc (VMA Getzmann, Reichshof, Germany).
Sunrose MAC500LC sodium carboxymethylcellulose\(Nippon paper Industries Co., Ltd, Tokyo, Japan),
TRD1002 styrene butadiene rubber (SBR;JSR Corporation, Tokyo, Japan) and ddH»O in a weight ratio
of 2.8/5.8/91.4 were mixed until the emulsionsreached a homogeneous consistency. Under stirring,
G 007-pe Zn dust was slowly added until a weight ratio of 20/80 between emulsion and Zn was achieved.

For the preparation of the galvanicicathode,ink, battery grade electrolytic manganese dioxide (EMD)
powder blended with graphite UF4 was provided as electrode active component by Varta Microbattery
GmbH (Ellwangen, Germany)« The porosity of the MnO, and UF4 graphite particles of the cathode
powder mixture requires an increase of the weight share of binders and solvent in contrast to the Zn ink.
The MnO/UF4 powder mixture/was continuously added under stirring to an afore prepared emulsion
of MAC500LC Na-CMC, TRD1002 SBR and ddH20O (2.8/5.8/91.4 wt.%) until a 70/30 weight ratio was
reached.

2.3 Printing experiments and electrode processing

Flexible PET sheets of Melinex 339 (Dupont Teijin Film, Chester, USA) with a thickness of 175 um
were selected as printing‘substrate for the batteries. Printing experiments were performed on an EKRA
E2 semi-automatic screen and stencil printing machine (Ekra Automatisierungssysteme GmbH,
Bonnigheim, Germany) equipped with a manual optical positioning system.

Gap width variation of the coplanar battery layout (Figure 2c) was realised by repeated preparation of
the Same printing forms for the current collectors and passivation layers with the individual layouts.
Silver current collectors were realised by printing of thin silver layers with a Henkel Loctite Electrodag
E&C PF,050 conductive silver ink (Henkel AG & Co. KGaA, Disseldorf, Germany). After drying of
the silver layers (15 min, 120 °C), protective carbon black passivation layers were printed with a single
print stroke on top of the silver current collectors with a Henkel Loctite Electrodag E&C PF 407 C
carbon black ink. Water-based galvanic Zn and MnO; inks were each printed with the same printing
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forms for all battery configurations. A more detailed description of the printing form fabrication process
is provided in section 1.1 in the supplementary information.

Electrode fabrication started with printing of the galvanic Zn ink with a single print stroke. After drying
of the Zn electrode layers (10 min, 80 °C), electrode compaction was realised by calendering of printed
Zn layers with a 2-roll semi-automatic lab-scale supercalender in a nip set to 0.2 mm. Battery:samples
with the printed Zn anodes were fed through the calender with a roller speed of 35 mm s*. The
calendering process and the effect of calendering on printed electrode layer characteristics is described
in detail in [36]. MnO; cathodes were subsequently printed with double prints wet-on-dry to increase
the MnO,:Zn mass ratio of active material.

2.4 Battery activation and assembly

Initially, a 5.8 M ZnCl, aqueous electrolyte solution was prepared by dissolving weighted ZnCl, in
crystalline form (Carl Roth GmbH, Karlsruhe, Germany) under stirring in ddH20 until a clear solution
was formed. After cooling, the electrolyte solution was gelled by the addition of 4.4 wt:% of amorphous
pyrogenic silica (SiOz; Marabu GmbH & Co. KG, Tamm, Germany) te'increase viscosity. The
electrochemical activation of the Zn|MnO; batteries was realised by screen printing of electrolyte layers
with a single print stroke on the electrode surfaces and the gap (Figure 3a). After drying of the electrolyte
layers in a drying cabinet (75 s, 50 °C), batteries were directly encapsulated by lamination with a heated
(110 °C) GBC Catena 35 roll laminator (ACCO Brands Corporation, Lake'Zurich, USA). Determined
water vapour transmission rates (WVTR) in the range of 4.7 g m®2 per day demonstrated sufficient
barrier properties of the 75 pm thick two-layered composite substrate (37.5 um PET, 37.5 um EVA)
used to encapsulate the batteries from the front side. Moisture loss from the rear side of the battery may
also be excluded by a low WVTR of 0.9 g m? per day. detérmineéd for the PET substrate with printed
layers of current collectors and carbon black jpassivation layers. Additional information on WVTR
measurements is provided in section 1.2 in the supplementary-information.

Figure 3 Activation and characterisation process of the screen-printed Zn|MnO2 batteries: (a) placement of the electrolyte ink
on the screen printing form prior to printing; (b) quick performance check to determine OCP and Rin values; (c) batteries
connected to the Bio-Logic BCS-805 battery tester for electrical and electrochemical characterisation.

2.5 Electrical and electrochemical characterisation

Quick performance measurements were conducted on batteries with a Hioki BT3562 battery hitester
(Hioki E.E. Carporation, Ueda, Japan) before and after encapsulation to exclude possible damage to
electrodes during the encapsulation procedure. By using the four-terminal sensing 1 kHz alternating
current (AC)rmethod {38], internal resistance Ri, values and the OCP of fabricated batteries were
validated as exemplarily shown in Figure 3b.

Chronopotentiometry (CP) experiments were performed on a Bio-Logic BCS-805 battery tester (Bio-
Logic Science Instruments, Seyssinet-Pariset, France) by applying constant discharge currents of
0.2'mA and 0.4 mA (Figure 3c). In this study, the COV was extended to 0.6 V to identify useful capacity
beyond the typically set COV of 0.9 V [39]. As illustrated in Figure 4, comprehensive galvanostatic
electrochemical impedance spectroscopy (GEIS) measurements in a frequency range of 100 kHz -
10 mHz were conducted on a Bio-Logic SP-300 potentiostat at five different states of charge (SOC).

5
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Figure 4 Sequences of electrical and electrochemical battery characterisation with connected phases of chronopotentiometry
(CP), open circuit potential (OCP) and galvanostatic electrochemical impedance spectroscopy (GEIS).in three loops to the
end of discharge (EOD).

The effect of gap width extension on battery pulse load ability was investigated by direct current (DC)
short circuit current lsc measurements using a BK Precision 2709B digital multir@ter (B&K Precision
Corporation, Yorba Linda, USA). DC Is. measurements were conducted 12 h after battery encapsulation
by lamination was performed. Such analysed batteries were discarded:from further characterisation by
GEIS or discharge measurements.

2.6 Microscopic studies

Layer thicknesses of calendered Zn electrode layers and non-calendered MnQ; cathode layers were
determined with a Keyence VK-9700K colour 3D laser microscope (Keyence Corporation, Osaka,
Japan). Large-area imaging of electrodes before and after discharge was performed with a Cellcheck
CIL-USB microscope (M-Service & Gerate, Meckenheim, Germany). Scanning electrode microscopy
(SEM) studies of discharged batteries were conducted with a Tescan VEGA3 SEM using the scanning
electron (SE) detector (Tescan GmbH, Dortmund, Germany).

Page 6 of 19
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1
2
3 3 Results and discussion
4
5 3.1 Physical characterisation of electrodes
? Transferred dry masses of printed electrode layers were determined with an Ohaus AP2105 analytical
8 balance (Ohaus GmbH, Greifensee, Switzerland). Overall, 125 battery samples were analysed in this
9 experimental series. Examination of electrode layer thickness by laser scanning microscopy (LSM)was
10 subdivided into four measurement areas arranged in electrode length as illustrated in Figure 2b. The
11 whiskers of the corresponding box plots in Figure 5b indicate the ranges of determined electrode layer
12 thicknesses from the beginning (maximum) to the end of printing image length (minimum).
13
14 Consistent processability of the Zn ink by screen printing is reflected by a constant.mass transfer within
15 the complete measurement series. As depicted in Figure 5a, average masses in_the range of 0.47 g to
16 0.50 g with low standard deviations were determined for the Zn anodes. An ayverage Zn.electrode layer
17 thickness of (80.2 + 2.0) um was achieved for all batteries after electrode compaction by calendering
12 (Figure 5b). Within the individual battery series of different gap widths,measured.Zn layer thickness
20 values range from 77.4 um (4 mm gap width) to 82.4 um (3 mm and 5 mm).Mean Zn layer thickness
21 ranges of around 15 pm were found in printing direction over the entiréelectrode length for all batteries
22 except for the 4 mm series (Figure 5b).
23 :
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40 Figure 5 (a) Transferred dry masses of electrode materials for the Zn and MnO: electrodes; (b) mean dry layer thickness values
41 of the Zn anode and MnO: cathode layers. Whiskers indicate ranges between maximum and minimum layer thickness values
42 determined at the beginning and the end of €lectrade printing image length. Extended ranges of non-calendered MnO: cathodes
43 are attributed to distinctive mesh marking characteristics of electrode layers.
44
45 Transferred masses of MnQz electrodes were increased to a considerable extent by the modification of
46 the printing process to'wet=on-dry-double prints with intermediate drying (Figure 5a). While an average
47 MnO. electrode mass of 0.64 g was achieved with a single print [36], this value was nearly doubled to
48 1.15 g when averaged for all battery configurations fabricated in this study. Mean values of individual
49 battery versions range from.1.11 g (5 mm) to 1.20 g (4 mm). MnO; electrodes were not calendered to
g? maintain the {porous structure, of the electrode material. As a result, dry layer thickness values
52 substantially-exceed the values of the Zn anodes (Figure 5b). Averaged for all batteries, 198 um thick
53 cathode layers ranging from 191 um (3 mm) to 205 um (4 mm) were transferred by double prints.
54 Increased ranges of layer thickness of MnO, cathodes can be attributed to extended mesh marking
55 characteristics of the dry electrode layers finding their peak with 37 um at the 3 mm battery version.
56
57 Table 1 provides capacity related electrode parameters derived from battery electrode masses presented
58 in Figure'5a. As can be seen, the target mass ratio MnO,:Zn of 2.66 could not be achieved for fabricated
59 batteries even with double prints wet-on-dry. Mean mass ratios range from 2.28 + 0.04 (2 mm) to
60 243 +0.07 achieved for batteries having a nominal gap width of 1 mm. As a result of the slightly missed
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target mass ratio, the amount of MnQ; is the capacity limiting factor of the respective batteries [39].
Theoretical capacities Qw of electrodes were calculated in Table 1 by using the electrochemical
equivalents (ECE) of Zn (3.24 g (Ah)) and MnO: (1.22 g (Ah)!) and the average mass values of the
respective electrodes shown in Figure 5a. Based on these figures, a Qu of (353.8 £ 9.7) mAh:can be
assumed for batteries of this experimental series. In reverse, an excess in printed Zn anode mass:of
(0.05 £ 0.01) g is available on the negative electrode side. Excessive Zn masses cannot be converted.by
electrochemical reaction (equation 1) due to mass related limitations of the MnO. cathodes. However,
minor deviations of Qun of MnO; cathodes within the complete battery series ¢an be classified as
acceptable with respect to the expected discharge capacities.

4Zn + 8Mn0, + 9H,0 + ZnCl, - 8MnOOH + ZnCl, - 4Zn0 - 5H50 (D)

Table 1 Battery capacity determining electrode parameters. Theoretical capacities Q of electrodes were calculated according
the material specific electrochemical equivalents (ECE).

~
Averaged theoretical capacity
Qth [MAh]

Nominal gap Mass ratio Excess Zn anode
width [mm] MnO3:Zn Zn anode MnOz cathode AQt [mAh] mass printed [g]
1 2.43£0.07 382 348 34 0.04
2 2.28 £0.04 409 351 58 0.07
3 2.38 £0.07 397 356 41 0.05
4 2.42 £0.05 407 370 . 37 0.05
5 2.35+0.03 386 344 45 0.06

3.2 Electrical characterisation
3.2.1 Discharge characteristics

Figure 6a-d present discharge profiles of fabricated battery configurations achieved with 0.2 mA (Figure
6a, b) and 0.4 mA (Figure 6¢, d), CC discharge,experiments performed under identical ambient
conditions. With respect to the discharge.capacity drawn from the batteries, discharge curves of the most
and the least efficient batteries of each measurement series were plotted in individual charts.

In Figure 6a, battery versions with-gap widths of 3 mm and 4 mm show extended discharge capacities
of 129.5 mAh respectively 134.0 mAh,Inrelation to the maximum available theoretical capacity Qm,
discharge efficiencies (Qou/Qin)/0f 364 % (3 mm) and 36.2 % (4 mm) were retrieved at the EOD.
Moreover, both batteries‘'show discharge capacities of more than 120 mAh before passing the 0.9 V
potential limit which is typically sset as the COV for Zn|MnO; batteries [39]. Discharge curves of
batteries with gap widths of,2' mm and 5 mm are characterised by sloping profiles. As expected by
theory, the battery.comprising the largest gap width of 5 mm reveals the lowest discharge capacity with
99.3 mAh at 0.6 V-EOD, (2941 % discharge efficiency). Information on parameters affecting discharge
curve progression is provided in section 1.3 in the supplementary information. Compared to the other
batteries examined, the closed circuit voltage (CCV) shows an accelerated drop in magnitude especially
beyond the 1.1 V' battery potential (Figure 6a). This is attributable to an increase in electrical resistance
and a decrease in‘mass transport characteristics caused in this case by the enlarged distance between
both electrodes [39]. Regardless of the gap width of the respective battery, all discharge curves show a
more or less extensive kink located in the potential range of 0.8 V-0.7 V. Similar curve characteristics
for'stack type Zn|MnO: batteries were observed by [35, 40] and can be attributed to a two-phase MnO;
reductionsreaction [40].

Figure»6b shows discharge profiles of the least efficient batteries discharged with a 0.2 mA CC.
Unexpectedly, all batteries show bare differences in curve progressions until 30 mAh are extracted by

8
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discharge. Except for the battery version having a gap width of 4 mm, discharge curves are characterised
by only slightly depressed voltage levels compared to the profiles presented in Figure 6a. Marginal
decline in Qout 0f 5 MAh to 129.0 mAh is observed for the 4 mm battery version thus confirming a very
consistent discharge capability.
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Figure 6 Discharge curves of (a) thesmost efficient and (b) least efficient batteries discharged with a 0.2 mA constant current
discharge technique. Discharge curyes of (€) themost efficient and (d) least efficient batteries discharged with 0.4 mA constant
current.

In Figure 6c, sloping discharge profiles with considerable voltage drops (IR drops), especially from the
OCP to CCV are observed. In the field of Zn|MnO; batteries, distinctive IR drops are typical for an
accelerated depletion of MnOz and can be related to the increased discharge current [39]. Nonetheless,
reduced discharge efficiencies of 15.0 % (1 mm), 12.1 % (2 mm), 12.6 % (4 mm) and 18.8 % (5 mm)
are achieved. The battery version with a 3 mm gap exhibits an elevated current rate capability during
discharge experiments.| Still,»the increased discharge current significantly affects the discharge
efficiency ofithis battery which declines to 21.0 %.

Figure 6d reveals exceptional IR drops from the OCP to the CCV for all battery configurations. In
consequence;.discharge capacities of less than 35 mAh are registered for battery versions with gap
widths of 1,2 and 4 mm at the EOD. Slightly increased discharge capacities with 46.5 mAh and
57.2mAh are recorded for the battery configurations with 3 mm respectively 5 mm gap width.
Attributable to the increased discharge current of 0.4 mA, a significant amount of battery capacity seems
not.to be accessible by electrochemical reaction. Furthermore, absence of observed kinks in the
discharge profiles in the potential range of 0.8 VV-0.7 V (Figure 6a, b) in the plots of Figure 6c and d
suggests incomplete electrochemical reaction of electrode active material.
9
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3.2.2 Discharge capacities

Figure 7a provides average discharge capacities Qou: Of batteries discharged with 0.2 mA CC to 0.9 V
and beyond this potential to the EOD of 0.6 V. With 95.8 mAh respectively 95.7 mAh, practically
identical values of total discharge capacities were obtained for batteries with gap widths of 2 mm.and
5 mm. Maximum values of Qo 0f 115.7 mAh and 130.8 mAh were achieved for battery configurations
with 3 mm and 4 mm gap width. Only small proportions of 7.9 % (3 mm) and 7.2 % (4 mm) on the
corresponding total discharge capacity were obtained beyond the battery potential of 0.9 V. Battery
versions with 1 mm gap width averaged Qo Of 108.1 mAh and represent the median of batteries
analysed in this series. Averaging of the results of all batteries discharged with 0.2 mA €C reveals,a
total Qour Of 109.2 mAh with the main part of 98.6 mAh being extracted before.and only 10.6 mAh
extracted after the 0.9 V potential limit.

The bar chart in Figure 7b illustrates significant differences in average discharge capacities caused by
the increased discharge current of 0.4 mA. Compared with the results shown in,Figure 7a, all battery
configurations show considerable decline in Qou: Values. Total discharge/capacitieson same scale were
determined for battery configurations with gap widths of 1 mm (42.3 mAh), 2 mm (37.4 mAh) and
4 mm (40.9 mAh). Curve progressions of battery versions with 3 mm and.5 mm‘gap widths presented
in Figure 6¢ and d demonstrate extended discharge periods under,the increased load of 0.4 mA. These
results are reflected by increased average discharge capacities of 72.0.mAh/(3 mm) and 60.4 mAh for
the 4 mm battery configuration. However, the high standard deviation indicated by the whisker should
be considered for the classification of the result of the 3 mmybattery version when compared with other
battery configurations. Overall, a reduced current load.capability of the coplanar battery layout is
confirmed by the results of the mean discharge capacity/0f batteries examined in this series. The average
total discharge capacity Qou is decreased to 50.6 mAh with'33.4 mAh being discharged until 0.9 V and
17.2 mAh beyond this potential.
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Figure 7 Averageddischarge capacities of batteries discharged with (a) 0.2 mA and (b) 0.4 mA CC until the 0.9 V limit and to
0.6 V end of discharge/(EOD). Total discharge capacities Qout are highlighted in bold. Whiskers indicate the standard
deviations of the corresponding measurement series.

3.2.3 Areal capacities

In Figure 8a, areal capacities are presented to improve comparability of determined discharge
performances “introduced in Figure 7a and b with other printed battery technologies and battery
construction principles (i.e. stack-type configuration). As illustrated in Figure 8b, areal capacities are
calculated.including the interspaces separating both electrodes. Data points coloured in light cyan or
light magenta represent areal capacities achieved at the 0.9 V limit.
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Batteries with gap widths of 5 mm exhibit the lowest areal capacity with 2.0 mAh ¢cm at the EOD when
being discharged with 0.2 mA CC (Figure 8a). Presumably, the large distance between the electrodes
and electrode ageing effects particularly driven by continuous ZnO formation on the anode side promote
earlier decline of the electrochemical reaction. Discharged with 0.2 mA CC, batteries consisting'of3 mm
and 4 mm interspaces show the highest areal capacities at the EOD with 2.5 mAh cm2and 2.8 mAh e
2, As discussed in section 3.2.2, discharge capacities are generally affected by the increase ofithe
discharge current which is in accordance with the areal capacities. Except for the 3 mm battery version
which shows extended standard deviation values, gap width related differencestin calculated areal
capacities are hardly visible.
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Figure 8 (a) Areal capacities at different states of charge (SOC) calculated on the basis of averaged discharge capacities
including the electrode separating gaps; (b) illustration of areal.calculation and corresponding areas for the different battery
configurations.

3.2.4 Short circuit currents and internal resistances

The development of internal resistance Ri, values was monitored by four-terminal sensing 1 kHz AC
measurements during battery activation, encapsulation and in 60 min intervals during a subsequently
connected 120 min resting phase. As can be seen by the results in Figure 9a, the magnitude of the
measured Rin values is slightly (=4 mm) and substantially (5 mm) affected by the nominal gap width of
the batteries already before dryings Ri, values of all battery configurations increase by thermal intake
during the drying procedure (75.s; 50 °C) before encapsulation. Ri, values of battery configurations with
small gap widths of 1 mm and 2 mm‘appear to recover during the resting phase. While the Ri, of the
battery with 1 mm gap. width.recovers to a nearly identical value of 52.6 Q just before drying of the
electrolyte layer, a slightly elevated value of 77.0 Q at the end of the 120 min resting phase is observed
for the 2 mm battery version. Battery configurations with gap widths of 3 mm and 4 mm show increased
but constant Ri, values during the encapsulation procedure and at the end of the resting phase. However,
arranged between 106.3.Q (3.mm) and 109.4 Q (4 mm), values have doubled compared to those of the
1 mm battery version. The most significant increase of the 1 kHz internal resistance is observed for the
battery configurationswith the largest gap width of 5 mm. Besides the increased standard deviation of
the Rin values, a steady increase over time during the encapsulation process and during the resting phase
is recognised. An‘increase in internal resistance to 153.1 Q is determined at the end of the 120 min
resting period which corresponds triple the value of the 1 mm battery version.

The proximate decrease of Ri, values observed for batteries with smaller gap widths (1-2 mm) can be
interpreted as a cell formation process with a time-dependent progressive penetration of electrolyte into
the structure of the electrode [36]. The actual gap width and processes within the electrolyte layers seem
to have only marginal effects on Ri, values. Current collector fabrication was identical for all battery
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versions (Figure 2c). Transferred masses as well as layer thicknesses of electrodes (Figure 5a, b) allow
direct comparison of battery performance metrics within the measurement series. Therefore, Rin values
seem to be increasingly affected by the respective gap width and the condition of the electrolyte layers
in between the gaps. lonic conductive paths can additionally be impeded by possible air inclusions
within the electrolyte layers whose relative occurrence is raised by increasing gap widths.uln
consequence, the reduction of Ri, values during cell formation is superseded by the appearance of .gap
width related resistances.

Additionally, maximum DC short circuit currents were determined for all battery configurations:12 h
after battery encapsulation by lamination was performed (Figure 9b). As can be seen, maximum DC
short circuit currents decrease linearly with increasing gap widths. While 11.5 mA are achieved for
batteries having a gap width of 1 mm, this value is linearly reduced to a third with,3.7 mA for batteries
with 5 mm interspace.
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Figure 9 (a) Averaged internal resistance Rin values determined, by four-terminal 1 kHz AC sensing measurements at different
process stages before and after encapsulation; (b) maximum DC short circuit currents of printed coplanar Zn|MnO: batteries
with varying gap widths.

3.3 Electrochemical impedance measurements

N . . .
GEIS measurements were performed on batteries discharged with 0.2 mA CC (Figure 6a) to observe
and interpret possible changes in glectrochemical characteristics at different SOC (Figure 4). The results
of the measurements are presentedvindNyquist plots in Figure 10a-e at the respective SOC.

In Figure 10a, ascendingrbulk electrolyte resistance Rg values related to increasing gap widths of the
batteries are in correspondence with theory. Before discharge, Rg values with intercepts on the real axis
ranging from 31.2°Q (1 mm gap) to 111 Q (5 mm) were determined in the 100 kHz frequency range
(Table 2). Rg values of batteries with gap widths of 2-4 mm are located close to each other in the range
of 53.5 Q — 69.3 Q. Interestingly, a significant step in Rg is registered for the 5 mm battery version
(111 Q).
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Table 2 Bulk electrolyte resistances Rs determined at a frequency of 100 kHz at different states of charge (SOC).

Nominal gap width [mm]

State of charge 1 2 3 4 5
Before discharge 31.2 53.5 63.9 69.3 111
Bulk electrolyte Qout: 2 mAh 27.6 57.9 67.0 72.1 119
resistance Rg at Qout: 8 MAh 30.5 68.4 73.1 78.0 144
100 kHz [Q] Quut: 16 MAh 336 785 81.0 85:6 177
End of discharge 60.2 110 130 185 269

The existence of two consecutive depressed semicircles in the high to mid-frequency range (100 kHz -
4 Hz) can be assumed for all battery versions until a capacity of 16 mAh is drawn (Figure 10a-d). These
two semicircles can be represented by two parallel arrangements of a resistor R and a constant phase
element CPE connected in series. The CPE can be regarded as an imperfect capacitator representing the
double-layer capacitance and the distributed capacitive behaviour in lelectrodes consisting of non-
homogeneous particles (MnO; cathode) [41-43]. The diameters of the:semicircles can be assigned to
the kinetically controlled charge transfer resistance Rer [36, 44]. For the battery version with a 1 mm
gap (Figure 10a), an increased sum of Rer of around 150 Q in the mid-frequency range is observed for
both electrodes. The increase in Rcr could be explained by incomplete cell.fermation or inhomogeneities
in the printed electrolyte layer filling the small gap.
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Figure 10 (a-e) Nyquist impedance plots of batteries with nominal gap widths of 1-5 mm at different states of charge (SOC)

recarded in a frequency range between 100 kHz and 10 mHz.
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Characteristic for diffusion related ion transport limitations in the electrolyte and the porous structure of
the electrode, lines with moderate gradients lower than 45° are observed in the low-frequency range
(10 mHz) for assumable all battery configurations in Figure 10a and b. Continuous flattening of the
gradients after extraction of 8 mAh (Figure 10c) to nearly 0° after discharge of 16 mAh (Figure 10d)
suggests deploying electrode degradation attributable to a reduced porosity on the cathode side [43].
Early degradation or drying of the electrolyte as the driving factor can be excluded by the results of the
corresponding Rg values. As shown in Table 2, Rg values slightly increase over discharge,for batteries
with gap widths in the range of 1-4 mm while an accelerated increase is recognised for the 5 mm battery
version. Typically being characteristic for an advanced ageing of electrodes, substantial increase in low-
frequency impedances from around 290 Q to 420 Q for the 5 mm battery version (s visiblesin Figure
10b-d [43].

Figure 10e provides information on electrochemical battery characteristics of/the five battery versions
at the EOD. Increased Rg values determined for all battery versions indicate depletion of electrolyte
during discharge collaterally enhanced by the enlargement of gap widths, Distinctive electrode
degradation is characterised by increase of Rcr values and impedances inithe low-frequency range. Both
can be attributed to the continuous growth of the actual gap width between the electrodes by formation
of insulating ZnO on the anode side (Figure 11a) and a decrease in porosity.on the cathode side. The
continuous decrease of porosity by discharge of the MnO- electrodereduces diffusion into the particles
of the active mass. At the same time, increase in volume adversely affects conductivity of the MnO>
electrode [43]. The arrangement of impedance values at 10 mHz in Figure 10e follows a negative linear
relationship (R? = 0.86) to the recorded discharge capacities Qs Of the respective batteries at the EOD
(Figure 6a). Therefore, it can be assumed that individual discharge related electrode degradation
processes have stronger impact on the maximum discharge capacitybout than the Rg value which though
is increased by gap width extension.

3.4 Post-mortem analysis

Figure 11a provides an overview on batteries with\varying gap widths at three different stages of
fabrication and battery testing. Image details.of the batteries were taken before printing of the electrolyte
layer, directly after the EOD and 30 days afterreaching the EOD.

Before battery activation, calendered Zn anode surfaces reveal a typical bright metallic appearance
without any obvious defects being aisible in,the electrode layers. Due to the transparent encapsulation
film, modification of electrode characteristics and changes inside the gap are clearly visible. The
brightness of Zn layers is reduced bysprinting of electrolyte layers which can be referred to the wetting
of electrode structures by the elgctrolyte. Image excerpts of all batteries at the EOD reveal dark
appearing areas growing from the edge of the gap to the right-hand side of the Zn anode. These dark
appearing areas indicate the progression of electrochemical conversion of metallic Zn to insulating ZnO
during discharge (Equatien 1)./Asa result of this, the actual gap width between both electrodes can be
considered to have a dynamic character during discharge. This can be observed by the shifts of the
corresponding Re @nd,Rcr values on the real axis in the Nyquist plots in Figure 10a-e. On the cathode
side, partial agglomeration-of individual greyish particles is visible on the surface of the porous MnO.
based electrode. Beard et al. [39] reference these particles to a complex formation of Zn oxychloride
crystals (Zns(OH)eCl.-H20) which were also evidenced by SEM studies in previous experiments with
this battery chemistry [36]. Furthermore, growth of crystalline structures inward the gap is recognisable
for battery. configurations with gap widths of 1-4 mm. Images recorded 30 days after reaching the EOD
evidence progressive growth of these structures for the 3 mm and 4 mm battery configurations. Battery
versions withhl mm and 2 mm gap widths show already established contacts to the MnO electrodes.
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Figure 11 (a) Excerpts of batteries with varying gap widths befere printingof the electrolyte directly after the end of discharge
(EOD) and 30 days after reaching the EOD; (b-d) detailed studies of crystalline structures bridging both electrodes after a
resting period of more than 90 days using (b, ¢) white-light micreseepy of an encapsulated battery (d) scanning electron
microscopy (SEM) after removal of the encapsulation film and drying of the electrolyte.

Formation of these crystalline structures wasalso evidenced for batteries only being examined by short
circuit capability tests without further discharge (Figure 11b-d). Details of the crystalline structures of a
3 mm battery version recorded after-aresting period of more than 90 days are shown in Figure 11b-d.
While Figure 11b clearly indicates bridging.of the 3 mm gap by the crystalline structures from the Zn
anode to the MnO; cathode, further information on the origin of these structures is provided by Figure
11c. The light grey and black appearing.crystalline structures have direct material connection with the
carbon black passivation layer, which was confirmed by SEM imaging (Figure 11d). Therefore,
disintegration and scouring of printed silver and carbon black layers over time cannot be excluded. It
can be assumed that the acidic 5.8 MZnCl; electrolyte (pH: 2.3) is responsible for the disintegration of
the printed layers. The direction of growth of these crystalline structures from anode to cathode is
determined by a previously unnoticed migration effect in the construction principle of printed coplanar
Zn|MnO:; batteriest
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4 Conclusion

Fully screen-printed coplanar Zn|MnO; batteries with equal electrode dimensions and gap lengths were
fabricated with varying gap widths in a range of 1-5mm. GEIS measurements conducted before
discharge indicated bulk electrolyte resistances Rg in conformity with increasing gap widths ranging
from 31.2 Q (1 mm gap) to 111 Q (5 mm). DC short circuit currents ranging from 11.5 mA (&:mm) to
3.7mA (5 mm) revealed a linear decrease by a factor of three instead of five. This observation‘was
verified by 1 kHz AC Ri,» measurements showing increase in battery Ri, values from 1 mmto 5 mm gap
widths by a factor of three. Though discharge curves of batteries drained by a 0.2 mA constant current
revealed no gap width related deviations in curve progressions. Maximum discharge.capacities Qout Not
being arranged in a specified order ranged from 99.3 mAh to 134.0 mAh achieving a maximum
discharge efficiency (Qou/Qm) of 36.4 % with a 4 mm battery version in this study.. However, a negative
linear relationship of the 10 mHz impedances to the recorded discharge capacities Qo.: 0f the respective
batteries was determined by GEIS measurements at the EOD.

Further discharge experiments proved that the magnitude of the applied discharge current has a stronger
impact on battery discharge capability than the extension of the nominaligap width. In consequence,
distinctive IR drops result in sloping discharge curve progressions and reduced.discharge capacities of
batteries drained by 0.4 mA CC. While there is no specific order of discharge curves that can be assigned
to the respective gap width, considerable current related differences inareal capacities were determined
at the EOD. The range of areal capacities declined from 2.0-2.8. mAh'cm? (0.2 mA CC) to 0.8-
1.6 mAh cm? (0.4 mA CC). However, the most efficient atteries of this study may compete with
reported areal capacities of screen-printed Zn|MnO- batteries (1:9-3.1 mAh cm) [30, 31, 35, 45, 46],
printed lithium-ion batteries (1.8-2.5 mAh cm) [11, 47] and printedazinc-air batteries (0.5-2.0 mAh cm-
%) [48, 49].

Post-mortem analysis of batteries revealed time-dependent formation of crystalline structures growing
inward the gap, which may damage the battery by bridging the electrodes. Microscopic studies suggest
separation of printed current collectors and_passivation layers by the acidic ZnCl; electrolyte. The
specific orientation of the crystalline structures implies the existence of a previously unnoticed migration
effect in the coplanar battery architecture.

In summary, the magnitude of the gap. width can be regarded as a secondary factor affecting the
discharge capability of coplanar Zn|MnO; batteries if the gap is smaller than 5 mm. Increase of gap
widths up to 4 mm enables fabrication of printed batteries even on conventional roll-to-roll printing
machinery at high volumes. This could,decrease unit costs of this promising battery technology to a
significant extent. Further research should be performed to increase the electrode interfacial area by a
transformation of the battery ‘design. This could additionally reduce internal resistances and improve
battery discharge profiles,by elevated voltage plateaus. Comprehensive investigations should be
conducted in the field.of.current collector stability in common electrolyte media for Zn|MnO, batteries
to ensure production of durable printed batteries with stable shelf-live.
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