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The increasing deployment of ubiquitous electronic systems such as distributed sensor networks and RFID
tags has resulted in a need for high energy microbatteries. Printed batteries are particularly interesting
because of the potential for low material loss, low processing cost, and ease of integration into low-profile
flexible electronic systems. We have developed a two-step printing technique to deposit an alkaline
electrolyte for a printed silver-zinc battery. The fabricated batteries are characterized with galvanostatic

measurements and electrochemical impedance spectroscopy using a three electrode setup with a zinc ref-
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erence electrode. High silver utilization of 94 + 3% and an areal energy density of 4.1 + 0.3 mWh cm~2 are
achieved with a 57:29:14 H,0:KOH:PEO (M, = 600,000) electrolyte at a C/2 discharge rate 1.8 mA cm~2.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Inrecent years, there has been tremendous interest in the devel-
opment of a range of low-cost, ubiquitous electronic systems. For
example, there has been widespread interest in the deployment
of ubiquitous sensor networks [1] for such diverse applications as
building monitoring [2], seismic integrity tracking [3], and prod-
uct quality monitoring [4]. In addition, there has been substantial
deployment of RFID systems in recent years [5,6]. Such plat-
forms will likely necessitate the development of integrated power
sources; indeed, already for active RFID and sensor network appli-
cations, there is tremendous need for small, low-cost, high energy
density battery systems. Printed batteries are particularly attractive
in this regard, since they will allow for easy, low-cost integra-
tion into existing and future print-based production flows. The low
potential cost of fabrication and the integration ability of printed
batteries are attractive for low-cost electronics, such as RFID [7],
displays [8], and sensors [9,10]. As a result, in recent years, there
has been widespread work on the development of technologies
for the printing of batteries [11,12]. Most such printed batteries
to date have been deployed using relatively low-energy density
chemistries. However, printing of Li-ion microbatteries through
a sol-gel process has been demonstrated with energy density of
11 wWh cm—2 [13]. Unfortunately, as evidenced by these relatively
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low areal energy-density values, even lithium-based chemistries
offer poor performance with respect to areal densities in microbat-
tery applications; this is due to the need for careful encapsulation.
High specific and areal energy density batteries such as metal-air
or silver-zinc batteries are desirable for these applications.

The silver-zinc battery system is particularly attractive for
printing because of the high energy and areal density and
air stability that this system offers, with specific energies of
200Whkg~! and energy density of 750 Whdm~3 [14]. Silver-
based battery chemistries are generally not favored for typical low
cost applications due to the high price of silver. However, the
low-material consumption for typical printed electronic circuits
makes the processing cost the dominant cost; as a result, printed
silver-zinc batteries are a good candidate electrochemical system
despite the relatively high cost of the silver itself. An inkjetted
zinc-silver 3D battery has been demonstrated with energy den-
sity of 3.95mWh cm~2 [15]. However, this system is charged by
electroplating zinc from a ZnO solution and is therefore limited by
the solubility of ZnO in the alkaline electrolyte.

We report the development of a primary, planar 2-dimensional
printed silver zinc battery (Fig. 1). The planar architecture was
chosen over a vertical structure in this paper to fabricate a fully
printed battery. Printing a vertical stack for each layer (current col-
lector, anode, electrolyte/separator, cathode, current collector) is a
currently unsolved problem. A fully printed system involves devel-
oping multiple printable layers that are compatible with each other
and capable of maintaining the entire weight of the cell. The pla-
nar architecture is also of interest in comparison to other planar
battery systems that include microfabricated alkaline nickel-zinc
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Fig. 1. a) SEM cross-section of dried discharged silver electrode and b) schematic
layout of printed battery with zinc reference wire.

batteries [16], interdigitated lithium manganese oxide (LiMn;04)
and lithium titanate (Lig/3Tis;304) lithium-ion electrode microar-
rays [13], and laser direct-writing of Zn-AgO microbatteries [17].

To simplify our system, we examine the more stable, less
alkaline soluble monovalent silver oxide (Ag,0) instead of the
higher energy density divalent form (AgO). Different molecular
weights of the ionically crosslinkable polyethylene oxide (PEO) and
methylcellulose are examined as a separator in an alkaline KOH
electrolyte. These electrolyte layers were printed using a novel
two step printing method. Galvanostatic measurements are per-
formed to determine open circuit voltage (OCV), percent utilization
and internal resistance. Electrochemical impedance spectroscopy
(EIS) is used to characterize the internal equivalent circuit rep-
resentations and determine the contributions of the electrolyte
resistance and polarization resistance to the overall internal resis-
tance. The chemical composition of the electrode layers before and
after discharging is studied using X-ray photoelectron spectroscopy
(XPS).

2. Experimental

To develop the overall printed planar battery architecture,
printed anode, cathode, and electrolyte layers were developed.
For the anode and cathode layers, it is necessary to develop suit-
able printable electrode materials. To this end, it is necessary to
develop electrodes containing the active material in a binder, such
that the overall formulation is suitable for printing. We first opti-
mize the Ag,0 and Zn electrode compositions using a 50:25:25
H,0:KOH:PEO (polyethylene oxide M,y = 12,000) electrolyte. Next
the electrolyte composition is optimized with respect to polymer
material (PEO and methylcellulose), polymer molecular weight,
and H,0:KOH:PEO/cellulose ratio. Polyethylene oxide is used as
a separator layer due to the reported conductivities on the order
of 10-7Scm~1! [18], the ability of PEO to ionically crosslink with

sodium ion in alkaline electrolyte, and the demonstration of the
reduction of zinc corrosion with small molecular weight polyethy-
lene oxide polymers [19]. Methylcellulose was used due to its use
as a separator layer in alkaline battery systems [20].

Polyvinylalcohol (PVA) and polyvinylidene fluoride (PVDF) were
examined as potential binding materials for the Ag,0 and Zn elec-
trodes. Acetylene black was examined as a conductive filler to
decrease the internal resistance of the electrodes and increase
active material utilization. The silver oxide PVA electrode slurries
were prepared by mixing with a stir bar for 1 min the appro-
priate amounts of silver oxide (Sigma-Aldrich) and acetylene
black (50% compressed, Strem Chemicals) in aqueous solutions of
1 wt% polyvinyl alcohol (Sigma-Aldrich, My, =148,000-168,000).
The zinc PVA electrode slurries were prepared by adding appro-
priate amounts of zinc (Strem Chemicals) and acetylene black to
aqueous solutions of 2.5wt% polyvinyl alcohol (Sigma-Aldrich,
M,y =148,000-168,000). Polyvinylidene fluoride (Scientific poly-
mer, My, = 530,000) electrode slurries were prepared by adding the
appropriate amount of silver, zinc, acetylene black to 1 wt% solu-
tions PVDF dissolved in N-methyl-2-pyrrolidone. Additional water
or N-methyl-2-pyrrolidone was added if necessary to improve
printing. The zinc and silver electrodes were printed using a cus-
tom built extrusion printer onto gold evaporated (60 nm) glass
slides. A 2.5 nm chrome interlayer was used to improve adhesion
to the glass slide. Note that evaporated contacts were used for
simplicity; suitable printable routes for printing of gold contacts
have been widely reported in the literature [21,22]. The sepa-
ration distance between the gold current collectors was 0.7 mm,
with an individual electrode area of 4.5 x 10 mm?. Silver oxide lim-
ited batteries were examined with an excess amount of Zn with
a 3-4:1 Zn:Ag, 0 ratio. The thickness of the silver oxide electrode
was on average ~200 wm, while the zinc electrode was ~100 wm
due to the differences in amount of material printed. The analy-
sis of the zinc electrodes was performed with a ratio of 1.2-1.3:1
Ag>0:Zn and a zinc electrode area of 2 x 10mm? to maintain a
similar current density compared to that used in the silver oxide
electrode optimization. The electrode slurries were deposited by
extrusion printing followed by a drying step 40 °C. Alkaline gel elec-
trolytes were fabricated in a two-step method. First, a polymer
solution was extrusion printed on top of the electrodes, fol-
lowed by pipetting the appropriate amount of potassium hydroxide
from a 17 M solution solution using a micropipetter. The aque-
ous polymer solutions used were 50 wt% My, = 12,000 polyethylene
oxide (Sigma-Aldrich), 10wt% M, =600,000 polyethylene oxide
(Sigma-Aldrich), and 10 wt% methyl cellulose (27.5-32% methyl
content, 10-25 mPas at 2 wt% 20°C). To reduce the water content
of the electrolytes with 10wt% PEO and 10 wt% methylcellulose,
the batteries were partially dried to the appropriate electrolyte
weight ratio at 50°C. The final electrolyte thickness varied from
100 to 150 m. A dried polydimethylsilicone layer was clamped
on top of the batteries to improve electrode-current collector con-
tact and prevent further drying of the battery. For an integrated
cell, it is envisioned that such encapsulation could be achieved
either by lamination or by direct printing of alkaline resistant poly-
mer. One possible encapsulation scheme is lamination of the cell in
polyethylene pouch [23]. The KOH was allowed to diffuse through
the polymer for 30 min until a constant open circuit voltage was
achieved.

Galvanostatic measurements were performed with a custom
potentiostat/galvanostat [24] and a HP 4156 parameter analyzer.
Electrochemical impedance spectroscopy (EIS) was carried out
with a Gamry Reference 600 Potentiostat. A 3 mV RMS excitation
signal was used with a frequency range of 0.1 Hz to 106 Hz. The
EIS measurements were performed using a 3 electrode setup with
a zinc reference wire between the planar electrodes. A schematic
view of the battery is shown in Fig. 1.
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Fig. 2. A typical discharge characteristic of silver limited battery with a 50:25:25
H,0:KOH:PEO (M,, = 12,000) electrolyte discharged at a C/2 rate (1.408 mA).

3. Results and discussion
3.1. Galvanostatic measurements

The Ag,0 electrode was first optimized against a 1% PVA zinc
electrode in a silver limited setup by discharging at a C/2 rate
with respect to the silver electrode with a 50:25:25 H,0:KOH:PEO
(Mw =12,000) electrolyte. The optimum Ag,0 electrode composi-
tion was then used to optimize the zinc electrode in a zinc limited
setup at a C/4 rate with respect to the zinc electrode. Finally, the
electrolyte is analyzed with the optimized silver oxide and zinc
electrodes by discharging in silver-limited cells at a C/2 rate.

3.2. Ag>0 electrode optimization

Two different polymers, polyvinylidene fluoride (PVDF) and
polyvinyl alcohol (PVA), were examined as polymeric binder mate-
rials for both the Ag,0 and Zn electrodes. PVDF was chosen for
examination since it is a hydrophobic, inert polymer and is likely to
maintain electrode composition with an aqueous electrolyte. PVA
was chosen for examination since it contains hydroxyl groups that
can facilitate hydroxide ion transport to the electrode surface. The
PVA binder provides mechanical stability by the ionic crosslinking
of Na* ions with the hydroxyl functional group of the polymer.

Fig. 2 shows the discharge characteristic of a silver limited bat-
tery with a 50:25:25 H,0:KOH:PEO (M,, = 12,000) electrolyte. The
discharge voltage maintains a flat constant discharge voltage until
80% utilization of Ag,0 capacity. After this point, the lack of avail-
able Ag,0 and the increased resistance of the disconnected silver
network results in a reduction in voltage.

High Ag,0 utilization is achieved with low percentages of PVA as
a binder (Table 1). One explanation for the decreased utilization is
that the PVA polymer binder is oxidized to a ketone which is caused
by a reduction of Ag;0 in the presence of hydroxide ions [25]. Sup-
port for this explanation is available from the X-ray photoelectron
spectra taken for PVA-5 wt% Ag, 0 electrodes before and after expo-
sure to KOH (Fig. 3). This effect results in lower Ag,0 utilization,

Table 1

which suggests that polyvinyl alcohol is not an optimal choice as
a binder at high mass percentages. PVA would thus also not make
for a good separator material in silver-zinc systems despite the
reports of high hydroxide ion conductivities in PVP/PVA electrolyte
[26] and PVA solid electrolytes [27]. Note that we observe that the
incorporation of acetylene black does not lead to decreased inter-
nal resistance or increase Ag, 0 utilization. However, the addition of
acetylene black may increase the coulombic efficiency of secondary
Ag-Zn batteries.

Low Ag,0 utilization was realized when PVDF was used as a
polymer binder (Table 1). The low utilization is attributed to the
poor mechanical stability of the polymer in the alkaline environ-
ment. PVDF is a hydrophobic polymer and unlike PVA, cannot
ionically crosslink with the K* ions of the alkaline electrolyte. The
addition of acetylene black did not improve Ag,0 utilization or
decrease the internal resistance of the cell, similar to what was
observed with the PVA binder.

Based on these studies, therefore, we proceed with an optimized
Ag,0 electrode including 1% PVA binder, since this provides max-
imized silver utilization while providing good internal resistance
and open circuit voltage.

3.2.1. Zn electrode optimization

The optimized silver oxide electrode with 1% PVA binder mate-
rial was tested against a zinc limited cell to determine the optimal
anode conditions. Similar to the silver anode, a PVA and PVDF
binder with an acetylene black additive were analyzed. The 1% PVA,
2%PVA/3% acetylene black and 2% PVDF binding materials all had
similar open circuit voltages and internal resistances in the zinc
limited batteries (Table 2). The addition of acetylene black as a con-
ductive filler did not have a significant effect on the zinc utilization
in the current percentages added. The 1% PVA binder achieves the
highest zinc utilization. However, the achieved utilization values
are significantly lower than reported zinc utilizations of ~85% in 2%
mercury amalgamated zinc electrodes for similar current densities
[28]. The low zinc utilization observed in all three cases is likely
due to a combination of loss of active material through formation
of zincate species in the electrolyte in a corrosion process [29], for-
mation of a passive ion blocking layer of ZnO and ZnOH [30], and
loss of electrical contact in the porous network of zinc particles due
to the formation of a ZnO/ZnOH resistive layer. The results indicate
that approximately 2:1 ratio of Zn:Ag,O0 is necessary for full Ag,0
utilization with the current electrode composition and current den-
sity. Reducing the amount of electrolyte will decrease the absolute
quantity of zincate in the solution, which may increase the zinc
utilization. The incorporation of a surfactant such as cetyltrimethy-
lammonium bromide (CTAB) to the surface of the zinc electrode
could reduce the corrosion rate of the zinc anode [31].

3.3. Electrolyte optimization

The PEO and methyl cellulose electrolyte optimizations were
performed with silver limited cells, since most applications of
printed batteries will necessarily work in this configuration to min-
imize silver cost. The electrolytes with a PEO molecular weight of
My =600,000 exhibited a lower internal resistance value compared

Summary of the effect of the binder on the Ag,0 electrode with a (1:1 KOH:M,, = 12,000 PEO electrolyte) discharge at a /2 cathode current of 3.7 mA cm~2.

Ag,0 electrode 1% PVA 5% PVA 2% PVA, 3% acetylene black 2% PVDF 2% PVDF 3% acetylene black
Zn electrode 1% PVA 1% PVA 1% PVA 2%PVDF 2% PVDF

Ag,0 utilization (%) 96 + 3 94+ 4 93+4 80 + 14 78 + 11

Internal resistance (£2)? 200 + 58 227 £ 30 214 £+ 37 246 +£ 110 190 + 51

Open circuit voltage (V) 1.55 + 0.02 1.56 + 0.02 1.55 + 0.01 1.55 + 0.02 1.56 + 0.02

2 Internal resistance is calculated as the difference in open circuit potential and discharge potential after 5 min of discharge divided by the C/2 current.
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Fig. 3. a) X-ray photoelectron C1s spectrum of polyvinyl alcohol 5 wt% Ag,0 electrode. b) X-ray photoelectron C1s spectrum of polyvinyl alcohol Ag, O electrode after placed
in 1M KOH for 5 min.

Table 2
Summary of the effect of the binder on the zinc electrode with a (1:1 KOH:M,, = 12,000 PEO electrolyte) discharged at a C/4 anodic current of 8.1 mAcm~2.
1% PVA 2% PVA, 3% acetylene black 2% PVDF
Zinc utilization (%) 47 +9 44+ 8 38+9
Internal resistance (2)? 197 + 26 196 + 20 210 £ 15
Open circuit voltage (V) 1.56 + 0.04 1.56 £+ 0.02 1.56 £+ 0.02

2 Internal resistance is calculated as difference in open circuit potential and discharge potential after 5 min of discharge divided by the C/4 discharge current.

to the PEO electrolyte with a molecular weight of M,, =12,000 0.4 mAh cm~2 energy density of silicon-micromachined recharge-
(Table 3). This is likely due to the increased portion of water in able nickel-zinc alkaline microbatteries [34]. The corresponding
the electrolyte or due to an increase in pore size associated with volumetric energy density is 102mWhcm=3. This volumetric
high molecular weight PEO. The lower Ag, 0O utilization of 66:17:17 energy density is comparable to that of the printed MnO,-Zn
H,0:KOH:PEO electrolyte is attributed to the reduced hydroxide ionic liquid battery 120 mWh cm~3 [15], but is slightly lower than

concentration and the poor hydroxide ion diffusion through the laser direct writing of silver-zinc batteries, 400 mWhcm—3 [17].
electrolyte. In terms of commercial batteries, the as demonstrated printed
Methyl cellulose as an electrolyte provided the lowest resis- Ag-Zn battery has higher volumetric energy density than that

tance of all the electrolytes examined (Table 3). However, the Ag, 0 25mWhcm—3, 1.5V Blue Spark ST (Standard) carbon-zinc battery
utilization is the lowest and exhibits the most variation. This low [35]. However, it should be noted that the commercial Blue Spark

utilization to due to a shorting effect caused by the combination ST volumetric energy density includes packaging which reduces
of the solubility of Ag,0 in KOH [25] and the ability of monova- the overall volumetric density.

lent silver to oxidize the hydroxyl and terminal aldehyde groups The energy density could be further improved by optimizing the
of the cellulose leading to silver filaments [32]. This can be poten- zinc content to a lower ratio of Zn:Ag,0, reducing the amount of
tially reduced by using methyl cellulose with a high methyl content electrolyte used, or using the higher capacity, divalent AgO instead
close to 100%. However this will reduce the solubility of cellulose in of Ag,0. The energy density could further be improved by reducing
water and which would require heating to remove the excess water the internal resistance of the cell. The planar architecture chosen
in low wt% solutions. The degree of polymerization of methyl cel- for this printed system is not as ideal as is a vertical structure.

lulose can reduce the number of aldehyde groups and increase the However, the current planar design could be improved by reduc-
crystallinity of the cellulose structure, but this will also lower the ing the electrode separation distance or introducing interdigitated
cellulose concentration that is printable. electrodes.

The highest energy density of 58+9mWhmg-! or
41+03mWhcm2 was achieved with the 57:29:14 3.4. Electrochemical impedance spectroscopy (EIS)
H,0:KOH:PEO electrolyte. The energy density is comparable to the
1.2mWh cm~2 achieved for a printable MnO,-Zn ionic liquid bat- Electrochemical impedance spectroscopy is a powerful tech-
tery [33] and an order of magnitude greater than the demonstrated nique to determine charge transfer kinetics, electrolyte resistance,

Table 3
Summary of electrolyte optimization for a 1% PVA Ag,0 and 1% PVA Zn electrode discharged at a C/2 rate.
50:25:25 H,0:KOH:PEO 57:29:14 H,0:KOH:PEO 66:17:17 H,0:KOH:PEO 57:29:14 H,0:KOH:methyl
(M =12,000) (M, =600,000) (M, =600,000) cellulose
Ag-0 utilization (%) 96 + 3 94 +3 78 £+ 20 59 + 32
Internal resistance (£2)? 200 + 58 135 £ 20 168 £ 18 78 £ 20
Open circuit voltage (V) 1.55 + 0.02 1.56+.01 1.56+.01 1.56 + 0.01
Energy density (mWhg-') 49 £ 9 58+9 40 £ 9 31+9
Areal density (mWhcm~2) 40+ 1 41+03 24+04 24 +£06

2 Internal resistance is calculated as difference in open circuit potential and discharge potential after 5 min of discharge divided by the C/2 current.
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Fig. 4. Nyquist plot of 3-electrode setup with a Zn reference electrode.

and diffusion processes in electrochemical cell or at an electrode
interface [36]. Here, we present an analysis of the individual elec-
trodes of a planar, printed battery with a three-electrode setup. To
analyze the performance of the full cell and half cell components,
electrical impedance spectroscopy measurements were performed
for the various components of the system vs. a zinc wire reference
electrode. To begin, it is necessary to ensure that the zinc reference
electrode indeed is suitable for use a reference electrode; i.e., it does
not perturb the cell itself. Fig. 4 shows the sum of the two elec-
trodes vs. the zinc reference electrode. The whole cell impedance
is approximately equal to the sum of the individual components,
Ziotal = Zzn + Zng,0, indicating the Zn reference electrode is a stable
reference electrode.

The zinc electrode exhibits a two time constant impedance spec-
trum (Fig. 5). The electrode reaction is modeled with the equivalent
circuit in the inset of Fig. 5. The high frequency component is asso-
ciated with the electrochemical reaction with a charge transfer
resistance, Rq, and a double layer capacitance represented by a
complex phase element, CPEg4;, with impedance:

Z(w) - é(lw)‘”

The constant phase element is used instead of capacitor to take
into account for distributed time constants that come from vary-
ing reactions or electrode surface inhomogenities [37]. The low
frequency capacitive loop is attributed to the diffusion of the zin-
cate into the pores of the porous electrode. The diffusion term
does not exhibit the typical Warburg impedance with constant
phase angle of 45°, but rather exhibits a mass transfer resistance
that is attributed to the rate of diffusion not supplying the reac-
tion quickly enough during the spectroscopic measurement [38].
The diffusion loop is modeled as the parallel combination of a

25 o
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g
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Fig. 5. Nyquist plot of the Zn electrode vs. Zn reference electrode. (inset) Equivalent
circuit representation of Zn electrode vs. Zn reference wire.

Table 4

Summary of impedance elements of Zn electrode.
Relectrolyte Ret QcpE-DL Ncpg-pI Rp Qpr Np
5.9 83.4 1.22x 103 .406 20 105x 103 1

polarization resistance (Z(w — o0)) and a complex phase element
(inset, Fig. 5).

The equivalent circuit parameters are summarized in Table 4.
The electrolyte resistance was found to be 5.9 2, which is roughly
half the whole cell impedance. The charge transfer resistance is
83.4 Q2. The complex phase element representing the double layer
capacitance forms a depressed semicircle with an exponent value
of n=0.403. The diffusive loop has a complex phase element that
is purely capacitive with a n value of n=1. The combination of
depressed semicircle followed by nearly capacitive semicircle sup-
ports the conclusion of a diffusion limited process [38]. The fact
that 2Rt #+ Rp indicates that the porous electrode does not exhibit
semi-infinite pore lengths, but rather finite length pores [39].

Fig. 6 shows the impedance spectrum of the silver oxide
electrode against the zinc reference electrode. The spectrum is
dominated by a depressed semicircle at high frequencies that
corresponds to a reduction reaction that is modeled by the par-
allel combination of a charge transfer resistance and double layer
capacitance. At low frequencies the impedance is dominated by
a Warburg diffusion term of the hydroxide ion and the oxidized
species Ag(OH),~. This species forms from the proposed mecha-
nism of dissolution of silver oxide [36]

Ag>0 + 20H™ + H,0 < 2Ag(OH),~

which is followed with the reduction of AG(OH), ™ species to silver

Ag(OH),~ +e~ — 2(0H)~

The impedance does not exhibit the traditional constant phase
of 45°, but approaches a phase of 60°. Deviations from Warburg
impedance have been attributed to reflective boundary conditions
at the electrode [40] and to nonuniformities in polymer electrode
coatings [41]. However, the deviation observed is likely due to the
planar configuration of the electrodes. Finite element simulations
of polymer electrolytes have shown that systems with comparable
geometries (electrode length, d=4.5 mm, gap, w=1.5mm, height
h=.8 mm) have high frequency components with phases greater
than 45° and are modeled with complex phase elements [42] For
this reason, we model the high frequency component with a com-
plex phase element (inset, Fig. 6). The extracted equivalent circuit

CPEmany Re

2000 — -
Ag:0

1500 —

1000 —

-ng (ohm)

500

T T T T T 1
200 400 600 800 1000 1200
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Fig. 6. Nyquist plot of the Ag;0 electrode vs. Zn reference electrode. (inset) Equiv-
alent circuit representation of the Ag,0 electrode vs. Zn reference wire.
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Table 5
Summary of impedance elements of Ag,0 electrode.

Relectrolyte (Q) Rcl
4.0 45.6

Qcpe-pL
193.9x10°6 575

QWarhurg

58.6x 1076 .904

NcpE-DI NcpE-Warburg

parameters of the fit are listed in Table 4. The electrolyte resistance
was found to be 4 €2, comparable to the electrolyte resistance of the
zincelectrode and half of the electrolyte resistance of the whole cell.
The double layer CPE has an n=.575, which is attributed to a rough
porous electrode. The CPE of the Warburg impedance has a value
of n=.904. This behavior is attributed to the planar nature of the
electrodes (Table 5).

We therefore see that the use of EIS allows for detailed analysis
of the relevant electrochemical parameters of the components of
the cell. By using EIS in conjunction with a reference electrode,
we have been able to isolate the dominant impedance-related
phenomena in each electrode of the cell, and have thus been
able to establish guidelines for further cell optimization and
improvement.

4. Conclusion

The increasing deployment of ubiquitous electronic systems
such as distributed sensor networks and RFID tags has resulted in a
need for low cost, high energy microbatteries. In this paper we have
developed a two-step printing technique to deposit an alkaline
electrolyte for a printed high-energy density silver-zinc battery.
An analysis of electrolytes with the polymers polyethylene oxide
and methyl cellulose, found that a dried 57:29:14 H,O:KOH:PEO
(M, =600,000) electrolyte had the highest areal energy density of
4.1+03mWhcm2 and a 94+ 3% Ag,0 utilization at a C/2 dis-
charge rate of 1.8 mA cm~2. The highest Ag,0 and Zn active material
utilizations were achieved with a 1% PVA binder. The half cells of
the dried 57:29:14 H,0:KOH:PEO (M, =600,000) electrolyte cell
was further analyzed by electrochemical impedance spectroscopy
in a 3 electrode setup to individual analyze each electrode. The
planar electrode structure was observed in the silver oxide elec-
trode nyquist plot and the porous nature of the zinc electrode
was observed in the zinc electrode nyquist plot. The developed
three electrode EIS measurement technique for a planar cell is a
minimally invasive technique that can be further used examine
electrode and electrolyte dependencies. The initial results for the
printed battery shows promise, however further optimization of
the battery design as well as the development of packaging for an
alkaline cell is need for commercial applications.
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