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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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SUMMARY

The present Zn-air battery concept design exhibits some of the same
characteristics as earlier versions of this battery, in particular, the
energy densities of 100~110 Wh/kg and 50-60 Wh/L are typical of all the
previous circulating electrolyte designs. These energy densities are
much lower than the "golden rule" of 25% of the theoretical (894 Wh/kg),
‘but this result is inherent in the fact that the electrolyte is really
the active material rather than Zn metal (12 M KOH containing 260 g Zn/L
has a theoretical energy density of 368 Wh/L or ca. 230 Wh/kg). The
major departure of the present system from all other Zn-air versions is
in the power density, electrical efficiency, cycle life, and cost. The
new zinc electrode concept has eliminated the zinc electrode as a life
limiting factor, and the improvements in power, efficiency, and cost

have come from the improvements made in air electrode technology.

The advantages of the Zn-air battery, as realized in this design

for the IDSEP van, over other battery systems are:

1) energy capacity, exceeds the minimum by 50%;

2) low weight, less than maximum allowed weight by 50%;
3) minimal environmental impact and superior safety;

4) constructed entirely of common materials;

5) low materials cost, uncomplicated manufacture.

The anticipated difficulties in realizing these advantages will be
in sustaining the power required for acceleration over the lifetime

needed for economic life-cycle cost.



Background

The basic concept behind the zinc-air battery design specified here
is described in previous publications [1,2]. The air electrode perfor-
mance has beeﬁ substantially improved since these papers were written,
and the new data will be presented here and used as a basis for design
calculations. 1In all other respects the background information remains
the same. A summary description of thg system and its characteristics
is given here in order to outline the anticipated advantages inherent in

this concept relative to other battery systems.

The zinc-air system proposed here is a hybrid of many othér zinc
battery concepts, and was prompted by two significant developments in
materials: new corrosion resistant carbon materials and new low-cost
processes for makiné me;el-foams out of a wide variety of metals. The
former suggested that bifunctional air electrodes could be fabricated
from carbon materials and achieve both low cost and low weight with ade-
quate lifetime for electric vehicle applications. The metal foam
development suggested a new zinc electrode concept that is a derivative
of the CGE particulate zinc electrode: zincate stabilized to super-
saturation in KOH by silicate (or other additives) is circulated through
a stationary metal foam substrate onto which zinc is deposited (during
charge) and subsequently stripped (during discharge). Substantial fun-
damental work on the zinc electrode in recent years has indicated that
zinc electrédes of the flow type (with soluble zinc) should have excel-
lent life-cycle properties, expectations which have been largely born
out in recent engineering studies of zinc-halogen flow batteries. How-

ever, the deposition of zinc onto a substrate from alkaline zincate has



not been as well-studied and life-cycle characteristics of such an elec-
trode were not known. Furthermore, the solubility of zincate in KOH is
much lower than zinc ion in acids, even with additives like silicate.
Thus, as is often the case in batteries, one is trading volume (and to a
lesser ektent weight) and systems.complexity for cycle life. The objec-
tive of our recent engineering studies has been to examine this'tradeoff

in the zinc-air system that employs these new materials.

- The basic chemistry of the zinc-air system in alkaline electrolyte

is as follows:

Discharge
anode Zn + 40H— = Zn(OH)az— + 2e-—
cathode 02 + 2H20 + be— = QOH—
Overdischarge
anode  40H— = 02 + 2H20 + 4e—
cathode ~ O2 + 2H20 + 4e- = 40H-
Cﬁarge
anode  40H- = O2 + 2H20 + 4de~
cathode  Zn(OH) 42' + 2e~ = Zn + 4OH-
Overcharge |
anode  40H- = O2 + 2H20 + be—~
cathode ‘2H20 + 2e— = H2 + 20H-

The chemistry of the system is inhereﬁtly tolerant to both over-
discharge and overcharge, in that the only other chemistry occurring is
electrdlysis of water (overcharge) or Ohmic heating (overdischarge). A
"dead" cell driven to reversal during discharge by other cells will

reduce the stack voltage (by about 2 V), but should not cause a



cascading failure of neighboring cells. Overcharge will evolve hydrogen
in large quantities, and could present a séfety hazard, but no more than
for other aqueous battery systems, e.g. lead-acid, zinc-nickel oxide, or
zinc-bromine, and significantly less of a hazard than for iron-nickel

oxide or iron-air batteries.

In terms of performance characteristics such as power vs. depth of
discharge, energy capacity vs. power, etc., a metal-air battery lies
characteristically between a fuel cell and a conventional battery. In
the case of the recirculating zinc-air .electrode concept described here,
the characteristics on discharge are very fuel cell-like, i.e. power is
nearly invariant with depth of discharge, and energy capacity can be
varied with only a modest efféct oﬁ power density. The state of charge
of the battery at any time is solely defined by the amount of zinc in
the negative ;iectrode (or in the elegtrolyte), so that the positives
and negatives in individual cells can never be "out of balance.” This
turns out to be an enormous advantage in achieving long cycle life for
the zinc electrode. In fact, it is our finding that cell lifetime is

defined entirely by the air electrode in this system.

Specifications of the system design

The engineering calculations based on the results of single-cell
testing indicate that the system is volume and peak-power limited, due
to the characteristics of the air electrode. Therefore, the design is
based on meéting technical requirements for maximum volume (600 L),
minimum power (55 kW), and minimum voltage (120), and exceeding (better-
ing) the requirements for weight (300 kg vs. 700 kg) and energy capacity

(32 kWh vs. 21 kWh).



The basic éonfiguration of the individual cells follows the 1.5 Ah
single cell described in [1,2]. The principal structural material in
the battery casing aﬁd manifolding is polypropyleﬁe. The air-scrubbing
components and the thermal management system were the same as that
developed for the Al-air battery [3]. Multicell modules are formed from
a series interconnection of 125 single cells with 50 Ah
(32 cm x 32 em x 0.8 cﬁ) capacity. Four modules are connected (electri-
cally) in parallel to form the total power source. The modules have
independent electrolyte circulation systems each with a 1/20 hp dc elec-
tric pump. At the C/4 rate, the current density in each cell is
12.5 mA/cmz, and for standard overnight (16 hr.) charging would be
3.125 mA/cmz. The zinc loading at full charge is designed to be
50 mAh/cmz. The design temperature for discharge is 50-55 C, thermos-
tatically controlled via the circulating elecﬁrolyte; for charging the
design temperature is 40~45C. The electrolyte is 12 M KOH containing
260 g Zn/L at complete discharge, and for a capacity of 32 kWh, an elec-
trolyte volume of 116 L is required (about 40 L in the stacks and 80 L

in external components (reservoir, pumps, manifold)).

The resulting power source characteristics are:
Volume: 600 L
Weight: 300 kg
Capacity: 32 kWh
Average power: 7.8 kW

Peak power (20 sec.): 65 kW (BOL), 55 kW (EOL)

Current-voltage:

" (BOL) 162 V/50 A at C/4



Discharge 143 V/460 A at peak
(EOL) 156 V/50 A at C/4
125 V/460 A at peak
Charge (BOL) 230 V at C/8
227 vV at C/16
(EOL) 235 V at C/8

232 V at C/16

Analxsis
Performance

The anticipated performance of the total battery system was derived
from 1.5 Ah single cell testing by linear scaling of the current-voltage
curve to the cell area and the number of cells in series/parallel con-
nection to produce a power source that would fit in the 600 L space.
The resulting beginning-of-1ife (BOL) and end-of-life (EOL) curves for
current-voltage and voltage-time are shown in Figs. 1 and 2. Note ﬁhe
fuel cell-like character of the voltage-time curve that is characteris-
tic of this battery as well. There is only a transient "delay" in the
voltage at the start of either the charge or discharge cycle due to the
movement of electrolyte within the air electrode structure on the
change-over from oxygen (gas) evolution to oxygen reduction (or vice-
versa). As in a fuel cell, the batteryvpower and the energy capacity
are essentially independent (*5%) of the depth of discharge, i.e. 65 kW
(BOL) throughout the discharge. The fact that the cell voltage cannot
be used as a state-of-charge monitor to tell the operator th much capa-
city remains presents a practical problém which needs to be addressed.

A sensor for the zinc content in the electrolyte needs to be developed



to serve as a state of charge monitor.
Cost

The materials cost is estimated to be $500-$1000 for the total
power source. If the production cost is estimated to be 2 to 3 times
the materials cost, the power source production cost is estimated to be

$2500 % 500.
Life

We have cycled 1.5 Ah cells with constant current charge-discharge
cycles and achieved 600 C/4 cycles, with end of life defined as loss of
capacity at the C/4 rate. However, it is a fundamental characteristic
of bifunctional air electrodes that they will cause loss of peak power
much faster than the loss of capacity. Hence, the electrodes we have
developed to date would not meet the life requirements as defined here.
Our research studies of the corrosion processes in the air electrode do
indicate that there are no fundamental limitations to developing elec-

trodes that would meet the life requirement.
Efficiency

The BOL 1.5 Ah single cell voltages were 1.29 V out-1.85 V in, and
EOL 1.25 V out-1.90 V in. Assuring no loss in efficiency in multicell
modules due to shunt currents or zinc corrosion (self-discharge), the
round-trip efficiency would be 70% BOL, 66% EOL. In practice, self
discharge should not be a problem, but shunt currents are potentially a

significant source of difficulty and require study in multicell proto-

types.



Abuse Resistance

The chemis;ry of overcharge and overdischarge reactions was identi-
fied in the Background material. The cell chemistry is inhe;ently
tolerant to either, in the sense that an overcharged or overdischarged
zinc electrode suffers no loss in capacity as a result of these excur-
sions. Overcharge results in the electrolysis of water in the electro-
lyte, with accumulation of a potentially hazardous amount of hydrogen in
the battery enviromment. Overdischarge produces only cell heating,
which can be handled with a standard air-cooled thermal management sub-
system [3]. ‘A failed air electrode will evolve hydrogen on discharge,
and reduce the module voltage by about 0.9 V, but will still evolve oxy-
gen on charge at a slightly (0.1 to 0.2 V) increased voltage. A failed
zinc electrode is more costly on discharge, as the cell will be driven
to reversal, with oxygen evolving at the failed zinc electrode and a
loss in cell voltage of 2 to 2.5 V. On charge, a failed zinc electrode
will evolve hydrogen at a slightly increased (0.1 to 0.2 V) voltage per

cell. However, there is no obvious reason for a cascading failure mode.
Safety

Hydrogen build-up is the only significant safety issue for this
power source. In a vehicle crash, hot caustic electrolyte would present
a hazard to the occupants. The safety would be comparable to lead-acid

or zinc-nickel oxide.
Environmental Impact

For the most pdrt, this battery contains the same materials as are

found in a common alkaline battery, e.g. zinc, carbon and KOH. The



environmental impact should be nil.
Critical Materials

The power source uses a modest amount of cobalt and nickel, about

10 kg of Ni and 5 kg of Co.
User Issues

The cell power is very temperature sensitive, and instant dfive-
away capability after standing in a low temperature (well below 25 C)
ambient would not be possible. An accurate and rugged state-of-charge
sensor needs to be developed, as the cell voltage cannot be used to
determine the capacity remaining in the battery. Once this is
developed, the user interface is especially simple.. There is no need
for concern about cell balancing. Periodic maintenance items are:
water make-up, and replacement of the air scrubbing canisters (throw
away and replace) and the caustic electrolyte (throw away after a com-
plete recharge and replace). The maintenance interval for both these
items would be the same, after approximately 500 operating hours

(discharge time).

Technology Status

The supersaturated alkaline zincate electrolyte used here is simi-
lar to that used previously by CGE [A]Iand Foller {5] in their particu-
late zinc electrqde studies. The structure of zincate in the supersa-
turated state, and the role of additives in stabilizing the super-
saturation; is not understood. LBL currently has a DOE subcontract with
Pinnacle Research Institute to study the influence of additives on zin-

cate ion stability. In our own work, we studied the characteristics of



our zinc electrode concept using nickel positives in place of air elec-
trodes, but otherwise kept the same cell geometry as in our zinc-air
design. We achieved immediate success with very uniform zinc deposition
and stripping over a wide variety of conditions of current density, flow
fate and zinc concentration. Even early in the program, we started
cycle life testing with 12 M KOH containing 200 g Zn per liter in 1.5 Ah
zinc-nickel oxide cells and achieved over 600 cycles at the C/4 rate to
a 80 mAh/cm2 capacity, with failure due to loss of capacity in the Ni
electrodes. Encouraged by these early results,_we obtained higher capa-
city Ni electrodes and built a much larger (X10) cell with the same
geometry. The 15 Ah size (10 cm X 20 cm) was 1/5 of full scale, and
permitted circulation of a realistic volume of electrolyte (100 mL) and
- realistic swings in the zinc concentration (from 200 g/L down to

20 g/L). Cycling at the C/Q rate (12.5 mA/cm2 at constant current) con-
tinued for 300 cycles, and was stopped due to failure (capacity loss) of
the Ni electrodes. The Ni electrodes were replaced with new ones, and
cycling was continued. At the end of the 370th charge cycle, fresh 12 M
KOH was added to simulate the electrolyte maintenance needed for con-

trolling the carbonate content in the real cell, and an additional 300

cycles were achieved without difficulty. Thus, the zinc electrode con-

cept has proven cycle life as required for the IDSEP van application.

The air electrodes are in a lower state of development. We have
conducted extensive studies on catalysts for the air electrode, and on
the corrosion behavior of various types of carbon materials [6-8]. LBL
has also supported a very substantial program at Case Western Reserve

University on oxygen electrocatalysis, including bifunctional catalysis.

10



The catalyst studies have been diséppqinting, in that they have not
identified any really new materials that are effective in the bifunc-
tional mode. We have achieved our best results with familiar catalysts,
cobalt oxide as the reduction catalyst, and nickel oxide as the evolu-
tion catalyst. On the éther hand, the carbon corfosion studies have
greatly enhanced our understanding of the relation of carbon chemistry
to corrosion resistance, and has led to the development of new carbon
materials with "tailor-made" properties, e.g. corrosion resistant high
area graphitized carbon black with a functionalized surface for con-
trolled wettability. However, in terms of using the new carbon materi-
als together with the cobalt/nickel oxide catalysts, our work is still
in the formative stage. We have succeeded in producing one set of elec-
trodes (in 1.5 Ah size) which produced the performance curves used in
this design analysis, but we do not consider these to be optimized.
There are fundamental technical reasons to be confident that the perfor-
mance characteristics of the air electrode used in the analysis can be
met and even exceeded in a full-scale mass-produced component, and that

the lifetime requirements for the IDSEP van can be met.
The major technical issues are:

1) Shunt currents in the common electrolyte manifold in the multicell
modules, and their effect on zinc rechargeability, cell voltage and
capacity. Manifold designs that minimize shunt current without

increasing pumping requirements.

2) Air electrode optimization. New catalysts to improve cell voltage

and/or power density.

11



3) Sensor development for on-stream determination of zinc concentra-

tion in the electrolyte (state-of-charge indicator).

4) Stabilization of supersaturated zincate at concentrations exceeding

200 Ah/L.

5) Unanticipated problems from scaie-up of single cells to 100 Ah, in

the engineering of multicell modules, and in thermal management.

Program Plan and Costs

LBL, through its Technology Base Research Project conducted for the
DOE Conservation and Renewable Energy Program plans to continue
research, bqth in-house and subcontracted, on those areas of the Zn-air
battery technoiogy where research, as opposed to engineering, is
required. However, the level of funding pfovided to LBL to pursue this
research is well below that needed to move the technology forward in the
time frame suggested, e.g. a full scale prototype battery meeting the
van mission requirements by 1992. Further, LBL has neither the mission
assignment nor the expertise in multicell battery engineering to pursue
the engineering development that the concept needs to proceed to the
prototype stage. This Zn-air battery concept is at a critical stage of
development where the participation of a battery
engineering/manufacturing organization is required for significant

further progress. Regardless of how successful we are in air electrode

development in the laboratory, the progress will be meaningless without Y

an engineering organization to make the laboratory advances a reality.

The current research being conducted by LBL in support .of this

technology is indicated below, with the organization and approximate

12



funding level.

Research Organization FY’87 Funding
1) electrocatalysis CWRU $300 K
2) surface chemistry of car- LBL $150 K

bon materials, the control 1f
air electrode structures via
carbon chemistry and the test-
ing of new air electrode con-

cepts.

3) behavior of particulate LBL, Pinnacle $200 K
zine electrodes in =zincate

electrolyte

4) stability of supersaturat- Pinnacle $100 K
ed zincate solutions, and role

additives

5) multicell engineering and TBD FY’88 §

subscale testing

13



References

1.

P.N. Ross, "Féasibility Study of a New Zinc-Air Battery Concept
Using Flowing Alkaline Electrolyte," Proc. 2lst Int. Energy Conver.

Eng. Conf., The American Chemical Society, Washington DC, 1986.

P.N. Ross, "New Carbon Materials for Metal Air Batteries," Ext.
Abs. of 7th Battery and Electrochemical Contractor’s Meeting, DOE

Report CONF-8511460-Abs., 1985, pg. 323.

J.L. Cooper, "Weight and Volume Estimates for Al/air Batteries
Designed for EV Applications," Proc. lst Internat. Workshop on
Metal/Air Batteries," Bonn (1979).

A.J. Appleby and J. Jacquier, J. Power Sources, 1(1976/77) 17.
P. Foller, J. Appl. Eiectrochem. in ﬁress.

P.N. Ross and H. Sokol, J. Electrochem. Soc. 131(1984)1742.

N. Staud and P.N. Ross, J. Electrochem. Soc. 133(1986)1079.

P.N. Ross and M. Sattler, J. Electrochem. Soc. in press.

14



Figure Captions

Figure 1.

Figure 2.

Figure 3.

Voltage-time curves for a 1.5 Ah Zn-air cell at the 25th
cycle. Discharge was at the C/4 rate of 15 mA/cmz, charg-
ing at the C/8 rate. Electrolyte was 12 M KOH with 200 g
Zn/L at 45 C. The electrolytelvolume of 100 mL constituted

a large excess of Zn relative to the amount deposited.

Current-voltage curves for the full scale module in the
IDSEP van. a) Discharge. The EOL solid curve shown is
that obtained by scale-up of the curve for the 1.5 Ah cell
at the 500 th cycle. The dotted curve is that projected
for EOL based on extension of life of the current electrode

technology. b) Charge.

Current-voltage curves from th 1.5 Ah size Zn-air labora-
tory cell on which the scale-up van battery module curves

in Figure 2 are based.
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