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ABSTRACT: Zinc alkaline anodes command significant share

of consumer battery markets and are a key technology for the
emerging grid-scale battery market. Improved understanding of
this electrode is required for long-cycle deployments at kWh
and MWh scale due to strict requirements on performance,
cost, and safety. Here we give a modem literature survey of zinc
alkaline anodes with levelized performance metrics and also

present an experimental assessment of leading formulations.
Long-cycle materials characterization, performance metrics, and
failure analysis are reported for over 25 unique anode
formulations with up to 1500 cycles and -1.5 years of shelf
liÍe per test. Statistical repeatability of these measurements is

made for a baseline design (fewest additives) via 15 duplicates.
Baseline design capacity density is 38 mAh per mL of anode
volume, and lifetime throughput is 72 Ah per mL of anode volume. We then report identical measurements for anodes with
improved material properties via additives and other perturbations, some of which achieve capacity density over 192 mAh per mL
of anode volume and liletime throughput of 190 Ah per mL of anode volume. Novel in operando X-ray microscopy of a cycling
zinc paste anode reveals tÏe formation of a nanoscale zinc material that cycles electrochemically and replaces the original anode
structure over long-cycle li[e. Ex situ elementa] mapping and other materials characterization suggest that the key physical
processes are hydrogen evolution reaction (HER), growth of zinc oxide nanoscale material, concentration deficits of OH- and
ZrO}Í^az-, and electrodeposition of Zn growths outside and th.o"gh separator membranes.
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T INTRODUCTION

Energy storage technology is expanding due to new
applications nrith grid services, private homes, and microgrids.

Nationall¡ GWh deployment of energy storage is necessary for
the coming decade to stabilize the grid-penetration of wind and

solar power.l'' M..k"t analysis suggests that economically
viable price points for energy storage range from $30-$500 per
kWh depending on the specfic application.3 Fire safety is often
a deal breaker, particularþ in household locations, in dense

urban environments, or near grid substation equipment.
Lithium-ion technology remains a frre hazard,a-ó which
prohibits its use in some locations. It also has a price unlikeþ
to fall below $200 per kWh,7 which limits its return-on-
investment for many applications. Lead acid has poor cycle-life

and a slow charge/discharge rate, making it a costly option.
Alternative technologies are therefore in development,
including much recent work with Zt, for example, Zn
intercalation cathodes,s novel Ni cathodes for NiZn cells,e

shallow-cycle Mn cathodes for MnZn cells,lo high capacity Mn
cathodes for MnZn cells,Il'rz and flow-assisted Zn technolo-
gies.l3'r+ Several zinc-based battery startup companies are

currently underwa¡ and many recent high-profile publications
utilize Zn *o¿"a.8'9'l lrl2'14'15

Reviews of zinc alkaline electrodes by Mclarnon and
Caimsr6 and Bass et al.r7 form a database for design variations
as known in the Iate 1980s, but they give scant performance
appraisal. More recent reviewslt-2o làave out most of the
literature and do not compare performance witl a rigorous
levelized metric. Commercial and acadernic interest now
warrants a new and thorough literature survey and a levelized
perlormance comparison of all known designs. Therefore, we
here assess known technologies by levelized and industrially
relevant metrics and report a long-cycle testing program to
validate the technologies and discover new ones. The metrics
focus on cycle life and capacity density.

Table I presents t{'re literature review and performance
comparison. It includes only studies that reported cycle testing
and mostly excludes technologies that use Hg or Cd due to the
impracticality of using these additives under modern
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Table 1. Suwey of Rechargeable ,Alkaline Zn Technologies That Mostly Avoid Use of Hg in Chronological Order Beginning
with Mid-f 970s Technologies
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govemmental regulations. The key performance metrics are (i)
discharge capacity density (mAh per mL), (ü) discharge specific

capacity density (mAh per gram), and (üi) lifetime total

discharge capacity (Ah per mL), where mL and gram include all

components of the anode, excluding the current collector, but

including electrolyte used to operate the anode in each

technology disclosure, for example, excess electroþe enables

room for dendritic structures or backside plating, and allows

ZnO}i'f;- to form instead of zinc oxides. Cost per mÂh and

shelf life should be additional metrics but are not listed here

because such data are so scarce in the literature.
A graphical representation o[ the data Êom Table I is shown

in Figure l, alongside performance data from commercial lead
acid batteriess6 and cycle life of commercial designs of lithium-
ion batteries based on cobalt oxide,sT iron phosphate lithiun¡s8
or nickel cobalt oxide.se Except for lead-acid as a comparison,

the data set excludes zinc anodes that use lead, mercury, or
cadmium. The European Union prohibits the sale of batteries
containing more than 0.0005% mercury or O.OO2o/o cadmium by
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materials comprising the mode

Zn powder with 5-55% fluoride salt (either KF or NaF) in electroþe

-99i6 ZnO pæte with -L% of Tl, Pb, Hg Cd, ln, or Ga, no binder, 4296 KOH

electrol¡e contains -5 parts K3BOa IçPO{ K3¡6O{ o¡ KF to I part KOH

72% ZnO, 4% CdO, L% PbO, r% TiO, 2% PTFE, md 20% of eithe¡ ZoI or Zr'liO,
9l ZnO,5% acetylene blaclç 2% HgO, r% PTFE, r% CMC, ó.9 M KOH

68.5% ZnO, 8,6% Zn, 8,60Á BilO,9.4 Ca(OH)4, 4.9% Teflon binder

4O Zn-}l;g mlgm; 396 starcly 6% MgO; l0% Cu-pwclr; 7% Cubow; 35% KOH

94% ZnO, Z% PbO,4% PTFE, 15% KOH with l5% KF or 22% K3BO3 with l% Li2BO3

57% ZnO,3s% Ca(OH)¿ 3.4%Pb3O4 1.4% newsprint, 20% KOH

569ozno,39% Ca(OH)¿ 3.9%Pb3O4 1.1% newsprint,3096 KOH

62,9% ZnOi 32.7% Ca(OH)2j 3.3% Pb3O4; l.l% supewettable PP; 20% KOH

7r5% ZnO,2r.5% Ca(OH)2 296 PbO, 5% PTFE, 3r% KOI{, r% LiOH, sat'd ZnO

Zry ZnO¡tolymer coatings, PTFI
64.5% ZnO¡ 25% Ca(OH), 8% PbO, 2.5% PTFE bi¡de¡

-85% ZnO, -5% PTFE, 10% cellulose fibe¡s

93% ZnO, 296 PbO, 4% PTFE, l% newsprinl 4 M KOII 2 M W, Z M IçCO, UOH

90% calcim zínete, 8% P'[FE;2% PbO; 4 M KOH sat'd with ZnO

62%ZnO,27 Ca(OH), l0% Biror -l% PVA binder

90% Buim zinete; 10% Bi; 5 M KOH sat'd witlì ZnO

-90% ZnO, -5% Bi2Oa 1.5% binder, -3% fluoride salt (e.g., NaF or KF)
8O% Ca-Zn; 5 Zn powder¡ 1096 acetylene blaclç 5% PTFE, 6 M KOH sat'd ZnO

37% KOI! 0,75 g,/L znatq electrodeposition Êom electrolyte

8O% ZnO coated in poþyrole, 10% acerylene blacþ l0% PVA, 33% KOH

hyper-dendritic zinc, -6 ¡4 ¡9"
85% Zn, lO% ZnO, 5% PTFE

85% ZnAl-X-LDlI, l0% acetylene blacl 5% PTFE, ó M KOH sat'd with ZnO,

zinc sponge in ó M KOH

6 M KOH sat'd with ZnO; electrodeposition on "backside" o[ cuent collector

zinc sponge with l1 wt % Ca(OH), iÃ ó M KOH solution witb I M LiOH

64,5%ZnO,25% Ca(OH)r 896 Biror,2.5% Teflon binder,2596 KOH
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'Cycle liFe was defined as the number of cycles until capacity drops below 75% of the.average capacity or until Coulombic efñciency drops below
75%. Many publications that reported low capacity (<20 rnAh/ml) was not included. oCycle-average 

discharge capacity divided by grams ofpaste
including binders, additives, and electrolyte-ignoring current collector, 'Cycle-average mAh discharge capacity, divided by total volume necessary
(including excess electrolyte) for the anode to operate. dMultiplication of the mÂh/ml and cycle life columns gives lifetime Coulombic ouÞut per
volume required for the anode. "These publications did not disclose sufrcient information to calculate any rigorous performance metric.lThey did
not measure cycle life. They saw Pb and Tl to improve gassing rate and shape change in cells purposefully dissected after 32 cycles. sApproximately

half of thei¡ calcium zincate eists as Ca(OH)2 andZnO. They get Coulombic efficiency ne¿r 75% for thei¡ initial cycles, and it drops to 72%by c-ycle
500; therefore, we list this technology as capable of400 cycles. "Zhang et al.'s cell contained unrealistic excess of electroþe, which wa¡ped thei¡
results. See Figure S25 of Supporting Information. 'The cyclic voltammograms and chronopotentiometry charge curves suggest ¡ef l0's active
material was not calcium zincate. Ins ating and deplating from the electrode surface
as zinc metal.ilnsufficient informatio 'beiaus" poiosity ofthe hyper-dendritic foam
was not given, nor was the electrode electrol¡e volume. kl-ilely operated in excess
electrolyte (>t00 mL per mAh cyc ctive material. bid not clearly report anode
thickness, Porosity, or excess electroþe. Porosity was estimated using available information in the paper. -Only I mAh cm-2 was tested, which is
-lS-times lower than a realistic battery. Backside plating Êom zincate solution requires extra volume for adequate mass transfer and for the low
solubility of zincate in ó M KOH. The practicaliry of backside plating is dubious.
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weight and makes all manufacturers of lead-acid batteries
responsible to ensure a high percentage of their products are
recycled.o' In the United States, sale of product containing
mercury compounds is banned, and concentrations in any
single compone^nt may not rise above natural background
concentrations.o' Similarly, strict regulations apply to cadmium.
Lead components are still in widespread use in consumer
products, but restrictions exist in virtually all nations to
safeguard disposal and enforce recycling. Typically the
manufacturer makes an upfront financial deposit that is
recovered upon product take-back frorn the customer. Products
are classfied as hazardous waste if they contain more than -5-
100 ppm lead or ifthey release that concentration during leach
tests.

ln contrast, MnZn batteries have no toxic components,
which allows users to discard them in common household
waste and aids their dominance of the disposable consumer
battery market. Here we focus on performance measurements
of the zinc anode coupled with an Mn cathode because Mn
cathodes are recentþ finding encouraging resultsre-l1'ó3'ó4 but
additional motivation comes from the use of zinc anodes in
NiZn and Zn-air cells as well.&t'-ta

T EXPERIMENTAL SECTION

Electrode and Cell Fabrication. In all experiments, rhe cell box
comprised two rectangu.lar plates of PMMA that enclosed the
elect¡odes as shown in Figure Sl of the Supporting Information.
The cell perimeter was sealed with a rectangula¡ wall of PMMA and
Devcon gel epoxy (#14265). A zinc wire reference electrode (2 mm
diameter) was flush-mounted on the inside wall of every cell through a
2 mm hole drilled through the side of each PMMA plate at a height 'ó
mm above the electrodes and -ó mm below the electro$e-air
interface. Zinc is experimentally well established to be a ¡eliable
reference eleckode in strong KOH solution.as's4ss'ós-68 Each cell was
completeþ sealed except for two small vent tubes (ID 700 pm, 3 cm
length) in the cell top.

All cells contained th¡ee anodes and two cathodes. All electrodes
were 2 in. wide, 3 in. tall, and had thickness ranging from 0.5-1.0 mm
depending on the fype of anode used. Unless noted otherwise, all
cathodes were made the same, that is, a mix of 65% Tronox electrolytic
MnO2 with 30% KS44 carbon powder and 5% colloidal Teflon binder,
pressed at 40 tons, producing a -6.3 g cathode with 0.7 mm thickness
and porosity near 2S%. This cathode was chosen to comply with
recent interest in low-cost fue-safe Mn batteriese-1l64óe and other
aqueous batteries that mate with zinc anod"rt"t-t3 Three layers of
cellophane were wrapped around each cathode. Discharge capacity of
each cathode was -0.34 Wh, chosen to be l0% of I e- per Mn atom,
which is within the reversible portion of MnO2 discharge. The
cathode's Coulombic efficienry is net 99Vo, while its energy efficiency
is discussed in the Results and Discussion section. Further details of
the cathode are found in a prior pap"r.to

The baseline anode paste formulation was 85% wfw Zn powder
(Umicore 999+%, -75 ttm diameter, 030-OO2-00-f, 100 ppm
bismuth, 200 pprn indium), lO% Z¡O powder (Umicore 99%,030-
013-00-Z <l pm diameter), 5ø ptfs as colloidal solutior¡ a 2 X 3
in2 nickel mesh current collector (fsO pm thick), and one wrap of
pellon nonwoven memb¡ane (Freudenberg model FS2l92-l ISG).
Nickel current collector was chosen to avoid dissolution during long-

and is not an uncoÍunon choice in
e anode design was the result of
try veterans/r and is considered a

state-of-the-art design for a long-rycle zinc anode.
The electrodes were pressed tightly together between the PMMA

sheets at an initial pressuÌe of 1500 Pa. The cellophane separators
extended -6 mm above the elect¡odes. The cells were designed to
have very minimal electroþe surrounding the electrodes, -2 rnL of
electroþe per mL of anode volume, simila¡ to a real world industrial
design. Electroþe was filled above the electrodes by -1.2 crn, but only
2 mrn of electroþe existed around the electrodes' sides¡ 45% KOH
solution was used for electrol¡e.

Close to 50 such cells were made for this investigation, with
formulations shown in Table 2. This includes a set of 15 identical
"baseline design" cells (labeled BD01-BDI5) to determine the
ensemble statistics of the baseline performance. Table 2 shows an
additional 25 cells (IDOI-ID2S) that were fabricared with a single
"improvement" compared to the baseline design, for example, a single
perturbation to the anode paste, separator, or electrolyte, Another
eight cells were fabricated to have multiple improvements (MIOI-
MI08) compared to the baseline.

Unless otherwise noted, fabrication of the anode and cathode paste
was achieved by the following sequence: mixing the powder
components
(isopropanol,
roll-casting th
into2X3in
tons pressure between squares of cellulose paper (tabX tZl l2l23})
to prevent sticking to the press mold. Final thickness ranged Êom
0.5-1.0 mm. When ca¡bon fibers or pore-fonners were used the paste
was trowel-cast onto the collector instead ofrolled and pressed, which
increased thickness to 1.0 mm.

Materials Characterization, Cycle-Testing, Performance
Metrics, and Dissect¡on Methods. Before cycling the material
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Table 2. Anode Designs Cycle-Tested in This Work"

ID

BD

IDOT

ID02

ID03

ID04

IDOS

IDOó

IDOT

IDOS

IDO9

IDlO

IDlI
IDT2

IDT3

IDI4
IDT5

IDTó

IDIT
IDTS

IDI9
ID2O

ID21

[D22-IDZ4
ID25

MIOl
l/{t02
MI03

MIO4

MIO5

MIO6

desciption

15 identical bæeline design cells, labeled BD0l-BDls
monim øbonate pore fomes, gmphite powder

duplicate ofthe above

cubon frbers (-ZOO pm length, l0 ¡m dimeter)
duplicate of the above

PVA binder

PVA-CMC binder

coppe¡ ffient collectoÍ

Freudenberg GK2Z80- l00L pellon

Nafion sepuator

sodim citrate additive

duplicate of the above

PEG2ü) ¿dditive (tO ppm)

calcim hydroxide solid powder additive to zinc pffte
duplicate of the above

mpped mode in cellophme

Freudenberg WR89-4-4 pellon

adruced pellon sepuator WR89-4-4
øbon nmotubes 7% w,/w

cubon nmotubes 2% w/w
20 mM PEG200

l0 mM PEG200

deeper depth of cycling tests

64.5/o ZnO,25% Câ(OH), 8% Bi2Or md 2.5% pTFE binder

Ca(Off), additive, PVA-CMC binder, NH4-2CO3 pore fomers
PVA-coated-pellon, wap in cellophme, Cu collector

duplicate of the above

GKJ¿248O pellon, C-fibers, wap in cellophme, Cu collector

duplicate ofthe above

3% C-nmotubes, BirO, and C¿(OH), Cu collector, PVA binder

PùPose

establish the ensemble statistics

inceue pemeability

duplìcate

inaeæe conductivity, pemeability
duplicate

inaease wettability

inaeæe wettability

reduce HER

inaeæe wettabilty
retain zinc

reduce HER

duplicate

reduce HER, shape chuge
reduce Zn solubiliry shape dwge
duplicate

reduce Zn nigration

wettabiliry Zn migration

duplicate

increase conductivity

dupliote

reduce HER, shape chmge

reduce HE\ shape chmge

deeper depth of rycling tests

improve cycle life at higþ DOD
multiple improvements

nultþle improvements

multiple inprovements

multiple inprovements

multiple improvements

multiple improvements

ID denotes'improved design", that is, a single perturbation to the
baseline.

"BD denotes baseline desþ (&Syo Zn, lO% ZnO,5% PTFE, with 45% KOH).
baseline. MI denotes "multiple improvements", that is, multiple changes to the

properties of each anode formulation were characterized. Porosity was
measured via mercury porosimetry. Hydraulic permeability was
meíu¡ured via nrater flux at 3 kPa hydraulic pressure across the
elect¡ode. Tortuosity was measured by diffusive flux of 02 througþ the
pore pathways of a dry anode. Electrical resistivity was measu¡ed via a
four-point probe on paste without the current collector by using the
relation p = ,rvtú/(i ln[2]). Wettability was measured by the time-
rate-of-change of contact angle of a droplet of deionized wate¡. The
separatof permeability was measufed by salt flux across the membrane
while it was held between two stirred solutions.

All cycling tests we¡e performed on an Arbin BT-2000 48-channel
battery tester. Cycling occurred galvanostatically at a rate of l0% of I
e- per Mn atom per hour, which equated to -6.5 mA cm-2, until
10.5% of I e- per Mn atom was charged (11.9 mÁh g-t anode).
Charging switched to potentiostatic at a cell voltage of f.65 V. Only
cells ID22-ID25 were charged differentþ due to their higher capacity.
Discharge occurred galvanostatically at the same rate as cha¡ge until
l0% of I e- per Mn atom was discharged (11.4 mAh g-t anode).
Deeper depth of rycling was also tested as described in the Results and
Discussion section. Cell failure was defned by (a) cell voltage falling
below 0.8 V (b) cycle Coulombic efficiency falling below 80%, or (c)
cycle energy efficiency falling below 70%. However, cell energy
efficiency and Coulombic efrciency are not appropriate metrics for
studlng the anode, To specifically me¿ul¡¡e the anode's performance,
we recorded the anode's overvoltage as a function of time 4"(t), which
allows calculation of the energy wasted on anode overvoltage during a
charge-discharge cycle:

1t"n¿

€^= I 4^idt/ro*. (l)

where i is curent, f is time, f5.6," is the time at the beginning of a cycle,
and ú.,d is the time at the end of a cycle. This wasted energy on anode
overvoltage is here called "anode energy loss" (symbolized by Ê"). Th"
value of f" includes ohmic, kinetic, and concentration overvoltage at
the anode. A perfecdy reversible anode will have f" = 0 Wh. The value
of f" can be nondimensionalized by the cell's discharge capacity to
create the "anode energy efficiency" (symbolized by E"), which is
simila¡ to the commonly used cell energy efficiency (8""¡). Analogous
metrics are established for the cathode's energy loss due to
overvoltages (ÉJ *d cathode energy effrciency (8.). Cell energy
efficiency (8."¡) is equal to I - (å+ €.)/C,"r¿rtd also to (8"+ E.),
where C*¡ is the cell's discharge capacity.

Gas generation rate was measured in 3 min increments by
completeþ sealing the cell and directing the only gas outlet to a
micro-U-manometer filled with water. The change of liquid height on
one side of the micro-U-manometer during -3 min intewals gave
measurement of the gas generation rate, The system's gas seâl was
assured by making the measurement with 1500 gage Pa inside the cell,
and only trusting measurements that were invariant to the pressure
inside the cell.

The electroþe pH and zincate concentration were measured by
collecting 0.5 mL samples from the middle of the anodes during
discharge. Titrations were performed with phenolphthalein and
EDTA, respectively.

Several cells were pu¡posefrrlly dissected and their anode materials
characterized. Notabl¡ a cell at cycle 452 and another at 914 were
dissected, Most failed cells were also dissected for post-mortem
materials analysis, characterized for anode and membrane properties,
and investigated for failure mechanism. Dissection involved quickly
disassernbling and then soaking of all components in baths of
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methanol or deionized water for several days, Anodes were sliced into
quarters and used for various materials measurement techniques as

described in Figure S24.

ln Operando X-ray lmaging and XANES. To illurninate the
chemical processes leading to capacity degradation, we performed
microscopy in operando with -10 pm resolution via t¡ansmission X-
ray microscopy (fXU) at the X8C bea¡nline of NSLS at Brookhaven
National Laboratory. To facilitate the in operando measurements, a

paste anode of dimensions 7 mm X 0.9 mm X 0.09 mm was made with
our baseline formulatiory except the metallic zinc powder was sieved to
include only <50 pm diameter particles. A NiOOH paste acted as the
cathode. The same pellon and cellophane membranes were used.
These materials were put in a specially constructed in operando cell
(Fgure 2), which was cycled at f0% depth of discharge of the zinc's

Contigu ous TXM im ages, 45 x 45 llm each

<_ 0.9 mm ----t

x-ray beam radiates out-of-plane of page

paste th¡ckness ìn beam clrrection is -90 Ém

<-2mm >

Figure 2. Schematic of the in operando X-ray transmission microscopy
cell.

theoretical capacity, while the TXM images were gathered at beam
energy of 9ó80 eV. XANES was performed at the Zn absorption edge,

every few cycles, thus allowing measurements of anode Zn oxidation
properties. A,+0 X 40 pm2 interrogation region was used for XANES
analysis.

T RESULTS AND DISCUSSION

Material Properties of Noncycled Electrodes. Table 3

gives the material cha¡acteristics of the baseline anode before
cycling. The measurements of Table 3 gain sigpificance when
compared to the improved material properties of Table 4 and
when compared to the material properties of baseline anodes
postcycling. Figure 3 shows a cross-sectional SEM and X-ray
EDS mapping of the baseline anode before cycling. An EDS
mapping of fluorine (fçre 53) shows the PTFE binder to be
well rnixed with the ZnO powder and to fill in most pore
spaces, Tâble 3 shows PTFE to give the anode paste poor

wettability (hydrophobicity) and to increase tortuosity to 17,

which is quite high compared to dense-packing of spheres that
have tortuosity near 2.5.

Material properties of the improved-desþ (ID) anodes
(precycling) are shown in Table 4. The strategy of each cell in
Table 4 was to improve a single material property (precycled)
compared to the baseline's material properties (precycled) and
then to test all of the improvements individually with long-term
cycling.

Results of Cycling the Anodes. Cell design and cycling
were made similar to practical real-world batteries, as described
in the Experimental Section. Time series measurements of each
cell's voltage, current, and electrode overvoltage were
monitored once per second, stored once per rninute, and
were processed hourþ into charts of f", €oÊnEo E""p and cell
Coulombic efficiency, aII by automated computer scripts. The
cells were visually inspected once per week. Purposefrrl
dissections occurred at specific cycles and immediately after
failure.

The complexity of the results obtained from cyding the
anodes requires background explanation. [n the simplest case of
a single zinc surface exposed to a semi-infinite bath of 9 M
KOH solution, plentiful eviden_c^e points to Zn(OH),2- as the
predominant soluble comple)ç/¿-t+ which means the overall
reaction is

Zn * 4oH- + Zrl(OlP^)|2- + ze- (z)

Moderate consensus has been achievedó6'7s-7e for describing
the multistep reaction pathway between Zn and Zn(OH),z-,
which is

Zn * OH- = ZnOH + e- (3)

znoH-r oH- + zt(ou), (4)

zn(o}J); + oH- = zn(OH); + e- (suggestedrds)

(s)

zn(oH), + oH- = Zn(oH)*2- (6)

However, real anode operation is complicated by other
phenomena that occur simultaneousl¡ that is, other Zn
complexes that are thermodynamically preferred over Zn-
(OH)*]_ when the OH- concentration drops below pH
13.5"u'"' or when Zn2+ supersaturation produces exotic Zn
soluble comple*es82-84 oi solid zinc oxides/hydroxides.

Table 3. Precycling Properties of the Baseline Anode

metric

porosity

gæ pemeability

tortuosity, pressed at 40 ton

tortuosity, unpressed

wettabiliry initial contact ugle
wettability, rate of chuge of contact mgle

zn(Oø)|- in pores duing dischuge

Gas generation rate duing ñfth cycle

,lpoint probe resistivity (no cuent collector)

cellophme perneabilit¡ to Zn(OH)r2-

Pelton permeability to Zn(OH)*2-

cellophme permeability to OH-
Pellon permeability to OH-
ZnO precipitated in membrme

average

26%

0.53 milliDucy

17

4

125'

-0.08" min-r

1.77 nol/L, 115.2 g/L
0.0045 mllmin
5xl0óç¿cm
3.75 x l0-r2 m2/s

1.2 x l0-ro m2ls

above detection limit

9.2 x l0-rr m2 s-l

O,47 mg cn-z

stmdud deviation of the meæuements

+ó% at 15% confidence intev¿l

+0.1 milliDucy at 15% confidence interyal

L3.2 ¿a lSYo confidence interual

il ât 15% confidence i¡tev¿l

+8" vüiability

+3.ó' per minute

afS g/L at 159ó confidence interval

average of two meffüements, +0,005

+75% spatial vuiability

+15% stmdud deviation

+3 x lo-r3 m2/s

n.a,

+15% stmdud deviation

+20% stmdud deviation



Table 4. Improved Design Anode Properties, Precycling

cell

ID01, ID02

ID03, ID04

ID05, ID0ó

IDOT

IDO8

IDOS

IDrz, ID20, ID2l
IDr3, IDr4
ID18, IDr9

porosiry: 2x higher porosity ,;;;"'^ 

to bæeline

resistiyity: 1000X decrease in resistiviry (-ZOOO O cm t 50% stmdad deviation)
wettability: 2.5X lower contact mgle (5ó") ud l00X increroe in absorption rate

H2 generation: 3X lower initial gas generâtion rate

lZn(OH)i-l permeation through the sepilator: lOx reduced zincate pemeability
ZnO precipitate in membrme: 2X reduction (0.t9 mg cm-'z)

Hr generation: 2X reduction in gas generation rate

ZI(OH)l concentration: 2X decreæe in [Zn(OH)4È] (O.AO mol/L, SS.8 g/L)
resistivity: 100000X decrease in resistivity (-ZO Q cm)

Figure 3. Baclscatter SEM and EDS. elemental mapping of uncycled baseline anode cross-sections. Yellow rectangle is the current collector. The
entire electrode thickness (-O.S mm) is visible.

Supersaturation occurs when mass transfer of zinc in the
electroþe is slow or when the electroþe volume is lower than

-20 mllmAh (solubility of zinc is -1 M in 45% KOH
solution).ó3'8s-88 Most industrial cells have <20 ml/mÁh.
Many academic publications use an abundance of electrolyte
and are thus irrelevant to practical batteries. Further complexity
is added by use ofpaste zinc electrodes, wherein tortuous pore
pathways cause larger variations in ion concentration and zinc
oxide chemist7.t4'se-ez Shape change becomes a final
complexit)¡^ when boundaries are imposed upon the

r 13.14.98-100
eoges.

Figure 4a gives anode performance that resulted from our
ensemble of 15 identical baseline design cells, and Figure 4b
gives the same for the improved design anodes. The key point
is not to show a breakthrough in perforrnance, but rather to
show insights into the anode material evolution on the
nanoscale to microscale under practical cycling conditions.
However, in a later section, we show a novel formulation of
Ca(Off), that produces "best in class" performance, which has

never been reported without use of lead or mercury. Failure
mechanisms in Table 5 were determined by dissection and
analysis of voltage-current time series that were recorded
immediately before cell death. The results show the dominant
failure mechanisms are growth of anode impedance and anode
zinc growths that cause short circuits.

When baseline anodes were young that is, less than -400
cycles, they showed anode energy loss of 0.015 Wh (i.e., E" r
95%), which is much less than the cell's total energy loss of
-0.065 Wh (Eal = 80%) because of energy lost in the cathode.
As cycle life exceeded ó00, the baseline anode's energy loss

began to grow higher, and E" began a steady decrease toward
80%, which thus caused E."s to decrease toward cell failure
from cycle 600 to -1200. Cell voltage during discharge is
intimately connected to E."¡ because both are governed by
electrode overvoltages. Cell voltage and anode overvoltage time
series are given and d. The anode energy metrics
(f, E") were h ed with cell failure. For example,
when the f" value for a particular cell rose above 0.05 Wh in
Figure 4b, cell failure was inevitable within 100 cycles.

Ex situ material properties of many anodes were measured by
dissection. After 452 cycles, cell BD09 was dissected and the
results are shown in Table ó. Compared to the precycled state,
the dissections showed an increase in porosity, increase in
permeabiliry increase in wettability, and a decrease in
resistivity. Anode energy efficiency of BD09 was 93% at the
time of dissection. After 914 cycles, cell BDOI was dissected
the results also given in Table 6, which showed additional
increase in permeability, porosity, wettability and conductivity.
In spite of the steady improvement in material properties, the
anode energy efficiency dropped from -95o/o (new anode) to
93o/o (cycle 452) and finally to 86%o (cycle 914). Our dissecrions
also found steadily growing zinc growths outside the pellon
membrane of the anode (e.g., -ass shown in Table ó). These
Zn growths outside the membrane were rounded, metallic,
globular, and grew gently through the pre-existing pore
pathways of the pellon or cellophane membranes as shown in
Figures S4-S7. Contrary to common thought, sharp dendrites
do not occur in rechargeable zinc anodes unless the charge rate
exceeds 50 mA cm-z for extended time,tor which is not typical.
The rounded zinc globs grew large enough to bridge between
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Table 5. Cycling Performance of the Baseline Anode

?
351

metric

mAh g-t total mode materials

mÂh m]--t total mode volme
mL electrolyte per Ah capacity

cycle life

shelf life duing cell testing

Coulonbic eÆciency

energy efficiency

f, mode energy loss of a healt\ cell

f, mode energy loss of a uhealthy cell

3, mode energy efrciency of healthy cell

E, mode energy eftciency of mhealthy cell

failue mech.: short cirflit
failue mech.: læge DC impedmce

failue mech.: MnOr cathode problem

failue mech.: purposeful dissection

value

1l
38

45

meu, 121ó; std, 38ó

1.5 yers
9íYo

80%

0.03 wh
>0.09 wh
96Yo

<gOYo

5

8

0

2

meæuement vuiability

t4Vo

+4Yo

al0%
ensemble size of 15

+30%

t4Vo

f4Xo

+30%

+30%

from ensemble size of 15

Êom ensemble size of 15

from ensemble size of 15

from ensemble size of 15

b)

anode and cathode, to cause the short circuit failures as shown
in Table 5. Careful inspection of membranes from dissected

cells never found a punchrre from a dendrite. Nonetheless, the
soft short circuits from zinc globular growths were a significant
cause of failure (Table 6). Short circuits are clearly a non-
negligible occuûence in all long-cycle zinc anodes.r2'r3'34'ro2

Soft short-circuits often go undetected and unreported because

their effect on the voltage and current is subtle,r2 but over

dozens ofcycles they destroy electrodes and can be a dominant
failure mechanism. Example time series data of voltage and
cwrent of these soft short-circuits are shown in Figure S27 and
in prior work.l3

Electron microscopy and EDS elemental mappings from cell
BD01 are shown in Figure 5. Locations in the bottom half of
the anode (figure 54b) show similar structure to that of Figure
3, that is, original grains and original pore pathways of order



Table ó. Properties of Dissected ,{nodes, Post-Cycling

metric

Cell 8D09, Stopped after 452 Cycles

pemeability
porosity

wettabilty

fou-point ¡esistivity: pæte onþ

Zn oubide the Pellon membme

Cell BD0r, Stopped after 914 Cycles

gæ pemeability

porosþ
wettability
,t-point probe resistivity: drk pæte

,l-point probe resistivity: white pæte

Zn(Oø)nÞ concentration in pores

pH in pores

Zn outside the Pellon membrme

average

5 milliDucy

37Yo

initial, Tl"; ratg -óo nin-l
2xlOsOcm
250 mg

30 milliDucy

ÇlXo

initial, 70"; rate, -74'min-r
3 x 103 ohm cm

5 X 103 ohm cm

zinate:78 g/L
hydroxyls: 9 mol/L OH-
r.7 E

meæùement vuiability

low of 0.7 to high of 1l milliDrcy
f5%
n.e.

175% spatial wiability
only one cell dissected

niddle mode higher permeability

+5%

n.a-

+50% spatid variability

450% spatial wiability
r15%

r15%
1596

a) 300 ¡m

Figure 5. Cross-section dissection data from BDOI after 914 cycles. On the left are SEM baclccatter electron images. On the right are conesponding
EDS elemental mappings. View (a, b) from the bottom half of the anode and (c, d) from the top half of the anode. The small squares in the bottom
right show that backscatter elecEon intensity is white/blaclç nickel is yellow, carbon is green, zinc is red and orygen is blue. The epory fixing agent
appears in these images as green carbon material, but it was empty pore space when the anodes were in operation.

)

-50 ltmt except pitting of the Zn grains is visible. In contrast,

locations in the top half of the cycled anode (figure Sc,d) show

conversion of the original material to a nanoscale material

(figure 5c,d), which produced ex situ X-ray diftaction pâtterns

matching a mixhrre of ZnO ^îd Z\. The chemical and

structural difference between top and bottom locations is likely
due to density convection phenomena that affect the
concentration of OH- and Zn(OH)n2- in the top versus

bottom, thought to be responsible for zinc anode shape

change.ee'roo The anode material from top locatio4q had a
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lighter color, was less bonded, and showed more electrical

resista¡rce and hydrophilicity (Table ó). Ex situ diftaction and

EXAFS analysis of the nanoscale material of 5c and d has

rarely been reported, but existing measurem tt"ot .ogg"tt
it to be a complicated mixture of zinc oxides and hydroúdes.
We elçlored further understanding of its formation and

composition by in operando X-ray microscopy measurements.

ln Operando X-ray Measurements of the Cycling
Baseline Anode. Deeper understanding of the anode material

evolution was obtained by in operando transmission X-ray
microscopy (TXM) during three cycles at 10% DOD (data

shown in Figure ó). The in operando microscopy shows new

pore space is created by electrochemical dissolution of-50 pm
Zn metal grains and subsequent growth of an electro-active

nanoscale material. XANES analysis was performed on an

actively changing region of the nanoscale material, marked by
the red square in Figure ó, after the fourth charge and again

after the fifth discharge. TXM microscopy of this active region
is shown with greater resolution in Figure S23. The XANES
analysis confirms the material to be electrochemically cycling

between two states that match XANES reference spectra for
ZtO or z.t(OH)rtoatos and for Znrroó respectively. Spectra are

shown on the bottom of Figure ó. These new data, taken

together with the fact that this cell and most industrial-design

cells have too small a volume of electrolyte per Ah to
all the Zn2* released by the anode,aa'e4'to? suggest

cannot be the total reaction. When OH- runs low, as it
inevitably does in practical zinc paste anodes, reactions are

likely to proceed via an all-solid-state pathway as previously

suggested for type 2 zinc oxide.loe High surface-area nano-

porous zinc material will be amenable to an all-solid-state

reaction pathway because its length scales are thin enough for
solid diftrsion to operate. Possible all-solid-state electro-

chemical .eactionsto*- t to a..

Z¡ * ZOIJ- + zn(Oø), + 2e- (7)

zn r IJro È Zno + 2lg^+ + 2e- (8)

where the details of the reaction pathway are a topic outside the
scope of this work Modern molecular materials analysis is
needed to advance understanding of these important electro-
des. Zn oxide products have wide variety (ZnO,I!), and the
issue has not been explored sufficiently with advanced
techniques.

As cycling continues into hundreds of cycles, tlte nanoscale

zinc material expands in size and densifies, which cause tÌre
darker shade to occur in the lower red rectangle of Figure ó.

This denser material fills the pore spaces and causes ion
diffrrsion to suffer tortuous access to Zno surfaces, and it âlso

slows natural convection by increasing hydraulic resistance,

which results in poor mass transfer of OH-, K*, and zincate.
Poor mass transfer of these ions will gradually increase the
presence of zinc oxide solids, increase the anode overvoltages
that cause higher f. (lower E"), and reduce discharge capacity.

Eventually the electrode will fail due to the overvoltage. The
material electrochemical evolution is a key phenomenon to the
life of the anode. In operando micro- and nano-scale imaging of
this process has rareþ been reported.

Shape change is a related phenomenon that operates on
much larger Satial scales.8ÓrÞ'roo t"" connectioir between
macroscopic phenomena such as shape change and micro- and
nano-scale phenomena is an outstanding problem of the
materials chemistry of zinc anodes.

lmprovements to the Baseline Anode Formulation.
Anode energy efficiencies of the improved anode designs of
Table 4 are shown in Figure 4b. Some of these anode designs

were successfrrl and others were not. For example, the KS44

powder combined with the PTFE binder in cells IDOI and
ID02 created such low porosity (18%, see Figures Sl0-S12)
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that poor ionic mass transfer and high overvoltages resulted,

which led to earþ cell failure. Evidence for this perspective is

the Z¡ metal remaining in the anode material after failure,

which otherwise only occurs if the anode failed rapidly due to
short circuits (Figures S10-Sl2). All other anodes that failed

due to high impedance were observed to have very little Zno

remaining. The anodes fabricated with PVA or PVA-CMC
binder (i.e., ID05 and IDOó) retained a significandy darker

color (i.e., Zno) than the baseline anodes, likeþ due to
improved permeability of ID05 and IDOó (ZS milliOarcy).
Similarl¡ the amount of metallic Zn growth found outside the
wrapper decreased when (i) pressure on the electrode stack was

reduced (ü) higher porosity anodes were used (Figure S2), or
(üi) extra space around the electrode edges was eliminated. A
possible explanation for the effect of pressure and porosity is

that higher mechanical pressure on the electrode stack causes

the pore spaces to collapse during discharge, thus forcing zinc

metal electrodeposition to occur at the edges ofthe electrodes.

The same explanation applies to the higher porosity anodes,

since they all used lower pressure on their electrode stack
The performances of our six most successful improved

design anodes are shown in Figure 7a. The average and 85%

confidence intervals of the baseline anode performance are also

plotted in Figure 7a to allow determination of "significant"

di.fferences between the baseline and improved designs. Figure

7a shows that two advanced (CKZZ+AO-IO0! extra frber

g¡afting for stronger and tighter pores) Pellon membranes
(cells ID08 and IDIT) were found to perform significantly
better than average as well as wrapping the anode in cellophane
mernbrane (cell IDIS). Use of copper instead of nickel for the
current collector in cell ID07 was found to not affect the anode

energy efficiency but was found to significandy reduce gas

generation (figure Sl9). Use of PEG200 additive may have

improved performance in cell ID2l; however, this cell died
early from a short ci¡cuit. Several of these improvements were

combined together into cell MI03 (copper current collector, a

wrap of cellophane around the anodes, and GK22480-100L
Pellon), which resulted in the best anode energy efficiency of
our entire study (red line of Figure 7a).

Use of carbon fibers or carbon nanotubes as additives in the
anode led to earþ failure due to conversion ofZno to ZnO, see

worth noting that hydrogen evolution
s on carbons are poorly studied.lrl'll2

Sl3-S18 show that Zno is completely converted to ZnO when
high-porosity is combined with carbon 6bers, carbon nano-
tubes, or Ca(OU)" which was also apparent by the completely
white appearance of the electrodes by visual inspection. Clearly
there are many phenomena occurring simultaneously with



these electrodes, and much scientific work remains to be
performed to frrlly understand performance.

Higher Depth of Discharge. Cycling the baseline anode
formulation at deeper depth of discharge resulted in lower cycle

life as shown in Figure 52ó. At higher DOD, the cells failed
earlier due to more rapid evolution of the material as explained
in Figures 5 and ó. .Additives can help avoid this early failure.
Figure 7b shows successfrrl long-cycle life of cell ID25 at 15%

depth of discharge of the Zn theoretical capacþ achieved by
use a few additives from Table 4 (ó4.5% Zr.O,25% Ca(OH)"
8% BizO3, arrd,2.5% PTFE binder). The performance of cell
ID25 shows 990 cycles at 192 mAh per mL of anode volume
(creating lifetime discharge capacity density of 190 Ah
discharged per mL anode volume), which is close to the best
of all literature in Table l. Reports of similar formulations exist
in the literature, but always with inclusion of PbO, or
cycle life performance,2s'Jt-3s'37'4o'42 and so the data o
7b is considered a novel finding.

To understand the success of formulation of ID2$ we
collected EDS elemental mappings of cross-sections of ID25
cell replicates (rigure 8). Published literature on the effect of
Ca(OFt), on zinc alkaline anodes is unclear whether
calcium zincate is an electro-active species.3l'33'4 After 25
cycles, Figure 8 shows cross-section EDS mappings of
precycled and cycled anodes from replicates of ID25. These
EDS mappings show that pure metallic Zn regions of -10 pm
size form up in the cycled anode (i.e, pure red regions) and are

distinguished from the precycled electrode, which contained
zinc only as purple (ZnO nanopowder) regions and pink (ZnO
and Ca(OH), nanopowder mixture) regions. Yellow regions of
pure Ca(OH)r appear in both precycled and cycled electrodes
but are more extensive in the cycled electrode possibly due to
migration of zinc away Êom the pink regions toward red
regions. The cycled electrode was stopped after charge.

Therefore, Zn is likeþ the major electroactive species, These
findings strengthen prior erçlanations that the role of Ca(Off),
is simply to absorb the Zn ions ftom the electroþe in a

nonelectrochemical reaction. This helps the anode by keeping
Zn localized near electroactive zinc metal grains. This
hlpothesis is fu¡l'rer supported by our measurements of
dissolved Zn concentration in electroþe samples taken from
cell ID13 (0.s0 ivt, 5ó g L-1), which had ca(oH), added to the
anode, as compared to a baseline artode (1,77 l4 115.2 g/L),
Other Zn sequestering materials are also known to heþ such as

Ga2o3, Ti2o3, Sr(oH), Al2o3, or Ba(oH)r.ta3zlr4-r17 These
other sequestering materials were not tested in this worþ but
reports of their performance were included in constructing the
literature survey of Table l.

with regards to the bislutfli"*iifrHr:å.1il#r

t coNclusroNs
Literature understanding of materials chemistry governing the
performance of practical rechargeable Zn alkaline anodes is still
evolving. Here we offer novel insights and formulations for
long-term cycling couched within an advanced literature review
based upon a key performance metric (Ah discharged per
anode volume or mass). Poor long-cycle performance of this
metric is caused by the following failure mechanisms: (i)
growth of rounded zinc metal deposits through pre-existing
membrane pores and eventually causing short-circuits; (ü)

nanoscale zinc oxide material that elechochemically cycles and
overtakes the original zinc grain and pore pathway structure,
eventually blocking ion mass transfer and ramping impedance
high; (üi) poorþ understood zinc oxide materials that appear
resistant to reduction during charging; (iv) hydrogen
generation that converts metallic Zn to oxides. Results from
material characterization and failure analysis of 25 unique
designs of zinc-paste anodes find greatest success *ith (Ð
reductions of l{ER activity, (ü) physically trapping the zinc
material inside additional membranes or inside powder
compounds such as Ca(OU)r. A novel formulation achieves

990 cycles at 192 mAh per mL of total anode volume, without
use of Pb or Hg which is close to the best of all prior literature.
Novel in operando X-ray microscopy on a cycling zinc anode
reveals the formation of a nanoscale zinc material that remains
electrochernically active and overtakes the original anode
structure. Ex situ elemental mapping and other materials
characterization suggest the key physical processes are FIE\
ZnO clogging of pore spaces, OH- and ZnOHa2- concen-
tration deficits or supersaturation, and electrodeposition of Z¡
growths outside the membrane wrapper. Modern materials
chemistry will be critical to advance understanding of the many
simultaneous phenomena that govern the life of practical zinc
paste anodes. Couplings between the molecular and macro-
scopic scales will be necessary.
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