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Performance and failure mechanisms of alkaline
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Additions of calcium zincate (CaZn,(OH)g-2H,O, CaZn) to zinc (Zn) anodes in alkaline batteries have
been investigated and were found to remarkably increase cycle life at high 50% Zn utilization of the
anode’s theoretical capacity, thereby significantly reducing anode costs. A spectrum of anode
formulations with increasing CazZn (0%, 30%, 70%, 100%) in mixtures with metallic Zn is investigated
along with minor additions of Bi,Os, acetylene carbon black, and CTAB. The total molar zinc content is
normalized; thus, electrode capacity is kept comparable, resulting in electrodes relevant to real world
use cases. We report details of the cell design, electrolyte composition, electrode design, and cycle
testing procedure, all of which are kept close to industrially relevant values. A pure CaZn anode with
acetylene carbon was shown to achieve 1062 cycles at 20% Zn utilization in ZnO saturated 20 wt% KOH
whereas traditional Zn anodes only utilize 10% for similar cycle life. At high 50% Zn utilization, CaZn
anodes achieved ~280 cycles while Zn anodes achieved ~50 cycles, resulting in a five-fold
improvement in cycle life resulting in approximately ~25% reduction in cost per cycle. Scanning
electron microscopy analysis of cycled electrodes shows that adding CaZn reduces electrode failure by
slowing down formation of a passivating zinc oxide layer at the surface of the electrode as well as
decreases shape change. This appears to occur because zinc and calcium remain intimately mixed
forming CaZn, which reduces dissolution and reprecipitation, but slowly will segregate as inactive

materials are pushed to the surface where conductivity is lower.

1. Introduction

The transition from non-renewable fossil fuels to green renew-
able energy requires grid scale energy storage systems to help
balance out the intermittency of energy generation with custo-
mer usage. Demand for low cost and safe energy storage
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is paramount to facilitating the transition but commonly
used lithium and/or sodium ion batteries use dangerously
flammable electrolytes. Zinc (Zn) chemistry provides a high
theoretical capacity (820 mA h g~ "), is geographically abundant,
non-toxic, and non-flammable, all of which make it ideal for
grid storage. Metallic Zn has been investigated extensively" for
anodes in primary and rechargeable Zn batteries such as Zn/
Ni,>* Zn/Air,* Ag/Zn,® and Zn/Mn0O,.”"® Zn has shown tech-
nological difficulties via poor cycle reversibility when utilized at
high capacities. Failure mechanisms have been well documen-
ted including passivation, shape change/redistribution, den-
drite formation, hydrogen evolution, and the crossover of
zincate (Zn(OH),>") into the cathode.>’
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During discharge, conductive Zn goes through a dissolution
precipitation reaction from Zn to an aqueous zincate ion
(zn(OH),>") intermediary (eqn (1)). Zincate ions may (a) remain
local and participate in subsequent charge step(s), (b) locally
saturate and precipitate as Zinc Oxide (ZnO) solid (eqn (2)), (c)
migrate or “shape change” to distant irreversible locations, (d)
convert to irreversible Zn compounds, or (e) cross over to react
with the cathode in detrimental reactions.** Zinc passivation
occurs on the surface due to ZnO deposited films and typically
those are known to exist in two forms. “Type 1” a white
relatively porous and loose homogeneous precipitate formed
from a saturation of zincate due to the lack of convection on the
anode surface and “Type 2" a light to dark grey densely packed
passivation layer that prevents electrolyte penetration.'**?
Recently it has also been observed during ZnO cycling, within
a certain overpotential, there is a highly electroactive blue ZnO
layer that is formed on the anode surface."*

Discharge/Charge reaction: Zn + 40H™ == Zn(OH),>” + 2e~

(1)
Precipitation/Dissolution reaction: Zn(OH),>~ = ZnO + H,0
+20H" (2)

Different methods have been employed to increase the
cyclability of Zn anodes such as electrolyte engineering, anode
interface modification, ZnO formulations, and 3D
structures.”™"® It is widely understood that the addition of
calcium hydroxide Ca(OH), into ZnO anodes helps boost bat-
tery cycling performance from the in situ formation of calcium
zincate (CaZn,(OH)s-2H,0, CaZn)'”"'® (eqn (3)). Ca(OH), com-
plexes with the oxidized zincate ions locally, forming solid
CaZn, trapping the zincate ions, and preventing redistribution
which eventually leads to shape change.'® D’Ambrose et al.™
have shown using in situ X-ray diffraction (XRD) that CaZn is
formed when cycling ZnO with Ca(OH), as an additive in KOH
electrolyte. CaZn has a lower solubility in alkaline KOH electro-
lytes compared to ZnO, in 20% KOH there is more than 2x
reduction from ~25 g L™ of ZnO dissolved to just ~9 g L™"
Cazn.?*' The lower solubility helps reduce the dissolution of
zinc, thereby reduces the formation of zincate ions, which are
susceptible to the losses mentioned above.’

2Zn(OH),>~ + Ca(OH), + 2H,0 = CaZn,(OH)s-2H,0 + 40H ™

(3)

CaZn powders have also been synthesized ex situ, using ZnO
and Ca(OH), through various methods such as chemical
precipitation,®®***? ball milling,"”"® hydrothermal,** and alco-
hol thermal®® etc. These result in different nano-morphologies
with varying particle shape, size, and distributions while show-
ing the same crystal pattern. Three major crystal morphologies
reported are the classical tetragonal,>® hexagonal,*® and 3D
flower-like CaZn.”” Each publication in the literature uses
different parameters to test their anodes, making it difficult
to compare results to elucidate what are the most important
factors improving cyclability. Most try to achieve 100% utiliza-
tion (depth of discharge, DOD) of the theoretical Zn, leading to
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poor cycle life typically less than 150 cycles, which is not
realistic since industrial Zn batteries for grid storage typically
require >1000 cycles®.

Many have synthesized and cycled various morphologies of
CaZn using different additives in both the anode and electrolyte at
different C-rates and voltage ranges, making it difficult to compare,
all which has been summarized in Table 1."**"***>*"3> Caldeira
et al** compared equal capacities of ex situ CaZn vs. in situ CaZn
(ZnO + Ca(OH),) anodes, utilizing 40% of theoretical capacity at C/3
for 157 cycles and continued at 1C until 313. The charging protocol
involved overcharging the cells to 120% of the nominal capacity
every 50 cycles and used 7 M KOH saturated with ZnO, which is
known to provide additional overall capacity although it often goes
unaccounted for in the literature.*® Shangguan et al.>” compared
cycling performance of tetragonal, hexagonal, and novel 3D flower-
like CaZn showing improving performance with changing mor-
phology, achieving 297.5, 312.2, and 249.5 mA h g~ respectively.
The 3D flower-like CaZn showed the best performance, showing
low-capacity loss after 800 cycles, although they used ZnO saturated
5 M KOH mixed with 0.5 M LiOH.

Common conductive additives to CaZn electrodes include
tin (Sn), carbon, bismuth(m) oxide, etc. Bismuth(m) oxide as an
additive to the Zn anode has been shown to provide improved
cycling performance and is thought to get reduced to Bi metal
before ZnO is reduced to Zn. This leads to the formation of
conductive channels of Bi metal throughout the anode, which
enhances the cycling performance of Zn anodes by providing
increased electronic conductivity and help to reduce H, gassing
caused by the hydrogen evolution reaction.'®*”~*° This simpli-
fies the number of variables, since some papers use expensive
electroplating methods onto the current collectors, while the
addition of powder bismuth oxide is easy and cheap to incor-
porate into the manufacturing process.

Despite CaZn showing improvement in cyclability at higher
utilization,*"* studies only cycle CaZn against nickel Ni(OH),
counter electrodes because they are at the same state-of-charge.
In order to drive costs of grid scale energy storage down from
$300 kW h™* to $100 kW h™* or less,*! CaZn anodes need to be
paired with MnO, electrodes because nickel cost ten times more
than MnO,. CaZn anodes either need to be formed up to Zn with
MnO, or separately before being paired with MnO,, both which
will cost additional time and money, or as in our approach, we
attempt to add Zn powder directly to reduce additional proces-
sing steps. The addition of Zn powder into the anode helps to
increase the volumetric energy capacity as well, due to the lower
capacity density of CaZn (347 mA h g™, d = 2.59 g cm ™ *)***°
compared to Zn (820 mA h g%, d = 7.133 g cm *) and ZnO
(978 mA h g™ ', d = 5.61 g cm ). Our industrial partner, Urban
Electric Power, Inc. (UEP), has commercialized proton-insertion
Zn|MnO,, batteries made via roll-to-roll manufacturing in both
jelly rolled cylindrical and prismatic form factors. The addition
of CaZn into Zn anodes will help increase cycle life of Zn anodes
at higher Zn utilization, thereby further driving down the cost of
rechargeable alkaline Zn|MnO, batteries for grid storage.

Here, we cycle different Zn anodes with increasing amounts
of CaZn as an additive, all with the same total molar amount of
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zinc, at high commercial Zn utilization from 20% to 50%. Small
amounts of metallic Zn have been used as an additive to CaZn
anodes previously®® to improve the specific capacity, but all
CaZn papers focus on nickel cathodes instead of MnO,. By
focusing our efforts on high Zn mixtures with CaZn, these
anode formulations can be paired with MnO, and quickly
incorporated into industrial production without having addi-
tional processing steps. Anode capacity was levelized across
all formulations to better compare cycling performance and
understand the tradeoff between cycle life, energy density, and
anode cost as the amount of CaZn increases. Deeper under-
standing of CaZn performance both as an additive to metallic
Zn and as a pure anode will provide insight into how industrial
formulations can achieve higher utilization of the theoretical
capacity of the Zn in rechargeable secondary zinc batteries.

2. Experimental
2.1 Synthesis of calcium zincate

Calcium zincate was synthesized at room temperature via a co-
precipitation method based on the Sharma’s®® recipe. In a
standard batch, 1 g (0.012 mol) of ZnO (99%, <1 pm diameter,
Umicore) was added into 100 mL of 20 wt% v~ '. potassium
hydroxide (85% KOH pellets, Fisher Sci.) in a beaker and stirred
constantly at room temperature until fully dissolved and clear.
After the powder was fully dissolved, 10 g (0.135 mol) of calcium
hydroxide (Ca(OH),, 99%, Fisher Sci.) was added slowly and
stirred. 14.6 mL of deionized water (DI water) was added before
a final 22 g (0.27 mol) of ZnO was added slowly. The top of the
beaker was wrapped with parafilm and stirred for 24 hours
before being left to settle another 24 hours where the solution
separates into two layers, a top liquid and a bottom white
powder. The top liquid is carefully decanted off and the
remaining powders are washed with deionized water until the
pH of the wash water is around a pH of 7. The powders are then
placed into an oven to dry overnight at 50 °C before being
removed and crushed with a mortar and pestle into a fine
powder for use.

2.2. Electrode fabrication

Most of the cells tested were based off a possible commercial
Zn anode (areal loading: ~0.24 ¢ cm™?) approximately 96 wt%
Zn with additives and binder.” In order to ensure failure of cells
were caused by the Zn anode, the cycled capacity of the Zn
anodes was kept to less than 1 of the capacity of the cathodes.
2 x 3 in (5.08 x 7.62 cm) cells were fabricated with two
commercially purchased sintered nickel (SiNi, Ni(OH),, High-
star) cathodes and one hand cast Zn anode. Industrial zinc
anodes typically utilize <10% of the theoretical Zn to achieve
high >1000 cycle life* but here Zn anodes were cycled at 50%
utilization whose capacity would have been higher than the
SiNi cathodes. The areal loading of Zn is scaled down by a
factor of four to keep it in line with 2 SiNi without needing
to increase cathode thickness/capacity. MnO, electrodes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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86% Zn, 10% Bi,0,

86:0:Bi

4
3.3
9

12.3
12.9
14.3
1
1
1

2077.9
1165.7
702.8
568.9
450.9
419.2

47.8
47.8
47.8
47.8
47.8
47.8

0.07
0.08
0.11
0.16
0.16
0.16

0.23
0.41
0.68
0.84
1.06
1.14

703.4
581.8
421.4
298.4
298.4
298.4

1.85
8
1.85
1.85
1.85

26% Zn, 60% CaZn 10% Bi,O3
86% CaZn, 9% carbon, 2% CTAB 1.85

60% Zn, 26% CaZn 10% Bi,0s
86% CaZn, 10% Bi,O;

86% CaZn, 10% carbon

0
0
2.6
5.3
5.3
5.3

2.26
1.91
1.14

2.63
3.18
4.39
6.20
6.20
0:86:C:CTAB 6.20

60:26:Bi
26:60:Bi
0:86:Bi
0:86:C
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(80 wt% electrolytic manganese dioxide (EMD), 16 wt% gra-
phite and 4 wt% Teflon, UEP) were also cycled as received.

Various metallic Zn (99.9°%, ~75 um diameter, 100 ppm
bismuth, 200 ppm indium, Umicore) mixtures with increasing
CaZn based off the standard Zn anode are shown in Table 2 and
cycled. The total molar Zn content was kept the same in each
composition, providing the same anode capacity to each cell
and making it easier to compare cell performance. Different
additives were also tested such as bismuth(ur) oxide (Bi,O3, 10
pm powder, 99.9% with trace metals basis, Sigma Aldrich),
cetyltrimethylammonium Bromide (CTAB, >98%, Fisher Sci.),
and 50% compressed acetylene carbon black (Sigma Aldrich).

Single batch anode mixes were made by weighing compo-
nents, stirring with a spatula to combine, and working it into a
hydrated paste using isopropanol (70%, Fisher Sci). The anode
paste was then cast evenly with a spatula onto both sides of a
2 x 3 in expanded copper mesh current collector (0.254 pm
thick) that had a nickel tab welded on the top left as shown in
Fig. S2 (ESIf). The anodes were dried overnight at room
temperature before being heat sealed in one layer of Pellon
(Freudenberg) to help with anode wetting. The wrapped 2 x 3
in electrodes are then pressed at 30 PSIG (206 kPa). Other
anodes were also manufactured by feeding a larger batch of the
anode paste mixture through calendaring rollers to form sheets
of relatively uniform thickness. These sheets were dried, then
cut to 2 x 3 in rectangles, with cooresponding mass loadings,
that two sheets were pressed onto each side of the current
collector as previously mentioned.

Sintered nickel (SiNi) cathodes were cut to 2 by 3 in (5.08 x
7.62 cm) rectangles with a nickel tab welded on. Some of the
tests used SiNi ‘““as received” (in the discharged state) against
majority to pure CaZn anodes. Other tests with pure Zn or
majority Zn anodes required the SiNi cathodes to be formed up
(pre-charged) externally before being used or the charge in
balance would prevent good cyclability. For the tests that
required formed up SiNi, SiNi was charged up in a symmetric
cell with 30 wt% KOH, to 0.65 V vs. Hg|HgO electrode, then
washed and soaked with DI water for a few hours before drying
overnight in an oven. When used in cells with a Zn or CaZn
anode, two of the SiNi cathodes were used together, wrapped in
a U fold by three layers of cellophane, with the anode sand-
wiched between the two SiNi as in Fig. S3a (ESIt). The SiNi tabs
for both nickel cathodes were welded together.

2.3 Cell fabrication

All cells used industrially relevant geometry of a prismatic cell
with tightly packed electrode stacks and minimal electrolyte to
solids volume ratio. Cell design is shown schematically in
Fig. S3a (ESIt), and consisted of two large rectangular plates
of poly(methyl methacrylate) (PMMA) that sandwiched a Buna-
N rubber gasket (40A Shore, McMaster Carr). The thickness of
the rubber gasket was chosen to be slightly thicker than the
final average compressed cell pack thickness to provide proper
pressure when the PMMA sheets were tightened with screws
and washers.

Energy Adv,, 2024, 3,1932-1947 | 1937
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Fig. 1
and calcium hydroxide.

An ~ 3 in (7.62 cm) epoxy coated Zn wire with only the Zn tip
exposed to electrolyte served as a reference electrode, some-
times double-checked with Hg|HgO electrode. The top of each
cell was completely sealed with epoxy around the nickel tabs,
zinc reference wire, and a 1 in (2.54 cm) long (14-gauge, 304
stainless steel tip) polypropylene plastic syringe allowing for the
addition of electrolyte or venting as shown in Fig. S3b (ESIT).
Approximately 6-8 mL of 20 wt% KOH electrolyte without
any dissolved ZnO was used to fill the cells, 1 in (0.635 cm)
above the separator, and placed under vacuum 2-3 times
to assist in fully soaking and removing air pockets in the
porous electrodes.

2.4 Cell cycling

Filled cells were cycled at room temperature using an Arbin BT-
2000 48-channel battery tester. There are two ways to calculate
the theoretical capacity of CaZn, (1) based on the theoretical
capacity of 347 mA h g '?**° given in the literature and (2)
based on the theoretical amount of Zn present and using its
theoretical capacity of 820 mA h g~'. In a typical pure CaZn
anode there is approximately 6.2 g of anode material pasted

0.29 ; . . . . . :
0.28
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0.25 -8
0.24
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0.20 - | 4
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-
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Fig. 2 Performance of the anode comprising 86 wt% CaZn (1.3 A h

theoretical capacity), 10 wt% acetylene carbon black, and 4 wt% PTFE.

Cycled vs. sintered nickel at C/(2.5 h) charge/discharge utilizing 20% of

theoretical Zn capacity.
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(a) SEM image of as-synthesized tetragonal calcium zincate crystals (b) XRD spectra of as-synthesized CaZn and its starting materials zinc oxide

onto the copper current collector, 86 wt% or 5.33 g of which is
the active material CaZn. Based on the two ways to calculate the
theoretical capacity of the anode (1) 5.33 g CaZn * 0.347 Ah g~ ' =
1.85 A h g ! or indirectly using the theoretical mols of Zn (2)
5.33 g CaZn/308.91 ¢ mol ' CaZn * (2 mol Zn/1 mol CaZn) *
65.38gmol ' *0.82Ahg '=185Ahg

Each cell was slightly pre-charged with a 10-mA constant
current charge for 8 hours to allow the cell to soak and
equalibriate while preventing self-discharge. During cycling,
cells were charged to 50% of the theoretical Zn capacity with
a 2.5% overcharge at a constant current within voltage range
limits of 1.2 to 1.98 V and continued at constant voltage of
1.98 V until the set capacity is achieved before constant current
discharging. Discharge proceeded until 1.2 V limit was hit or
50% of the Zn theoretical capacity was discharged. Over time
due to natural evaporation or excessive hydrogen gas evolution,
when electrolyte levels dropped in the cells, they would be
topped off with ~1 mL of fresh 20 wt% KOH. Cells were
considered failed after they could not discharge more than

1.1
1.0-
0.9-
0.8-
0.7
0.6-
0.5

Charge Cell 12 Discharge Cell 12
= Charge Cell 1D — Discharge Cell 1D

Capacity [Ah]

0.0 T T T T T T T
0 10 20 30 40 50 60 70

Cycle Number

Fig. 3 Performance of majority zinc (60:26:Bi) anodes cycled vs. SiNi
(Cell #12) C/(3 h) charge/discharge rate and cycled vs. MnO, (Cell 1D) C/(9
h) charge/discharge rate cathodes to 70% of set discharge capacity.
The set capacity is based on 50% of the theoretical Zn utilization in
20 wt% KOH.
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Fig. 4 Total cycle life for various Zn/CaZn anode composition blends
with increasing CaZn cycled to 70% of set discharge capacity. The set
capacity is based on 50% theoretical Zn utilization in 20 wt% KOH with no
ZnO and with a C/(3 h) charge/discharge rate.

70% of the initially set 50% theoretical Zn capacity for more
than 20 cycles in a row without recovering. After cycling, cells
were taken apart and the anodes were rinsed and soaked in DI
water overnight, before being dried at 50 °C overnight to be
dissected and characterized.

2.5 SEM cross sectional analysis and SEM-FIB EDS

Scanning electron microscopy (SEM) was acquired on a Zeiss
Supra 55-VP field emission SEM at accelerating voltages of
5-10 kV. Samples were mounted onto an aluminum SEM pin
stub with conductive carbon tape and sputter coated with gold
(Ag) coating, a conductive layer to improve conductivity and
reduce charging. SEM cross sectional images were acquired on
a FEI Helios Nanolab 660 FIB-SEM equipped with an Oxford
EDX detector for Energy dispersive X-ray spectroscopy (EDS)
using a cross section aluminum SEM sample holder. SEM
focused ion beam (FIB) was performed on a ThermoFisher
Helios NanoLab 600. Protective layers of electron beam

View Article Online

Energy Advances

deposited carbon (~200 nm) and ion beam deposited carbon
(~1 um) were applied before FIB milling. EDS data were
collected with an Oxford X-Max 80 mm” EDS detector.

2.6 X-ray diffraction

X-ray diffraction (XRD) was obtained using a PANanalytical
X'Pert Pro Powder Diffraction machine using a CuKa filter
operating at 40 KV and 40 mA. XRD was used to characterize
the starting and finishing anode materials to understand what
chemical species formed after cycling.

3. Results and discussion
3.1 Calcium zincate characterization

SEM imaging and XRD analysis of the as-synthesized calcium
zincate (Ca[Zn(OH);],-2H,0, CaZn) crystals are shown in Fig. 1a
and b, respectively. These tetragonal CaZn crystals, which
ranged from 10-40 pm in diameter, matched the same mor-
phology in literature®® and were used throughout all anode
compositions. The XRD peaks of CaZn shown in Fig. 1b
matches up with other CaZn XRD peaks in the literature and
confirms that both the starting reagents ZnO and CaOH, have
been fully reacted and/or washed away.

3.2 Cycling CaZn at 20% Zn utilization

Initial testing was done using a ~1.28 A h CaZn cell comprising
86 wt% CaZn, 10 wt% acetylene carbon black, and 4 wt% PTFE
in ZnO saturated 20 wt% KOH and its performance data is
shown in Fig. 2. These results show that pure CaZn can sustain
fast C/(2.5 h) charge/discharge rate with a capacity near
70 mA h g~" for hundreds of cycles which is in line with the
20% of the theoretical capacity of CaZn (347 mA h g~ ') that was
cycled. Coulombic energy efficiency remained above 95% while
energy efficiency was over 85% for 1062 cycles. The cycle life is
competitive with industrially produced Zn anodes, while
cycling at twice of those anode’s theoretical capacity (10% to
20%), leading to a reduction in manufacturing and materials
costs by doubling the cycled capacity. The internal charge

1.0 1.0
@] ® 7
0.91 0.9
0.8 0.8 4
—_ 074 = 0.7 4
=
s- 0.6 4 s 0.6
2 A z
‘s 0.5 86:0:Bi Charge S 054
s —— 86:0:Bi Discharge s
© 0.4 ——60:26:Bi Charge 8 0.4
o ——60:26:Bi Discharge _
0.3 4 ——— 26:60:Bi Charge 0.3 4 —0:86:8! Charge
——— 26:60:Bi Discharge —— 0:86:Bi Discharge
0.2 4 ———0:86:Bi Charge 0.2 4 —0:86:C Cparge
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0.14 ——— 0:86:C Charge 14 —— 0:86: arge
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Cycle Number

Cycle Number

Fig. 5 Charge/discharge capacity of (a) Zn/CaZn anodes with 10 wt% Bi,O3 with increasing CaZn from 86:0: Bito 0:86: Bi and (b) comparison of pure
CaZn anodes with different additives all vs. SiNi cathodes, cycle life cut to 70% of set discharge capacity. The set capacity is based on 50% theoretical Zn

utilization in 20% KOH and with a C/(3 h) charge/discharge rate.
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resistance starts increasing slowly and continuously after ~350
cycles, and after ~650 cycles it increases faster until cell failure
due to inreasing charging time leading to increased H, gassing,
decreased discharge capacity, decreased coulombic, and energy
efficiency. The remarkable cycling success of this anode for-
mulation does not come without challenges for industrial
manufacturing. Since CaZn is in a discharged state, there is a
state-of-charge mismatch between a CaZn anode and a MnO,
cathode, requiring additional factory processing, however this
problem does not exist for a battery made with SiNi cathodes.

3.3 Cycling performance of Zn anodes with increasing CaZn

A systematic study was designed to elucidate the effect of CaZn
in Zn anodes, where Zn anodes with increasing amounts of
CaZn as an additive were fabricated as summarized in Table 2.
The total molar amount of Zn was kept the same in each anode
composition with varying ratios of Zn to CaZn so that the
capacity remained constant. Due to differences in both density
and theoretical capacity of Zn vs. CaZn, as you increased the
amount of CaZn in the anodes you also increased the overall
thickness of the anode. All cells were all cycled at high 50%
theoretical Zn utilization with the same SiNi counter electrodes.
50% Compressed acetylene carbon black and cetyltrimethylam-
monium bromide (CTAB) were also explored as supplementary
additives to CaZn to see if they could be more cost effective than
bismuth oxide and help with cyclability of the cells.

The cost to manufacture tetragonal calcium zincate powders
at scale was roughly estimated by scaling up the base recipe and
some additional assumptions summarized in Table S1 (ESIT).
As you increase the wt% of CaZn in the anodes, the mass
loading of the active materials are increased to keep the molar
amount of Zn constant. As you increase the amount of CaZn,
you decrease the theoretical volumetric capacity by a factor of
five less when going from pure Zn to pure CaZn anode both
with Bi,O; while increasing the anode material slurry costs by
roughly 30%.

Majority Zn (60: 26 : Bi) anodes were cycled vs. both SiNi and
MnO, shown in Fig. 3. When cycled at C/3 vs. SiNi, the majority
Zn anodes achieved an average of ~62 cycles over three
replicates and vs. MnO, at C/9 showed 31 cycles due to the
slower charge/discharge rate. It has been shown that the
charge/discharge capacity of CaZn decreases as you decrease
the C rate.”” As expected from extrapolations of Zn metal anode
data from D’Ambrose et al.’ to a 50% Zn utilization, the cycle
life is much lower than from the 86 wt% CaZn anode cycled at
20% Zn utilization. This anode formulation is easier to “drop
in” to common Zn-MnO, industrial designs because of (a)
matched initial state-of-charge between Zn and EMD MnO,,
and (b) similar Zn powder anode material compatibility with
existing paste calendaring processes. However, a Zn-SiNi bat-
tery would have a state-of-charge mismatch with this formula-
tion because sintered nickel cathodes are made of nickel
hydroxide (Ni(OH),) which are initially in a discharged state.

Overall cycle life performance of the anodes with the inclu-
sion of CaZn correlated strongly with amount of CaZn in the
anode formulation, as shown in Fig. 4. A linear increase in the
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amount of CaZn in the anodes results in an exponential
increase in the cycle life. The best preforming cells were both
pure CaZn anodes, achieving roughly 283 cycles with bismuth
oxide (0: 86 : Bi) and average of 267 cycles with acetylene carbon
black (0:86:C). The improvement in cycle life between the
bismuth oxide (0:86:Bi) and acetylene carbon black (0:86:C)
can be assigned to the conductive pathways formed when
bismuth oxide is reduced to bismuth metal and reduced H,
gassing. The addition of CTAB surfactant (0:86:C:CTAB)
when cycled in 20 wt% KOH at 50% Zn utilization showed a
decrease in the cycle life of the pure calcium zincate anodes
correlating with findings from D’Ambrose et al.'® There,
authors cycled ZnO with additives of (1) CTAB, (2) CTAB,
Bi,O;, and LAPONITE®, (3) Ca(OH),, CTAB, Bi,O; and
LAPONITE® at 15% Zn utilization and showed that at
lower KOH concentrations, CTAB helped with cycle life and
mass retention. This suggests the possibility that with
lower ~10 wt% KOH, we could see improvements in the cycle
life of CaZn with CTAB.

Looking at the charge/discharge capacity of each anode
formulation over their cycle life, there is a characteristic capa-
city drop in discharge capacity from ~90+% to ~70% for all
anode compositions as seen in (Fig. 5). Anode formulations
with Bi,O; show a drop in coloumbic and energy efficiency over
10-30 cycles while the acetylene carbon black anode shows a
more gradual decrease over ~100 cycles. This could be due to
differences in particle size and density of acetylene carbon vs.
Bi,O;, where carbon is smaller and less dense, therefore
increasing the total volume in comparison as seen in Fig. S1
(ESIt). These differences can lead towards better dispersion of
material during mixing and therefore increased number of
conductive channels throughout the anode leading to a slower
failure when shape change occurs and conductivity is reduced.
The different anode compositions need to be compared, not
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Fig. 6
sample dissected after cycling.
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only with their overall cycle life, but also the cost of their anode
slurry materials. An important way to compare the overall
performance of the cells comes down to the cost per kilowatt
hour per cycle life ($ kg™* kW™ h™* per cycle life). It can be
seen in Table 3 that even with the increased raw material cost of
the CaZn based anode materials, after you consider the cycle
life there is a substantial decrease in cost. A pure Zn anode
paste material is estimated to costs around $0.016 per kg per
discharge energy per cycle while the pure CaZn anode paste
materials lowers the cost down to around $0.012 per cycle,
around 25% reduction of the cost, showing a decrease in cost
per cycle with increasing CaZn. Achieving more cycles out of an
anode also helps save on other costs like the cathode, separa-
tors, and human labor to build more cells to achieve the same
number of cycles needed for a battery installation.

3.4 Majority Zn (60:26 : Bi) postmortem analysis

Postmortem analysis was done on the majority Zn (60:26: Bi)
anodes after bring removed anodes after washed, soaked, and
dried; optical images of are shown in Fig. 6a. After cycling the
anode there is a large and unevenly distributed unknown white
layer that has grown on the surface outside of the Pellon, not
previously seen before in the fresh anode Fig. S4a (ESIT). Using
XRD, the chemical composition of the newly formed white
surface layer can be confirmed as ZnO as shown in the XRD
patterns in Fig. 7. The white surface layer shows very strong and
pure ZnO peaks while the rest of the cycled zinc shows a
combination of ZnO and other peaks. The formation of the
dense non-electroactive ZnO layer is one explanation why there
is a loss in both coulombic and energy efficiency over time
leading to discharge capacity loss and eventual battery failure.

Unlike other traditional Zn based cells, there is very little
visible mossy/dendritic zinc that is formed on the outside or
bottom of the cell causing lost capacity. Dissecting the anode

0.187 g 0.381¢g 0.300 g
0.0160 - 0.0230 - 0.0175 -
0.0240 thou | 0.0300 thou | 0.0270 thou
0.238 ¢ 0.518¢g 0.329¢g
0.0160 - 0.0275 - 0.0210 -
0.0260 thou | 0.0290 thou | 0.0250 thou
0.265¢g 0590 ¢g 0.364 g
0.0170 - 0.0270 - 0.0105 -
0.0260 thou | 0.0290 thou | 0.0110 thou
0.274 g 0331g 0.172¢g
0.0175 - 0.0160 - 0.0165 -
0.0210 thou | 0.0260 thou | 0.0205 thou

(a) Optical image of cycled Cell #12 — majority Zn (60 :26:Bi) vs. sintered nickel cathodes (b) table showing the weight and thickness of the
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A —— Cycled Majority Zn- Visible ZnO
1 —— Cycled Majority Zn - Surface
Fresh Majority 60% Zn/ 26% CaZn

A Zinc Oxide (ZnO)

Zinc (Zn)

Calcium Zincate (Cazn)
Bismuth Oxide (Bi,O3)
Calcium Carbonate (CaCO,)
PTFE Dispersion Teflon
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Intensity [a.u]

26 (°)

Fig. 7 XRD patterns of freshly rolled majority Zn anode (60 :26:Bi),
cycled Cell #12 majority Zn (60:26:Bi) anode surface, and cycled Cell
#12 majority Zn (60 : 26 : Bi) anode with visible ZnO.

into 12 equal pieces to be weighed and thickness measured
shows shape change occurred, mainly an increase in mass and
thickness of the middle and a loss at the edges when compar-
ing the fresh Fig. S4b (ESIf) vs. cycled Fig. 6b anodes. Cross-
sectional SEM-EDS was done on a sample from the center of
Cell #12 majority Zn (60:26:Bi) as shown in Fig. 8 (Fig. S13,
ESIt). In EDS there is elemental Zn and Ca segregation occur-
ring throughout the anode, suggesting sections of pure Zn or
ZnO, others of Ca, and where the Zn and Ca maps overlap
CaZn. The initial large Zn powder used, 50-150 pm diameter
Fig. S8 and S9 (ESIY), may be a contributing factor to encourage
Zn to remain poorly dispersed in the anode.

The large boulders of metallic Zn are stripped during cell
discharge and during re-plating there is migration of the
zincate (Zn(OH),” ) to more conductive/favorable places such
as the copper current collector and other pockets of conductive
Zn. Over time, the initial Zn can not be seen anymore in SEM
but EDS shows that the Zn has been localized, suggesting that
the initial Zn did not move very far. The local conductivity of a

Fig. 8
elemental mapping.
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Fig. 9 (a) Top-down SEM view of cycled Cell #12 - majority Zn
(60:26:Bi) vs. sintered nickel cathodes (b) SEM-FIB EDS elemental
mapping.

Fig. 10 (a) Top-down SEM view of cycled Cell #12 majority Zn (60 : 26 : Bi)
vs. sintered nickel cathodes (b) SEM-FIB EDS elemental mapping.

section of the anode depends on the amount of metallic Zn and
conductive additives like bismuth or carbon since the discharge
products of Ca and CaZn are not conductive. The agglomera-
tion of Zn rich areas and separate Ca rich areas makes it
difficult for CaZn to reform on discharged since it will need
to scavenge for the Zn leading to incomplete reformation and
most likely some formation of ZnO. Calcium can be seen in
large noncontinuous clusters while bismuth is still attached to
the PTFE binder, and both are being pushed towards the
surface to make room for Zn movement.

(b)
Ca

500Rm

(a) Cross-sectional SEM-EDS elemental mapping of cycled Cell #12 — majority Zn (60 : 26 : Bi) vs. sintered nickel cathodes (b) individual SEM-EDS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Looking at the surface using SEM-EDS, there are areas with
and without clusters of spiky ZnO balls growing out of the
Pellon wrapped anode shown in Fig. 9a and 10a respectively
which did not exist in the rolled sample Fig. S5 (ESIT) which
was evenly mixed to begin with Fig. S6 (ESIt). With further FIB
milling followed by SEM-EDS mapping in Fig. 9b, we can see
that this area is densely packed with ZnO without any traces of
calcium or bismuth. The densely packed ZnO does not have
many pores as seen initially in Fig. S7 (ESIt), reducing the
overall active surface area, and making it difficult for electrolyte
to penetrate and participate in the anode cycling. The lack of a
conductive agent like bismuth oxide also prevents the ZnO layer
from being electroactive and prevents electrons from traveling
through to charge back up to metallic Zn leading to a loss of
capacity.

In areas where the ZnO passivation layer is not optically
observed, under SEM, in some areas you can still see some
small individual spiky ZnO balls on top of the Pellon while in
other areas there is nothing visible. Using SEM-EDS mapping of
the surface from top down as seen in Fig. 10, you have some
spiky ZnO spheres with trace amounts of bismuth and some
cubic calcium carbonate (CaCO;) without Zn present which is
confirmed by XRD in Fig. 7. With FIB milling of these areas, we
can see areas of Zn and Ca segregation during the end of charge
which we noticed in the larger cross-sectional EDS mapping of
Fig. 8 in contrast to the well mixed initial sample.

3.5 Pure CaZn (0:86:Bi) postmortem analysis

Investigating the failure mechanisms of pure CaZn (0: 86: Bi),
visually in Fig. 11a for cycled Cell #7, there is also some white
layer that is formed on the outside of the Pellon not seen
initially Fig. S10a (ESIt). There is also some shape change that
is occurring when you compare a fresh CaZn anode Fig. S10b

()™
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—— Cycled Calcium Zincate Anode
—— Cycled Anode - Visible Surface ZnO
—— Fresh 86% Calcium Zincate Rolled
A Zinc Oxide (ZnO)

Calcium Zincate (Cazn)

Bismuth Oxide (Bi,O3)
- Calcium Carbonate (CaCO,)
@ PTFE Dispersion Teflon

Intensity [a.u]
1

s

!

10 20 30 40 50 60 70 80 90
20 (%)

Fig. 12 XRD patterns of freshly rolled pure CaZn anode (0: 86 : Bi), cycled
Cell #7 CaZn anode (0:86: Bi) surface, and cycled Cell #12 CaZn anode
(0:86: Bi) with visible ZnO.

(ESIT) with the cycled Fig. 11b. There is an increase in anode
thickness and mass in the middle of the anode and some loss
at the edges, but nowhere near the same amount as the
majority zinc cell. Optically this indicates the same kind of
failure mechanism as the majority zinc formulation in Fig. 6a,
albeit delayed by a few hundred cycles, showing great promise
of the reversibility of zinc to CaZn in the early stages of cell
cycling.

Fig. 12 shows the XRD patterns of a fresh CaZn anode CaZn
(0:86:Bi) compared to Cell #7 after cycling. The XRD confirms
once again that the white layer that has formed on the surface
of the anode, outside of the Pellon, consists majority of ZnO
while the rest of the anode does not show much ZnO at all. Just
like the majority zinc cell, the pure CaZn cell does not show

(b) 0.467¢ 0.460 g 0.483 g
0.0360 — 0.0370 — 0.0350 —
. 0.0385 thou | 0.0405 thou | 0.0370 thou
v, s
=_ 0.344g 0.707 g 0.486 g
g %, 0.0320 — 0.0410— 0.0330 -
0.0385 thou | 0.0415 thou | 0.0405 thou
s T 3 0.368 g 0.708 g 0.487 g
S e | 0.0335 - 0.0385 — 0.0330 -
; 5 0.0380 thou | 0.0405 thou | 0.0410 thou
L 48
S e 0.524 g 0.471g 0452 ¢g
¥ V2 i 0.0350 — 0.0330 - 0.0330 -
T 0.0370 thou | 0.0395 thou | 0.0375 thou
Fig. 11 (a) Optical image of cycled Cell #7 — pure CaZn anode (0: 86 : Bi) vs. sintered nickel cathodes (b) table showing the weight and thickness of the
samples.
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Fig. 13
individual elements.

Fig. 14 (a) Top-down SEM-EDS image of cycled Cell #7- pure CaZn
anode (0:86:Bi) vs. sintered nickel cathodes (b) SEM-FIB cutout EDS
mapping.

much if any mossy zinc falling out into the electrolyte leading
to lost Zn or dendrite formation. The anode’s edges still lose
some thickness and mass which gets replated over time into the
center of the electrode as ZnO. The main noticeable difference
of the CaZn cell vs. the majority Zn cell is that the overall weight
loss from the edges and change in thickness is less drastic in a
pure CaZn anode.

Looking at a cross-sectional SEM-EDS mapping of a piece
from the center of Cell #7 as shown in Fig. 13a and b (Fig. S20,

Fig. 15 (a) Top-down SEM-EDS image of cycled Cell #7 — pure CaZn
anode (0 : 86 : Bi) vs. sintered nickel cathodes (b) SEM-FIB cutout with EDS
mapping.
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500am

(a) Cross-sectional SEM-EDS of cycled Cell #7 — pure CaZn anode (0:86:Bi) vs. sintered nickel cathodes (b) SEM-EDS mapping showing

ESIT), you can see that there is also segregation beginning to
occur between the Ca and Zn. There is a lot more Zn that is
agglomerating around the copper current collectors and those
areas near the current collector do not have any calcium. Just
like in the majority zinc Cell #12, we can see the Zn is getting
separated from the Ca by migrating to the current collector and
the surface of the anode which will make it harder to reform
CaZn during discharge. There is less movement of the bismuth
and PTFE binder compared with in the case of majority Zn
anode formulation.

Looking at the surface with SEM-EDS in Fig. 14a (Fig. S21
and S22, ESIt), there are sections of densely packed Zn in blue
and some areas with a large petal flower-like ZnO that show a
strong potassium (K) mapping overlapped. This large petal
flower-like ZnO is different than the spiky flower-like ZnO that
formed on the surface of the majority zinc anode, Cell #12. The
dense ZnO areas are also shown to have some amount of
bismuth present unlike when we looked at the dense ZnO for
the majority zinc Cell #12 which had only ZnO. Further inves-
tigating this area under the large petal flower-like ZnO with FIB
milling as shown in Fig. 14b (Fig. S23, ESIT), there is segrega-
tion of Zn from Ca which could be the reason why more ZnO is
forming on the surface since it is more attracted to the Zn
than CaZn.

On some other parts of the surface shown in Fig. 15a
(Fig. S24 and S25, ESIf), next to areas of the dense ZnO with
bismuth, we can see there are cubic calcium carbonate
(CaCO;) clusters at the surface with no zinc present and is
confirmed by XRD in Fig. 12. These areas are left behind
when metallic Zn is formed during charging, and some
should be able to reform CaZn when the anode is discharged
although it will compete with the formation of a passivating
ZnO layer. SEM-FIB milling of the surface followed by EDS
mapping is shown in Fig. 15b (Fig. S26, ESIt), we can see
that there is still a good amount of Zn dispersed through
Ca which implies areas where CaZn is existing or can easily
reform upon discharge due to good atomic mixture of
Zn and Ca.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

Calcium zincate (CaZn) anode with acetylene carbon black has
been shown to provide 1062 cycles at 20% Zn utilization in
limited 20 wt% KOH saturated ZnO electrolyte, whose cycle life
is comparable to 10% Zn utilization in industrial Zn anodes.
Zn anodes were cycled at high 50% utilization in 20 wt% KOH
with increasing additions of CaZn (0%, 30%, 70%, 100%), with
the same molar amount of Zn. The addition of CaZn into Zn
anodes results in a linear increase in thickness and leads up to
one fifth reduction in the volumetric energy density, but the
cycle life increases exponentially. Comparing Zn anodes with
CaZn anodes, both with Bi,O; under the same conditions, there
is approximately 25% increase in the raw materials cost, but a
five time increase in cycle life. When considering the cost of the
anodes per cycle life, there is a noticeable decrease of cost from
~$0.016 per kg per discharge kW h per cycle (pure Zn) to
~$0.012 (pure CaZn) equating to ~25% reduction in cost per
discharge energy per cycle.

The addition of CaZn into Zn anodes helps reduce shape
change of the anode and delays the growth of the non-
electroactive zinc oxide passivation layer, helping to extend
the overall cycle life of the cells. Over many cycles, CaZn is
unable to reform during discharge and zinc begins to agglom-
erate and form islands away from the calcium during charge.
Discharge capacity is lost when ZnO is formed on the surface as
a non-electroactive passivation layer due to the lack of any
conductive additives and cannot be reincorporated into the
anode during charge/discharge. The addition of CaZn into Zn
anodes as an additive allows for higher theoretical Zn utiliza-
tion, while also decreasing the cost per cycle of the active
material showing great promise for industrial applications.
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