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Zinc is a low cost and abundant material, and its strong reducing potential combined with stability in aqueous solutions give it high
energy density and safety. It is, therefore, known to be an excellent choice of anode for a wide range of battery designs. However, this
material presents some challenges for use in a secondary battery, including morphology changes and dendrite growth during charge
(Zn deposition), and low utilization during discharge (Zn dissolution). Low utilization is related to a combination of corrosion and
passivation effects. In this paper, we demonstrate a hyper-dendritic (HD) zinc morphology that has a high surface area and allows
for rapid discharge in a completely freestanding system with no binders or conductive additives, while still maintaining significantly
higher utilization than typical zinc morphologies. At rates of 2.5 A/g, the HD zinc has a utilization level approximately 50% higher
than typical zinc granules or dust. Furthermore, we demonstrate that, through tuning of the electrolyte with specific additives, we are
able to further increase the utilization of the material at high rate discharge by up to 30%.
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Zinc possesses many characteristics that are favorable for large
scale energy storage: high volumetric energy density, low cost, low
toxicity, global abundance, and chemical compatibility with aqueous
electrolytes.! As an example of a zinc battery application, silver-zinc
batteries have been successfully used as primary and secondary cells
in a range of demanding applications, including those requiring large
scale, high power and high energy density. These include critical
military and space applications.

However, zinc electrodes present some significant challenges, and
anode failure is a key factor in the reduced cycle life of these batteries.>
These challenges include morphology changes and dendrite growth
during deposition,® which can lead to problems such as the short circuit
of a cell, and poor utilization efficiencies during dissolution, arising
mainly from corrosion and passivation effects.! As such, typical zinc
utilization levels are limited to 60% or less.*> Careful engineering and
materials science can extend the cycle life of the electrode; however,
the issues of morphology change and poor utilization still present
major limitations for secondary batteries with a zinc electrode.>¢

A range of battery designs have been proposed to address some of
the morphology-related problems: flow-based designs, fuel cell-like
designs, and novel electrode architectures.

In flow-based systems, redox flow batteries based on chemistries
such as ZnBr and ZnFe attempt to mitigate changes in electrode mor-
phology during cycling by continuously reforming the cathode and
anode. However, these systems can suffer from low energy density’
due to the limited solubility of the dissolved redox species. Other bat-
tery designs proposed include semi-solid and flow-assisted designs
where the active material is refreshed periodically.® These flow based
approaches suffer from a significant energy overhead in the form of
pumping costs to maintain the desired flow levels.

Regenerative metal/air fuel cells seek to remove the need to
recharge the zinc in-situ, thereby eliminating morphology changes
during cycling. This is achieved by discharging the zinc in one location
and regenerating itin another. Several designs have been developed,’!°
although as yet no large scale installations are in place. Alternatively,
Zn can be plated onto substrates which avoid dendrite growth, such as
cadmium, which increases deposition and dissolution efficiencies due
to the high overpotential for hydrogen generation on Cd.!'! However,
cadmium presents some environmental and health concerns which
limit its potential adoption.

“E-mail: steingart@princeton.edu

Recently, several three-dimensional zinc foam structures have been
suggested to provide cyclable zinc electrodes without the problems
associated with dendrite growth and morphology changes.>'? In ad-
dition to providing high utilization under primary discharge, these
electrode structures also allow for significant improvements in cycla-
bility, albeit at the loss of volumetric energy density. Co-deposition
of nano-zinc/graphene composites have also been demonstrated, with
potentially useful applications in energy storage. However, these have
limited discharge efficiency in aqueous electrolytes due to rapid oxi-
dation of the metal.!

In addition to the morphology-related issues during Zn plating,
minimizing passivation and corrosion effects during Zn dissolution
has also been a major challenge. To get a better sense of the specific
issues that need to be addressed, we provide a brief overview of the
Zn dissolution process. During the anodic dissolution of Zn in alka-
line electrolytes, metallic zinc, Zn(s), oxidizes to aqueous Zn>* ions,
which form a stable complex with OH™ known as zincate, Zn(OH),>~
1. Zincate will precipitate as ZnO when the solution is saturated 2,
however its solubility increases with pH,! which delays passivation.
During discharge, if the zincate concentration exceeds the local sol-
ubility limit, ZnO will precipitate on the surface of the zinc as what
is typically known as type I ZnO. This layer is loose and porous, and
does not directly passivate or block the surface of the zinc.'* However,
it does impact ion transport between the electrolyte and zinc surface,
impeding OH™ and zincate transport.

Zn(s)+40H™ — [Zn(OH)* (aq) + 2e~ (1]

[Zn(O H)41* (ag) = ZnO (s)+ H,0 +20H~ [2]

At high anodic overpotentials, in a zincate-saturated solution (or
local environment), there is a solid state transition directly from Zn(s)
to ZnO(s), without the dissolution step 3. The surface oxide film that
forms is known as type I ZnO." Passivation occurs when type II
ZnO forms on the Zn surface, hindering any further dissolution, and
any remaining zinc is effectively rendered electrochemically inactive.
Therefore, any zinc trapped under the passivation layer will be not be
utilized at a useful potential.

Zn(s)+20H" — ZnO (s) + H,O +2¢~ (3]

Based on this understanding, the ability for zincate ions to diffuse away
from the Zn surface will impact the rate of ZnO growth and passivation
during Zn dissolution. Therefore, passivation effects are expected to be
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felt more rapidly at higher current densities (i.e., high current per unit
surface area).!*1® It follows, then, that high surface area electrodes are
beneficial for minimizing passivation and maximizing power output.
Unfortunately, high surface area zinc electrodes are more suscepti-
ble to corrosion through parasitic surface reactions, resulting in lower
coulombic efficiencies as no charge is transferred to the external cir-
cuit. This can occur via two pathways: the first is a reaction with
dissolved oxygen in the electrolyte 4, although oxygen solubility is
low in concentrated salt solutions,' so this reaction will be limited:

2Zn(s)+ 0y (aq) = 2ZnO0 (s) [4]

The second, more common corrosion pathway is a reaction between
Zn and water, which results in a hydrogen evolution reaction. The
hydrogen evolution half-reaction, 5, couples with the Zn oxidation
half-reaction 3 to give the parasitic hydrogen evolution reaction 6:

1
H,0 +e — OH’-I—EHz(g) [5]

Zn(s)+H,0 () — ZnO (s) + H2(g) [6]

This is a slower reaction than 4,! however it is highly dependent on
the nature and quantity of contaminants in the system.

Both corrosion reactions are parasitic, as they consume active ma-
terial without contributing any useful work (i.e., no charge flows into
an external circuit). This reduces the amount of active material avail-
able to provide useful energy, and results in a decrease in utilization
efficiency. Additionally, as corrosion takes place at the Zn surface,
higher surface area particles are more susceptible. The use of low
surface area particles can limit the effect of corrosion, but does so at
the expense of more rapid passivation.*

To avoid the detrimental effects of corrosion and passivation, con-
ventional zinc electrodes typically use low surface area particles in
composite, powder, or paste form. Furthermore, these electrodes are
typically limited to low discharge rates, known as “near-equilibrium”
conditions, in which electrochemical overpotentials are minimized.

In this paper, we demonstrate that we can significantly improve the
utilization efficiency of Zn dissolution at high rates, with the use of
high surface-area, hyper-dendritic (HD) zinc particles,'? and illustrate
their advantage versus standard, lower surface area zinc granules and
dust.

Another approach to optimizing the performance of Zn electrodes
is the incorporation of a range of additives. As an example, these
include ZnO to reduce corrosion,! LiOH to hinder formation of a
dense passivating layer,!” and bismuth to reduce dendrite growth.'®

In addition to the use of HD Zn particles, this paper also investigates
the use of additives to enhance the high-rate utilization of zinc. The
additives were selected based on their ability to delay passivation (thus
increasing utilization) either by increasing the solubility of zincate or
by modifying the ZnO layer:

® Potassium Citrate: citrate is a known chelating which complexes
with zincate, improving zincate solubility. The ions are believed to
form a zincate-citrate compound with a polymeric structure, which
stabilizes the zincate in solution. This correspondingly increases zin-
cate solubility,'” which we hypothesize has the effect of delaying ZnO
formation.

® Potassium Chloride: It is proposed in literature that chloride
ions may react with zincate to form a zinc hydroxychloride complex
that has a higher solubility than zincate,? thus it is our hypothesis that
it will hinder the formation of ZnO and increase utilization.

® Sodium dodecylbenzenesulfonate (SDBS): SDBS is an anionic
surfactant. During zinc discharge, SDBS adsorbs onto the metal sur-
face, altering the morphology of ZnO passivating layers by making
them more porous and less dense.?! This leads to the formation of a
surface layer that leaves the zinc accessible despite ZnO formation.

This study focuses on the limits of utilization and the high rate
performance of several zinc morphologies. Diffusion and other porous
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electrode effects are minimized by studying small active masses in
the absence of binders and conductive additives. The utilization, or
utilization efficiency, of a material is defined as the amount of charge
that can be usefully extracted within a given voltage window, divided
by the theoretical specific capacity of the material (in the case of zinc,
820 mAh/g). We show that high utilization efficiencies of greater
than 75% can be achieved at high discharge rates, >3C, and a useful
capacity, 45% for HD Zn compared with 0% for granules or dust, is
achievable at rates up to 20C based on the mass of Zn, by optimizing
particle size and morphology. We also show that the use of electrolyte
additives, and optimizing the concentration of the alkaline electrolyte
are beneficial for maximizing utilization. The work presented here
demonstrates the benefits of using high surface area dendritic zinc
and deserves consideration in cell designs which are oriented toward
high-power, high-utilization operation.

Experimental

Three types of Zn particles were used in this study: Zn granules
(Sigma Aldrich), Zn dust (Sigma Aldrich), and HD Zn, a nanostruc-
tured Zn particle. HD Zn is produced via electrodeposition onto Ni
wire or wire mesh at high overpotentials (—2.0 V vs. Hg/HgO) from
a 8.9 M KOH/0.61 M saturated ZnO solution; further details on the
formation and properties of HD Zn are described elsewhere.'> After
deposition, the hyper-dendritic Zn was washed first with deionized
(DI) water, then with 0.01 M H,SOy, and again with DI water. The
resulting powder was vacuum dried and ground by hand with a mortar
and pestle.

In a typical utilization experiment, ~20 mg of dry Zn granules,
dust or powdered HD Zn is spread over a ~1 cm? area on a copper
foil current collector placed in a rectangular cell; this constitutes the
working electrode (WE). The Zn was freestanding with no additives
or binders used. Nickel mesh was used as the counter electrode within
the cell, with a small strip of Zn plate used as the reference electrode.
Once ready for testing, the desired electrolyte was then slowly added
until the cell was flooded (~6 mL). In this configuration, the small
masses of zinc remain freely sitting on the current collector, within the
electrolyte bath; no compression was applied, nor were any conductive
fillers or binding agents used, unlike in conventional electrodes.

The utilization (i.e., the ratio of extractable capacity to theoretical
capacity, discussed further below) of each particle type and electrolyte
composition was measured by galvanostatically discharging the small
mass of particles using mass-specific currents of ~0.05, 0.2, 0.5,
1.0, and 2.5 A/g. Further experiments at 10 A/g and 25 A/g were
conducted on the HD Zn. A representative galvanostatic discharge
curve is shown in Figure 1, demonstrating how the potential of the WE
changes as a function of discharge time for a typical Zn particle sample
in an aqueous KOH electrolyte. Also shown is the measured discharge
time (tmeas), Which we take as the time at which the WE potential
exceeds a cutoff potential of 4+0.6 V vs. Zn/Zn>**, and the theoretical
discharge time (tyeor), Which we calculate for each sample from:

QZn cMzp

ttheory = f [7]

where Qz, is the theoretical capacity of Zn (~820 mAh/g), myz, is the
mass of Zn particles being discharged, and / is the applied discharge
current. We then calculate the electrochemical utilization efficiency
(% utilization) for each sample from:

I'measured

% utilization = - 100% [8]

tlheory

which represents the amount of useful capacity that was extracted
from the Zn sample as a percentage of the theoretical capacity.
To ensure that no current was measured from competing parasitic
processes on the copper current collector alone, a galvanostatic
discharge was measured on the current collector with the base
electrolyte and no zinc. Within the cutoff range, no capacity was seen
to be contributed from the copper, and therefore we can assume that
the utilization can be attributed to effects on the Zn.
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Figure 1. Representative example of the change in working electrode (WE)
potential as a function of time during the galvanostatic discharge of Zn particles
in aqueous KOH. Theoretical and measured discharge times theor and tmeas,
respectively, are indicated by vertical dashed lines.

As described later, a variety of these tests were run with vary-
ing electrolyte concentrations and several additives, to determine the
effect of system conditions and morphology on utilization efficiency.

Electrochemical experiments were carried out with a Gamry Refer-
ence 3000 potentiostat. Surface area measurements of the Zn particles
were conducted with a Micromeritics Gemini V Series surface area an-
alyzer, using small volume sample holders with filler rods, from nitro-
gen adsorption isotherms following the Brunauer, Emmett, and Teller
(BET) method. Electron microscopy was conducted with a Quanta
200 FEG environmental scanning electron microscope (ESEM).

Results and Discussion

Utilization of zinc under various discharge conditions.—Figure 2
shows SEM images of the three types of Zn particles used in this study,
along with their mass-specific surface areas as measured by nitrogen
adsorption (BET). Zn granules are irregularly-shaped particles, with
dimensions on the order of 100—500 pwm and a surface area of ~0.1
m?/g. The morphology is these particles is similar to that used in a
range of consumer primary alkaline cells. The Zn dust particles are
spherical in shape, with diameters on the order of 1-10 pm and a
surface area of ~0.3 m?/g. This morphology is similar to zinc used in
pasted zinc electrodes.”

Hyper-dendritic Zn particles have an overall size of 10-20 pm,
with sub-micron structural features.'? All types of particles are mor-
phologically distinct, and the surface area of HD Zn is significantly
larger than the two commercial Zn particles. BET measurements were
conducted on ~0.4 g masses of HD Zn. Results showed that surface
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area was sensitive to synthesis method. Between different syntheses,
surface areas varied from 1.9 to 3.4’”?2. Within each HD Zn batch,

measurements of surface area ranged +/— 0.15’”?2. Figure 3 shows
SEM images of the three types of Zn particles partially discharged at
arate of 2.5 A/g, showing the surface morphology. Of particular note
is the HD Zn which morphology maintains its dendritic, high-surface
area nature.

Figure 4 shows the utilization efficiency as a function of discharge
rate for the three zinc particle types at a fixed 4 M KOH electrolyte
concentration. All types of zinc show a clear peak in utilization effi-
ciency at mid-range currents, with utilization decreasing both toward
the low and high current regions. The Zn granules and dust have sim-
ilar utilization trends, with the peak utilization at a similar current
and magnitude (~80-90% at 0.2 A/g). HD Zn shows the same overall
trend, however, the peak utilization efficiency of HD Zn is observed
to be shifted to a higher current as compared with the other morpholo-
gies. This results in HD Zn having a much higher utilization at high
rates than the other morphologies, which will be described in further
detail below.

In this system, low utilization efficiencies during discharge can be
related to several effects. Direct consumption of metallic zinc through
corrosion mechanisms can reduce the amount of material directly
available for discharge. However, isolation of active material from
either ionically or electronically conducting pathways is also known
to be a significant contributor to utilization loss in zinc batteries.>*>
Loss of ionic contact can occur through the formation of passivation
layers that effectively block active material from the electrolyte, iso-
lating material that cannot be utilized. Loss of electronic contact can
occur either by formation of a passivation layer at the zinc/current col-
lector interface, or through a loss of material leading to loss of contact
with the current collector. We argue that the dominating mechanism
depends on the specific discharge current. We first introduce simple
models explaining the key utilization trends for each of the corrosion
and passivation mechanisms, and use this to help explain the system
behavior and particle performance in the different current regions.

As explained previously, corrosion is a parasitic side reaction that
consumes Zn without producing any useful work, and occurs con-
currently and in direct competition with the desired electrochemical
reaction. At lower currents, parasitic corrosion reactions are relatively
more dominant (as compared with passivation), as they form a higher
proportion of the total dissolution reaction. As corrosion is a surface
reaction, its rate scales with the surface area of the Zn particle and
is proportional to the time in the electrolyte. This behavior can be
modeled by considering the total charge that is parasitically lost to
corrosion during discharge, Q..

Qcorr =Ax* jcorr * Lgise [9]

where A is area over which corrosion is acting, j.,, is the corro-
sion current density, and #,; is the discharge time, which is inversely
proportional to the discharge rate ij.. Therefore, the effect of dis-
charge rate on Zn utilization, considering corrosion effects only, can be

Figure 2. SEM images and mass-specific surface areas of the (a) Zn granules, (b) Zn dust, and (c) hyper-dendritic Zn particles used in this study.
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Figure 3. SEM images of (a) Zn granules, (b) Zn dust, and (c) HD Zn particles after discharge in 8.9 M KOH at a 2.5 A/g rate.

expressed as:

A% jcorr * Tgisc

Utilizationcoy = 1
Qmml
A .c()rr
=1 D e [10]
Ldisc

Qo 18 the theoretical total charge, which is equal to sum of the
contribution from corrosion and discharge currents. Note that surface
area and corrosion current vary during discharge. From 10, the change
in Zn utilization efficiency due solely to corrosion effects (as a function
of discharge current) is plotted in Figure 5. Although simplistic, this
model shows that at lower currents, parasitic corrosion reactions are
relatively more important (i.e., utilization efficiency is lower), as they
form a higher proportion of the total dissolution reaction. Conversely,
the corrosion term in 10 is minimized at high discharge currents,
and utilization efficiency increases as Zn is electrochemically reacted
faster than it can corrode. Furthermore, a high surface area material
such as HD Zn will experience a higher rate of parasitic corrosion
reactions and therefore performs worse than low surface area materials
at low current.

A quantitative estimate of corrosion on total utilization at low
currents is shown below in Table I. Using equilibrium and kinetic
data'>? of hydrogen evolution and zinc dissolution in alkaline so-
lution, an Evans Diagram was constructed to estimate the loss in
utilization from corrosion, shown in Figure 6. The Evans Diagram es-
timates the reaction rates of each of the hydrogen evolution 3 and zinc
dissolution 5 half-reactions over a range of potentials, assuming Tafel
kinetics. The oxygen reduction mechanism 4 has been ignored given

100 , ( :
8of yaﬁi?**ﬁ: - % |
< 60} ‘-.A_.\\ 1
c A .
o y
= \.i 5
& 40 Y ]
— \,"
20l =u 7n Dust \'\_.\..\. |
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Discharge Rate (A/g)

Figure 4. Comparison of the utilization efficiencies (% utilization) of Zn gran-
ules, Zn dust and dendritic Zn samples that were discharged galvanostatically
in 4 M KOH at mass-specific currents of 0.05, 0.2, 0.5, 1.0, 2.5, 5, 10 & 25
Alg. Log scale x-axis.

the low solubility of oxygen in high concentration salt solutions. At
the system equilibrium potential, the current from each half reaction
will be equal, in order for the zinc dissolution/hydrogen evolution
redox couple to balance (conservation of charge). This allows for an
estimate of the corrosion current on the surface of the zinc.

The hydrogen evolution reaction is clearly seen as the limiting re-
action in these cases, and results in a system equilibrium potential that
is equal to the equilibrium potential of the zinc dissolution reaction.
Therefore, we estimate the corrosion current density to be equal to rate
of hydrogen evolution at the zinc dissolution equilibrium potential, as
shown in Figure 6.

As both half reactions occur on the surface of zinc, we can calcu-
late absolute corrosion current by multiplying current density by the
particle surface area. With this factored in, the HD Zn clearly shows a
higher corrosion current than granular zinc, and the trend of better uti-
lization for granular versus HD Zn at low currents is clearly displayed.
However, while the trends hold, the calculated utilization efficiencies
do not match the experimentally-measured values, suggesting that
corrosion alone does not fully explain the utilization magnitude for
both types of zinc. It is proposed that this is related to loss of contact
between the zinc and current collector, as described in more detail
below.

Another mechanism that limits Zn utilization is passivation, or the
formation of a ZnO layer on the surface of the discharging zinc. As the
passivation layer builds up, the surface of the zinc becomes blocked
off from the electrolyte and unreacted zinc becomes inaccessible.
Several relationships have been proposed to link passivation time to
current.'® For diffusion-dominated mechanisms, the supersaturation
of zincate, the diffusion of OH™ through the porous ZnO passivation

Nn—_—
--- Corrosion A S
Passivation '

L — Total
5%
©
N
5 04

0.2}

0.0

Discharge Rate

Figure 5. A simple model showing the loss in utilization due to corrosion
alone 10 [blue dashed line], passivation alone 12 [red dot-dash line], and
the combined corrosion and passivation [black solid line] impact on utiliza-
tion. Log scale x-axis. No isolation or current collector contact effects are
considered.
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Table I. Calculated corrosion currents from Evans Diagram. The calculated utilization displays similar trends to those seen in the experiments,
however estimates a much higher utilization across all zinc types than was seen. This difference is believed to be caused by current collector contact

and material isolation effects.

Calculated utilization at 4 mA for a

Morphology icorr constant corrosion rate Actual Utilization at 4mA
HD Zinc 0.49 mA 89% 68.7 +/— 7.3%
Zinc Dust 0.14 mA 97% 85 +/— 2%

Zinc Granules 0.05 mA 99% 82.6 +/— 4.0%

layer, or a combination of both, limit the time to passivation. For
a diffusion dominated process, the relationship between current and
time to passivate is generally of the form:

(l _ie)tpassl/z =k []]]

where k are i, are system constants that depend on system parame-
ters such as geometry, particle surface area, diffusion parameters and
discharge current. Therefore, the utilization loss related to passivation
can be represented by:

Q id' okt
o . pass isc*tpass
Utlllzatlonpasxivminn = =

Qtotal Qtotal
= dgise % k* /[ Qrorar * (iaise — ie)*] [12]

Where the charge passed until the system passivates, Qpqss, is given by
the product of the discharge rate and time until passivation: Qpus =
iisc ¥tpass- In this passivation-controlled case, it is £, that determines
utilization, whereas in the corrosion case, the parasitic current acts
concurrently with discharge to reduce utilization. In general terms,
this implies that the greater the particle surface area, the longer the
time will be until passivation,'® as the porous type I ZnO passivation
layer that forms over the zinc surface will have a reduced thickness
for higher surface area zinc, reducing diffusion limitations. Figure
5 shows this passivation effect (red dot-dash line). At low currents,
loss in utilization from passivation effects is negligible. As current
increases, passivation effects become more significant, and ultimately
are the main factor limiting total utilization. It should be noted that
this model description only applies to diffusion related passivation,
and does not capture the onset of solid-state formation of type II ZnO,
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Figure 6. Evans diagram of corrosion on zinc. The dashed black line repre-
sents the hydrogen evolution half reaction, and the solid blue and red lines
represent the zinc dissolution half-reactions of HD and granular zinc, respec-
tively. This reaction is kinetically-limited by hydrogen evolution. The total
corrosion current is given by the corrosion current density acting over the re-
action surface area. Despite the corrosion current density being slightly lower
for HD Zn than granular zinc, the overall corrosion rate is higher on account
of the higher surface area of HD Zn.

which will affect utilization at the highest currents and near the end
of useful discharge capacity.

The result of combined utilization under both passivation and cor-
rosion effects (solid black line) can also be seen in Fig. 5 (excluding
current collector contact effects). Combined, these two mechanisms
predominantly describe the behavior seen in Fig. 4, including the
crossover effect between low and high current regions. At low cur-
rents, in the corrosion dominated regime, as corrosion is proportional
to time and area, we find that the zinc granules and dust perform better.
As particle surface area increases, the corrosion dominated segment
of the graph shifts to the right, and this is clearly seen in the case of the
HD Zn. Moving to higher currents, passivation becomes the dominant
regime, and utilization then decreases with increasing discharge rate.
While there is not an explicit dependence on particle surface area in
the passivation dominated region, it should be noted that k is heav-
ily dependent on the system parameters, and current density is one
determining factor on k.

A third mechanism which will affect utilization at both low and
high current regimes is loss of zinc contact with the current collector,
electrically isolating particles.?? This could happen in two ways: the
formation of a passivating layer at the zinc/current collector interface,
or local dissolution of zinc from the interface creating a physical gap
between the zinc and current collector. We would expect that both of
these mechanisms may affect the HD Zn to a greater degree than the
granular zinc.

Given the fine featured, branched structure of the HD Zn (Figs. 2
and 3), several morphological differences will exist during dissolution.
Re-orientation of the branched particles with respect to each other in
HD Zn will be more difficult than is the case for granular zinc, where
particles are free to reorient to new positions due to a smaller number
of contact points with surrounding particles. We would expect that a
granular zinc particle can settle onto the current collector surface as
dissolution occurs, where as a hyperdendritic zinc branch would have
many contact points with surrounding HD Zn particles, and would not
necessarily be free to resettle onto the current collector surface during
dissolution. Thus, during discharge we may expect that the contact
area of zinc with the surface may decrease more rapidly for HD
Zn, potentially isolating zinc material from discharge and lowering
utilization.

In addition, given the increased tortuosity of electrolyte in reaching
the zinc/current collector interface in the case of the HD Zn, a passi-
vation layer would also be more likely to build in those locations. This
would be related to depletion of OH- ions and saturation of zincate
causing a passivation layer to build at the particle/current collector
interface. These effects together would likely be a cause of reduced
utilization at low currents compared with the estimated utilization
under a corrosion only effect. Figure 7 illustrates this concept.

Figure 8 shows electrochemical impedance spectroscopy (EIS)
during discharge on both HD and granular zinc particles at a rate of
0.2 A/g. We can extract the charge transfer resistance (R.) from the
EIS data, using an electrochemical cell equivalent model in the ki-
netic control region (no diffusion). The model utilized was an ohmic
resistance in series with a charge transfer resistance and double layer
capacitance (represented as a constant phase element) in parallel. For
both particle types, we observe that R, increases during discharge.
Plotting R, versus state of charge (SOC), we can see that R, increases
more rapidly for the HD Zn than for the granular zinc, supporting the
argument that isolation affects HD Zn more than granular zinc. At the
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Figure 7. Evolution of particle contact and isolation during discharge. The
granular and dust morphologies are more likely to maintain good contact with
the current collector surface during discharge. The HD Zn is more likely to
lose current collector contact during discharge.

end of charge, we see a dramatic increase in R, for HD Zn, which is
consistent with complete isolation of zinc from the current collector
surface due either to loss of contact or passivation. Upon visual in-
spection of the samples post-discharge, for HD Zn we observed active
material floating away from the current collector for HD Zn but not
granular zinc, which is qualitatively consistent with the EIS data.

Despite this effect also being apparent in high current regimes, the
HD Zn still performs significantly better than the granular zinc and
zinc dust. Considering the high current passivation controlled region,
at rates of 1.0 A/g and above we clearly see that HD Zn outperforms
the other morphologies in terms of utilization. While there is some
reduction in utilization as current increases, the relative performance
gap between HD Zn and the other zinc forms improves significantly
as current is increased. At a rate of 2.5 A/g, the utilization of HD
Zn is 50% higher than that of the other two Zn morphologies. At 10
A/g and higher, the utilization is effectively zero for the granules and
dust, whereas HD Zn still performs well, showing utilization of 66
and 45% at 10 and 25 A/g respectively. At high rates, the excellent
performance of the HD Zn is displayed.

In this high current regime, parasitic corrosion mechanisms only
form a small proportion of the total utilization loss, as illustrated in the
model. Now a blocking passivation layer becomes the primary mech-
anism limiting zinc utilization. In the case of all of the zinc types,
a more rapid discharge leads to a decrease in utilization. One factor
leading to an increase in the rate of passivation is an increase in current
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Figure 9. Comparison of surface area normalized current (current density),
showing the impact on utilization. On a particle surface area basis, zinc gran-
ules perform the best, however this does not take into account bulk diffusion
towards/away from the projected electrode surface area, or tortuosity effects
present for HD Zn or zinc dust.

density (mA/cm?), which decreases the k parameter in 12.'® There-
fore, as expected, the HD Zn performs significantly better at higher
absolute currents, given its order of magnitude higher surface area,
and correspondingly lower surface-area-normalized current density.

To further understand the the effects of surface area, we ran a series
of additional experiments to provide data to normalize the current
on a particle surface area basis (rather than projected electrode area
basis). This gave an effective current density based on the surface
area of the particles. Experiments were run at currents of 10 and
25 A/g on Zn granules and HD Zn. At these high currents, the Zn
granules passivated almost immediately, giving a utilization of near
zero. However discharge of the HD Zn was still possible, based on the
high surface area characteristic of this morphology.

Figure 9 shows the utilization efficiency versus current density
normalized for particle surface area. This gives a surface current den-
sity comparison of the three particles types, rather than a comparison
of absolute current for a given mass of zinc as previously. It should be
noted that particle surface current density is not the only factor that
impacts passivation and the ultimate utilization, however it allows
for some comparison and determination of the relative importance of
surface area to the overall performance of the HD Zn. On a current
density basis there is a difference visible between the two morpholo-
gies. The Zn dust and HD Zn display a similar levels of utilization
with current density normalized by surface area. On a current density
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Figure 8. Progression of the AC impedance (EIS) response of (a) HD Zn and (b) granular zinc during discharge. Plot (c) shows how R evolves versus state of
charge (SOC); R, is normalized by the initial R¢;. The increase in normalized R during discharge is more dramatic for HD Zn compared with granular Zn.
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basis, however, the zinc granules perform best, with the same general
trend shifted to higher current densities. If utilization were only a par-
ticle surface area effect, we would expect to see all lines collapse onto
a single line, however it is clear other mechanisms come into play.

At any given current density, the absolute current applied to the
cell is an order of magnitude larger for the HD Zn compared with the
other morphologies. For example, at a given current density, the HD Zn
electrode requires an order of magnitude greater diffusion of OH™ ions
to the surface, and Zn(OH),>~ ions away from the surface. Therefore
the effects of zincate supersaturation will be felt more strongly on the
HD Zn, leading to faster passivation. Tortuosity effects will also be
important for the Zn dust and HD Zn types, as there is no straight path
between the surface of the particles and the current collector given that
the particles do not form a monolayer on the current collector, unlike
granular zinc. Therefore zincate ions will take a longer time to diffuse
through the porous electrode (and OH™ to the particles), causing
a local zincate buildup above the saturation limit, again leading to
earlier passivation. Still, on an absolute current basis, the superior
performance of HD Zn is demonstrated.

Studying the effect of electrolyte additives.—Given the clear ben-
efits of HD Zn in providing a high rate discharge capability, and
reducing the negative impacts of formation of a blocking passivation
layer, a range of additives were tested with the HD Zn to confirm
whether high-rate discharge performance could be further improved.

First, the impact of electrolyte concentration was studied on this
system. Given the similar performance of granules and dust, only
granules and HD Zn were used for this investigation. Zn granules
and HD Zn were discharged at 2.5 A/g in aqueous potassium hy-
droxide (KOH) electrolytes with KOH concentrations ranging from
2-8.9 M. The % utilization results are shown in Figure 10. For both
particle types utilization increases with concentration, with the largest
rate of utilization increase between 2 and 4 M KOH. At all KOH
concentrations, HD Zn has a significantly higher utilization than Zn
granules. This trend in utilization with increasing electrolyte molarity
is expected, as it is known that the solubility of ZnO in aqueous KOH
solutions is a non-linear function of the KOH concentration, and that
passivation during anodic dissolution is impacted by the local satura-
tion of zincate at the surface of Zn particles.'

Further study was completed on a range of additives to explore
their benefits on utilization at fixed electrolyte KOH concentration.
The study focused on 8.9 M KOH electrolytes, and four additives were
considered: potassium citrate (K-citrate), potassium chloride (KCl),
sodium dodecylbenzenesulfonate (SDBS), and zinc oxide (ZnO). Fig-
ure 11a shows the percentage gain in utilization for each of the ad-
ditives for both granular and HD Zn over their baseline utilizations
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Figure 10. Effect of KOH concentration on % utilization of HD-Zn and gran-
ules, as measured from galvanostatic discharge at 2.5 A/g in solutions with a
range of KOH concentrations.

without additives. Both KCI and K-citrate provide significant utiliza-
tion gains for the HD Zn, in the 7-10% range, however only a marginal
gain was shown with addition of SDBS. The granular Zn shows excel-
lent improvement in utilization with the KCI and K-citrate additives,
however it is starting from a lower base utilization. Unlike the HD Zn,
there is also a significant improvement in granule utilization by the
addition of SDBS.

As discussed previously, the K-citrate and KCI additives are un-
derstood to improve performance through complexing with the Zn>**
ion, and increasing its solubility compared with that of the zincate ion
alone. In the presence of SDBS, a surfactant, the utilization efficiency
of dendritic Zn does not appear to significantly change, however the
utilization efficiency of Zn granules is improved. Evidence in the lit-
erature suggests that in the presence of SDBS, the passivation layer
that forms is more porous than in the absence of the surfactant,?!
meaning that even as a ZnO film forms during discharge, the pores
in the passivation layer result in electrolyte maintaining access to the
Zn surface. Therefore, dissolution will continue, at least until OH™
transport in the pores cannot keep up with the depletion rate.'®

For a simple surface morphology, like that of the granular zinc,
these pores maintain access for the electrolyte to the zinc. For a more
complex surface morphology, the benefits of a porous passivation
layer may be less pronounced, as the pathways to access the zinc
surface are already tortuous, and passivation layers may overlap. In
addition, for the HD Zn, the passivation layer is less thick than the
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Figure 11. Comparison of the effect of electrolyte additives (a) on % utilization of HD-Zn and granules, measured at a discharge current of 2.5 A/g (~3C discharge
rate). (b) shows the delay in the onset of passivation for the electrolytes with K-cit and KCl additives using linear sweep voltammetry on planar zinc.
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granular Zn, which already results in a higher utilization. Figure 3
shows the significantly larger surface area of the HD Zn during dis-
charge, minimizing the benefit of increasing porosity in the already
thin passivation layer.

To further understand the benefits of the additives on zinc utiliza-
tion, as shown in Figure 11b, linear sweep voltammetry (LSV) was run
on the base electrolyte and the two most beneficial additives for the
HD Zn: K-Citrate and KCI. The onset of passivation in the electrolyte
containing KClI is increased by 20mV compared with the baseline
8.9 M KOH electrolyte, which points to delayed passivation and thus
increased utilization. The passivation potential in the K-Citrate elec-
trolyte is similar to that of the baseline, however it is noted that the
peak current is higher, suggesting a less blocking type I zinc oxide
layer forming on the surface of the zinc.

As expected, addition of ZnO significantly reduced the utiliza-
tion of both zinc morphologies at higher currents. The addition of
ZnO increases the zincate concentration. As Zn discharges, the solu-
tion locally saturates more quickly, and a blocking passivation layer
forms more readily on the Zn surface, significantly reducing the Zn
utilization.!® It should be noted that at very low discharge rates, where
corrosion effects dominate, the addition of ZnO is beneficial due to
the suppression of the hydrogen evolution reaction.!

Conclusions

We explored the performance of several zinc morphologies in a
freestanding, flooded system with no binders or conductive additives.
The utilization of each particle type was studied for a range of different
electrolyte concentrations and additives at varying discharge rates.

Even in non-optimized electrolyte, hyper-dendritic zinc performed
very well at high discharge rates (>2.5 A/g), showing zinc utilization
50% higher than other zinc morphologies. At rates of 10 A/g and
higher, the zinc dust and zinc granules showed no discharge capacity,
effectively passivating instantaneously. However, the hyper-dendritic
zinc continued to perform well, showing utilization above 65% at
these high rates.

The significantly higher surface area and complex structure of the
hyper-dendritic zinc, typically within the range of 1.9-3.6 m?/g, is
beneficial for reducing the passivation effects seen at high currents.
SEM images show that the hyper-dendritic zinc morphology retains
its dendritic nature during discharge (Figure 3). This has the effect
of maintaining a high surface area during discharge. In addition, this
provides a high surface area substrate for re-plating of zinc during
charge, further confirming its cyclability as previously investigated.'”

At low currents, while corrosion effects on the HD Zn result in
a lower utilization, there appears to be an additional contribution to
utilization loss through active material losing contact with the current
collector and becoming isolated. Therefore, even better performance
of hyperdendritic zinc may be possible in non-freestanding configu-
rations.

Further utilization efficiency gains are possible with optimization
of the electrolyte and additives. High concentration KOH electrolytes
lead to significant gains in utilization. The addition of either potassium
citrate or potassium chloride to the electrolyte improves the utiliza-
tion of HD Zn by 9% for both additives, and the performance of the
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zinc granules by 17 and 30% respectively. Both of these additives are
believed to act through complexation with the zinc ion, which subse-
quently increase the complex solubility, hindering passivating layers
from building on the zinc surface. These have been demonstrated to
give excellent performance gains.

SDBS was found to marginally increase the performance of the HD
zinc, however significantly improved the performance of zinc gran-
ules. This effect acts through increasing the porosity and decreasing
the density of passivation layers formed, so that active zinc dissolution
can still take place.

Overall, and critically, at discharge currents >2.5 A/g, hyperden-
dritic zinc significantly outperforms zinc granules and zinc dust. This
suggests both primary and secondary battery systems using a zinc an-
ode could benefit significantly by using HD Zn, allowing much higher
discharge rates, improved utilization and efficiency in systems where
the zinc anode has typically been a limiting element.
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