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ABSTRACT: We fabricate three-dimensional zinc electrodes from emulsion-cast sponges of Zn powder that are thermally
treated to produce rugged monoliths. This highly conductive, 3D-wired aperiodic scaffold achieves 740 mAhg,,”" when
discharged in primary Zn—air cells (>90% of theoretical Zn capacity). We use scanning electron microscopy and X-ray diffraction
to monitor the microstructural evolution of a series of Zn sponges when oxidized in Zn—air cells to specific depths-of-discharge
(20, 40, 60, 80% DOD) at a technologically relevant rate (C/40; 4—6 mA cm™?). The Zn sponges maintain their 3D-monolithic
form factor at all DOD. The cell resistance remains low under all test conditions, indicating that an inner core of metallic Zn
persists that 3D-electrically wires the electrode, even to deep DOD.
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Zinc—based batteries offer many appealing characteristics,
including low-cost components, water-based electrolytes,
and high energy density, yet their broader applicability has been
limited by suboptimal performance of the Zn anode, which
undergoes complex chemical and electrochemical reactions
during operation.'™® As Zn is oxidized, soluble zincate
intermediates (e.g, Zn(OH),’”) are generated that, upon
supersaturation, precipitate and dehydrate to poorly conducting
Zn0’™? (eq 1-3).

Zn(s) — Zn*t + 2¢” (oxidation) (1)
Zn*" 4+ 40H (aq) = Zn(OH),* (aq) (complexation)
2
Zn(OH),” (aq) = ZnO(s) + H,0 + 20H (aq)
(passivation) (3)

Zinc electrodes for alkaline batteries (e.g., Zn—MnO,, Ni—Zn,
Ag—Zn, and Zn—air) are commonly constructed from slurries
or pastes that comprise Zn powder, gelling agents, and binders.
The ad hoc nature of powder-composite electrodes often leads
to electronically isolated Zn particles once ZnO coats nearby
surfaces, thereby terminating discharge at 50—60% utilization,
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well below the theoretical Zn specific capacity
(820 mAh an_l).lo’“ Disruption of electronic continuity also
frustrates subsequent attempts to recharge the Zn/ZnO
electrode because the charging current is redirected to localized
reaction sites, a condition that is ripe to breach the critical
current density that promotes formation of electrical short-
inducing dendrites.'”

We recently demonstrated that Zn electrodes redesigned as
sponge-like porous architectures achieve high specific capacity
in primary Zn—air cells (>85% Zn utilization) and dendrite-free
cycling to moderate capacity in Ag—Zn cells (up to
188 mAthn_l).B_15 High capacity and minimized dendrite
growth are realized because of the innate structural character-
istics of Zn sponges: well-wired networks of metallic Zn that
facilitate both long-range electronic conductivity and more
uniform current distribution in concert with confined void
volume that constrains the products of Zn/ZnO redox within
the 3D electrode structure.
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Table 1. Parameters for Electrochemical Discharge Tests of Zn—air Cells

discharge depth-of-discharge specific capacity average discharge specific energy R ailjmitial” IR ol iy

experiment rate (%) (mA h gz, ") voltage (V) (W h kgz, ™) (Q cm™) (Q em™)
3D Zn-20 C/40 20 164 1.2§ 205 1.31 1.22

3D Zn-40° C/40 40 328 123 404 1.20 1.56

3D Zn-60? C/40 60 492 1.21 597 1.79 228

3D Zn-80“ C/40 80 656 1.24 812 121 0.79

3D Zn-full® C/15 91 743 1.19 882 1.93 0.75
commercial” C/15 failed immediately (<30 s)

commercial C/40 69 1.11 0.65 3.96

“These data are derived from one set of 20—40—60—80% DOD, but two additional replicate series run at different times yielded comparable results.
bCell allowed to discharge to 0.9 V cutoff. ‘R (Q cm™) is calculated from the cell resistance divided by the geometric area of the full cell.

In the present report, we explore how the microstructure of
the Zn sponge evolves during discharge in primary Zn—air cells
by taking a series of Zn sponges to controlled depths-of-
discharge, DOD (0—80% in 20% increments) and examining
their physicochemical structure post—discharge. We assess the
ability of the Zn sponge to (i) support uniform deposition of
the discharge end-product, ZnO; (ii) maintain a monolithic
form factor; and (iii) retain low cell resistance, even to deep
levels of discharge. The results obtained from this systematic
study of the Zn sponge microstructure as discharged in 6 M
KOH will inform design optimization for the next generation of
3D Zn architectures, as well as other performance factors, such
as the impact of electrolyte additives on Zn morphology.

Zinc sponges are fabricated as described previously'* by
forming an emulsion of Zn powder, water, decane, sodium
dodecyl sulfate, and carboxymethylcellulose,'® and casting the
emulsion in a 1.15 cm—diameter cylindrical mold. After drying
and releasing the Zn sponges from their molds, they are heated
to 410 °C under flowing Ar and then to 665 °C in static air, a
procedure that sinters the Zn particles beneath a stabilizing
coating of ZnO to form mechanically rugged, 1—3 mm thick
monoliths. A subsequent bulk electrolysis step in 6 M KOH is
used to reduce the ZnO shell and generate metallic Zn°
sponges.'*

Primary Zn—air cells are constructed within a cylindrical
nylon casing, where the all-metal Zn sponge anode (dipped in a
gel electrolyte of 6 M KOH/poly(acrylic acid)'”) is placed atop
a Sn current collector.'® A Celgard 3501 separator is placed
between the Zn sponge and a commercially sourced air cathode
(E4; Electric Fuels, Inc.), which is contacted to the positive
terminal via nickel-mesh. Multiple series of Zn—air cells were
galvanostatically discharged at a C/40 rate (corresponding to
20.5 mA g;,7") to fixed depths-of-discharge (20, 40, 60, and
80% of the theoretical Zn specific capacity, Table 1). The
resulting discharge curves are relatively flat with average
voltages maintained at the >1.2 V characteristic of Zn—air
cells (Figure 1).

Following discharge, the Zn sponges are harvested from the
cell, water-rinsed to remove electrolyte, and dried under
vacuum at room temperature. Visual inspection of the
discharged Zn sponges shows the effects of ZnO accumulation,
with the color of the sponges progressing from dark metallic
gray toward lighter gray with increasing DOD (Figure 1 insets),
consistent with an increase in ZnO (a white compound) on the
surfaces of the Zn sponge. The discharged sponges remain
monolithic and mechanically robust enough to handle, even
after the excursion to 80% DOD, challenging the too-common
expectation that the electrodissolution inherent to Zn oxidation
in alkaline electrolyte ultimately disintegrates the solid
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Figure 1. Series of Zn—air cells galvanostatically discharged at a C/40
rate to fixed depths-of-discharge (20, 40, 60, and 80% of the theoretical
Zn specific capacity). Insets: photographs of water-rinsed and vacuum
dried post—discharged Zn sponges revealing retention of their
monolithic forms, with a color change from dark to lighter gray as
ZnO progressively accumulates upon deeper DOD.

electrode and that a high-surface-area 3D Zn structure should
be even more susceptible.

Scanning electron microscopy (SEM) was used to examine
the post—discharge microstructure at the separator-facing
boundary and in the cross-sectional interior of the sponge.
The porous 3D structure is retained at all levels of discharge.
The surfaces of pre—discharged Zn sponges exhibit compact
platelike features at micrometer resolution; as discharge
progresses, needlelike crystals of ZnO form, first in islands
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Figure 2. Scanning electron micrographs of the post—discharged microstructure at the separator-facing boundary of the discharged Zn sponge
anodes. The porous 3D structure is retained at all levels of discharge. As discharge progresses, needlelike crystals of ZnO form, first in islands that
eventually coalesce to uniform carpetlike deposits throughout the electrode structures.

Figure 3. Scanning electron micrographs of the interior of the discharged Zn sponge anodes, which sport denser accumulations of ZnO deposits
than observed at the exterior (see Figure 2) and arise from enhanced precipitation of ZnO within the confined free volume of the interior. The open
porosity and interconnection of the sponges particles are maintained throughout all depths-of-discharge.

that eventually coalesce to uniform carpetlike deposits at all of
the inner and boundary surfaces of the electrode structure, as
seen in Figure 2 (boundary) and Figure 3 (interior). The
interior of the sponge sports a denser accumulation of ZnO

deposits than observed at the exterior, which we attribute to
enhanced precipitation of ZnO within the confined free volume
of the interior (see Figure S1 in the Supporting Information for
replicate data).
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Figure 4. (left) X-ray diffraction of the post—discharged Zn sponge electrodes at 20—80% DOD. (right) Phase percentage of ZnO as a function of
the depth of discharge as calculated using the reference intensity ratio, RIR (black line). The measured RIR values are compared to the predicted
RIR values (dotted blue line). The RIR calculation consistently inflates the percentage of ZnO present in the discharged anodes. The disparity is
attributed to the growing thickness of ZnO on the backbone of the metallic Zn architecture (dotted red line) and the attenuation of the Zn

reflections due to the penetration-depth limitations of Cu Ka X-rays.

We estimate that the discharge capacity required to achieve
the solubility limit of potassium zincate in 6 M KOH® within
the total interior volume of 0.16 mL for a 1.7 mm—thick porous
sponge is 17 mA h g, 7' (2% depth-of-discharge)."® This
calculation does not account for local effects of volume
confinement, tortuosity, or dynamic mass-transport conditions.
Previous experimental and modeling studies”>*' revealed that
precipitation within porous objects occurs preferentially within
small pores relative to bulk solution; thus in the present case,
the discharge capacity required to initiate precipitation of ZnO
within our Zn sponge is likely less than that derived in the
simple calculation described above. To gauge the efficacy of
capturing discharged Zn as ZnO, the mass of each Zn sponge
was obtained before and after discharge and compared with the
predicted mass change associated with full conversion to ZnO
at each specific DOD (see Table S2 in the Supporting
Information). For example, at 80% DOD (80% conversion of
Zn to ZnO), the predicted mass increase is 19.6%, whereas the
measured value is 21.6%. This close agreement further confirms
that ZnO within the 3D sponge structure is substantially
confined to the surfaces of the interconnected Zn electrode
rather than dispersed throughout the cell volume as solvated
zincate species.

The conversion of Zn to ZnO was assessed by ex situ X-ray
diffraction (XRD; Rigaku Smartlab, Cu—Ka) for the post—dis-
charged and water-rinsed Zn sponge electrodes (Figure 4). The
reference intensity ratio (RIR) method”* was used to correlate
the amount of Zn converted to ZnO for each DOD by ratioing
the intensity of the most-intense reflection for ZnO to that of
the most-intense reflection for Zn. The RIR calculations
consistently inflate the percentage of ZnO present in the
discharged Zn anodes, a disparity that is attributed to the
growing thickness of ZnO on the backbone of the metallic Zn
architecture. The limitations of the RIR method for this
calculation are a consequence of the penetration depth, x,, of X-
rays from the Cu—Ka source (8.046 keV)

_ sin Qsin(20 — Q)
ulsin Q + sin(20 — Q)]
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where Q is the incident angle, 20 is the angle of diffraction, and
u is the linear absorption coefficient of ZnO under Cu—Ka
radiation (calculated to be 274 cm™).>*** The calculated
penetration depth of Cu—Ka X-rays into ZnO at 20 = 43°
(101),* the most intense reflection for Zn metal, is 6.7 ym. As
the discharge of the Zn-—air cell progresses and ZnO
accumulates at the surfaces of the Zn sponge anode, the ZnO
film thickness increases as plotted in Figure 4 (see the
Supporting Information for derivation). The surface thickness
of ZnO is calculated to reach 6.7 ym at ~50% DOD, thereby
attenuating Zn (101) reflectivity for sponges discharged to
>50% DOD. The overestimation of ZnO thickness at >50%
DOD further supports the hypothesis that ZnO is confined to
the surfaces of the Zn backbone in the sponge. To
appropriately distinguish the Zn phase beneath its oxide shell
requires X-ray photons with energy >21 keV.

The presence at the Zn surfaces of semiconducting ZnO
(which has a reported conductivity spannin_% a broad range
from 1 X 107% to 1 X 102 S ecm™)***” may introduce
additional resistance within the electrode structure as discharge
progresses. Yet, when we discharge Zn—air cells containing 3D
Zn sponge anodes, the total cell resistance remains low (~1 Q
cm™?) even after discharge at high rates (C/15; 9.3 mA) and to
high depths-of-discharge (743 mA h g;,~'; 91% DOD). When
commercial Zn—air cells are subjected to similar tests, but
discharged at a slower rate (C/40 because the C/1S rate
tolerated by 3D Zn—air cells is too demanding), cell resistance
increased ~6-fold from 0.65 © cm™ in the as-received state to
3.96 Q cm™* after exhaustive discharge (reaching only ~69%
DOD; see Figure S3 in the Supporting Information). We
attribute the relative invariance in resistance during discharge
for cells based on our Zn sponge anodes to the retention of the
inner wiring of metallic Zn within the sponge architecture
thereby ensuring that long-range electron conduction is
maintained throughout discharge. We attribute minor fluctua-
tions in resistance (+100s of mQ) to cell-to-cell variations such
as electrolyte management or electrode mass differences (see
Figure S2 and Table S1 in the Supporting Information for
replicates). In contrast, the suboptimal particle—particle
connectivity characteristic of the powder-composite Zn anode
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in the commercial cell creates opportunities for increasing
internal resistance during discharge.

The results presented herein are derived from multiple
single-discharge tests, but our key findings highlight perform-
ance characteristics of Zn sponge architectures that will enable
high-performance rechargeable Zn-based batteries. Uniform
deposition of discharge products at Zn surfaces within the
sponge architecture and retention of low internal resistance,
even to deep DOD, should promote uniform reduction of ZnO
and minimize the growth of short-inducing Zn dendrites upon
extensive charge—discharge cycling. The persistent mechanical
ruggedness and monolithicity of the Zn sponge will sustain the
structure under challenging conditions. The long-term goal for
a redesigned Zn electrode is its implementation into
rechargeable Zn—air cells. The Zn sponge electrodes described
herein, along with our concurrent efforts on pulse-power—
enabled carbon nanofoam air cathodes,'”?® are but two
breakthroughs en route to that goal. We have demonstrated
dendrite-free charge—discharge cycling to modest DOD (20%
of theoretical Zn utilization) in symmetric Zn/ZnO and Ag—
Zn cells,"* and ongoing experiments are focused on
incorporating efficient oxygen-evolution catalysts into air
cathodes and constructing prototype rechargeable Zn—air cells.
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Derivation of the plot of ZnO film thickness as a function of
depth-of-discharge, electrochemical impedance spectroscopy,
table of mass changes during discharge, and replicate data. This
material is available free of charge via the Internet at http://
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