The role of cathode architecture and anion interactions on the performance of
Al-substituted o-Ni(OH):2 in rechargeable Ni-Zn cells

Samuel W. Kimmel,? Ryan H. DeBlock,? Jaret A. Manley,? Cory M. Silguero,® Debra R. Rolison,?*
and Christopher P. Rhodes?*

1 Materials Science, Engineering, and Commercialization Program, Texas State University, 601 University Drive, San Marcos, TX
78666, USA
2U.S. Naval Research Laboratory, Surface Chemistry Branch (Code 6170), 4555 Overlook Avenue SW, Washington, D.C. 20375,

USA

3 Department of Chemistry and Biochemistry, Texas State University, 601 University Drive, San Marcos, TX 78666, USA

*Corresponding authors.

E-mail addresses: debra.r.rolison.civ@us.navy.mil (D. Rolison); cprhodes@txstate.edu (C. Rhodes)

ARTICLE INFO

Keywords

Nickel hydroxide nanosheets
Microwave synthesis
Electrode architecture
Alkaline batteries
Nickel-zinc batteries

ABSTRACT

Rechargeable alkaline Ni—Zn batteries configured with Zn-sponge anodes
provide an energy dense, safe alternative to Li-ion batteries for a wide range of
risk-averse applications. Advanced cathodes that provide high rate and
capacity performance are needed to match that of Zn sponge anodes. We show
that aluminum-substituted nickel hydroxide, a-Nip.9Alo.1(OH)2, expressed in a
nanosheet morphology, can be directly deposited onto a flexible carbon
nanofiber paper (CNP) using a rapid and scalable two-step microwave-assisted
hydrothermal reaction. The architected electrode (a-Nig.gAlo.1(OH)2@CNP)
wires the energy-storing Ni to the carbon scaffold, resulting in high capacity and
stable cycling in Ni-Zn cells, performance not obtained using conventional
powder-composite cathodes. The growth reaction time and temperature
influence mass loading, thickness, crystal structure, the ratio of interlayer
“free”-to-lattice metal-coordinated “bound” nitrates, and electrochemical
performance. The architected a-NipsAlo1(OH)2@CNP||Zn sponge alkaline cell
provides unprecedented performance, delivering high discharge capacity,
storage of >1.4 electrons per Ni, good rate capability, excellent capacity
retention, and high mass loading. Architected electrodes that combine 3D
electronic wiring and structured active material provide a pathway to energy
dense, safe, rechargeable Ni—Zn batteries and offer approaches to improve the
electrochemical performance of a broad class of layered materials for multiple
battery chemistries.

1. Introduction

Affordable and safe batteries are needed to decarbonize the electric grid and store the energy that
runs electric vehicles (EVs), auxiliary power systems, and portable devices. Lithium-ion batteries have
been widely adopted for all of these uses [1], despite being plagued with sustainability issues [2], high
cost [1,3], supply-chain insecurities [2], and extraction consequences that risk depleting scarce water
supplies or violating basic human rights [4]. But Li-ion’s most significant problem is its safety record, with
numerous examples of battery-related fires and explosions [5].

Alternatives to Li-ion batteries include aqueous zinc-based batteries (such as nickel-zinc, manganese—
zinc, and silver—zinc) that use alkaline electrolytes and offer increased safety and lower toxicity relative to



Li-ion batteries [3,6]. Zinc, a historically non-rechargeable battery anode, has been widely accepted by
consumers for decades [3]. Rechargeable nickel-zinc (Ni—Zn) has high specific energy (60-110 Wh kg™)
and energy density (90-250 Wh L), reasonable power capability, excellent abuse tolerance
(nonflammable, safe aqueous electrolyte), and does not require a battery management system, all of
which make Ni-Zn batteries a compelling alternative to Li-ion batteries [7].

Formulating zinc in a sponge form factor converts a once poorly rechargeable anode into a safe,
materially abundant, cost-compelling competitor to Li-based anodes [8-15]. In alkaline electrolytes, an
architected zinc anode enables high Zn utilization (depth-of-discharge, DODz,), achieving >95% DODz, on
a single discharge or >150 cycles at 40% DODz,, while maintaining dendrite-free cycling [8-15]. Projections
of a Ni—Zn sponge battery pack show that the specific energy is comparable or superior to a Li-ion pack
that includes catastrophe management systems [12]. The performance of present alkaline nickel cathodes
is adequate for use with conventional zinc anodes, but a single Zn sponge outperforms multiple
replacements of commercially harvested Ni-cathodes in a rechargeable configuration [8]. Commercial Ni—
Zn batteries use alkaline-stable B-Ni(OH), cathodes that capture ~90% of its one-electron Ni**/3*
capacity (theoretical: 289 mAh g™*) [16], while the Zn-sponge anode can reversibly store two electrons per
Zn: Egs. (1-3).

redox

2 Ni(OH), + [Zn(OH),]?>~ & 2 NiOOH + Zn + 2H,0 4+ 2 OH™ (1)
Ni(OH), + OH™ < NiOOH + H,0 + e~ (2)
Zn+40H™ o [Zn(OH),4])*> + 2e” (3)

The capacity of 3-phase Ni{OH); cathodes constrains the energy and power performance of Ni-Zn
cells that incorporate Zn-sponge anodes. A hydrated phase of Ni(OH)2, a-Ni(OH),, has a higher theoretical
capacity (482 mAh g™') because the average 3.67+ oxidation state of Ni in the y-NiOOH charged product
enables greater than one-electron transfer per Ni site. That higher degree of charge storage is facilitated
by incorporating ions into the oxyhydroxide structure [17]. A Ni cathode using higher capacity a-Ni(OH);
would increase the system-level energy density of a Ni—Zn battery at a given Zn depth-of-discharge, but
a-Ni(OH); suffers from phase-stability in alkaline electrolytes [7,17,18]. Our prior work shows that using
microwave-synthesized Al-substituted c-Ni(OH)> nanosheets in powder-composite cathodes and cycling
them vs. Zn-sponge anodes increases phase stability and discharge capacity relative to unsubstituted a-
Ni(OH): nanosheets [18]. Although capacity retention improves with Al-substituted a-Ni(OH),, the cell still
exhibits fade with cycling [18]. We attribute the delayed but still present capacity fade to less-than-full
utilization of a-Alg.13Nios7(OH)2 within the micron-sized agglomerates characteristic of a traditional
powder-composite electrode structure.

While the average Ni oxidation state in y-NiOOH is 3.67, galvanostatic experiments with planar films
indicate that a-Ni-cathodes do not fully reduce from Ni*®7* to Ni?* when the Ni(OH); layer is >10 nm thick
[17]. As a-Ni(OH): film thickness increases, usable capacity decreases because of electrochemical isolation
within the film [17,19]. Ellipsometric data obtained for planar Ni(OH); thin films in alkaline electrolytes fit
a model in which differences in electronic conductivity between Ni(OH); and NiOOH create electronically
isolated regions of untapped active material [19]. Forcing further oxidation of the thin film electrolyzes
water at the NiOOH surface, a parasitic reaction in a Ni—-Zn battery.



Synthesizing nanostructured Ni(OH): in the presence of carbon using hydrothermal/precipitation
routes produces carbon-associated active materials that nonetheless must still be formulated into a
powder-composite cathode [20-32]. These composited cathodes exhibit higher discharge capacity, better
capacity retention, and/or improved rate performance for a wide range of electrochemical devices, yet
cannot reach battery-relevant high mass loading and cycle stability, thus limiting system-level energy
density [33,34].

As an alternative to 2D planar electrodes and powder composites, high surface-area three-
dimensional (3D) hierarchically wired conductive networks can be modified with charge-storing material
[34-37]. Depositing nanostructured electrode materials at 3D-wired substrates shortens diffusion
pathways through the electrode material to the electronic scaffold [34-37]. Predominant 3D-wired
conductive frameworks are metal foams/meshes or carbon networks. Microwave synthesis has grown
nanosheets of Ni/Co/Mn(OH); [38], Ni/Co(OH), [39], Co-Mo Mo(OH); [40], and nanoflakes of
Ni/Fe/Co(OH); [41] onto a nickel-foam current collector, while Co/Al-layered hydroxides have been grown
hydrothermally on reduced graphene oxide—decorated nickel foam [42]. Carbonaceous networks are
more appealing than metallic networks because the lower mass relative to metallic foams increases the
system-level energy density of the device [34,43]. In a three-electrode configuration, a
NiAlCo(OH),@carbon nanotube electrode has high capacity (320 mAh g™) but only 184 mAh g™ when
tested in a Ni=Zn cell at a battery-irrelevant low mass loading (1 mg cm™) [27]. Nanocomposite cathodes
with high mass loadings (> 10 mg cm™) are reported for B-Ni(OH).@carbon nanofiber powder composites
[25] and binder-free NiCo(OH),@CuO/Cu-foam but these cathodes exhibit low in-cell discharge capacity
(184 and 245 mAh g, respectively). 3D-wired Ni cathodes with high mass loadings that deliver high
capacity with capacity retention in Ni=Zn cells at battery-relevant and fast discharge rates have not been
reported.

In addition to improving electron wiring through the volume of the electrode structure, designing high
performance Ni-cathodes requires further understanding of the local structure of anions and other
species within the interlayer region of Ni(OH); and their effect on battery performance. When synthesizing
layered materials such as a-Ni(OH),, water, solvent, and other ions are incorporated between the layers
or in hydroxyl lattice positions [44]. The interlayer anions within a-Ni(OH), influence proton diffusion
coefficient, electrochemical impedance, discharge capacity, and cycle stability in batteries [45,46] and
capacitors [47,48]. But how anions coordinate within layered a-Ni(OH), battery materials, how these anion
interactions can be synthetically controlled, and how anion interactions affect the electrochemical
performance of Ni(OH); battery cathodes have not been significantly studied.

We report an architected Ni cathode, a-NigsAlo.1(OH). deposited on a 3D electronically wired carbon
nanofiber paper (CNP), that provides high electrochemical performance and incorporates coordinated
anions within the layered hydroxide. Our work shows how controlled synthetic conditions can be used to
nucleate and grow a uniform a-NissAlo1(OH)2 coating onto carbon nanofibers comprising a binder-less
architected paper electrode. We find that distinct anion coordination environments, including metal-
coordinated anions, occur within a-NipsAlg1(OH)2, can be synthetically controlled and correlate to
electrochemical performance. Alkaline Ni-Zn sponge cells incorporating freestanding a-
Nig.sAlo.1(OH)2@CNP cathodes deliver high discharge capacity, fast discharge times, excellent capacity
retention, and greater than one electron per Ni at high mass loading.



2. Results and Discussion
2.1. The importance of architecture: Comparing powder composite and 3D architected cathodes

We adapt our microwave-assisted synthesis [18] to deposit alpha-phase, Al**-substituted nickel
hydroxide nanosheets (a-NigsAlo.1(OH)2 ns) onto conductive carbon nanofibers that comprise a current-
collecting paper scaffold. In alkaline Ni—=Zn sponge cells, we evaluate the electrochemical performance of
the architected a-NissAlo1(OH)2 cathode against a conventional powder-composite cathode prepared
using precipitated a-NigsAlo.1(OH)2 ns. Microwave-assisted synthesis offers a facile route to nanostructure
and compositionally tune the nickel hydroxide active material. Under isotropic conditions and at mild pH,
ultrathin polycrystalline, 2-12 nm thick nanosheets of a-Ni(OH). coalesce into micron-sized agglomerates
[18,49,50]. If we retain the reaction medium but add carbon nanofiber paper (CNP), the nanosheets
nucleate and grow on the fibers (a-NigoAlo.1(OH)2@CNP). To improve the uniformity of the a-Al-Ni(OH);
deposited on the fibers, we use a pretreatment step (notated as PT: 1 h at 80°C in the reaction medium)
to equilibrate the Al/Ni precursors at the fibers before initiating the hydrolysis/condensation growth step.
Without the pretreatment step, a-Nig.eAlo.1(OH)> nanosheets deposit nonuniformly at the fibers and within
the paper (Fig. S1, details provided in Sl).

We can now evaluate the importance of electrode structure on the performance of microwave-
synthesized a-NigsAlp1(OH), nanosheets (ns) fabricated into a powder-composite structure versus
deposited onto a freestanding architected electrode. The two electrode structures are illustrated
graphically (Fig. 1a, b). The distinction between these two formulations is an ad hoc arrangement of
electron-connected carbon agglomerates (Super P + carbon nanofibers) mixed with a-NigsAly.1(OH)2
aggregated nanosheets (Fig. 1a) versus a binder-free architecture in which the nanosheets wrap the 3D-
continuous electron conduit (Fig. 1b).
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Fig. 1. Graphic representations of (a) powder-composite cathode comprising 65 wt% a-NigoAlp 1(OH)2 nanosheets (ns, colored
green), 30 wt% particulate carbon (25 wt % Super P + 5 wt % carbon nanofibers), and 5 wt% PTFE binder in Ni foam (gray cylinders;
carbon and PTFE, colored orange) and (b) Architected a-NipoAlp1(OH),@carbon nanofiber paper (a-NiggAlp.1(OH);@CNP); (c)
colorized scanning electron micrograph of a powder composite a-NipgAlp1(OH)2ns (13/180) and (d) an architected a-
NiggAlg1(OH)>,@CNP (PT+13/180); (e) 15t-cycle galvanostatic differential capacity analysis; and (f) discharge capacity versus cycle
number of the cathodes at 84.4 mA g l.ive, €ach with an active mass loading of 4 mg cm. PT designates pretreating the CNF
and CNP at 80°C in the precursor solution for 1 h (see Materials and Methods for details).
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The powder-composite electrode is fabricated by mechanically mixing the conductive additives (Super
P carbon and carbon nanofibers) with the electronically insulating a-NigsAlo1(OH); (Ni(OH)2: 1077 Sem™;
post-cycled Ni(OH);: 1072 S em™; NiOOH: 10 S cm™ [51]), and then adding an alkaline-resistant binder,
forming an aqueous ink, and pasting into Ni foam (Fig. S2a). Scanning electron micrographs (SEM) and
elemental mapping using energy-dispersive X-ray spectroscopy (EDS) show that formulating precipitated
a-NiosAlo1(OH)2 ns aggregates into a powder composite distributes the three components throughout the
Ni foam without phase segregation occurring (Fig. 1c, Fig. S4). Within the powder composite, the a-
Nio.sAlo.1(OH)2 (Fig. 1c, colored green; uncolored images shown in Fig. S3) has adventitious contact with
the conductive additives (colored orange in Fig. 1a, Fig. S4b,c). When nucleated and grown onto the fibers
of CNP (Fig. S2b), the a-Nig.sAlo.1(OH), wraps around the carbon nanofiber struts, obviating the need for a
binder (Fig. 1d, colored green). This growth method pins the nanosheet directly to the electronically
conductive CNP, rather than coalescing the nanosheets into the micron-sized aggregates obtained for
solution-nucleated a-NigsAlo1(OH)z ns (Fig. 6a). To minimize material differences, a-NipsAlo1(OH)2 growth
is initiated using the same microwave time and temperature (13 min@180°C).

Matching the mass loading of a-NigsAlp.1(OH); in a powder composite and within an architected
cathode at 4 mg cm™ gives us an opportunity to evaluate the effect of percolated versus direct electron
wiring on charge—discharge performance in a Ni—Zn sponge cell (Fig. 1e, f). Differential capacity analysis
of the powder-composite cathode shows a prominent Ni(OH), oxidation peak at 1.84 V with a shoulder
feature at 1.80 V and a NiOOH reduction peak (1.74 V) and shoulder feature (1.68 V); Fig. 1e. The presence
of a primary peak with a shoulder is also observed in powder composites prepared using o-Ni(OH), or
metal-substituted a-Ni(OH); [18]. AI** substitution stabilizes the a-phase in alkaline solutions but partial
phase conversion to B-Ni(OH), does occur, which could account for two electrochemically distinct Ni
environments. The architected o-Nio.sAlg.1(OH),@CNP shows two distinct, well-resolved oxidation peaks
at 1.81 V and 1.85 V and two reduction peaks at 1.75 and 1.68 V that are more prominent than those
observed for the powder composite (Fig. 1e). The two well-resolved peaks indicate two distinct reversible
Ni-centered potential-energy environments exist within the architected material as it undergoes charge
and discharge (eg. 2). Electron wiring and/or differences in the electronic environment of Ni sites, as we
discuss below, may also influence the peak voltages and relative peak areas observed for a-NigsAlo.1(OH)..
The specific nature of the local environment of the two energetically distinct charge sites requires further
study.

Both cathode structures initially show similar specific discharge capacity (Fig. 1f). By the 35" cycle, the
architected a-Nio.sAlo.1(OH).@CNP||Zn sponge cell retains its specific capacity (Fig. 1f) without an increase
in charging voltage (Fig. S5a), while the cell with the powder-composite cathode suffers serious capacity
fading, dropping by a third, even while imposing a higher charge voltage (Fig. S5a). The increased voltage
required to charge the pasted powder-composite cathodes plus the severe capacity fade indicate
impedance-driven polarization within the electrode structure. Although the powder composite and
architected cathodes also have similar areal capacity at the 10" cycle, as cycling increases, the areal
capacity of the architected cathode is maintained, clearly outperforming the powder-composite electrode
structure (Fig. S5b). Within our 3D structure, directly wiring a thin coating of a-NigsAls1(OH), to the fibers
in the CNP minimizes impedance, distributes the electro-reaction through the volume of the architected
cathode, and lowers local current density thereby increasing heterogeneous electron-transfer kinetics,
which aids reversibility of the Ni 1l/11I/1V redox reactions—all of which contribute to improved cycling
stability.



But does the cycling stability of the cell using an architected cathode primarily arise from improved
electron-transfer kinetics between a-NigsAle.1(OH)2 and the supporting carbon nanofiber? To evaluate this
possibility, we formulate a powder composite replacing the non-networked a-NigsAlp.1(OH); ns with CNFs
onto which a thin sheath of a-NigsAlg.1(OH)> is microwave deposited (a-NigsAlo.1(OH),@CNF, Fig. S6b). A
Ni=Zn sponge cell assembled using this intermediate electrode formulation increases discharge capacity
relative to powder-composited a-NigsAlg1(OH)2 ns, but capacity again fades upon cycling (Fig. S6c),
pointing to an electron-wiring problem within the volume of the cathode structure that an architected,
3D-wired cathode solves. We also evaluate the effect of a-NipsAlo.1(OH); ns mass loading on the discharge
capacity of powder-composite cathodes, contrasting performance of cells using the low loadings typically
found in the literature for 3D-wired carbons (1-3 mg cm™) with device-relevant loadings (10 mg cm™).
Regardless of mass loading, all powder-composite formulations charge—discharged in Ni—Zn sponge cells
exhibit similar near-linear discharge capacity fade with increasing cycle number (Fig. S6d).

2.2. Effect of time and temperature on the deposition and mass loading of a-NipsAlo.:(OH): in the
architected carbon nanofiber paper

Using the two-step microwave protocol, we explore how varying time and temperature of the second
step of the microwave reaction influences growth and mass loading. Scanning electron micrographs of a-
Nio.sAlp.1(OH), deposited on the fibers in CNP using a pretreatment step (PT) and growth conditions of 13
min at 180°C (PT+13/180) reveal fiber-wired o-NigsAlo1(OH); and un-wired, solution-nucleated,
aggregated filtrates within the CNP (Fig. 2d—f). Optical micrographs show the agglomerated nanosheets
at lower magnification (Fig. 2d). Lowering the temperature of the growth step from 180°C to 120°C
(PT+13/120) significantly reduces the number of agglomerated nanosheets filtered out by the paper
(Fig. 2d vs. Fig. 2g), while maintaining a uniform coating of a-NigsAlg1(OH)2 on the fiber struts in the CNP
(Fig. 2h—i). This lower-temperature growth step slows urea decomposition [50], minimizes the pH shift
from acidic to basic, and prevents the internal pressurization that occurs in the reactor at 180°C (Fig. S7a
vs Fig. S7b). The two-step reaction and lower reaction temperature may also affect the oxidation of the
carbon surface and pH of the reaction solution as well as influence Ni nucleation at carbon nanofibers
[52]. Maintaining a temperature of 120°C for the second step but increasing the reaction time from 13 to
120 min (PT+120/120) yields a thicker coating of a-NigsAlo1(OH); nanosheets around the fibers in the CNP
(Fig. 2k-1) and increases mass loading from 3.8 to 4.7 mg cm™ (Table S1).
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Fig. 2. Optical and scanning electron micrographs showing the effect of reaction conditions on the nucleation, growth, and mass
loadings of a-NiggAlg1(OH)2@CNP. (a—c) As-prepared CNP; (d-I) CNP pretreated at 80°C for 1 h (PT) before ramping to: (d—f)
180°C for 13 min (PT+13/180); (g—i) 120°C for 13 min (PT+13/120); and (j—I) 120°C for 120 min (PT+120/120).

2.3. Effect of growth temperature and time on the structure of a-Nip.sAlp.1(OH).@CNP

Reaction time and temperature affect the chemical environment within the interlayer of microwave-
synthesized a-Ni(OH); nanosheets and thus the X-ray observable spacing [50]. We expect similar effects
for architected a-Nig.oAlo1(OH)2@CNP, in addition to changes in mass loading, plus possible electronic and
surface chemistry effects. X-ray diffraction verifies that the nanosheets that agglomerate and precipitate
out of isotropic medium as well as the nanosheets that deposit onto the fibers in CNP crystallize in the a-
phase (Fig. 3a). As the microscopy establishes (Fig. 2), characterizing the architected cathodes convolves
information from both fiber-wired a-NigsAlo1(OH)> and nanosheet aggregates captured within the CNP.
The X-ray diffraction peak at ~10° 20 represents the (001) plane and corresponds to the c-axis of the unit
cell, which describes the interlayer spacing, do1) (Fig. 3b). Adding a pretreatment step before reacting for
13 min at 180°C broadens the (001) peak for a-Nig.oAlo1(OH)2@CNP (PT+13/180) and slightly increases the
interlayer spacing compared to precipitated a-NigsAlo1(OH), ns (13/180); Fig. 3b, Table 1. The largest
interlayer spacing (8.75 A) is obtained for a-NigoAlo1(OH); (PT+120/120). Similar trends for djoy are
obtained for the c-axis after fitting the diffractogram to obtain lattice parameters (Table 1). The different



interlayer spacings result from variations in the interlayer composition as supported by our Raman and
XPS analyses, discussed below. Prior work also supports the expectation that interlayer composition
affects interlayer spacing [18,50]. A (002) reflection is seen for all microwave-assisted variants except for
o-Nig.sAlg.1(OH),@CNP (PT+13/120), indicating that longer time and/or higher temperature are required
to equilibrate the interlayer environment.

Fitting the X-ray diffractogram also reveals differences in crystallite domain sizes between
a-NiosAlo1(OH)2ns and a-NigsAlp1(OH)@CNPs. The nanosheet morphology necessitates using two
domain sizes, Dy110), the domain size of nanosheet planes (in plane), and Do), the domain size of stacked
individual nanosheet planes (through plane), as illustrated graphically in Fig. 3c. The deposited nanosheets
using the PT+13/180 protocol have a larger in-plane domain size D110 and smaller through-plane Daoy)
compared to precipitated a-NipsAlo1(OH)2 ns (13/180, Table 1). Reacting longer at a lower temperature
(PT+120/120) results in a smaller in-plane domain size, D(110) for a-NigsAlg.1(OH).@CNP.

Table 1. Physical characterization of precipitated a-NiosAlo.1(OH)2 nanosheets (ns: 13/180) and architected a-
Nio.sAlo.1(OH)2@carbon nanofiber paper (a-Nio.sAlo.1(OH)2@CNP) by X-ray diffraction (d-spacing, lattice parameters,
and crystallite size), Raman spectroscopy (peak area ratio of vi(NOs~, free) to va(NOs~, bound)), and X-ray
photoelectron spectroscopy (surface composition).

d-spacing Lattice Crystallite Raman peak area Surface Composition
parameters X :
(A) A size (nm) ratio of (at.%)
Sample Type (A) _
v1(NO;s-, free) to M(Ni+Al)
i :
= NOs-, bound i h
diooy) a=b c Dioo1)  Di110) va(NO3 und) Ni:Al Nitrogen
ns: 13/180 8.60 5.3 8.6 3.8 55 86:14 Nio.gaAlo.11 Mo.o6No.oa
CNP: PT+13/180 8.64 5.3 8.5 2.8 7.3 36:64 Nio.gaAlo.16 Mo 72No.28
CNP: PT+13/120 7.88 53 7.9 2.5 8.1 80:20 Nig.ggAlo.12 Mo.s6No.3a
CNP: PT+120/120 8.76 5.3 8.8 3.0 5.1 48:52 Nio.gsAlo.15 Mo.73Ng.27

X-ray photoelectron spectroscopy (XPS) survey spectra find an increase in relative nitrogen content of
o-Nig.oAlp.1(OH),@CNPs compared to the precipitated a-NigsAlg1(OH)2 ns (Table 1; Fig. S8). The atomic ratio
of nitrogen to total metal content (Ni+Al) at the surface region significantly increases from 4% in a-
NiooAlo1(OH)2 ns (13/180) to 27-34% in the architected a-NigeAlo.1(OH).@CNPs, indicating a higher
concentration of nitrogenous species in the architected material. We observe Raman-active nitrate
modes within two types of potential-energy environments, free and bound: vi(NOs~, free) at 1040-1046
cm™, [18,53], and v4(NOs~, bound) at 702-711 ¢cm™ [18,53] (as shown in colored boxes in Fig. 3d and
pictorially in Fig. 3c; see also Table S2). Peak broadening/splitting of the v4(NOs~, bound) mode (Fig. 3d
and Table 1) can arise from different metal-bound nitrate environments or splitting due to changes in
symmetry [54]. The nitrates originate from the precursor nickel and aluminum salts and can occupy sites
within the interlayer and replace some metal-bound hydroxides [44). Reaction time and temperature also
affect the Raman-active lattice modes v(a-Ni(OH);, Eg), shifting it to higher frequency in a-
Nig.sAlo.1(OH)@CNPs compared to a-NigsAlo1(OH)z ns (13/180); small frequency-shift differences occur
within the a-NigsAlo.1(OH)@CNP series (Fig. 3e). The frequency shifts indicate changes to the local Ni-O
bonding, with shifts to higher wavenumbers indicating a shorter Ni—-0 bond [55].
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(red) interlayer molecules (H20, ethylene glycol, and others, blue), interlayer nitrates, interlayer nitrites, bound nitrates, and
bound nitrites represented in the structure were created using VESTA 3 [56]. Within this representation, the interlayer free and
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bound nitrates/nitrites and interlayer molecules do not occupy fixed crystallographic sites.
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The ratio of the peak areas of vi(NOs~, free):v4(NOs~, bound) provides a measure of the nitrate
speciation within the interlayer of a-NigsAlo1(OH);, expressed as either an agglomerated powder or
nanoscopic coating (Fig. 3d, Table 1), recognizing that the different Raman cross sections of these modes
influence absolute concentrations. Precipitated a-Nig.sAlo.1(OH); ns (13/180) contains predominately free
nitrates (86%), whereas under all growth conditions, a-NigsAlg1(OH).@CNPs express a higher ratio of
bound nitrates. Time and temperature conditions under to deposit the architected materials also affect
the ratio of free-to-bound nitrates. Using lower growth temperature and increasing reaction time
(PT+120/120) results in an almost equal ratio of free to bound nitrates (48% free nitrates). Nitrite (NO;7)
modes [57] are also present (Fig. 3e) with similar free-to-bound ratios seen for interlayer nitrates (Fig. S9,
Table S2 and supporting text).

The differences in nitrogen speciation and surface concentration between a-Nig.sAlo.1(OH)2 ns and the
a-Nio.oAlo.1(OH)@CNPs could arise from several factors including: (i) microwave-induced nitrogen doping
of the graphite in CNF [58,59]; (ii) local microwave absorption/heating at the CNP [60] versus heating of
the solution, preferentially raising the temperature at the carbon surface; and (iii) complex interactions in
multi-metal hydrolysis/condensation reactions in metal nitrates influencing nitrogen speciation [61].
Additional analysis is needed to determine the primary driving factors affecting nitrogen environments in
CI“N-IQVQA|0_1(OH)2@CNP.

2.4. Electrochemical performance of a-Nig sAlp 1(OH).@CNPs in Ni-Zn sponge cells

To test the electrochemical performance of the three architected a-NipsAlo1(OH)@CNPs prepared
using different time/temperature growth conditions, we charge/discharge the cathodes at 100 mA g .ctive
in a-Nig.sAlo.1(OH).@CNP||Zn sponge cells (0.5 mA cm™?). Unlike the powder composite (Fig. S5a), all three
cells containing architected cathodes exhibit two-plateau discharge in the 15" cycle (Fig. 4a). However,
the time/temperature synthetic conditions affect discharge capacity and charging efficacy. The cell
containing the PT+120/120 cathode delivers the highest discharge capacity (305 mAh g *.ive) and has the
longest second discharge voltage plateau (~1.68 V). The cells containing PT+13/120 and PT+13/180
cathodes have lower discharge capacity within the second discharge voltage plateau.

The rate capability of architected a-NigsAlo1(OH):@CNP cathodes are evaluated using variable
discharge rates between 100 and 3000 mA g .aive, but the same charge rate (Fig. 4b, c). The effective C-
rate (Table S4), calculated from the discharge time, spans ~C/3 (3 h) to 12C (5 min). All three architected
variants exhibit remarkable rate capability, tapping ~90-97 % of capacity at fast rates and recover the
vast majority of the initial capacity on the return after the rate test (ART) to a slow discharge rate of
500 mA g lsctive ART (Fig. 4b, ¢ and Table S3). The cell with a PT+120/120 cathode shows the highest rate
performance on a specific (Fig. 4b, c) and areal capacity basis (Fig. $10). The PT+120/120 cathode has a
higher capacity (280 mAh g™ at 3000 mA g *.cive) than either of the other two formulations at slow rates
(100 mA g 'active). However, the cell equipped with a PT+13/120 cathode has the highest capacity retention
(Fig. S11) and most stable rate performance (Fig 4b, c), which we attribute to thinner coatings and the
lowest number of agglomerated, unwired a-NigsAlp1(OH)> nanosheets captured within the fiber paper
(Fig. 4c, g). The high rate capacity is attributed to directly wiring the a-NigsAlo1(OH); active material to the
current-collecting architecture, enabling rapid and reversible delivery of electrons from 3 h to 5 min
discharge times.

We then cycle the three rate-tested a-NigsAlo.1(OH)@CNP cathodes for 60 cycles, discharging the Ni—
Zn sponge cell at 500 mA g 'acive and calculate the number of electrons stored per Ni atom using the
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assayed amount of Ni in the architected cathode (Fig. 4d; calculation details provided in Sl). The active
material in commercial Ni cathodes, B-Ni(OH), «» B-NiOOH, maximally stores one electron per Ni resulting
in a theoretical capacity of 289 mAh g .cive, based on 63.3 wt% Ni in Ni(OH),; commercially available p-
Ni(OH); typically is ~61 wt% Ni. The wt% of Ni within a-NigsAlg1(OH)z is much lower (44.1 wt% Ni, Table
$1) due to replacing 10-13 atom % of lattice Ni with Al plus the added mass contributed by interlayer
molecules in the structure [18,44]. All three a-NigsAlo1(OH)@CNPs store > 1 electron per Ni (e /Ni) over
the 60 post-rate-test cycles (Fig. 4d). With a capacity retention of 96% (Fig. S11), the a-
Nio.oAlo.1(OH).@CNP (PT+13/120)||Zn sponge cell consistently stores > 1.3 e /Ni over the 60 cycles. Initially,
the PT+120/120-equipped cell stores > 1.4 e /Ni but with a capacity retention of 94%, fades to 1.3 e /Ni
by the 60'" cycle. The a-Nio.sAlo.1(OH),@CNP (PT+13/180)||Zn sponge cell has the lowest discharge capacity
(Fig. 4d), but still stores >1.2 e /Ni.
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Fig. 4. Electrochemical performance of Ni—Zn cells with a Zn sponge anode versus an architected cathode prepared by pretreating
CNP at 80°C for 1 h (PT) before ramping to: 180°C for 13 min (PT+13/180); 120°C for 13 min (PT+13/120); and 120°C for 120 min
(PT+120/120): (a) 15t-cycle voltage profile of the Al-Ni(OH),@CNP||Zn sponge cells at 100 mA g scive; (b) discharge capacity and
discharge times of the three a-Nig sAlg1(OH),@CNP cathodes vs. Zn sponge at 100, 250, 500, 1000, 2000, 3000 mA g-1,.ve before
returning to 500 mA g L.cive (ART: after rate test); (c) histogram summarizing the rate performance of the Ni—Zn sponge cells
equipped with a-NigsAlp1(OH);@CNP cathodes; (d) Cycle stability of the three a-NigoAlg1(OH);@CNP after the rate rest as a
function of discharge capacity (y1 axis) and number of electrons stored per Niin Al-Ni(OH),@CNP with 44.1 wt% Ni (y2 axis).
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The a-Nio.sAlo.1(OH).@CNP (PT+120/120)||Zn sponge cell delivers the largest specific (Fig. 4a) and areal
discharge capacity (Fig. $10) of the architected cathode formulations and was selected for long-term
cycling analysis at charge and discharge rates of 100 mA g ,cive and a cathode-limiting charge capacity of
350 mAh g acive (Fig. S12). The cell has a discharge capacity of 303 mAh g %cve at the 15™ cycle and
292 mAh g %,cive at the 75 cycle, exhibiting excellent capacity retention (96%). Considering the wt% Ni
and discharge capacity of 303 mAh g™ for a-NigoAlo1(OH).@CNP, the microwave-derived architected
active material stores 1.5 electrons per Ni maintaining >1.4 e7/Ni upon repeated charge—discharge cycles
(Fig. S12).

The cell using a PT+120/120 architected cathode delivers the highest discharge capacity (Fig. 4a) but
has the thickest coating on the nanofibers (Fig. 2) and the highest mass loading in the paper (Table S1),
which is counterintuitive to conventional thinking that improved capacity with o-Ni(OH)2/y-NiOOH is
obtained using thinner coatings and lower mass loadings. The PT+120/120 CNP traps fewer unwired
aggregates (Fig. 2j), has the largest interlayer dio1) spacing, larger Dio1) through-plane nanocrystalline
domains, a high nitrogen content, essentially equivalent free-to-bound nitrates, and a shorter Ni—O bond
length (Fig. 4, Table 1). Our study supports the supposition that the ratio between free and bound nitrates
is an important factor for the battery performance of architected a-NigsAlo1(OH). cathodes in Ni-Zn
sponge cells.

We posit that attaining and maintaining high discharge capacity when using architected cathodes
results from the combination physicochemical factors such as effective 3D wiring of the active material,
coating thickness, and structure, including interlayer distance, anion interactions, and electronic
structure. An advantageous ratio of free and bound nitrates stabilizes the layered a-Ni(OH);, ameliorates
electrostatic imbalances during charge/discharge, and contributes to more reversible electron transfer
between Ni(lll}/Ni(IV). Our thinking is in line with a prior study of Fe-substituted Ni(OH), oxygen evolution
electrocatalysts that report intercalated anions affect the electron density, lower the Gibbs energy for
oxyhydroxide formation, and stabilize high-valent oxidation states of the metals [62].

The electrochemical performance of 3D-wired Ni-composite cathodes reported in the literature for
Ni—Zn cells and that of Zn sponge cells using a-Al-Ni(OH);@CNP(PT+120/120) cathodes is summarized in
Table S5 (supporting text in SI). Relative to other Ni-based cathodes used in rechargeable Ni—Zn cells, the
a-Nig.oAlg.1(OH); (PT+120/120)||Zn sponge cell uniquely combines high discharge capacity and rate
capability (303 and 287 mAh g* at 0.1 and 1 A g%), excellent capacity retention (>94% and 96% at 0.5
and 0.1 A g), and high mass loading (4.7 mg cm™2). A 3D a-Ni(OH),@Co/N-doped carbon paper has high
capacity (302 mAh g™) in a Ni-Zn cell, but only at a much lower mass loading (< 1.0 mg cm™) and with
lower capacity retention (84%) [26]. The cell using the PT+120/120 architected cathode also delivers
higher discharge capacity at higher mass loading compared to NiAlCo layered double hydroxide grown on
carbon nanotubes (184 mAh g™ at 3.5 A g™ at 1 mg cm~acive geOmetric loading in a Ni—-Zn cell) [27].

3. Conclusions

Integrating electronic pathways to a-Nig.sAlo1(OH); nanosheets throughout the volume of the carbon
nanofoam paper improves capacity retention upon cycling in alkaline Ni-Zn sponge cells compared to
powder-composite cathodes. Using a two-step reaction with a pretreatment step followed by a growth
step and varying the time/temperature play a key role in controlling the uniformity of a-NipoAlo1(OH)2
deposition on the nanofibers within the carbon scaffold. Increasing the time of the microwave
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precipitation reaction at a lower temperature increases the coating thickness of a-NigpsAlg1(OH)z on the
fibers comprising the CNP and provides an architected cathode with 4.7 mg cm™ mass loading of active
material. The nanosheet growth temperature and reaction time change the interlayer digo1) spacing and
D001 crystallite size, incorporate different concentrations of nitrogen-containing species, change the free-
to-bound nitrate ratio, and alter the Ni-O bond length.

The architected a-NigsAlp.1(OH);@CNP combines high discharge capacity, fast discharge times,
excellent capacity retention, and high mass loading relative to other Ni-based cathodes for rechargeable
Ni—Zn batteries. We attribute the excellent electrochemical performance of Ni—Zn sponge cells equipped
with a-NipsAlo1(OH):@CNP cathodes to the combination of (i) thwarting agglomeration of a-NigsAlg.1(OH)2
nanosheets; (ii) electrically wiring a-NigsAlo.1(OH): onto the 3D-wired current-collecting carbon scaffold;
and (jii) influencing the ratio of free-to-bound nitrate anions in the interlayer. A larger dgo1) spacing and
Dooz) crystallite size, shorter Ni-O bond length, and an equal population of free and bound nitrates
correlate to higher discharge capacity and more electrons stored per Ni. Designing architected electrodes
that combine 3D electronic wiring with structures that utilize anions to control charge storage provides a
pathway to high energy and power density rechargeable Ni—Zn batteries that rely on safe, inexpensive,
earth-abundant battery chemistry. We also note that using coordinating and interlayer anions to facilitate
charge storage provides a promising direction to improve electrochemical performance of a broad class
of layered materials for multiple battery chemistries.

4. Materials and Methods

4.1. Materials Synthesis

Microwave synthesis of o-Nig sAlo.1(OH);ns (13/180). The precipitated a-NigsAlp1(OH)>ns (13/180)
was synthesized directly from an ethylene glycol/water solution containing nickel nitrate, aluminum
nitrate, and urea, using a method adapted from our previous work [18,50], scaled for a high-throughput
microwave reactor (Anton Parr Monowave 450). In the modified protocol, Ni(NOs)z « 6H,0 (4.50 g, Ward
Scientific), AI(NOs)z » 9 H20 (0.645, Acros Organics), and urea (4.10 g, Fisher Scientific) were added to a
solution of ethylene glycol (105 mL, VWR) and ultrapure water (15 mL, 218 MQ-cm, used for all
subsequent reactions). The solution vessel was placed in an ice/water-filled bath sonicator and sonicated
for 30 min, after which a homogenous solution (notated as Ni/Al stock solution) was obtained. 20 mL
aliquots of the Ni/Al stock solution were transferred into a microwave-reaction vial (G30 Wide Neck Anton
Paar microwave vials) with a polytetrafluoroethylene (PTFE) stir bar and sealed with a PTFE locking lid.
The solution was exposed to instrument-controlled variable microwave power to maintain a reaction
temperature of 180°C for 13 min (13/180) under magnetic stirring (600 rpm). The green precipitate was
collected by centrifugation, washed five times with water and three times with ethanol (200 proof),
centrifuged after each rinse, and then dried at 70°C for 21 h yielding a-Nig.sAlo.1(OH)2 (13/180) nanosheets.

Depositing a-Nig sAlp.:(OH); onto carbon nanofibers (CNF). As-received carbon nanofibers (CNF,
100 nm x 20-200 um; Sigma #719781-25G) were added to the microwave-reaction vials filled with 20 mL
of the Ni/Al stock solution at a mass loading of 10 wt% CNF based on the average reaction yield of the Al-
Ni(OH)2 ns. The vial containing the suspension of CNFs in the Ni/Al solution was sonicated for 1 h. The
solution was exposed to a two-step (pretreatment and growth step) variable microwave-induced heating
protocol under magnetic stirring (600 rpm). First, the temperature was ramped to and held at 80°C for
60 min (PT), and then increased to 180°C and held for 13 min (13/180) before cooling to room
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temperature. After the reaction was completed, the grey-green Al-Ni(OH).@CNF precipitate was collected
by centrifugation, washed, and dried as described above.

Depositing AF‘-substituted a-Ni(OH); nanosheets on carbon nanofiber paper (CNP). Carbon
nanofiber paper (CNP) was fabricated by adapting a technique that vacuum filters a CNF/surfactant
suspension to produce an architected carbon paper [63,64]. As-received carbon nanofibers (500 mg,
Sigma) were added to a homogenous solution of a nonionic surfactant (Triton-X 100, 2 mL, Sigma # X100-
100mL) and water (500 mL). The solution was placed in an ice/water bath and mixed using a wand
sonicator (Sonics Vibracell VC505, 40% power) for 16 min at 10-s on/off intervals. The dispersion was
vacuum filtered through a liquid nitrogen-cooled trap, and the resulting CNP was washed with 500 mL of
water and dried under vacuum at 120°C for 21 h [65]. Conductivity measurements of the bare CNP were
evaluated using a four-point probe (Liseis 3); conductivity was calculated from resistivity measured at 50
mA. The conductivity of the bare CNP is 0.75 S cm™, comparable to other nanofiber papers [63,64].

Electrodes (%" diameter) were punched out of the CNP and sewed into a PTFE mesh basket
(McMaster-Carr, #1100T47) with PTFE fibers (McMaster-Carr, fibers unbraided from #1398T4). The basket
was placed into a microwave-reaction vial with a PTFE stir bar, 20 mL of the Ni/Al stock solution, and
sealed with a PTFE locking lid. The reaction was conducted using a two-step, one-pot pretreatment (PT)
and growth protocol; the solution was heated to 80°C for 60 min (PT), then the temperature increased to
either 120°C for 13 or 120 min or 180°C for 13 min. The baskets were collected, rinsed with water and
ethanol, and then dried under vacuum at 120°C for 21 h.

Zinc-sponge anode. Fabrication of monolithic zinc-sponge anodes was adapted from previous work
[8]. Briefly, 80 mg of high-viscosity sodium carboxymethyl cellulose (MilliporeSigma) was dissolved into
8 mL of water under constant stirring. Next, 3 g of lonSep CMC 52 preswollen carboxymethlycellulose
resin (BIOpHORETICS) were dispersed into the mixture. The viscous slurry was manually stirred and
agitated until homogenous, followed by adding 67.5 g of zinc powder (Umicore, 50 um particles,
containing 300 ppm Bi and 300 ppm In to suppress H; evolution). The resulting paste was pressed into
rod-shaped molds and dried at 50°C overnight. To improve zinc particle bridging and remove the organic
porogen, green-body zinc rods were heat treated at 400°C for 3 h in flowing nitrogen followed by a ramp
at 2°C/min to 600°C in flowing air. Once the furnace reached 600°C, it was allowed to cool to ambient.
Zinc-sponge disks were cut from the resulting rods and sanded to 1-2 mm in thickness.

4.2. Materials characterization

Microscopic evaluation and elemental analysis. The surface morphology of a-NigsAlo1(OH)2ns, a-
Nig.sAlo.1(OH)2@CNF, and a-NigsAle.1(OH)@CNPs was characterized by scanning electron microscopy
(SEM; Helios Nanolab 400). Optical micrographs of the a-Nig.oAlg1(OH);@CNPs were obtained using a
Hirox digital microscope. Elemental analysis obtained using inductively coupled plasma—atomic emission
spectroscopy (ICP-AES; Galbraith Laboratories, Knoxville, TN) was used to determine the composition in
a-NigoAlo10(OH)2 (13/180), o-NipoAlo1(OH)2@CNF powders (PT+13/180), or a-NigoAlg1(OH),@CNP
(PT+13/180). The mass loading of Ni in a-NiosAlo1(OH).@CNP was determined by acid digesting an entire
%" diameter electrode (microwave-assisted digestion, 2 h at 80°C in 20 mL of 0.05 M HNQOs) and analyzing
the solution using atomic-absorption (AA) spectroscopy (Perkin Elmer PinAAcle 900f, Ni lamp, A=341.5
nm, slit width: 0.2 nm, gas & glow rate: compressed air at 10 Lmin™?, acetylene at 2.5 L min™2). Before acid
digestion, the a-NigsAlo.1(OH)@CNP was sonically broken apart (using a water-bath sonicator) inside a

15



microwave vial containing a 20-mL aliquot of 0.05 M HNOs. After acid digestion, the dispersion was syringe
filtered (Pall Laboratory, Acrodisc 28143-986); any remaining CNFs were further washed three times with
0.05 M HNOs3, reserving the supernatant after each wash. After digestion and washing, the Ni-containing
solution was volumetrically diluted and the flame-atomic absorbance was measured vs a Ni(NO3), -6
H,0/0.05 M HNOs calibration curve.

The weight percentage of Ni from ICP and AA analysis, and the calculated wt% of active material and
mass loading are presented in Table S1. The wt% of active material was calculated from the ICP and AA
analyses; the digested nickel concentration was calculated from the AA measurement and the AA
calibration curve. The wt% active material was derived from the ratio of Ni to total mass (either a-
Nio.gAlo.1(OH)z2 ns or a-NigsAlo.1(OH),@CNP). The geometric mass loading was determined from the total a-
Nig.sAlp.1(OH)>»@CNP mass, wt% active material in the a-Nip.sAlo.1(OH),@CNP, and the area of the CNP.

Structure and chemical state analyses. X-ray diffraction patterns were collected (Bruker AXS D8
Advanced powder X-ray diffractometer, Cu K, radiation source) over a 20 scan range of 5-80° at a 0.01
step-increment. The diffractograms were analyzed using PDXL analysis software to remove Ka. and
residual background signatures. The crystallographic lattice parameters of the a-Nig.sAlo.1(OH)2 ns (13/180)
and the three a-NiosAlo.1(OH)@CNP samples were calculated by fitting the diffraction patterns to the a-
Ni(OH). structure (ICDD 022-0444) originally proposed by Bode et al [66] using PDXL analysis software.
Raman spectra were obtained using a 514 nm argon-ion laser line using a backscattering geometry and
600 nm groves/grating (Horiba LabRam HR evolution confocal spectrometer). The laser line was focused
through a 50x long-range Olympus objective with a laser power controlled by a neutral density filter. To
determine Raman peak area, the spectra were fit and integrated using Origin Pro (ver. Student 2023b).
Survey and high-resolution X-ray photoelectron spectra (Thermo Fischer Scientific Nexsa XPS,
monochromatic Al Ko X-ray source) were collected using pass energies of 200 and 20 eV, respectively.
The spectra were charge-shift corrected by fitting the most intense carbon peak to 284.8 eV as an internal
calibration and analyzed using AVANTAGE v5.91 software (Thermo Fisher Scientific). Because surface-
adsorbed nitrates are sensitive to photoelectrons,[67] analysis of the nitrogen envelope was limited to
survey spectra.

4.3. Electrochemical Characterization

Powder-Composite Cathodes. The a-NigoAlo1(OH)2ns (13/180) and a-Nig.oAlo.1(OH).@CNF (PT+180)
powders were fabricated into composite electrodes using a similar method previously described by our
group for coin-cell cycling [18] with a ratio of 65 wt% active material / 30 wt% carbon / 5 wt% binder. To
formulate the a-Nig.sAlp1(OH)2 ns (13/180) composite, the 30 wt% of total conductive carbon comprised
25 wt% carbon black Super P (Alfa Aesar, #430253) and 5 wt % as-received CNFs. The mass of CNF within
the a-NipsAlo1(OH)@CNF (PT+180) composites offsets the mass of conductive carbon added to formulate
the powder composite: the 30 wt % of total conductive carbon comprised 23.5 wt% Super P, and 6.5 wt%
CNF from a-NigsAlo1(OH),@CNF (no additional CNF was added). The a-NigsAlo1(OH)2ns (13/180) or a-
Nio.sAlo1(OH)2@CNF (PT+180) materials were combined with the appropriate amounts of carbon and
ground by hand in an agate mortar and pestle until well mixed. The black powder was transferred to a vial
with 12—15 drops of water and sonicated (water-bath sonicator) for 10 min, the binder was added (PTFE
Preparation, Sigma #665800-100mL) to the slurry, and sonicated for another 10 min. The slurry was
vacuum infiltrated into acid-cleaned 2" Ni foam electrodes for 30 min before drying for 21 h under
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ambient conditions. The powder-composite electrodes were pressed through a pasta roller (Imperia) and
produced an electrode %" in diameter.

a-Nio.sAlo.1(OH):||Zn sponge cell fabrication. The Ni—Zn cells were fabricated using reusable laser-cut,
alkaline-resistant acrylic coin cells previously demonstrated by our group [2,8,9,18]. The cells contained a
tin-foil current collector (0.25 mm thick, 99.8% Alfa Aesar), Zn-sponge anode, Celgard separator (3501),
Freudenberg separator (700/28, electrolyte reservoir volume: 0.3-0.4 mL) [8], Ni cathode (either an
architected a-NipoAlp1(OH):@CNP or powder-composited a-NipoAlo1(OH)2ns (13/180) or -
Nig.sAlo.1(OH)2@CNF (PT+180)), expanded Ni-mesh current collector (Dexmet), and a second Freudenberg
separator within gas-tight ethylene propylene diene monomer (EDPM) gaskets and acrylic top and bottom
plates. The a-NigsAlo.1(OH),@CNP electrodes were first wrapped in expanded Ni-mesh (Dexmet) with a 1-
cm tab and passed through the pasta roller before cell fabrication. The mass of active material, current
collectors, binders, and additional conductive additives are presented in Fig. S13. A piece of %" Ni foam
was used as a spacer in the cells containing the a-NigoAlo1(OH).@CNP cathodes; placed between above
the uppermost Freudenberg separator and the uppermost EDPM gasket. Before assembling into the
cell,the Ni cathode and separators were vacuum infiltrated with 6 M KOH/1 M LiOH electrolyte and the
Zn sponge was infiltrated for 30 min with a dispersion of 11 wt% Ca(OH). in 6 M KOH/1 M LiOH.

The Ni—Zn cells were cycled using a constant current/constant voltage (CCCV) charging protocol
between 1.30 and 1.90 V. During charge, a mass-normalized constant current (CC) was applied, if the cell
reached 1.90 V before full charge (cathode capacity based on a theoretical capacity of 422 mA h g7%ctive),
the cell was held at a constant voltage (CV) until either fully charged or for up to 3 h, before discharging
at a mass-normalized constant current. The wt% of a-NigsAlo1(OH):in a-NigsAlg1(OH);@CNP cathodes
determined the mass-normalized currents. During constant-current galvanostatic cycling tests, the Ni
electrodes were CCCV charged and discharged at 84.4 mA gt,awve (a 0.2C rate). Variable discharge-rate
tests were conducted using the CCCV charge method [68]; during rate tests the charge-current was
100 mA g cive With discharge currents of 100 mA g e for cycles 1-15, and 250, 500, 1000, 2000 and
3000 mA g .aive for 5 cycles each before returning to a discharge rate of 500 mA g acive for cycles 40-100.
The differential capacity of the Ni-cathodes was determined by taking the derivative of the mass-
normalized capacity with respect to the cell voltage (Origin Pro) and fit using Origin’s Fit Peak Pro, which
uses a Levenberg—Marquardt algorithm. Long-term cycling of a-NigsAlo.1(OH)@CNP synthesized using the
two-step method of 1h@80°C—120m@120°C was made using CCCV charge and discharge at 100 mA g~
1,ctive With a cathodic capacity of 350 mAh g Lctive.
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