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Design Strategies for Practical Zinc-Air Batteries Toward

Electric Vehicles and beyond

Sambhaji S. Shinde, Sung-Hae Kim, Nayantara K. Wagh, and Jung-Ho Lee*

Zinc-air batteries (ZABs) offer promising forthcoming large-scale high-density
storage systems and the cost-effectiveness of electrode materials, specifically
in solid-state and liquid electrolytes. However, the uncontrolled diffusion

and utilization of irreversible zinc components and cell design principles limit
practical applications with severe capacity fade and interfacial reactions. In this
perspective article, the aim is to shed lights on the underlying mechanisms of
solid electrolytes and interfaces alongside the current status and prospective
research insights. Formulations of ampere-hour (Ah)-scale cylindrical/pouch
cells are discussed for 100-500 Wh kg~ cell-level energy metrics

under realistic operations. The electrode/electrolyte interface dynamics,
scale-up readiness, testing protocols, and key performance metrics are

also suggested for transforming lab-scale research into practical production.

1. Why are Zinc-Air Batteries Among Metal-Air
Batteries?

By 2030, the global battery demands are projected to be 4500—
4700 GWh, ~8 times the market in 2020 (Figure 1a); how-
ever, lithium-ion batteries (LIBs) forecast 1200-1600 GWh due
to limited lithium (Li), nickel (Ni), and cobalt (Co) reserves.
Thus, battery chemistries with earth-abundant metals are crit-
ically desirable.[!l Metals such as zinc (Zn), magnesium (Mg),
aluminum (Al), calcium (Ca), sodium (Na), iron (Fe), silicon (Si),
and potassium (K) have revival interests owing to increasing anx-
ieties for global energy security. Theoretical energy densities of
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metal-air batteries (MABs) range from
935 to 5200 Wh kg~!(including oxygen)
and 1350-11200 Wh kg (excluding
oxygen). MABs market projects 500-
900 GWh (x10%-20% out of the total
market share) by 2030 in various applica-
tions (Figure 1b).1?] Particularly, EVs mar-
ket demands cell-level specific-energy of
>500 Wh kg~!, volumetric-energy (E,;
>1500 Wh L), and ~75 US$ kWh~!.
Zn-air batteries (ZABs) are one of the
most promising alternatives to LIBs
owing to the practical specific energy
of 500-600 Wh kg!,, E., of 1000—
2000 Wh L1, and power (>1000 W kg™1)
with a driving range of 800-2000 km,
cost-effective, eco-friendliness, and high
safety. Commercial EVs (e.g., Tesla,
Hyundai, Kia, BMW, Audi, Polstar, Chevrolet) present a driv-
ing range of 120-500 km with specific energies of 120-
250 Wh kg! ; (Figure 1c), compared to 10-100 Wh kg~! ; of
other MABs reported to date (M = Li, Na, K, Mg, Al, Fe, Ca,
Si, Table S1, Supporting Information).l>] Besides, the Li, Na, and
K anodes are unsatisfactory for chemical stability and environ-
mental safety. In contrast, the Mg, Al, Ca, Si, and Fe anodes
are irreversible during charge-discharge and have lower reduc-
tion potentials, thus causing poor Coulombic efficiency and se-
rious self-discharge phenomena. So far, due to limited material
resources presented for electrodes and electrolytes, other MABs
are in the early stages of development. The exponential growth
of EVs by 2030 requires 4-5 times higher specific and volumet-
ric energy densities, operations over wide temperatures, and fast
charging (x5 min) with a pack cost of <10000 USD to replace
gasoline-powered vehicles. However, present high-performance
EVs (Tesla) take 15 min for a 320 km driving range at super-
charge stations. ZABs effectively promote recycling and resource
recovery with green environmental impacts compared to LIBs
and others (Figure 1d).

Some startup companies [i.e., e-Zinc (Canada), Phinergy
(Italy), ZnR Batteries (France), Flexolyte (Korea), ZAF Energy
Systems, REVEO, Inc., AMERICAN ENERGY, Eos Energy Stor-
age, LINCDYNE, and QuantumSphere (USA)] have projected
development strategies for mass production of ZABs in the up-
coming few years (2028-2030). Most startups assemble the liquid
coin or prototypes with Zn anode, potassium hydroxide (KOH)
electrolyte, and carbon with atmospheric oxygen as cathodes;
however, optimal electrode materials are yet to be determined.
Very recently, a series of commercially valuable electrode mate-
rials (CuP,S, cathodes, CBCs electrolytes, and preferential Zn
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Figure 1. The state-of-the-art battery energy metrics and the present industrial scenario for electric vehicles and other applications. a) The proposed
battery demand in GWh for electronic devices (EDs), stationary storage (SS), and electric vehicles (EVs) up to the year 2030. b) The predicted metal-air
battery demands (USD Million) by 2030. c) Cell-pack energy and driving range of commercial EVs (left) and the future energy (right) showing projected
driving range with Tesla Model 3 Long range using ZABs pack-energies of 85, 130, 220, and 400 kWh.[32<] d) Ragone plots for the carbon emissions,
environmental impacts, safety risks, economic values, and resource contents for using 1 kg of Na-ion, Li-ion, and Zn-air batteries. The safety risk is
estimated for EUCAR standards. EUCAR is the European Council for Automotive R&D. e) Storage technology requirements for EDs, EVs, and (eVTOLs)
and obtained ZABs performance metrics. f) Calculated power-to-energy ratio for 85 and 220 kWh for LIBs and ZABs using vehicle dynamics model with
Urban Dynamometer Driving Schedule (UDDS) driving cycles.[*] Please see methods for details.

anodes) has been developed to fabricate solid-state cylindrical
and pouch-type Zn-air cells with 1-10 Ah capacity (specific
energy >100-450 Wh kg™'). Solid-state ZABs are potential
technologies for expecting simultaneous high power-energy
characteristics and fast-charge capabilities owing to bipolar
stacking and using processed Zn-anodes and solid-electrolytes
(SEs) to prevent unwanted chemical interactions with high
device safety. Developing advanced electrode materials with
exceptional kinetics, interface compatibility, and assembling
practical full-ZABs are of paramount importance to commercial-
ize ZABs. This article aims at the modern transitions of ZABs for
realistic large-scale production and envisions the path forward.

2. Future Battery Demands for EVs, EDs, and
eVTOL

Figure le compares the battery parameters required for EVs,
EDs, and electric vertical takeoff and landing aircrafts (eVTOL)
applications. The power profiles (Figure 1f) for ZABs simulate
the C-rates (0.7-1C) higher than Tesla model-3 LIBs (0.3C) us-
ing the vehicle dynamics model. EV and ED batteries operate at
lower C-rates (C/3 and C/20) specific energy than those of eV-
TOL (>1C).Il Due to takeoff and landing, eVTOL requires high
peak power for longer timescale of 30-120 s than EVs (10-20s)
and EDs (1 s). Fast-charging frequency and utilization rates re-
quire 55, 10, and 1600 full-cycles per year for EVs, EDs, and eV-
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TOL operations, respectively. European Council for Automotive
R&D (EUCAR) safety standards for EVs, EDs, and eVTOL are
level 4, 3, and 1, respectively, and charging time of ~5-10 min.
Heat generation for EVs is 10-100 times lower than eVTOL and
EDs. Solid ZABs can display benchmark parameters of C-rate
(0.8-1C), peak-power timescale (110-140 s), safety level 1-2, and
fast-charge frequencies of 260 full-cycles, which are 5-10 times
higher than the specifications required for EVs (Table S2, Sup-
porting Information).®!

3. The Need for All-Solid Zinc-Air Batteries

ZABs with aqueous/non-aqueous electrolytes facilitate fast ion
transport across solid-liquid electrodes; however, Zn irreversibil-
ity, dendritic growth, volume changes, rapid consumption/high-
reactivity of electrolyte with Zn forming “dead Zn”, poor
Coulombic efficiencies (CEs), and catastrophic-failure are the
major limitations. Superior SEs can offer promising advan-
tages such as thermodynamic stability with Zn, diminishing
O, and H,O crossovers, alleviating Zn-dendrites, and cata-
lysts dissolution. Therefore, high Zn plate/strip reversibility
or charge/discharge under high current density with in-planar
morphology and suppressing hydrogen evolution illustrate
valuable insights for mass transport and capacity limitations.
In addition, solid-state ZABs contain laminated stacks of
composite cathodes, SEs, and Zn-anodes. Bipolar stacks with
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high-capacity cathodes/anodes increase the voltage/capacity
of cells in series/parallel connections due to a reduced num-
ber of gas-diffusion-layer (GDL), Zn-anodes, and individual
packaging, which decreases the weight and volume of cells,
thereby increasing energy densities. The proper function of
active composite materials is critical to realize solid ZABs. Since
oxidation-reduction reactions cause small volume changes dur-
ing cycling, generating local stress/strain among the electrodes,
cell pressure is vital for optimizing solid ZABs.

4. Design Strategies for Cathodes

Emerging materials are often characterized as metal-
oxides/chalcogenides, M-N or ZIF-based, and metal-free
catalysts, and their properties are strongly influenced by
ion/electron-interactions redox reactions (Figure 2a,b; Table S3,
Supporting Information). Transition-metals (TMs)-based cata-
lysts have been primarily overlooked with the lowest ORR/OER
bifunctional performance of 0.56 V; however, recent work sug-
gests that controlled ion interactions (anions, alkali/transition
metals) can enhance the activities for proton-coupled electron
transfer reactions by breaking pH-dependency among the active
sites and reactions-of-interest. Electrocatalytic activities occur
by triple-phase interphases of electrolytes, cathodes, and oxygen
with key mechanisms such as phase-structures, sequential
electrochemical-chemical (E-C’), electronic properties (energy
barriers, and charge/mass transfer), and co-catalysts/ion-
shuttling (Figure 2c). Ion interactions cause structural transi-
tions from the atomic-to-mesoscale due to mechanical strain and
increase the van der Waals spacing, improving the electrochem-
ically active surface area and overall catalytic activities. Upon
electrochemical cycling, the repetitive ion insertion/removal
leads to structural degradation or amorphization of catalysts,
forming metastable structures.

For E-C’ kinetics, the electrochemical step (E) first trans-
fers electrons in/out of the external circuit and couples with
interacted-ions of electrocatalysts in the electrolytes. Then, the
chemical step (C’) follows the coupled ion-electron transfer of
secondary electrocatalyst phases to reactants in the electrolytes
without net transfer of electrons in/out of the external circuit and
reforms the electrocatalyst phase before the E step. For E > C’-
rates, the E generates active phases more rapidly than consump-
tion due to limited solid-state ion transport in the electrodes. For
C’ > E-rates, the reaction follows simply electron transfer with-
out chemical steps over the electrocatalyst phase before E ion-
coupled reactions. Typically, the E-C’ kinetics occurs if catalysts
act as hosts for intermediate reactants in catalyst reactions. In
MnO,-catalysts, both protons/electrons transfer between O, and
MnO, through electrolyte-electrode interfaces.

Electronic structure modulates electrocatalysts’ active-sites
electron filling and carrier density by converting more active ox-
idation states, resulting in electrically conductive phases. Theo-
retical calculations verify that the sulfur and phosphorus active
sites have (Sp—Op)*-states below the Fermi-level relative to the
(Pp—Op)*-states, and electrons transfer from Cu to S-sites with
partial antibonding (Sp—Op)*-states occupied for S-sites, which
facilitates decent chemisorption of O* for CuP, S, -catalysts.1**

Further, anion motifs also play decisive roles in determining
phase structures. The insertion of anions (O, N, S, P, Se) low-
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ers the Fermi level in the non-bonding O-2p states, causing lig-
and holes, modified charge-transfer kinetics, and intermediate-
binding strengths, then forming sustainable oxygen-cathodes.*!
Lower electronegativity increases the redox potential and electri-
cal conductivity with improved n-/p-type redox kinetics. Multi-
electron redox motifs offer high specific capacities. However,
intrinsic sluggish kinetics originate with dual-pairs of anions
(N-N, 0-O, S-S, P-P, Se-Se), leading to premature capacity de-
cay and active materials losses; thus, controlling single anion-
cation pair is the desirable requirement.*d Coupling non-redox-
active electrocatalysts with epitaxial supports substantially re-
duces the kinetics barriers for oxygen reactions in solid-state
compared to those of liquid electrolytes (LEs); thus, it is an effec-
tive strategy for ZABs. Electrocatalytic activities have the trends
for cations/anions as Cu>Fe>Mn>Co>Ni, P>S>N>0>Se, and
Cs*>Rb*>K*>Na*>Li*.

The reversibility for ORR/OER processes is the major concern
for improving ZABs cycling under solid-electrolytes. Previous re-
ports state the influence of H,O for ORR/OER directly affects the
Zn dissolving/deposition processes in ZABs with poor wettability
for cathodes. The high viscosity of SEs illustrates the severe po-
tential drops for ZABs owing to low wettability with gas-diffusion
electrodes. Besides, the existing smaller metal cations originate
the irretrievable drop of O, gases, implying the formation of in-
soluble metal peroxides or superoxides as strong nucleophiles by
one-electron transfer with a negative impact over the ORR kinet-
ics. In contrast, larger cations contribute to the reversible O,/0,~
reactions. Mechanisms for how reactive superoxides can main-
tain stability for re-oxidation back to O, upon ZAB operations
are still in their infancy. These stabilized superoxide radicals re-
oxidize during reversible potential sweeps rather than reacting to
other molecules owing to ion-pairing interactions. However, CEs
are critically reduced because of the dissimilarity in diffusivity
between the superoxide radicals and O, gas. Further, the energy
barriers at the electronic structures level for ORR/OER reactions
are as follows: 1) The higher oxygen dissociation barriers or ad-
sorption energies generate the more positive d-band centers; 2)
The hydrostatic compressive stress severely increases the lattice
constants by generating lattice strains, decreasing d-band width;
3) The formation energy increases more positively along with
segregation energy; 4) The destruction of electronic structures
critically decrease the electrical conductivity of cathodes be-
cause of the redistribution of inter-element valence electrons;
5) substantial inflection in the work function of catalysts dur-
ing water dissociation reactions for constant charge or dis-
charge conditions. For anodes, the larger nucleation overpo-
tentials reduce mass/charge transfer, desolvation, and electro-
crystallization (nucleation and growth), growth morphological in-
stabilities and dead Zn or dendrites are the additional challenges.

5. Design Strategies for Electrolytes

Electrolytes play a critical role for ZABs because their chemi-
cal structures openly influence electrochemical reactions and
diffusion kinetics of cations/anions. SEs are categorized as
solid-polymer-electrolyte  (SPE), anion-exchange-membrane
(AEM), and hydrogel/gel-polymer-electrolyte (GPE). SPEs
show the lowest conductivity (<1 mS cm™'), but GPE has the
highest conductivity (100-300 mS cm™!); however, the poor
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Figure 2. Mechanistic illustrations for designing high-performance cathode and solid electrolytes. a) Comparison of bifunctional activity versus ORR
half-wave potentials. b) Radar charts grading the performance metrics for bifunctional catalysts. c) Structural influences for active electrochemical surface
areas beyond the electrode-electrolyte interphases (left). Electrochemical-chemical kinetics (E-C’) with insertion of intermediate reactants by transferring
both the electrons and ions across the interface (middle). Kinetics for distribution of electrons for catalysts structure (right). The thermodynamic-
electrochemical driving force and electrical conductivity depend significantly on the position of the Fermi level. d) Comparison of the anion-exchange
membranes (AEMs), gel-polymer electrolytes (GPEs), and solid-polymer electrolytes (SPEs) based on the recently reported champion data. e) Radar
chart for electrolyte performance metrics. f) Anion-motifs-related structures for SEs. TEMPO and O-motifs (top, left), F -motif (top, right), S-motif
(bottom, left), quaternary and N-motifs (bottom, right).
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Table 1. Comparison of the reported high-performance solid-state electrolytes for Zn-air batteries.

Electrolyte type Electrolyte lon conductivity Water uptake  Alkaline stability Manufacturing Interface Thermal Refs.
[mS cm™] [%, RT] [°C/h] feasibility/flexibility functionality stability
Anion-exchange Chitosan biocellulosics 86.7 99 100/2500 Excellent Excellent Excellent [3a]
membranes (CBCs)
(AEMs)
Functionalized 64 95 - Excellent Excellent Excellent [9a]
bio-cellulose (FBN)
QAFC 21.2 95 20/170 Excellent Poor Moderate [10]
A201 40 44 - Excellent Poor Moderate [
QPBI 39 85 7 Moderate Poor Moderate [
QAFCGO 33 95 - Moderate Moderate Moderate [12]
PVA/PDDA 25 - 80/360 Moderate Poor Poor [13]
PPO-DMHDA 35 20.4 20/75 Moderate Poor Poor [14]
AAEM 32 84 25/200 Moderate Moderate Moderate [15]
PAP-TP-85 78 46 100/2000 Moderate Poor Excellent [16]
TRP-0 15 67 60/450 Moderate Poor Moderate [17]
1.75MQAPES-OH 7.5 42 60/168 Moderate Poor M43oderate [18]
QA-PPEK-0.9 43 58.4 60/300 Moderate Poor Moderate [19]
Hydrogel or Gel PVA 0.13 25.6 - Moderate Poor Poor [20]
polymer
electrolytes
(GPEs)
Nano-SFQ 186 - - Moderate Poor Poor [27]
CCNL-PDIL 286.5 90 - Moderate Poor Moderate [22]
P(AM-co-AA) 148 69.2 - Excellent Poor Moderate [23]
PAM 330 - - Excellent Poor Poor [24]
PAM-CNF-KI 223 86 - Excellent Poor Poor [25]
PANa-cellulose 280 - - Excellent Poor Moderate [26]
PVA-XTMG 80 40 - Excellent Poor Poor [27]
A-PAA 275 60 - Poor Poor [28]
PANa 170 97.3 - Excellentoderate Poor Moderate [29]
Liquid electrolytes 1-8 M KOH 550 - - Excellent Poor Poor [30]
1-8 M NaOH 250 - - Excellent Poor Poor 37]
Solid polymer PVDF, PAN, PEO, and 0.001-1 - - Excellent Moderate Moderate [32]

electrolytes
(SPEs)

inorganic fillers

interface functionalities and water retention remain significant
drawbacks.®] Good ion conductivity (>90 mS cm™), lowest
interface resistance, easy scale-up, multifunctionalities, and in-
hibition of dendrites/cathode dissolution are the major reasons
why AEM plays a dominant role in solid-state ZABs development
(Figure 2d,e and Table 1). Structural-dynamic interactions and
electrochemical behavior of AEM depend on the polymeric struc-
tures, molecular weight, processing solvents, and cation-anions
motifs; however, there is still a lack of deep understanding
of these interactions and behavior. SEs have amorphous or
partially crystalline structures, and they offer local-segmental
kinetics for the migration of ions from one site to following
neighboring sites under electrochemical operations. The small
glass-transition temperature (T,) based polymeric materials are
the promising host for SEs owing to numerous amorphous
regions, and their free-volume ensures anions/cations hopping
kinetics.

Adv. Energy Mater. 2025, 15, 2405326 2405326 (5 Of23)

Liquid electrolytes intrinsically percolate 3D porous cathodes,
whereas SEs contain resistive heterogeneities; thus, percola-
tion thresholds and particle-size distributions influence the per-
formances. Specifically for alkaline LEs ZABs, the KOH and
NaOH have good salt solubility, oxygen diffusion coefficients,
and lower viscosity; however, they are disposed to evapora-
tion or moisture absorptions. Whereas zinc trifluoromethane-
sulfonate (Zn(CF,;S0;),) and zinc sulfate (ZnSO,) salts are fa-
vorable for aqueous or neutral LEs, in which Zn(CF,;SO;), pos-
sess superior reversibility and mass/charge transfer kinetics be-
cause larger (CF,S0;), anions diminish the amount of hydrated
H,0 with Zn?" jons. Insertion of organic or inorganic addi-
tives (lithium chloride (LiCl), zinc chloride (ZnCl,), zinc fluoride
(ZnF,), Thiourea, ammonium hydroxides, propylene glycol, poly-
acrylamide (PAM)), amphiphilic surfactants, higher salt concen-
trations (2-8 M), and ionic liquids are specific strategies that en-
courage the proper crystal orientations and surface textures for
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zinc, implying superior reversibility, stability and confined den-
drites through electrostatic shielding.

GPEs consist of lower-free water, numerous functional
species, and superior mechanical/thermal and self-healing char-
acteristics that effectively mitigate the hydrogen evolution
reaction (HER), corrosion, or passivation. However, the rapid loss
in water retention and ion conductivity severely limits the cy-
cle life of ZABs. Ion cross-linking of polymers (polyvinyl alco-
hol (PVA), PAM, polyacrylic acid (PAA), polyacrylonitrile (PAN),
polyacrylic acid sodium salt (PANa) with carboxylic acids, car-
boxymethyl cellulose, sodium alginate, or ionic liquids (ILs) are
the proper approaches that allow the construction of flexible
ZABs sustaining local stresses under different mechanical defor-
mations. Zn(II) Bis(trifluoromethanesulfonyl)imide (Zn(TFSI),)
favors a unique solvation structure for Zn?* that significantly in-
hibits the formation of hydrated zin ion complex ((Zn-(H,0))**)
in all kinds of SEs. SPEs have nonflammable, homogeneous Zn-
depositions and high mechanical characteristics that improve
the practicality of Zn-anodes. However, poor ion conductivity
and sluggish diffusion kinetics limit the electrochemical per-
formances of ZABs owing to stronger electrostatic bindings
for cations/anions. Utilizing ion-plasticizers, organic/inorganic
fillers, and ILs are effective strategies that enhance interface com-
patibility. Hybrid electrolytes consist of alkali for Zn and acid
for the cathode to increase the power/energy and open-circuit
potential (OCP) that prevents CO, formation. However, charg-
ing in acids (OER) is highly unfavorable. Thus, the alkali/acid
coupling of hydrogels in a bipolar membrane is one of the ef-
fective approaches. For high-energy cells, cathode mass-loading
(>15 mg cm~2), Zn-anode-thickness (100-300 pym), and SEs with
effective ion-conductivity (>80-100 mS cm™!) are realistic to
achieve a specific-energy of 400-500 Wh kg~!.

Figure 2f shows the interactions between coordinated struc-
tures and electrochemical ionic-transport kinetics. 1) Oxygen-
containing motifs consist of carbonyl (C=0) and ether (C—O-C)
interactions that enable reversible formation of radical monoan-
ion (C-O7) and cations by Coulombic attraction force and ionic-
dipole interactions. 2) Sulfur-containing motifs also have sim-
ilar interactions with oxygen, such as thioether (C-S-C), thio-
carbonyl (C=S), and disulfide (C-S-S-C) motifs corresponding
to the ether and carbonyl motifs, respectively, due to the exis-
tence in same-group of the periodic table. However, it increases
the conductivity and redox potential because of the electroneg-
ativity less than oxygen. C-S-S-C has two sulfur atoms. By ac-
cepting two electrons, S-S bonds can be easily broken with the
stabilization of each R-S™-anion by the counter-cations. Thus,
S-motif possesses multi-electron processes per motif, ensuing
high ion-transport kinetics. 3) Nitrogen-containing motifs have
azo (N=N), imines (C=N), nitriles (C=N), and tertiary amines
(C=N(SO,)—) based on double/triple bonds of carbon and ni-
trogen. Tertiary amines allow higher ion mobility undergoing
change-in-bond order upon reactions and electron delocalization
of sulfonyl groups to nitrogen centers. Pyridinium, quaternary, or
other derivatives consist of hetero-aromatic rings with N-atoms
to conjugated structures that allow efficient change in molecular
structures in different ways to enhance charge-transfer kinetics.
4) Fluorine-containing motifs have C-F with significant dipole
moment and polarity due to high electronegativity. Electron den-
sity is focused on nearby F, ensuring highly ionic-character with
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partial charges (C**—F%7). 5) The 2,2,6,6-tetra methylpiperidin-
1-yl)oxyl (TEMPO) or quaternary amines contains intrinsically-
bipolar N-O° nitroxide radicals that have abundant intermolecu-
lar interactions, high-solubility and self-exchange-reactions, en-
abling high-potential and ion-transport. This kinetics vindicates
the hopping mechanism owing to segmental motion for oxy-
gen and sulfur motifs (e.g., PVA, polyethylene oxide (PEO)), and
nitrogen/fluorine/TEMPO/quaternary motifs possess both vehi-
cle and hopping kinetics (e.g., PAM, cellulose).[®! Future efforts
must focus on the structure-dynamics interactions, polarizability
and binding chemistry of anionic motifs, processing conditions,
multiple-compositions, and screening new materials with intrin-
sic ion transport with lower charge-carrier densities.

6. Design Strategies for Anodes

Figure 3a,b summarizes reported areal capacities, current rates,
HER overpotential, and corrosion current/potential obtained for
various types of Zn anodes (Table 2). The small fraction of Zn uti-
lization per cycle (<1%) or cumulatively (30%—-50%) corresponds
to CEs limiting the practical viability. This conflicts with the com-
parative immaturity of Zn-chemistry compared to those of LIBs
or LMBs; thus, it is necessary to establish harmony for commer-
cially viable Zn-batteries target performances similar to LIBs or
LMBs. Therefore, an ideal CE of 100%, plated capacity per cy-
cle of 10 mAh cm™ at 10 mA cm™2 (~cumulative capacity of
10 Ah cm~2) and 1000 cycles were set as a target in Figure 3a,
which corresponds to 10 mAh cm~2 with 80% for Li passed per
cycle at fast charging rates of 10 mA cm™2 or 2C.7] It is clear
that at least one order of magnitude performance improvement
is critically required for plating/stripping current rates, Zn uti-
lization (or depth of discharge), and areal capacity per cycle to ap-
proach a viable Zn-based battery compared to those of the present
summary (Figure 3a,b and Table 2). Using interface modification
strategies, Zn anode displays a plating capacity of 10 mAh cm™2
for 10 mA cm™ with 99.8% CE limits for 200 cycles due to
cell failure.’¢] Several approaches, such as epitaxial growth, crys-
tal faceting by anions, alloying, interface modifications, and 3D
structural designs, have been reported to improve the uniform
nucleation or electric field distribution, corrosion kinetics, HER
overpotential, areal capacity, and CEs with cycle life. The key
parameters to significantly confine dendrites, by-products, and
HER are optimal internal structure, surface area, and crystal ori-
entation. Compared to previous reports, the crystal facets by an-
ions, epitaxial growth, and interface modulation are the more
competent approaches to achieve these optimal parameters.
Fast charging with minimal capacity fading needs high-
capacity anodes with low redox potentials and thick cathodes.
Zn-metal undergoes massive volume changes and irreversible
zinc oxide (ZnO) with dendrites-growth and low Zn-utilization
(<50%) upon charge-discharge. Interfacial morphological insta-
bilities with lower Zn utilization should be overcome for reliable
and safe operations of the Zn anode upon plating-stripping.!”
Constructing diverse ion-electron conductive structures and
compatible SEs with superion-transport channels is a promis-
ing strategy for high-performance Zn-anodes. The Zn trifluo-
romethanesulfonate and Zn bis(trifluoromethylsulfonyl)imide)
additives in the electrolytes enhance the Zn reversibility; how-
ever, increased viscosity, reduced conductivity, and poor CE with

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UBD|7 SUOWWIOD 8A1Te81D 3(qedtjdde au Aq peusenob ae sspie YO ‘88N JO Ss|n. 10} ARIqIT8UIUO A8]IM UO (SUONIPUOD-PUR-SLUBHLI0D A8 | IMAteIq 1 U UO//:SdNY) SUORIPUOD pue swie | 84} 835 *[6202/50/90] o Ariqiiauliuo A8 |im ‘AiseAiun BueAueH Aq 9250202 WUSR/Z00T OT/I0p/W0D A8 | 1M Ae1q 1 pulUO"PSoURADe//SAnY Woly papeoiumod ‘YT ‘G20z ‘0r89rToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVAN(Q,ED
ENERGY
MATERIALS

www.advancedsciencenews.com

—m— Pristine

Capacity / cycle (mAh cm'z) [+})

—e— Epitaxial

—a— Crystal facets

www.advenergymat.de

HER overpotential —y—Alloys
—4— Interface
—4—3D structural

Current » Corrosion
rate current
Cycle life Corrosion
8 10 12 potential
Current density (mA cm™)
Plating capacity
c d
Charge/ B
discharge > 0.8+ \/ Anodic
—_— B Zn (101) : (1——’00) ~
8 A\ (102) (002)
Dead Zn Zn dendrites (unstable) g -1.01 : (1‘03), !
Charge/ © Pristine Zn
— il EPRUREN, S, S N
- H,0/0. :
With s & F S S |
a .
surface 141 ( Cathodic
processing Preferred oriented Zn Kinetically stable operations v — T
1E-4 0.001 0.01 0.1
logi
€ f Mechanical —a—Planar
bending cycles —e—Wire
$ 60004 L —A—Fiber
9 —v—Sandwitch
(8]
! Electrolyte Bending
£ 4000- strain time
©
C
o
Kol
_g 2000+ °®
C
©
5 S ' gg{lﬁ; Cycle life
S o, — ; . .

High dead volume i

Figure 3. lIllustration of designing Zn-anodes and cell performance metrics for flexible ZABs. a) Ragone plot of areal capacity versus current density
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for different types of Zn-anodes for symmetric cells. b) Radar chart for key performance metrics. c) Electrochemical challenges and rational design
strategies for high-performance Zn-anodes with anion motifs employing the uniform current distribution, in situ formation of SEI, and anion fixation
along with solid/liquid electrolytes. d) Evans diagrams for electrochemical kinetics of Zn-anodes. Reproduced with permission.[3<] Copyright 2023, Wiley.
e) Comparison of mechanical bending cycles with current density for flexible ZABs for planar (cyan region), wire (red region), fiber (blue region), and

sandwich (magenta region) configurations. f) Ragone plots for comparison of performance metrics in flexible ZABs. g-h) Photographs of homemade

(g), coin cells (h), and pouch cells (i) and their key distinctive parameters.
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wire, fiber, and sandwiched structures, Table 3). Mechanical tests
below diffusion limiting current density (<1 mA cm™2) conflict
with the commercial standards for flexible Li- or other secondary
batteries. To this end, it requires setting competitive targets for
ZABs (1000 bending cycles for 10 mA ¢m~ and bending time
~100 h) comparable to Li-batteries (1000 cycles with 90% capac-
ity retention). Previous reports validate that improvements for at
least 2-3 orders of magnitude are critically required. Sandwitch-
type ZABs effectively obtained the highest mechanical stability
(6000 cycles for 25 mA cm~2) and 95% capacity retention. This ap-
proach enables sustainable cell configurations with exceptional
electrochemical performances. Planar single-layered pouch cells
achieved 2000 bending cycles for 25 mA ¢cm~2 with a high dis-
charge voltage of 1.25 V.

Lab-scale experiments for ZABs utilize homemade cells with a
50-100 mAh capacity. Each application requires cells of different
sizes and dimensions (prismatic, cylindrical, coin, and pouch).
Pouch cells obtain maximum capacity/energy due to low pack-
age weight. For single prototype cells, stacking electrodes, air-
permeable membranes, and electrolytes require less effort than
winding stacks for cylindrical cells. Several stages are possible
from one-to-multilayered structures and controllable active ma-
terials; however, uniform coating of cathodes for multi-stacking
over porous current collectors is highly challenging. Figure 3g—i
and Table 4 compare the key distinctions, required parameters,
and related challenges for transferring research outcomes from
lab-scale (homemade) coins to prototype pouch cells. The inter-
nal resistance, electron transfer from welded tabs to opposite
sides of each electrode, generated heat, Zn-anode thickness, and
air permeation for pouch cells are the major issues required to
be considered precisely for multilayered cells. Single-layer pouch
cells are simple to construct but challenge establishing stable
interfacial adhesion for electrolytes and other electrodes. Dead
volume is also larger than multilayered cells. Processing of ma-
terials and components (i.e., mechanically stable coatings, cur-
rent collectors (CCs) weldings) is also significant. Coin cells com-
prise the mechanical breakdown of materials, areal pressures,
and their overpotentials, and they have better compatibility than
pouch cells. Pressure distribution of active materials undergoes
volume change in pouch cells, but it can be reformed by applying
external pressures. Rational balancing mass loadings for cath-
odes, electrolytes, and anodes for optimal energy density and cy-
cle life at the cell level is a significant challenge. Homemade cells
utilize excess electrolyte (10-200 mL), Zn anode (10-100 g), and
heavy rigid cell-case limits the practical viability of ZABs, even
the researchers claiming capacity and energy density comparable
to theoretical standards. The calculated capacity and energy den-
sity are just considerations of consumed Zn, which also encoun-
ters the contribution of secondary by-products. Excess amount
of electrolyte (or flowing electrolyte) and anode shows several
thousands of cycle life; however, the depth-of-discharge (1%-5%),
state-of-charge (1%-5%), and current rates (1-5 mA cm™2), which
is far below the scope of commercial battery standards. To this
end, the ideal testing cell configurations, such as coin or pouch
cells, must be considered only. Controlling electrolyte amount,
external pressure, and reduced dead volume provides substantial
benefits for performance reproducibility for multilayered cells
with additional complexity in process steps. In contrast, the worse
control of these parameters is the major drawback of homemade

Adv. Energy Mater. 2025, 15, 2405326 2405326 (11 of 23)

www.advenergymat.de

and coin cells testing with limiting inference for appropriate data.
Figure 4 displays the interrelation between structural key param-
eters and electrochemical performances for developing cathodes,
electrolytes, anodes, separators, binders, and cell design config-
urations for next-generation energy storage technologies.

7. Design Strategies for Solid Electrolyte
Interphase (SEI)

Emerging anodes and cathodes have similar chemi-
cal/electrochemical instabilities under LEs/SEs for perfor-
mance degradation (Figure S1, Supporting Information).
Since the SEI-thickness severely challenges decomposition
reactions for any technologies, the chemical design strate-
gies for interfaces/interphases can alleviate it positively.l’s]
Recent work utilizes electronic insulating/conducting coat-
ings with cathode/anodes to decrease corrosion; however,
it also causes chemical decomposition, voltage drops, and
interdiffusions. Mechanistic understanding of coating ma-
terials, processes, and functionality for long-term stability
is still lacking. Flexible SEs benefit good elastic solid-solid
interface-contacts (shear modulus of separator/electrolyte >
anode). Further, Zn-dendrites can be improved by SEI dominated
by ZnF/ZnS as an ideal candidate for stabilizing Zn-anodes.>7¢]

Upon Zn plating/stripping, the interfacial resistance in-
creases/decreases by generation/exclusion of voids at the inter-
face. The insertion of carbon/polymer additives/fillers can ac-
commodate volume changes, making homogeneous Zn-ion flux.
Thin polymeric/carbon layers are oxidation/reduction-resistant
for cathode/anodes. Desolvation (AE,,,) and diffusion (AE ;4) are
the major kinetic barriers that must be considered to prevent Zn
corrosion/dissolution processes. CEs/overpotentials (passivation
rates, charge-loss, parasitic reactions) are the key parameters for
determining the formation of the SEI. It depends on the measur-
ing protocols (current density, time, and temperature), electrolyte
compositions, structures, chemistries, and morphologies of gas-
diffusion layer/current-collectors (GDL/CC) and Zn-anodes. For
example, fluorinated LEs/SEs result in high CEs and smaller
overpotentials with forming F-rich SEI. At subzero temperatures,
the porous Zn-layer is formed with extensive side reactions, but
for high temperatures (=80 °C), the overpotential and CEs are
substantially improved by allowing faster Zn-transport-kinetics
with favorable F-rich SEI. Zn(TFSI),/KOH concentrations con-
siderably improve CEs at 1/6 M concentration. Higher concen-
trations strongly limit the solubility and ion mobility.*d! Overpo-
tential increases with current density due to limited ion transport
across SEI. Higher current densities generate inhomogeneous
voids between the SEI and Zn metal, causing failures with local
corrosion and poor CEs. However, F~/S™-treated Zn(101) anodes
and chitosan-cellulosic SEs can overcome this feature by forming
stable F-rich SEL[*) The key to designing the robust interphase
for long-term operations atanode/SEs and cathode/SEs is related
to the question, “Is it plausible to design SEs that have kinetically
beneficial transport properties with lower interface impedance?”

8. Cell Manufacturing

Figure 5 demonstrates the manufacturing of large-scale practi-
cal solid-state ZABs. Manufacturing process involves the thin
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film loading of graphene/carbon (G/C) by thermal-vaporization
processes, continuous slurry mixing and slurry-casting over the
G/C-coated GDL/CCs, roll-to-roll processing of air-cathodes with
GDL/CCs, lamination of SEs and air-cathodes (air-cathode +
SEs), stacking/winding of electrodes with porous air-permeable-
layers, assemble Zn-anode in sandwiched-structures, and cell-
packaging.

8.1. Electrodes Processing

Air-cathodes are fabricated by dry-electrode and slurry-casting
with roll-pressing processes (Figure 5a). Active-cathodes are
mixed by binders, conductive additives (carbon-black), and
solvents (N-Methyl-2-pyrrolidone/other-organic), then subse-
quently slurry-casted on the freestanding G/C-coated GDL with
roll-to-roll pressing and drying. For dry electrodes, the homo-
geneously mixed powders without solvents undergo sequen-
tial loading and room-temperature/hot-rolling until the desired
thickness. Dry processing allows the dense packing of cath-
ode particles compared to slurry mixtures, illustrating improved
charge/mass-transfer-kinetics. Heating rollers mitigate the re-
quired applied pressures, facilitating the scalability of dry pro-
cessing. Two types of Zn-anodes, such as powders or metal foils,
can be employed. Powder-based Zn-anodes are fabricated by
similar air-cathode slurry-casting processes. Zn-metal foils (50—
300 pm) are pretreated for fluorine/sulfur chemical passivation.
Sputtered metallic Zn over the carbon cloths is also a favorable
approach with preferred thickness. SEs membranes (>30 um) are
prepared by self-regulating membrane-polymerization or layer-
by-layer method with in situ polymerization over the air-cathodes
or Zn-anodes and vacuum-drying.

8.2. Cell Stacking

Minimally modified, available commercial types of equipment,
such as Z-/sheet-stacking and winding for cylindrical/prismatic
and pouch-type cells, are recommended for fabricating scal-
able solid ZABs prototypes because of flexible polymeric-hybrid
SEs (Figure 5b,c). For cylindrical cells, the winding/cylindrical
rolling, including Zn-anode sandwiches laminated air-cathode
+ SEs, and air-permeable layers for both sides of air-cathodes
(Figure 5d). The single or bipolar stacked pouch cells are fab-
ricated using Z-stacking with freestanding air-cathode + SEs
electrodes sandwiched for Zn-anodes and air-permeable layers
(Figure 5e). Although one can choose the cell stacking config-
uration between asymmetric (Cathode + SE + Zn) and sym-
metric (Cathode + SE//Zn//SE + Cathode), conventional asym-
metric design causes several misalignment concerns that in-
duce cell failures, poor-cell-energy/power metrics, and requires
high tolerances for space margin at the cell edges. Mechani-
cal strengths of SEs are critical for Z-stacking tools; thus, the
optimal pressure along the axial direction of Z-stacks is re-
quired to adjust tensile forces applied to SEs. Z-folding with
laminated symmetric configurations can eliminate the direct
contact of anodes/cathodes and critically reduces inactive com-
ponents such as Zn-metal, tabs, and packing materials. This
strategy enhances overall packing density and cell-level ener-
gies by two to three times. Then, cells need to be moderately

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Challenges
Obtain uniform electrolyte interface for multilayered
cells
Formation of diffused ZnO, zincate or hydroxides, or
other secondary products implies poor.
CEs, energy/rate capacities, and degradation of
electrolytes or active materials are unable to use

stacks interface or soaking of
electrolytes
volume.

Single/Multilayered Pouch Cells
Vacuum sealing is required for whole
number of layers, it has the lowest dead

Depending on the stack’s design and
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Stabilization of volume changes, porosity, and

Pouch cells require the application of

No constant pressure for fixed

External pressure is utilized by

External pressure

ion-transports

external pressure in the range of

volume without springs.

fixing the acrylic top/bottom cell

10-200 psi.

Pressure is well modified with

parts by external tightening of

multilayered structures.

Insertion of additional Air permeable layer in the
Avoid electrical contact of each CC for bipolar stacks.
Tab welding for both electrodes.
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screws will change severely
external pressure or flowing
electrolyte case pump flow rates.
Air penetration via CC/cathode is
critically required to process
redox reactions.
flow can calendar cycling.

Cathode swelling and lower oxygen

Role of porosity of cathodes/CC
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pressed by uniaxial, areal, or isostatic pressing to improve the
interfaces.

The 1-10 Ah-scale, cylindrical (A-to-AAAA types) and pouch-
cells (10-120 cm? cell areas) were reported using a symmet-
ric design of CuP, S, //Chitosan-biocellulose/Zn(101) with 300—
500 Wh kg, ! cell-level energies. 10-Ah pouch cell reveals 1000
cycles lifetime with 89% capacity retention with GDL and pres-
sure of 200 psi.[**<) Considering the wide variety of recent impact-
ful lab-scale findings, a few breakthroughs ensure the possibility
of transferring toward commercial prospects. Lab-scale research
focuses on the materials design and kinetics for small-capacity;
however, it lacks practical verification of prototypes relevant for
industrial evaluation. An effective balance between academia and
industry is highly desirable, so we suggested the key perfor-
mance metrics for transitions from lab to industrial-scale of re-
alistic ZABs featuring perspective insights of electrode materials
(Tables 5-7).

9. Future Insights

For commercial cells, the specific and volumetric energies, cycle
life, and harsh-temperature operations are the major key param-
eters for battery developments for EVs, EDs, and eVTOL.

9.1. Materials Scalability

Materials-level scalability for solid ZABs concerns the SEs, cath-
odes, and Zn-anodes with their specific capacity (Cg;) utiliza-
tion ratios (Tables 5-7). Theoretical energy is calculated from
electrochemical reactions with constant stoichiometric anode-
to-cathode-materials ratios, whereas practical energy is deter-
mined from measured capacity, cell voltages, and total cell
mass/volume. Thus, the decisive factors are mass ratios, utiliza-
tion, and output voltages. Realizing specific cell energy of 100—
500 Wh kg~! coupled with patterned Zn-anodes, desired cathode-
mass-loading, and electrolyte amount has been reported in Zn-air
pouch cells.®¥ To achieve a capacity of 371 mAh g~! (66% of the-
oretical capacity), CuP,S, cathodes with >15 mg cm™ (100 pm-
thickness) is recommended.

Commercial standards clarify the key parameters, such as
the total-capacity pairing of anode-to-cathode ratio (N/P), elec-
trolyte/cathode ratio (E/C), electrolyte/anode ratio (E/A), mass-
ratios of binders, carbon-black, GDL/CC, packing-materials. Lab-
scale considers an ideal mass-loading (1-2 mg cm~2); however,
practical cells require 10-15 times higher mass-loading (10—
30 mg cm™~2). Low mass-loading mitigates kinetics-barrier with
unrealistic high-rate performance, but adopting 5-10 mg cm~2
should be the research focus for practical demonstration. Lab-
scale ZABs use excess Zn (500-2000 pm-thick) with poor areal ca-
pacity (0.5 mAh cm™2) and show very poor Zn-utilization (<1%)
with severe misalignment in the cathode capacity. For upscaling
ZABs, high-areal-capacity (5-10 mAh cm™2) of cathodes with thin
anodes (100-200 pm) is essential to ensure minimal stack lay-
ers for obtaining necessary specific energies by decreasing the
volume and weight of inactive materials. Ultrathin (10-50 um)
Zn-anodes severely limit the capacities and cycling, similar to
Li-metal batteries. The wettability and quantity of SEs will con-
trol the ZAB'’s performance. Thus, the N/P, E/C, E/A, and Cg,

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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%+ Phase structure stability
1. Structure-function correlation
2. Thermodynamics and atomic
coordination structures
3. Follow the A,G® = —nE®F
4. Composition & preferred crystal
5. Active surface area control (nD)
6. Reaction chemistries
«* Intrinsic activities
1. High active centers (numerous
d-electronsin e, orbital)
2. High theoretical capacity
3. Apt redox-voltage intercalation
« Chemical compatibility
1. Surface/interface engineering
2. Degradation kinetics
2. Selective optimization
<« Electrochemical stability
1. Distinct metal redox-bands from
oxygen 2p bands
+* lonic/electronic mobility
1. Low bandgap or metallic
structures with high RT electrical
conductivities
2. Fast diffusivity or kinetics

% Increase ion conductivity

. Enhancing ion-pair dissociation

. High dielectric constant structures

3. Cross-linking with tethered ionic
groups, side chains, & active

[N

nano-fillers, & nano-confinement

»

Lower crystallinity & glass
transition temperature
. Low ion and high electronic area-
specific resistance
. Adopt N, O, F anions-based salts
<+ Increase voltage stability
1. No space-charge at interface
2. In-situ/ex-situ anionic interphase
3. Redox pairs (fluorinated)
++ Prevent dendrite formation
1. High-modulus electrolytes
2. Multilayered design strategies
++ High free solvation energy solvents
1. Zinc salts & cation-water interaction
2. Tunable solvation structures
3. Eutecticionic liquids
4. Active anions for SEI process
5. High salt-to-solvent ratios
<+ Chemical potential ranges
1. HOMO < Fermi level of cathode
2. LUMO > Fermi level of anode

[0

o

< Crystal structure stability
1. Preferred single crystals
2. Favorable plating in the a-b plane
3. Alloying with low work-function
based metals or composite additives
4. Higher crystallinity, & glass
transition & melting temperature
5. Proper phase diagram and
hexagonal close packed structures
<+ Electrochemical stability
1. High ion transfer mobility and
surface wettability
2. High electrochemical redox potential
3. Maximum theoretical capacity
4. High Zn-ion & electronic conductive,
zincophilic, & diffusion creep kinetics
< Promising interface chemistry
1. Elasticsolid-electrolyte interphase
(<10 nm)
2. Anion-exchange surface reactions
control
+* 3-dimensional architecture
1. Lowest local current density and
overpotential
2. Tunable framework to confine volume
change & provide >90% utilization
<+ Chemical potential phase equilibrium
1. Lowest chemical potential at
operating temperature & pressure
2. Uniform Zn-ion flux density & Cs*
additives
*+ Preferred orientational growth
1. Epitaxial plating & low surface energy
2. Controlled electric field

<+ Separators

1. Multifunctional separators
2. High surface wettability

+» Binders

1. Highly conductive binders

+ GDL or current collectors

1. Thinner and nanostructuring
2. High surface wettability and porosity

www.advenergymat.de

«* Prismatic

1. Enhance space utilization & allow
flexible design & high voltages

% Cylindrical

1. Preset manufacturing with high energy

“ Pouch

1. High packing and space efficiency, &
volume and specific energies

2. Prototype anode-separator-cathode
stacks for voltage & energy density

3. Asymmetric structures (A-S-C form)

4. Symmetric (sandwiched) or bi-cell
structuresincludes double side anodes
or cathodes multiple stack cell
engineering

Figure 4. lllustration of key structural parameters for design of cathodes, electrolytes, anodes, separators, binders, and cell manufacturing for solid-state

ZABs.

Catalystslurry
Carbon
slurry

P

steel mesh

Air permeable layer

Cylindrical cell GoL

» Processing-pathways
Stainless *

Solid
electrolyte
Pressing
Cathode + SE i
e

Pouch cell

Air
permeable

Cathode + SE layer

Z$M

Cathode + SE

Winding or cylindrical rolling

[+
Air Cathode + SE
permeable /
layer
Zn anode
Cell stacking
g

Battery pack cost (USD)

Symmetric configuration

0
0 500 1000 1500 2000
Driving range (km)

Figure 5. Schematics displaying the cell manufacturing, processing, and cost analysis for solid-state ZABs. a) The fabrication of cathode-electrolyte
electrodes includes a continuous slurry coating of the thin carbon layer and cathode materials (including active materials, binder, and carbon black) on
the gas-diffusion layer (GDL), calendaring, drying, and densification; then, follows the stacking of solid electrolytes/separators. b) Winding/cylindrical
rolling of Zn-anode and cathode-electrolyte electrodes with laminating the air-permeable layers. c) Z-stacking of Zn-anode sandwiched between cathode
and solid electrolyte (SE) electrodes in parallel configurations. d) Assembly of ZABs includes winded electrodes and packaging in the cylindrical /prismatic
cells. e) Assembly of ZABs includes parallel Z-stacking and packaging in the pouch cells. f) Schematic of cell design under symmetric configurations.
g) Projected LIBs, lithium-sulfur (LiS), and ZABs battery pack-level costs with driving range for EVs. Solid and dotted lines denote the probable span of
driving range and battery pack cost. Reproduced with permission.[>¢] Copyright 2023, Wiley.
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Table 6. The transformation from lab-scale to commercial-level practical ZABs.

Parameters Laboratory scale

Pilot prototypes Commercial large scale

Cell capacity 1 mAh-1 Ah

Fabrication methods Manual in ambient conditions
Research insights Materials rational design and compatibility
analysis

Critical issues Inappropriate analysis, access to resources

100 mAh-10 Ah >10 Ah cells for kWh packs

Semi-automated in ambient Fully automated in ambient environments
environments
Chemistry and design confirmation Cost reduction and quantity optimization

Scalability and resource supply chains ~ Emanation of defects with quality control

are crucial in scaling up ZABs. Volumetric energy is another
prerequisite for scaling up ZABs; thus, developing high-areal-
capacity, tap-density electrodes needs to be explored by optimal
processing of high-mass-cathodes, ultrathin-SEs, and surface
structures/particle distributions. Binder content, yield stress, and
GDL/CC-wettability critically decide the ion/electron conduction
of practical-scale cathodes. A manufacturing process with reli-
able homogeneity, compatibility, mechanical strength, and en-
ergy density is critical to scaling cathodes for solid-ZABs. For the
commercial viability of ZABs, the electrochemical performances

Table 7. The key parameters from material level to practical scale.

must be evaluated with realistic capacities >1 Ah to match the
commercial prototypes and progressively scale up for 5-20 Ah
capacities.

Regarding the scalability of SEs, the polymeric host frame-
works, cross-linked functional groups, structural phases,
nano/micro-structures, and ion-transport pathways affect the
ion-conductivity and charge/mass-transfer kinetics. Nanos-
tructured SEs enable large surface areas with numerous ion
transport channels, high rate capabilities, improved capacity
utilization with limited swelling, and increased water retention

Electrodes/strategies Key performance metrics

Commercial energy storage technologies

Materials Corrosion lon Catalytic EWs  Uniform Electrical

utilization reactions trans-  activi- Zn conductiv-

inhibition  port ties deposition ity

Operating Areal  Coulombic Power Energy Energy Voltage  Cycle Cost

voltage capacity  efficiency density density efficiency efficiency lifetime

Anode Artificial SEI

Design structures
Cathode Intrinsic
Defects control
Size control

Composites

High concentrated
Electrolyte
Additives based

Solid-state
Liquid
Cell Membrane-free
config-
uration
P I O H H H B B
Asymmetric . . . . . . .

Symmetric . . . . . . .

Significantly improved; . Improved; . No relevance; . Partial degradation; . Severe degradation.
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compared to micro/macro-structured SEs using facile poly-
merization reactions. Micro/macro-structured SEs undergo
severe hydration and hydrolysis reactions with CO,, NH;, HCI,
or H,S gases and excess swelling, facilitating poor interface
compatibility and energy/power characteristics.

Chitosan- and cellulose materials were suggested as one possi-
ble candidate for large-scale production of SEs due to their intrin-
sic properties such as water-binding strengths/wettability, per-
meability, scalable nanostructures, chemical/physical-stability,
cost-effective, interfacial-reaction compatibility, thermodynamic-
properties, and environmental-safety/biodegradation after cell-
operations. Hybrid SEs based on chitosan/cellulose with opti-
mal concentrations/stoichiometry and water-organic solvents of-
fer practical pathways for ZABs with continuous ion flux. For
dendrite-free Zn-anode operations, Sand’s ideal condition and
theoretical demonstrations require the SEs to satisfy the condi-
tion, “the shear modulus of SEs should be greater than that of
a Zn-anode (Ggp, > G,,) and the lower surface diffusion barri-
ers with high surface energies”.33<l Lab-scale reports mostly uti-
lize excess SEs of 500-5000 um thickness that can readily reg-
ulate the density, internal defects, and battery assembly; how-
ever, the specific-capacity/energy is evaluated based on the con-
sumed mass of Zn, which is critically far-away from industrial
requirements. Excess SEs severely degrade (10-100 times) the
specific energies of the full cells required for commercial-scale
applications. Realizing industrial-standard SEs (ultrathin of 30—
100 pm) with batch production is the most critical challenge with
superion-conductivity, mechanical strengths, and interfacial ho-
mogeneity to fulfill high-energy batteries.

9.2. Fast-Charging

Electrochemical operations of ZABs include oxygen (O,)-
diffusion, dissolution/emission of O,, electrochemical oxida-
tion/reduction of O,, intermediates, and discharge products
for the electrodes and SEs. Among these, finding the critical
resistance-contributing steps is the key requirement to achieve
high rate-capability and fast charging. Effective GDL is necessary
for practical current densities since the O, diffusion is a rate-
limiting step for air cathodes. Failure of catalysts realizes fast-
charging of ZABs, generating voluminous O, bubbles and hin-
dering the interactions among the catalysts and reactants with in-
stigating catalysts dropping off the gathered electrodes. Defi-
cient active sites and poor inherent OER activities of the catalysts
are the major obstacles that cause difficulty in delivering poor
overpotentials for higher current densities. Powder-based cata-
lysts are challenged by the clumsy process steps over CCs, which
require conductive carbon and additional polymeric binders.
Then, it inevitably suffers from increased resistance, shielded ac-
tive sites, poor mass/charge transport kinetics, and conductive
carbon oxidation. Carbon oxidation results in severe degrada-
tion of ZABs performances with limiting cycle lifespan.l*! Fur-
ther, it undergoes worse with ZABs charging for higher cur-
rent densities. Utilizing carbon-free catalysts is a realistic strat-
egy to avoid the irretrievable oxidation of carbon, delaying the
cycle lifespan.’d Employing self-supported electrodes with su-
perior metallic catalysts (oxides, sulfides, nitrides, sulfates, etc.)
with minimal carbon (<3%) declines the catalysts shedding, de-
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ficient mass loadings, unrecoverable carbon corrosion for the
realization of fast-charging ZABs over a longer lifespan. For
example, metal sulfides have superior OER activities by self-
reconstruction for metal (oxy)hydroxide real active sites. Sur-
face atomic configurations and exposed crystal planes of recon-
structed metal (oxy)hydroxides modulate the element composi-
tions and structures with a tailoring coordination environment,
and electronic structures realize higher OER performance. Multi-
metallic (oxy)hydroxides have also been identified to perform
superior OER activities to those of single counterparts. Multi-
metallic (FeCoNiSx) (oxy)hydroxides have unique structures gen-
erated by surface reformation of amorphous multi-metallic sul-
fides with abundant dangling chemical bonds and structural de-
fects. Thus, it extends high current densities (10, 100, 200, and
400 mA cm™?) for lower OER overpotentials aiming for fast
charging for 2000, 150, 280, and 175 cycles.[*! Table 5 summa-
rizes the charging current densities with cycle lifespan and val-
idates that ZABs can operate at 25, 50, 100, and 200 mA cm™
charging current density for 6000, 4500, 1500, and 1000 cycles for
CPS-based catalysts. Mesoporous hybrid catalysts obtained fast
charging by 50 mA cm~2; however, it is limited to 1800 cycles.

Mitigating interfacial instabilities, mass/charge-transfer resis-
tance, polarization gradients, and depletion of electrolytes re-
alize the high current-density operations. Molecular structures,
functional groups, and solvent/salts of SEs, conformal interfaces
of Zn/SEs and cathode/SEs determine the critical current den-
sity (CCD) considering parasitic Zn-dendrites and rising rate-
capability (one to five orders in magnitude). Increasing CCD be-
yond the O,-diffusion (rate-limiting) step with high capacity re-
tention and safety is desirable for fast-charging viability.

9.3. Cell-Energy Metrics

Based on our work, we suggest the key battery parame-
ters required for high-energy practical ZABs (Table 8): 1. For
100 Whkg! cell-level energy density, the cathode mass-loading >
3mgcm~2, E/C <37,N/P <7.5, E/A >1.2, and capacity > 0.5 sAh;
2. For 300 Wh kg', the cathode mass > 10 mg cm~2, E/C <12,
N/P <2.4, E/A >1.4, and capacity > 0.8 Ah; 3. For 500 Wh kg1,
the cathode mass > 15 mg cm~2, E/C <8.0, N/P <1.8, E/A >2.6,
and capacity > 1.0 Ah.

9.4. Cost

Figure 5g displays energy and pack-cost characteristics con-
sidering materials supply chain/yields, processing, packaging,
and other overhead charges. Maximum specific energy of
>500 Wh kg! _,, with a nominal cost of 48 US$ kWh~! for ZABs
attracts the emerging EVs market. ZABs project the two to three-
times lower-cost (4000-20000 US$ per battery pack) and longest-
range EVs (%2000 km) relative to those of LiS and LIBs (20000-
45000 US$). Power, calendar life, and self-discharge rates must
also be considered for reliable EVs. Thus ZABs are attractive
candidates to replace LIBs in EVs because of decreased range
anxiety for relatively reasonable costs. Materials supply chains
must be robust for manufacturing because geopolitical instabili-
ties severely disrupt the availability and costs. There are inevitable

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UBD|7 SUOWWIOD 8A1Te81D 3(qedtjdde au Aq peusenob ae sspie YO ‘88N JO Ss|n. 10} ARIqIT8UIUO A8]IM UO (SUONIPUOD-PUR-SLUBHLI0D A8 | IMAteIq 1 U UO//:SdNY) SUORIPUOD pue swie | 84} 835 *[6202/50/90] o Ariqiiauliuo A8 |im ‘AiseAiun BueAueH Aq 9250202 WUSR/Z00T OT/I0p/W0D A8 | 1M Ae1q 1 pulUO"PSoURADe//SAnY Woly papeoiumod ‘YT ‘G20z ‘0r89rToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Table 8. Principal testing parameters required for lab-scale Zn battery measurements and specifications required for achieving each cell-level energy

density.

Parameters/Cell energy [Wh kg™ /]

Specifications required for each parameter (or each cell-level energy density)

Cathodes
Electrolytes
Separators
Anodes

Cell dimensions

Electrochemical parameters

100 Wh kg™
300 Wh kg™ oy
500 Wh kg™ )

Mass loading with all components (10-20 mg cm~2), GDL/CC thickness
Electrolyte types, E/C ratios, amount, and thickness for SEs
Thickness and materials type
Mass loading, thickness, N/P ratio (2-3)

Cell design types, size, packing, and tab materials

Operating temperature, power density, specific energy density (>300 Wh kg™ ), cycling
for 409%-80% DOD (>1000 cycles), rate-capacity (20~50 mA cm~2), Coulombic
efficiencies (CE) of >99.9%

N/P < 7.5,E/C <37, E/A > 1.2, Cell capacity > 0.5 Ah, Cathode mass > 3 mg cm™2
N/P < 2.4, E/C <12, E/A > 1.4, Cell capacity > 0.8 Ah, Cathode mass > 10 mg cm—2
N/P < 1.8, E/C < 8.0, E/A > 2.6, Cell capacity > 1.0 Ah, Cathode mass > 15 mg cm~2

pros/cons in commodity prices; however, deep forecasts over fu-
ture costs of ZABs manufacturing are necessary for sustainable
fabrications. Further, battery-waste disposal, solvents, and toxi-
city are also important parameters to consider. AEMs are ulti-
mately valuable SEs due to water-based processability. Upscal-
ing SE fabrication processes is critical, and solution processing is
the best approach. Non-recycled LIBs pose a risk to local environ-
ments owing to leakage of eco-toxic components and depletion of
limited resources. By contrast, recycling ZABs is economically vi-
able while retaining high efficiency because of non-toxic ingredi-
ents and SEs using well-known processes for spent alkaline/Zn-C
batteries. However, an in-depth understanding of the principles
of green materials design is necessary due to unknown perfor-
mance degradation, target costs, and separation of cathode/SEs
components.

9.5. Testing Standards

ZAB research suffers from arbitrary testing parameters due to a
lack of testing standards, inducing the misinterpretation of per-
formances. Numerous ZABs report 5000-10000 cycles-stability;
however, poor charge-discharge rates and <5% DOD made
it challenging to provide valuable insights for practical ZABs
(Table 5). ZABs future research must focus on the performance
capabilities of relevant technology standards. We recommend a
set of testing parameters such as 1) Cycle life should be mea-
sured for 100% DOD at 1C, similar to LIBs standards; 2) Specific-
capacity of >1 Ah-scale and areal-capacity (>5 mAh cm~2); 3) En-
ergy density for full-cell weight/volume; 4) High mass-loading of
10~15 mg cm~%; and 5. N/P and E/C ratios are denoted in Table 8.
These metrics are not prescriptive and can vary depending on the
applications. These standards will accelerate the ZABs toward re-
alistic assessments.

10. Methods

10.1. Calculations of Power Demands for EVs
Velocity profiles are calculated using the vehicle dynamics model

for Urban Urban Dynamometer Driving Schedule (UDDS) driv-
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ing cycles to evaluate the battery power demands. The power of
wheels is assessed as:

dv (t) C,
P t) = i
wheels (£) <m5v It + mpygcos o 1000

(clv(t) + Cz)

+0.5p,, ArCpV” () + mpyg sin6) v (1) (1)

where, my, is vehicle mass of 2230 kg, v(t) the velocity inms~1, 6
~0 the climbing angle, C, = 1.75, ¢; = 0.0328, ¢, = 4.575, p,;, the
air density of 1.225 kg m~3, Ap=2.67 m? the front area of vehicle,
Cp, = 0.23 the aerodynamic drag coefficient.

The battery pack power for regeneration braking and traction
modes are evaluated as:

Regenerative breaking mode

Pbut = Pwheel: XNy (2)

Traction mode

P
Pbat — wheels (3)
N1lmd

where n = 92% the transmission efficiency, #,,; = 91% the elec-
tric motor efficiency, 5, = 82% the regenerative breaking effi-
ciency. The estimated pack powers are normalized with total pack
energy of 85 and 200 kWh.
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