Published on 18 August 2025. Downloaded by Stanford University Libraries on 12/8/2025 7:29:09 PM.

Energy &

Environmental

Science

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2025, 18, 8608

Received 29th May 2025,
Accepted 21st July 2025

DOI: 10.1039/d5ee02978c

rsc.li/ees

Broader context

A solvation-driven reevaluation of organic
electrolytes for zinc batteriesy
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Louisa C. Greenburg,® Xun Guan,® Angela Cai,> Wenbo Zhang?® and Yi Cui*®®®

Zinc batteries promise low-cost energy storage for grids but are limited by poor negative electrode
reversibility. Thermodynamically stable organic electrolytes can theoretically enhance said reversibility
but present high raw material costs and sluggish electrochemical kinetics. Herein, we demonstrate that
abandoning the state-of-the-art chemistries based on fluorinated zinc salts and specialty solvents for
those based on ZnCl, and mass-produced organic solvents can simultaneously remedy both issues. The
Zn* solvation structure of these electrolytes substantially reduces the Zn deposition overpotential
relative to conventional organic systems and generates polyhedral Zn with preferential Zn(002) texturing.
Optimized electrolytes based on ZnCl, and ethyl acetate (EA) demonstrate Coulombic efficiencies (CE)
of >99.9% without any discernible losses during 24 hour calendar aging. Economic projections indicate
that these systems present a more than 80% reduction in the levelized electrolyte cost relative to
aqueous systems when 24 hours of corrosion losses are considered. Lastly, we demonstrate a hybrid
Zn/Na full cell, in which the designed electrolyte is projected to contribute only 5.0% of the material
cost. This work offers a route to scalable, low-cost organic electrolytes for Zn batteries.

Rechargeable batteries based on zinc are a promising low-cost alternative to commercial lithium batteries for grid-scale energy storage. However, poor device
lifetimes limit their commercialization. This instability is fundamentally a product of corrosion reactions between the zinc metal electrode and the commonly
applied water-based electrolytes, which form hydrogen gas as a parasitic byproduct. While applying electrolytes based on organic solvents could avoid this
corrosion, the poor kinetics and high system costs associated with zinc electrochemistry in such media have so far excluded them as a viable alternative. This
work solves this tradeoff via the introduction of organic zinc electrolytes based on mass-produced components whose local ion solvation structure also
enhances electrochemical kinetics. These electrolytes produce extremely reversible zinc cycling performance with negligible corrosion losses during 24 hours of
storage. Full batteries utilizing these electrolytes are projected to have lower levelized costs than those based on previous state-of-the-art systems. This work
demonstrates a techno-economically guided approach to electrolyte design for rechargeable zinc batteries.

Introduction

the levelized cost of solar and onshore wind energy in the United
States is estimated to have reached $29-$92 MWh ' and $27-

Transitioning to sustainable methods of generating electricity is a
means to reduce global greenhouse gas emissions while creating
economic value. Driven by scientific and technological innovation,
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$73 MWh ™", respectively, compared to $45-$105 MWh ' for
natural gas." Despite these advances, the intermittent nature of
these energy sources undercuts their potential impact on the global
energy economy. For widespread implementation, it is therefore
necessary to pair renewable energy installations with energy sto-
rage, which is estimated to more than double the aforementioned
price of wind and solar energies." These added storage costs are
largely driven by state-of-the-art lithium-ion batteries, which have
been designed and optimized for use in portable electronics and
electric vehicles. Though these applications require high cell energy
densities, the viability of a grid storage battery is based almost
entirely on levelized storage cost. This provides an opportunity for
alternative chemistries based on abundant materials.

This journal is © The Royal Society of Chemistry 2025
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Perhaps the most prominent amongst the prospective grid
battery chemistries are those based on the Zn metal negative
electrode. In addition to natural abundance, Zn exhibits a
relatively low redox potential of —0.76 V vs. SHE and a theore-
tical specific capacity of 820 mAh g™, which when paired with a
large library of viable positive electrode materials promises
reduced cost relative to current lithium-ion systems.>?
Additionally, the proximity of the Zn redox potential to the
water stability window has signaled its potential compatibility
with aqueous electrolytes, which are particularly attractive due
to their non-flammability, environmental safety, and most
importantly, low cost.*”

Although the development of aqueous electrolytes is critical
to the future of Zn batteries, the spontaneous hydrogen
evolution reaction (HER) that occurs on Zn presents a signifi-
cant challenge. Previous work from Glatz et al. demonstrated
that the Coulombic efficiency (CE) and the cell stability against
shorting of Zn half cells is positively correlated with the applied
current density, which is opposite to the relationship observed
for alkali metal cycling.®™*° Subsequently, this approach has
been applied in a variety of contexts to produce CE values
>99%.""""* The recent findings from Liu et al. and Pu et al.,
however, indicate that corrosion during calendar aging of
plated Zn may pose an additional challenge not solved with
high current cycling."®"” Although a variety of water-in-salt
(WISE) electrolytes have been developed to reduce the activity
of water, and thereby the HER, these systems have yet
to be benchmarked for calendar aging performance and pre-
sent elevated raw material costs relative to their dilute
counterparts.'82°

In principle, the HER can be avoided in organic electrolytes,
which have been successfully deployed at scale in lithium-ion
batteries that operate at much more aggressive reduction
potentials than that of Zn (Fig. 1a).>' However, it is thought
that these electrolytes are economically infeasible for grid
storage given the increased synthesis costs, purity require-
ments, and fabrication complexity necessary for high-energy
batteries. Recent works have reinforced these concerns, given
that currently demonstrated organic Zn electrolytes are largely
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based on fluorinated anions such as trifluoromethane sulfonate
(OTF") and bis(trifluoromethane sulfonyl)imide (TFSI™).**?
These anions have been so far necessary due to the insolubility
of conventional Zn salts such as ZnSO, in organic solvents, but
are not synthesized at any meaningful scale. Compounding
these issues, the kinetic barrier associated with charge transfer
to divalent cations in organic solution is known to be signifi-
cantly larger than for monovalent cations, severely limiting the
energy efficiency and reversibility of such batteries.”®**° These
issues have led to aqueous electrolytes dominating the Zn battery
research landscape.

In this work, we demonstrate that the cost and performance
deficiencies of conventional organic Zn electrolytes can be
overcome through the adoption of ZnCl, salt and mass-
produced solvents. These systems provide a reduced charge
transfer barrier via CI~ complexation at a lower price than
ZnCl, WISE systems (Fig. 1b and c). When applied in Zn|Cu
half cells, we found that an optimized formulation based on
ZnCl, and ethyl acetate (EA) was able to provide average CEs of
>99.9% over 100 cycles with negligible capacity loss during a
24-hour rest period. This behavior was observed in tandem with
preferential textured Zn(002) deposition orthogonal to the
current collector. We find that these advantages are largely
transferrable to full cell cycling, where we demonstrate a hybrid
Zn/Na charge storage cell based on a scalable positive electrode
chemistry. All these cells were assembled in ambient air, without
any humidity regulation. Lastly, we project that this low-cost
organic electrolyte accounts for as little as 5.3% of the total cell
raw material cost under industrially necessary lean electrolyte
conditions, a cost that we argue is clearly outweighed by the
improved device lifetime.

Results and discussion

Despite the promise of organic electrolytes for enhancing Zn
stability, they present several challenges from a levelized cost
perspective. Organic Zn electrolytes have so far largely relied on
Zn(TFSI), and Zn(OTF),, which are inferior in both price and
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Fig. 1 Motivation for organic electrolyte design for zinc batteries. (a) Schematic representation of the electrochemical stability of organic solvents with
respect to Zn?*/Zn. The depicted HER potential is for pH ~ 4, a common pH for ZnSO, solutions. (b) Qualitative representation of performance and cost

tradeoffs for zinc electrolytes. We demonstrate that this tradeoff can be va

stly improved in the case of organic electrolytes. (c) Schematic depiction of

organic electrolyte design to accelerate Zn charge-transfer and reduce system cost.
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Fig. 2 Organic electrolyte design guided by cost and scale. Global market sizes and prices of (a) Zn salts and (b) organic solvents. (c) Projected costs of
aqueous and organic electrolytes with salt and solvent cost contributions. Zn(OTF), is used for electrolyte cost projections due to a lack of relevant
Zn(TFSI), suppliers. (d) Zn|Cu cell cycling with 24 hour plated state resting every 10 cycles. SEM images of 0.1 and 3.0 mAh cm™2 Zn plated at
0.5mAcm™2in (e) and (f) 1 M ZnSO, H,O and (g) and (h) 3 M ZnCl, EA. Zn(002) pole figure measurements of 3.0 mAh cm™2 Zn plated at 0.5 mA cm™2in (i)

1M ZnSO4 H,O (j) 3 M ZnCl, EA.

scale to ZnSO, and ZnCl, (Fig. 2a). It is noteworthy that the
scale of their manufacture does severely limit the reliability of
their pricing, where the listed OTF~ price was only determin-
able via online Chinese Marketplaces (Table S1, see Methods
for selection criteria, ESIt). However, the nature of fluorine
chemistry, particularly the synthetic pathways of OTF~ and
TFSI™ are cumbersome and involve HF or F,, essentially guar-
anteeing a much higher price point than SO,>~ and CI~
salts.>'** Manufacturing scale is also critical, which we argue
is a somewhat reliable indicator of an electrolyte chemistry’s
ability to support energy storage on the scale of GW. Consider-
ing these criteria, mass-produced industrial solvents such as
ethyl acetate (EA), ethanol (EtOH), isopropyl alcohol (IPA), or
acetone would be ideal (Fig. 2b). Given the well-established
electrochemical stability of carboxylate esters, we adopt EA as a
primary solvent of investigation, which can dissolve up to
>1 M of ZnCl,. While the application of a potentially corrosive
halide anion is not ideal, we find that the more common ZnSO,
is insoluble in EA (Fig. S1, ESIT). These market data show a
projected cost of $1.12 USD kgelectmlyt{1 for 1 M ZnCl, EA,
which is less than the $1.27 USD kgelectmlyte*l of the 30 m ZnCl,
WISE (Fig. 2¢). While recent developments in hybrid aqueous/
organic Zn electrolytes may serve to lower solvent costs, our
projections indicate that this approach shows minimal cost
benefits for most systems that apply fluorinated salts such as
ZnOTF, (Fig. S2, ESIf).>*™° Additionally, we find that such
organic electrolytes are capable of wetting Celgard, the mass-
produced, low-cost battery separator that forms the basis of
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lithium-ion battery stacks (Fig. S3, ESIt). These characteristics
encouraged us to examine the electrochemical Zn performance
of ZnCl, EA solutions.

The ionic conductivity of 1 M ZnCl, EA was measured to be
0.47 mS em ™ ' which is increased to 3.1 mS cm ™" at 3 M (Fig. S4,
ESIT). This increase in the salt concentration confers minimal
additional electrolyte cost, still below that of the ZnCl, WiSE
(Fig. 2¢). The CE of Zn cycling in both electrolytes were tested in
Zn||Cu half cells, implementing a 24-hour resting step in the
plated state every 10 cycles to gain an understanding of both
cycle and calendar life. As shown in Fig. 2d, the exceptional
reversibility of the ZnCl, EA electrolytes is maintained over 100
cycles, with minimal CE loss during calendar aging in 3 M
ZnCl, EA (Fig. 2d). Including the periodic calendar aging cycles,
the average CE over these 100 cycles are 98.9, 99.8, and 99.9%
for 1 M ZnSO, H,0, 1 M ZnCl, EA, and 3 M ZnCl, EA,
respectively. We again emphasize that this performance is
achieved with electrolytes and cells prepared in ambient air
free of any humidity control. This cycling protocol was also
applied to cells containing 2 M ZnCl, EtOH, the optimum
concentration for conductivity in that system, which only
provides an average CE of 98.8% (Fig. S5, ESIf). We also note
that the 3 M ZnCl, EA solution shows improved critical current
densities of Zn|Zn and Zn| Cu cells of 2.0 mA cm™> compared
to 1.0 mA cm ™2 in the 1 M solution (Fig. S6, ESI¥).

To examine the morphology of Zn plated in these systems,
we conducted ex situ SEM analysis of 0.1 and 3.0 mAh cm™> Zn
deposited at 0.5 mA cm > in these electrolytes. In the

This journal is © The Royal Society of Chemistry 2025
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conventional 1 M ZnSO, H,O electrolyte, we observe well-
dispersed nucleation sites (Fig. 2e) that result in a porous Zn
morphology with clear domains of ZHS at 3.0 mAh c¢cm >
(Fig. 2f). The 3 M ZnCl, EA electrolyte, on the other hand,
produces much fewer polyhedral Zn nucleates which grow and
eventually merge into faceted domains tens of um in size
(Fig. 2g and h). The difference in the Zn morphology is also
clear optically, where Zn deposited in the 1 M ZnSO, H,0O
electrolyte appears black, indicative of uncontrolled nm-scale
structures and Zn deposited in 3 M ZnCl, EA is metallic (Fig. S7,
ESIY). These two growth mechanisms each have advantages and
disadvantages, where the sparse nucleates of the 3 M ZnCl, EA
system provide lower surface areas for corrosion, but may
contribute to the relatively low critical current. The higher
surface area deposits found in 1 M ZnSO, H,O, on the other
hand, provide plentiful reaction sites for both the Zn plating
and the HER. Interestingly, the 30 m ZnCl, H,O WIiSE electro-
lyte appears to display both the dispersed nucleation behavior
of the aqueous systems, and the pm-sized nature of the EA
systems (Fig. S8, ESIT). We also observe needle-like deposits
that coexist with the polyhedral Zn deposition at lower ZnCl,
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concentrations, possibly due to their inferior transport (Fig. S9,
ESI¥).

Given the substantial variance in morphology, we applied
X-ray diffraction (XRD) and pole-figure analysis of the 3 mAh cm 2
samples deposited in 1 M ZnSO, H,0 and 3 M ZnCl, EA. First, we
measure a significant increase in the diffracted intensity of the
Zn(002) facet in the 3 M ZnCl, sample relative to the 1 M ZnSO,
H,0 system in 2-theta XRD (Fig. S10, ESIt). Zn(002) has the lowest
surface energy of all Zn facets, and is also associated with reversible
Zn battery performance.*® We then subjected the samples to XRD
pole figure measurements to confirm the existence of any crystal-
lographic texturing. As shown in Fig. 2i and j, despite a relative lack
of preference in the ZnSO, electrolyte, we observe clear indications
of Zn(002) texturing orthogonal to the current collector, which likely
corresponds to the dominant facets seen in the plan-view SEM
image. Comparatively, little texturing for Zn(100) in either sample
can be found (Fig. S11, ESIT).

In addition to the enhanced electrochemical stability and
faceted deposition of the 3 M ZnCl, EA electrolyte, we also
found evidence of a solid-electrolyte interface (SEI) on depos-
ited Zn. First, in X-ray photoelectron spectroscopy (XPS), we
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Fig. 3 Solvation-dictated Zn kinetics of ethyl acetate electrolytes based on Zn(TFSl), and ZnCl,. (a) Voltage profiles of Zn||Cu cells. (b) Exchange current
measurements from Zn||Zn cells at 1 mV s~*. Snapshots of molecular dynamics simulations of (c) 1 M Zn(TFSI), EA and (d) 1 M ZnCl, EA. Radial distribution
functions from MD simulations of (e) 1 M Zn(TFSI), EA and (f) 1 M ZnCl, EA. (g) Calculated statistical distribution of primary Zn®* solvation shells from MD

simulations.
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observe clear evidence of C—O species as well as Zn-OH, Zn-0,
and Zn-Cl species (Fig. S12, ESI{). These chemical groups
present on the surface of electroplated Zn are likely products
of solvent decomposition and the reduction of trace water
present in the electrolyte, which was prepared and stored in
ambient air. Energy dispersive spectroscopy (EDS) indicates
that these species are seen most intensely on the edges of the
Zn(002) facets (Fig. S13, ESIT). Under a transmission electron
microscope (TEM), we observe this SEI to be on the order of 70-
100 nm thick (Fig. S14, ESIT). This interface, in addition to the
intrinsic reductive stability of EA relative to water may be
related to its enhanced cycling and calendar life stability.

Charge-transfer barriers associated with divalent metal
cations in organic solvents are known to be severe.’®° As
shown in Fig. 3a, we observe a plating overpotential between
250 and 400 mV at a moderate current density of 0.5 mA cm >
in 1 M Zn(TFSI), EA. However, this is substantially decreased to
50-90 mV when TFSI™ is substituted with ClI". This kinetic
improvement is also reflected in exchange current measure-
ments from Zn|Zn cells, where 1 M ZnCl, EA confers an
apparent exchange current of 78.6 pA cm™ 2, more than an
order of magnitude increased from the 6.4 pA cm > of 1 M
Zn(TFSI), (Fig. 3b). It is worth noting that while the apparent
exchange current kinetics of the 3 M ZnCl, EA system appears
to be superior to that of the 1 M ZnSO, system, we cannot
preclude the influence of passivating oxidized species present
at the aqueous interface on the measurement. We conclude
that the decreased overpotential seen in Fig. 3a is a primary
function of these increased Kkinetics, given that the ionic con-
ductivity of the TFSI™ system is significantly greater than that of
the Cl~ system (Fig. S15, ESI{).

Recent works have signaled the importance of an ion solva-
tion structure to charge-transfer kinetics, particularly in the
case of divalent cation chemistries.>****” Before any analysis,
we expected a significant variance in the degree of ion associa-
tion between Zn and Cl™ vs. Zn and TFSI™ due to the differences
in charge density (i.e. anion size), and the known prevalence of
transition metal chloride complexes in aqueous solution."*%3°
Cl™ complexation has also been found to significantly accel-
erate the kinetics of Cu electrodeposition, primarily via accel-
erated outer-sphere charge-transfer processes.'”*! As shown in
Fig. S16a (ESIt), we observe a significant blue shift in the Zn-Cl
mode relative to that of the ZnCl, salt from ~230to ~315cm™?,
indicative of the strong pairing interactions similar to those seen
in low-concentration aqueous ZnCl, solutions.** Comparatively,
we observe a red shift of the S-N-S vibrational mode of TFSI" in
1 M Zn(TFSI), EA relative to the salt from ~751 to ~742 cm ™ *,
which is conventionally a sign of weaker TFSI /cation pairing
(Fig. S16b, ESIT).*?

To gain greater insight into the solvation environment of the
Zn** ion, we conducted classical molecular dynamics (MD)
simulations of 1 M Zn(TFSI), EA (Fig. 3c) and 1 M ZnCl, EA
(Fig. 3d). After equilibration, the radial distribution functions
(Fig. 3e and f) support a significant variance in anion association.
In 1 M Zn(TFSI), the Zn>" ion is predicted to be primarily solvated
by EA, with an average solvation structure of Zn>"(EA)s_ 4(TFSI o6,

8612 | Energy Environ. Sci., 2025, 18, 8608-8617
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compared to the heavily complexed average Zn>'(EA),s(Cl ),.4
structure predicted in 1 M ZnCl, EA. To gain a more precise
understanding of not only the average structures, but the dis-
tribution of solvation states, we carried out a statistical analysis
using the solvation analysis package (see Methods). As shown in
Fig. 3g, this analysis reveals that solvent-separated ion-pair (SSIP)
structures are found at a 49% prevalence in 1 M Zn(TFSI), EA,
followed by a 41.2% prevalence for single-TFSI™ contact-ion pairs
(CIP), and a 7.6% prevalence of 2 TFSI aggregates (AGGs). In 1 M
ZnCl,, however, there is no statistically significant existence of
SSIP structures, where several CI” complexes with coordination
numbers between 1 and 4 dominate the Zn>" solvation structure.
These results support the experimental data that Zn-Cl complexes
dominate the solvation environment of the ZnCl, EA electrolyte
and are likely responsible for the accelerated electrochemical
kinetics.

As previously mentioned, the economic viability of a sta-
tionary storage system is primarily defined by its levelized cost,
in units of price per total energy delivered (e.g. USD MWh 1)
This quantity is, by definition, strongly dependent on the cycle
life of the device, which for Zn batteries is determined by the CE
of Zn plating and stripping.”®> Assuming that CE loss corre-
sponds to an irreversible loss in the Zn*" inventory, the normal-
ized capacity retention of an anode-free Zn cell at its nth cycle

n
corresponds to (%) (Fig. S17, ESIY). This exponential rela-
tionship yields a dramatic reduction in the projected cycle life
as the CE falls, in the range of thousands of cycles for 99.9% to
tens of cycles for 95.0% (Fig. 4a). Considering this, the corrosive
losses previously observed in Zn calendar aging may be detri-
mental to the levelized cost of the device.

As the nature of stationary storage operation requires sto-
rage times on the scale of hours to days, we conduct a CE
comparison of Zn| Cu cells with and without 24 hours of plated-
state aging, which we calculate based on the cycling shown in
Fig. 2d. Conducting this CE comparison between cells with an
aging step every cycle, it was determined that the 1 M ZnSO,
system was unable to sustain long-term cycling without shorting
(Fig. S18a, ESIt). These losses are calculated by averaging the 24
hour rest cycles shown previously and compared to the CEs of
cells cycled continuously without rest (Fig. S18b, ESIt). Under
this comparison, the aqueous systems show significantly greater
CE losses from resting, where 1 M ZnSO, and 30 m ZnCl, show
2.8 and 0.8%, respectively, compared to negligible loss from 3 M
ZnCl, EA. We also conduct a comparison of CEs over the initial
10 cycles of cells cycled with a 24 hour aging step every cycle,
which reveals that these losses are more severe in the early cycles
and more pronounced in aqueous systems (Fig. S19, ESIt).

To provide the cumulative impact of CE, raw material cost,
and cell design factors, we carry out a levelized cost analysis of
electrolyte systems of interest. We define the levelized cost of
the electrolyte in units of USD MWhgeliverea ', Where the
denominator is the summed energy delivered over the lifetime
of a device employing a hypothetical 100 mAh g™, 1 V positive
electrode. The full details of these projections are provided in
the Methods section. As shown in Fig. 4c, the 1 M ZnSO, H,0

This journal is © The Royal Society of Chemistry 2025
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electrolyte clearly presents the lowest levelized cost at the
measured CE of 99.4% averaged over 100 cycles of continuous
cycling (Fig. S18b, ESIt). However, when considering the 2.8%
CE loss from 24 hours of calendar measured previously
(Fig. 4b), the levelized cost of the electrolyte quickly increases
to over $10 USD MWh ™" in the anode-free configuration. The
0.8% loss measured in the 30 m ZnCl, H,O system incurs a
similar increase in the levelized cost (Fig. 4d). Although both
the levelized electrolyte cost and cycle life of the cell are
substantially improved by the addition of excess Zn capacity,
this is accomplished to the detriment of cell energy density
(Fig. S20, ESIt), and inevitably the overall cost of the cell. If the
loss-free nature and CE of the 3 M ZnCl, system hold, however,
we predict that this system will confer a levelized electrolyte
cost of only $3.65 USD MWh ™' (Fig. 4e). The 3 M ZnCl, EA
electrolyte also similarly improves on the projected levelized
cost of the 0.5 M Zn(OTF), EC/DMC (1:1) system (Fig. S21,
ESIY). Lastly, it is critical to note that the levelized electrolyte
cost metric is an indication of the overall system’s levelized cost
differences at the cell or pack level. As the scale increases, so
does the impact of CE on the levelized capital cost.

To verify the superiority of the 3 M ZnCl, EA electrolyte, it is
necessary to demonstrate that the previously discussed advan-
tages are transferable to full cells employing relevant positive
electrodes. To do so, we examine the performance of conventional
Zn-ion battery positive electrodes, such as electrolytic manganese
dioxide (EMD), V,0s5, and VOPO,, all of which exhibit reversible
capacities >100 mAh g~ " and average discharge voltages >1V in
aqueous Zn electrolytes.” Unfortunately, none of these systems
exhibit reversible redox in 3 M ZnCl,, in which the initial cathode

This journal is © The Royal Society of Chemistry 2025

discharge exhibits <50 mAh g ' of storage and cannot be
recharged (Fig. S22a-c, ESIT). We hypothesize that this incompat-
ibility may be a result of the previously discussed Zn-Cl com-
plexation and look towards Na* storing cathodes to pair with the
Zn anode in a hybrid Na/Zn charge storage scheme. To support
this battery, we find that despite its insolubility in EA, 0.1 M NaCl
is soluble in 3 M ZnCl, EA (Fig. 5a). This NaCl solubility is
supported to at least 1 M, and likely operates via a co-solubility
mechanism similar to the recently published potassium/zinc
acetate aqueous system.’® Given that Na-ion batteries have not
yet reached the manufacturing scale of Li-ion batteries, accurate
pricing data for large-scale positive electrode manufacturing does
not exist. However, we argue that marcite-phase NaFePO,
(m-NFP), which is synthesized in a very similar fashion to
LiFePOy, is likely to have a low cost floor.*>*® Indeed, assuming
the same processing cost (see Methods), we project an m-NFP
manufacturing cost of 2236 USD kg™ ', which is comparable to the
listed 2357 USD kg™ " of EMD (Table S2, ESIY).

To support this hybrid Zn/Na battery, we fabricate self-
standing m-NFP electrodes using butyl benzyl phthalate as a
santicizer, resulting in a flexible, robust film (Fig. 5¢). As shown
in Fig. 5d, the resulting m-NFP electrodes show a reversible
capacity of 82 mAh g~ ' at C/10 and an average discharge voltage
of 0.95 V. Despite its low-cost nature, the relatively low specific
capacity and output voltage of m-NFP are suboptimal in terms
of energy density (Fig. S23, ESIt). Higher energy chemistries
based on anion storage or redox may be a suitable solution for
future studies.*”"*° Full cells were then built in an anode-free
configuration and cycled in a similar manner to the Zn||Cu half
cells, resting for 24 hours in the charged state every 10 cycles.
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As shown in Fig. 5e, the difference in cycling reversibility and
capacity loss during rest between 3 M ZnCl, 0.1 M NaCl EA and
1 M ZnSO, 0.1 M Na,SO, H,O is clear. First, we find that the EA
full cell undergoes minimal fade in the initial C/10 conditioning
cycles, whereas the aqueous system experiences rapid capacity
fade, supporting previous works which observed a positive
correlation between the cycling rate and CE.® Although cycling
stability improves during the following C/3 cycling, this stability
is undercut by the substantial loss in capacity during the 24 hour
calendar aging steps on cycles 10 and 20 (Fig. 5e). Although there
is slight capacity loss during these aging periods in the 3 M
ZnCl, 0.1 M NaCl EA cell, this capacity is immediately recovered
in the following cycle, indicating that the loss is due to self-
discharge as opposed to corrosive losses of cyclable Zn**,

To provide a simple indication of the cost paid for the
enhanced performance of the 3 M ZnCl, EA electrolyte, we
conducted one final pricing analysis. Lean electrolyte loadings
are a prerequisite for industrially relevant energy densities,
which dilutes their contribution to cell cost, and again empha-
sizes the advantage of the EA system.>® Hence, for an electrolyte
loading of 2 g Ah™', we project that 3 M ZnCl, EA would
account for only 5.0% of the total cell material cost, not
including cell packaging or pack-level components (Fig. 5f).
This represents a substantial reduction in cost relative to state-
of-the-art organic Zn electrolytes based on Zn(OTF), and
Zn(TFSI),. Given the definition of levelized cost for energy
storage, which considers not only system cost but operating
life, we believe that the technological case for the ZnCl,/EA
system is clear when considering the vast improvements in
cycle life and system stability at rest.

8614 | Energy Environ. Sci., 2025, 18, 8608-8617

Conclusion

In this work, we demonstrate a chemical design route to
address the cost/stability/performance tradeoffs associated
with adopting organic electrolytes for Zn batteries. By adopting
the ZnCl,/EA chemistry, the sluggish charge-transfer kinetics of
conventional organic Zn electrolytes were addressed at an
improved projected system cost. This enhancement is likely a
result of liquid-phase Zn-Cl complexation, which was observed
experimentally and computationally, and is known to enhance
metal deposition kinetics in other electrochemical contexts.
The optimized 3 M ZnCl, EA electrolyte was found to exhibit a
Zn cycling CE of 99.9% over 100 cycles without any discernible
loss during 24 hour calendar aging. The enhanced reversibility
of the 3 M ZnCl, EA is seen in concert with textured Zn(002)
deposition and micron sized polyhedral deposition. This per-
formance, in addition to the low-cost, scalable nature of the
electrolyte materials, results in significantly reduced levelized
electrolyte costs relative to aqueous and conventional organic
systems. Lastly, we find that all these benefits are conferred to
full cells based on a hybrid Zn/Na charge storage mechanism,
to which the electrolyte is projected to add minimal cell cost.
This work provides a viable economic alternative to aqueous
electrolytes that do not introduce the same performance losses
associated with calendar aging.
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