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Conceptual summary of high-voltage anode-free sodium-sulfur batteries.

Room-temperature sodium-sulfur batteries have long been attractive because they
are based on earth-abundant and low-cost elements, but their practical development
has been constrained by low operating voltage, sluggish sulfur redox kinetics,
polysulfide-related parasitic reactions, and the frequent need for excess sodium
metal. In a recent Nature study, Geng et al. reported a high-voltage anode-free
sodium-sulfur battery based on reversible sulfur/sulfur tetrachloride chemistry in a
chloroaluminate electrolyte'!. This work provides a notable example of how
electrolyte chemistry can not only transport ions but also redefine cathode redox
pathways and enable anode-free cell operation.

The study is important because it challenges two conventional assumptions in Na-S
battery chemistry: that sulfur cathodes are intrinsically limited to low-voltage
conversion reactions (typically below 1.6 V versus Na/Na"), and that sodium metal
must be preloaded in excess to sustain cycling, which adds inactive mass and raises
safety concerns”*. By accessing high-valence sulfur redox chemistry, the authors
achieve a 3.6 V-class Na-S§ battery, substantially higher than the typical discharge
voltage of room-temperature Na-S systems. At the same time, sodium is plated onto
an aluminum current collector during operation, reducing the need for a
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3.6 V anode-free Na-S battery Discharge voltage: 3.6 V
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Figure 1. (A) Schematic illustration of the anode-free Na-S battery based on the S/SCl, redox reaction with a chloroaluminate electrolyte
comprising 8 M AICI; and 4.5 M NaDCA in SOC,,; (B) Schematic illustration of the conventional Na-S battery based on S/Na,S redox
chemistry using a conventional organic electrolyte; (C) Cycling performance of anode-free Na-S batteries using NaDCA and NaCl
electrolytes. Adapted with permission from Ref.!", Copyright ©2026 Springer Nature. NaDCA: sodium dicyanamide.

sodium-metal reservoir. However, as with many early-stage battery concepts, the work also raises important
questions. The reported high energy and power densities are based on electrode mass and should not be
directly interpreted as commercial cell- or pack-level values. Practical viability will depend on electrolyte
amount, areal loading, separator and packaging mass, long-term cycling stability, safety, moisture tolerance,
manufacturing compatibility, and full life-cycle cost.

As shown in Figure 1A and B, the electrolyte plays the central role in this chemistry. In conventional battery
design, the electrolyte is generally expected to conduct ions while suppressing parasitic reactions. Here,
however, it functions as a reactive chemical medium. Sodium dicyanamide in a chloroaluminate electrolyte
enables reversible sulfur chlorination at the cathode while simultaneously supporting sodium plating and
stripping on an aluminum current collector. Moreover, the anode-free Na-S battery exhibited an impressive
cycle life of 1,400 cycles at a charge capacity of 200 mAh g, whereas the battery with a NaCl-based
electrolyte experienced rapid capacity decay within 20 cycles [Figure 1C]. This electrolyte-programmed
battery architecture couples the cathode reaction, anode formation, and interphase chemistry through the
liquid phase!". Although this strategy considerably expands the design space of Na-S batteries, it also imposes
stringent demands on electrolyte stability, reversibility, and compatibility with practical cell components.



Cao et al. Energy Z 2026, 2, 200021 Page 3 of 5

The reported performance is striking at the materials level. The authors demonstrate electrode-mass-based
energy and power densities of 1,198 Wh kg™ and 23,773 W kg, respectively. With a Bi-coordinated covalent
organic framework catalyst, the energy density reaches 2,021 Wh kg on the basis of total electrode mass'"\.
These values highlight the potential of high-valence sulfur chemistry, but several caveats should be
considered. Electrode-level metrics exclude electrolyte, separator, current collector, casing, tabs, safety
components, and system-level inactive mass. Moreover, the long-term implications of sulfur chlorination,
possible crossover of reactive intermediates, electrolyte consumption, and catalyst durability remain to be
fully clarified. Therefore, this work should be viewed less as an immediate commercial energy-density
benchmark and more as a new chemical strategy for overcoming the voltage limitation of room-temperature
Na-S§ batteries.

The work is also timely from a resource and sustainability perspective. Grid storage requires battery
chemistries that can be deployed at a very large scale without creating new supply-chain bottlenecks. Sodium
and sulfur are attractive in this regard because they are abundant and inexpensive compared with lithium,
cobalt, and nickel™. The authors estimate a materials-level cost of US$5.03 kWh™' and demonstrate several
steps toward practical relevance, including lean-electrolyte operation, scalable cathode fabrication, pouch
cells, Ah-level cells, wide-temperature operation from -40 to 80 °C, and fiber-shaped cells for wearable
electronics!”. These demonstrations are encouraging, but materials-level cost and proof-of-concept pouch
cells represent only early indicators of practicality. Pack-level cost, electrolyte handling, manufacturing yield,
safety certification, recyclability, and calendar life will ultimately determine whether this chemistry can
compete with established and emerging storage technologies.

Several challenges deserve particular attention before high-voltage anode-free Na-S batteries can be
considered a practical platform:

+ Cell-level validation. Future studies should move beyond electrode-mass-based metrics and report practical
cell-level energy density, areal capacity, electrolyte-to-capacity ratio, current-collector and separator
contributions, packaging mass, and long-term performance in realistic pouch-cell formats.

+ Long-term anode-free cycling. Anode-free batteries are highly sensitive to sodium plating/stripping
efficiency. Even small irreversible sodium losses can rapidly reduce capacity because there is no excess
sodium reservoir. High Coulombic efficiency must therefore be sustained over extended cycling and under
practical current densities.

« Electrolyte stability and safety. Although the electrolyte is non-flammable and the reported cells show
encouraging abuse tolerance, chloroaluminate/SOCIL,-based electrolytes may present challenges associated

with corrosivity, moisture sensitivity, gas evolution, sealing, and large-scale handling.

» Mechanistic clarity. The reversibility of the S/SCI, redox couple, the lifetime and transport of sulfur-
chlorine intermediates, possible crossover processes, and the chemical evolution of the sodium/electrolyte
interphase require deeper mechanistic study.

« Catalyst durability. The Bi-coordinated covalent organic framework improves sulfur redox performance,
but its long-term structural and chemical stability under high-voltage, chlorinating, and strongly Lewis acidic
electrolyte conditions remains an important question.

« Manufacturing compatibility. Scalable electrode preparation, separator selection, corrosion-resistant
current collectors, electrolyte filling, sealing technology, moisture management, and quality control will
determine whether this chemistry can be translated beyond proof-of-concept cells.
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« Life-cycle and system-level assessment. The true advantage of the chemistry must be assessed at the pack
level, including electrolyte recovery or neutralization, recyclability, environmental impact, supply-chain
practicality, safety compliance, and total installed storage cost.

These limitations do not diminish the conceptual value of the work; rather, they define the next stage of
inquiry. The study shows that sulfur, one of the oldest and least expensive battery materials, can be given a
new electrochemical role through electrolyte-mediated high-valence redox chemistry. It also demonstrates
that anode-free sodium batteries may be enabled when cathode chemistry, sodium plating, and interphase
formation are designed together. These ideas could influence not only Na-S batteries but also broader alkali-
metal-sulfur, sulfur-halogen, and halogen-mediated battery systems.

The most important message is therefore not that high-voltage anode-free Na-S batteries are ready for
commercialization, but that their chemistry has been reopened. Future progress will require rigorous
benchmarking under practical conditions, quantitative accounting of inactive components, operando
characterization of sulfur-chlorine intermediates and sodium interphases, and systematic evaluation of
safety, manufacturability, and life-cycle value. If these challenges can be addressed, high-voltage anode-free
Na-S batteries may become a promising candidate for low-cost, resource-abundant energy storage. More
broadly, this work reminds the battery community that mature chemistries can still yield unexpected
opportunities when electrolyte design is used to create new reaction pathways rather than merely support
existing ones.
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