iIScience ¢? CellP’ress

OPEN ACCESS

Anode-free sodium metal batteries
as rising stars for lithium-ion alternatives
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SUMMARY

With the impact of the COVID-19 lockdown, global supply chain crisis, and Russo-
Ukrainian war, an energy-intensive society with sustainable, secure, affordable,
and recyclable rechargeable batteries is increasingly out of reach. As demand
soars, recent prototypes have shown that anode-free configurations, especially
anode-free sodium metal batteries, offer realistic alternatives that are better
than lithium-ion batteries in terms of energy density, cost, carbon footprint,
and sustainability. This Perspective explores the current state of research on
improving the performance of anode-free Na metal batteries from five key fields,
as well as the impact on upstream industries compared to commercial batteries.

INTRODUCTION

The exponential growth of global energy consumption has driven the rapid development of renewable en-
ergy technologies to achieve sustainable development goals.' Since the discovery of electricity, a wide
array of storage technologies have been developed to meet changing energy demands and technological
advancements.” Among them, powerful lithium-ion devices are the enablers of the energy transition,
especially in the field of electric vehicles (EV) and grid storage, which are expected to reach a market
size of $129.3 billion by 2027 with a compound annual growth rate of 18%.>° As essential raw materials
in lithium-ion (Li-ion) batteries, Cobalt (Co) and Li are in greater demand than other elements due to their
limited distribution and low abundance.”~” Recent concerns regarding the impact of price increases on Li-
ion battery production and the future of raw material supply availability have promoted the development of
cheaper, more environmentally friendly alternatives, such as sodium-ion (Na-ion) batteries.'® '® In 2021, the
battery manufacturer CATL has launched Na-ion products online, and the existing chemistries are poised
to see advances in commercial production.'

Sharing a similar working principle to Li-ion batteries, the commercial Na-ion batteries exhibit competitive
low-cost advantages and exceptional electrochemical properties, which can go from 80% charge in 15 min
and maintain 90% of its nameplate capacity at —20°C.""~"* However, the reported commercial Na-ion bat-
teries still suffered from the limited energy densities of 160 Wh kg™, which is only 50%-80% of that of com-
mercial Li-ion batteries, hindering their practical applications in the large-scale energy storage market.
During the 2020 T Battery Day event, Elon Musk announced to great fanfare that Model Y production
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Figure 1. Anode-free battery chemistries

The comparison for Li-ion battery (LIB) alternatives, including Na-ion batteries (SIBs), Li metal batteries (LMBs), Na metal batteries (SMBs), and anode-free
configurations, each with different anode current collector (CC), chemistries, and structures. The reduction in mass and volume that come with using or not
using metal foils in the place of the carbon-based anode is evident, and there are some compromises and tradeoffs with different battery chemistries.

Perspective will assist the battery research and manufacturing communities in hastening the development
of these anode-free configurations toward more sustainable energy storage technology.

ADVANTAGES OF ANODE-FREE CONFIGURATION

For commercial Na-ion batteries, the fact that Na does not intercalate into graphite has led to disordered
carbons becoming the preferred anode material.”® Recently, metallic Na with low redox potential and high
theoretical specific capacity is considered a promising anode candidate that can greatly increase the en-
ergy density of full cells by approximately 35-50% (Figure 1).° However, poor reversibility of bulk Na an-
odes, followed by loose stacking and severe dendrite growth, hinders the practical applications of these
batteries. As such, Na metal anode plays a double game in batteries. In the last two years, the anode-
free configuration, where all the active metallic ions were initially stored in the cathode material, is a mile-
stone in minimizing cost, simplifying manufacturing processes, reducing carbon footprint, and increasing
energy density.”” Especially for powerful Na-ion devices, the anode-free configuration is an intriguing and
under-explored possibility to boost its Na-ion cell density.

Limitations of Na foil

Due to its highest hardness among alkali metals, metallic Li can be easily rolled and cut into different types
such as plates, foils, and bars. To obtain the thin Li foil with a thickness of 50 um or less, more than six calen-
dering steps are required with the assistance of processing aids, resulting in a high cost for production.”®
Compared with metallic Li, metallic Na has a lower hardness, which is very difficult to handle. Even today,
commercial Na foil is still not available on the market. In the laboratory, Na foil is made as follows: 1)
Metallic Na blocks are dried with filter paper to remove the mineral oil and then sliced with a scalpel blade.
2) Na slices are sandwiched between two plastic films and calendered them into the thinner foil. 3) Na foil is
cut into desirable sizes and used right away. It is hard to get a perfectly smooth foil, and the blades and
hammers can be easily contaminated with metallic Na due to their high viscosity and reactivity, affecting
the next cutting process. Due to technical limitations, the excess Na caused by the high thickness of home-
made Na foil will negate the energy density advantage of Na metal anodes. Furthermore, pure sodium
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metal is extremely hazardous and very sensitive even to trace moisture levels.”” Some traces of moisture on
our skin can react with Na to cause serious burns. Fires produced by the reaction of Na cannot be extin-
guished with water or carbon dioxide. Metallic Na must be stored and transported under specific condi-
tions, away from any ambient air or moisture. Even trace amounts of moisture in mineral oil can corrode
the surface of Na blocks. Before use, the metallic Na must be cleaned to remove the sodium oxide or so-
dium superoxide that forms a coating on the outside of metallic Na blocks.?” The anode-free configurations
shatter the above constraints that make the commercialization of Na metal batteries possible. The first
charging process can electrodeposit Na ions onto the Al/Cu foil. During the following discharging process,
the in situ plated Na metal dissolves again and intercalates into the cathode.'** The concerns regarding
the processing difficulties (metallic Na is pretty reactive and sticky) and low demands (since commercial Na-
ion batteries are very rare) are not as overwhelming. By pairing a fully sodiated cathode material with a bare
current collector (Cu or Al foil) on the anode side, both cathode and anode electrodes can remain at the
same capacity after the first deposition process, yielding the maximum possible energy density compared
with any other battery systems.”

Energy density

Unlike Tesla 4680 batteries using increased volume and materials to achieve higher energy and power,
anode-free configurations without any Na-ion insertion hosts at the anode side operates as a Na metal bat-
tery after the initial charging process, thus providing a higher (~0.1 V) operating voltage and significantly
increasing both volumetric and gravimetric energy density due to the reduction in battery volume and
weight.'®?" Taking a Li-ion battery with the same cell parameters (~150 Wh kg™') as an example, we
consider cells with cathode and anode thicknesses of 85 and 110 pm, respectively. Replacing the
graphite-based anode with a 20% excess Li metal will change the thickness of the anode material to
30 um, resulting in 50% and 35% increases in energy density and specific energy at the cell level, respec-
tively (Figure 1).9??°° When Li metal or graphite-based materials are removed, the gravimetric energy den-
sity, volumetric energy density, and specific energy of anode-free configurations will increase by more than
38%, 88%, and 45%, respectively. For Na-ion batteries, the cell is assembled using a Prussian white cathode
and hard carbon anode with thicknesses of approximately 90 and 120 um.?>*" The anode thickness will be
reduced by 20 pm when paired with 20% excess Na metal, and the removal of anode materials, which
occupy 44.7% of the overall thickness, would boost the volumetric energy density by 81%.% Significantly,
anode-free configurations still suffer from large volume changes during the reversible electrochemical pro-
cess, especially for Na-ion-based strategies. Even excluding the negative effect of volume changes, the en-
ergy density is still greatly improved compared with traditional batteries. Furthermore, the energy density
also depends on the cell and electrode design. The increased thickness of the cathode will result in an
increased energy density and reduced rate performance. This capacity-rate tradeoff can be improved by
electrical conductivity, electrode thickness, porosity, and tortuosity. As with 4680 cells, the high-energy
cells are designed with a thick electrode coating, while high-power cells require thin electrodes to prevent
transport limitations during the fast-charging process. Both conventional Na-ion batteries and Na metal
batteries are moving toward their limits, and anode-free configurations will further overcome the limit of
this extreme value.

Carbon footprint and costs

Unlike rarer Li (0.0065% of the Earth’s crust), Na is the principal cation in seawater and extracellular fluids,
accounting for around 2.36% of the Earth’s crust in compound form.* Li is a by-product of the mining of
other elements, and the brine deposits that produce Li today are mainly found in Chile, with reported con-
centrations of Na and Li of about 9.1 wt % and 0.157 wt % respectively. Similar to Li, the production of cobalt
(Co) is a strong dependency on the mining of copper (Cu) and nickel (Ni), which are located in the politically
unstable border region between Congo and Zambia.>* Significantly, China and Japan occupy more than
95% of anode materials sales worldwide, and the battery manufacturers are mostly headquartered in Asian
countries.*>*® This supply chain is long and complicated with carbon emissions, environmental waste, en-
ergy consumption, shipping, and logistics, further increasing the carbon footprint and cost. Na cannot be
found freely in nature due to their high reactivity, and the low-cost and highly abundant Na salts including
NayCO3, NaCl, and NaySO4 can be obtained directly from minerals and brine, resulting in a low carbon
footprint.** Metallic Na is produced by the electrolysis of a molten mixture of sodium chloride and calcium
chloride. The cathode materials for Na-ion batteries are mainly focused on transition metal layered oxides,
polyanionic compounds, and Prussian blue analogs, which are essentially composed of elements that are
relatively abundant in the earth, such as Fe, Mn, V, P, N, and O. We further compared the cost percentages
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Figure 2. Cost comparison and environmental impact of different configurations

(A) Cost breakdown of different compositions for six modeled different battery configurations.

(B) Cost ratios of different compositions for Na-ion battery (external) and anode-free Na metal battery (internal).

(C) The global warming potential (GWP), fossil depletion potential (FDP), marine eutrophication potential (MEP),
freshwater eutrophication potential (FEP), human toxicity potential (HTP), terrestrial acidification potential (TAP) for the
production of TkWh of Na-ion battery and anode-free Na metal battery.

of different components between Li-ion batteries, Na-ion batteries, and anode-free configurations by a
7 kW, 11.5 kWh battery system.?” The estimated models show that the anticipated cost of a Na-ion battery
based on advanced hard carbon ($973.0) is much lower than for a Li-ion battery based on synthetic graphite
($1217.0). For anode-free configurations, the costs are further reduced to $1037.0 and $817.0, which are
about 14.8% and 32.9% cheaper compared to Li-ion batteries, respectively (Figures 2A and 2B). More
importantly, the anode-free Na metal batteries can save the cost associated with Cu-based current collec-
tor and hard carbon production, further avoiding the use of organic solvents and simplifying the production
steps of mixing, coating, and drying. In Na-based batteries, the use of cyclic carbonates or ether-based
solvents and additives such as fluoroethylene carbonate increases the cost of the electrolytes, but Na salts
are much cheaper than Lisalts.>” Moreover, the energy consumption and greenhouse gas emissions during
the battery value chain are reduced by 11.5% and 7.4%. The global warming potential (GWP) and fossil
depletion potential (FDP) of Na-ion batteries was about 140.33 kg CO,-eq and 37.35 kg oil-eq for the pro-
duction of 1 kWh of storage capacity, where the anode-free configuration will reduce the total FDP and
GWP by about 29% (Figure 2C). In addition, nearly 11.77 kg 1,4-DCV-eq and 0.29 kg SO,-eq emissions
will be eliminated, accounting for 7% and 19% of the total human toxicity potential (HTP) and terrestrial
acidification potential (TAP).®" Furthermore, the anode-free configuration is well compatible with the cur-
rent applied Li-ion battery manufacturing infrastructure, avoiding the waste of haphazard investment and
redundant construction.

Sustainability

Sustainable development goals encourage us to develop closed-loop energy storage systems with a circu-
lar economy. For the recycling of conventional batteries, the outer shells, current collectors, separator,
cathode materials, and anode materials can be easily separated through crushing and screening after
dismantling due to their different physical properties. A mixture of cathode and anode material powders
can be obtained, called black mass.” For alkali metal batteries, special precautions are required during the
disassembly and further processing, such as shredding, crushing, and sieving, due to the high reactivity and
viscosity of metallic Li/Na, which may lead to rapid exothermal reactions.*** The scrap Al and Cu can be
recycled by a simply re-melting step, either to the finished shape or for subsequent fabrication. For pure
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cathode materials, a direct cathode recycling method is proposed, which can minimize the costs, reduce
carbon footprints, and alleviate raw material shortages, in case the cathode materials would not have
been resynthesized from the raw materials or precursors. Furthermore, chemical methods based on pyro-
metallurgy, hydrometallurgy, and biometallurgy are used to extract the metal contained in the cathode,
and research based on extraction, precipitation, coordination chemistry, and ion exchange are used to
separate each metal element.”*° Nowadays, most of the anode materials are destroyed by burning or
collected as precipitates after filtration during recycling. Due to the existence of Li/Na residue and the
structural collapse of the carbon materials, the regeneration of the recovered carbon material as the
new anode material is not feasible. For anode-free configurations, no anode active materials are required
and the thin Li/Na layer deposited on the surface of the current collector can be removed during the dis-
charged state. Such recycling would be simplified dramatically in the case of anode-free configurations.
Both cathode and anode-side current collectors are Al foil, which greatly simplifies the separation process.
With the support of direct cathode recycling, this would significantly reduce carbon footprint, energy con-
sumption, and process cost, which allows closed-loop recycling of anode-free Na metal batteries.

IMPACT ON UPSTREAM INDUSTRIES

The commercialization of Na-ion batteries and the development of anode-free Na metal batteries will have
varying degrees of impact on different battery components, especially for the cathode and current collec-
tor. The growing demand for cathode materials in Na-ion batteries has created immense opportunities for
upstream industries such as transition metals and sodium carbonate (NayCOj3), thus augmenting the mar-
ket value. The use of an Al current collector for both cathode and anode sides is expected to boost the de-
mand for Al foils. The impact on other components is minimal. The production of Al plastic film and elec-
trode tabs is the same as that used in Li-ion batteries. Existing commercial separators based on glass fiber
or PP/PE composites meet the requirements of anode-free Na metal batteries with large pore sizes to
ensure the migration of solvation structures during cycling.

Transition metal

For anode-free Li metal batteries, the demand for transition metals is mainly concentrated in Co, Ni, and
Mn. The global transition metal market is anticipated to exhibit a CAGR of over 4.2% and reach around
$1,369.46 billion by the end of 2028. Co is a relatively rare element of the earth’s crust, mainly found in
Ni-bearing laterite deposits and Ni-Cu sulfide deposits (Figure 3A). The Democratic Republic of Congo
is the world’s largest producer of Co accounting for 70% of global production, followed by Russia and
Australia.” With the explosive growth in global demand for Li-ion batteries, so has the price of Co (Fig-
ure 3B). Some uncertainty can be generated by environmental pollution, political instability, corruption,
looting, and mineral smuggling, in particular child labor and lack of safety measures. Russia’s invasion of
Ukraine in 2022 is expected to affect global Co supply and prices with an adverse reaction to the operation
of the global supply chain. More than two-thirds of global Ni production is used to produce stainless steel,
and others are used in manufacturing Li-ion batteries. Since 2018, the US-China trade war and COVID-19
pandemic softened the impact of the Brumadinho dam catastrophe in Brazil and the high demand from the
stainless-steel sector in China. Economic recovery after the COVID-19 pandemic will increase the global
nickel demand to 3.05 million mtin 2022. Russia’s invasion of Ukraine in 2022 could weigh on global Ni sup-
ply and the global supply in the near term could tighten due to the increased power costs caused by higher
natural gas prices, where the nickel contract trading price on the London Metal Exchange hit a historic high
on March 8.%%7 The application of anode-free Na metal batteries will significantly reduce the demand for
Ni and Co. For commercial Na-ion batteries, CATL used Prussian white material as the cathode materials,
and some spin-offs including HiNa Battery, Tiamat, and Faradion have performed tests on the pouch or
cylindrical cells with Nag 9Cug 22Feg.3Mnp 4802, NazVa(POy),F3, and Na,Niy_,y,Mg,Mn, Ti,O, cathode ma-
terials (composed of earth-abundant elements such as Fe, Mn, and V), which are mainly focused on transi-
tion metal layered oxides, polyanionic compounds, and Prussian blue analogs. The most studied families of
cathode materials for anode-free Na metal batteries are presodiated FeS,, NazV2(PO4)3, and NayFe,(CN)g.
According to the HiNa Battery’s report, the cost of Nag¢Cug2oFeg.3sMng.48O2 cathode is only 40% of
LiFePO, cathode. In terms of crustal abundance, Fe is the most abundant transition metal, ranking fourth
among all elements and second among metals after Al. As the 12 most abundant element, Mn reserves
are about 570 million tonnes and distributed in different countries.** V is the 20" most abundant element in
the earth’s crust, and its compounds occur naturally in about 65 different minerals and fossil fuels (Fig-
ure 3A). More than 97% of produced V is mined from South Africa, China, and Russia.’’ The global abun-
dant Fe, Mn, and V reserves can meet the growing demand for anode-free Na metal batteries in the future,
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Figure 3. Impacts on upstream industries

Different battery configurations affect the corresponding upstream industries, depending on the availability of key
materials and geological resources.

(A) Abundance of elements used in battery chemistry on Earth.

(B) Average prices of corresponding critical metals from 2010 to 2021.

(C) Annual global production and cost of Lithium Carbonate (Li2CO3) and Sodium Carbonate (Na2CO3), indicating the
advantages of Na-ion batteries and anode-free Na metal batteries.

(D) As the most common choice, Cu foil, and Al foil are used as positive and negative current collectors, whereas anode-
free Na metal batteries use Al foil on both sides. The price of battery-grade Al foil is much lower than that of copper foil.

even replacing low energy density Li-ion batteries, without causing the same price spikes as Li and Co. The
commercialization of anode-free Na metal batteries will have a great impact on existing upstream indus-
tries of Li-based cathode materials such as non-ferrous metals and chemical products. However, the ulti-
mate impact is uncertain as which cathode materials will be the “holy grail” remains unknown. At present,
the industrialization rate of Na-ion batteries is low, and corresponding cathode technology routes are
clearly differentiated, which cannot fully reflect the cost advantages of Na-ion batteries. With continuous
modification and scale production, the cost of cathode materials for anode-free Na metal batteries will
be greatly reduced.

Sodium carbonate

There must be a source of Na in different systems for anode-free configurations. According to the reported
production method, sodium hydroxide, sodium carbonate (Na,CO3), sodium bicarbonate, sodium acetate,
sodium oxalate, sodium citrate, and sodium nitrate are used to synthesize cathode materials for anode-free
Na metal batteries while NaClO4, NaPF,, NaTFSI, and NaCF3SO3 have been proposed as the Na salts in the
electrolytes.”” Among them, sodium hydroxide and Na,COj3 are the most common sources of Na, and
Na,CO3 can also be used as the starting material to synthesize these Na salts. Na,COs, also known as
soda ash, is prepared with the help of the Solvay process or derived from a series of refining steps of trona
ore. As one of the most common and important industrial chemicals in North America, it is used in laundry
detergent, paper manufacturing, and glass manufacturing. Rising infrastructure investments and signifi-
cant economic growth have led to a booming construction industry, thereby driving the demand for
Na,COj3 as an important raw material. Glass production accounts for more than 50% of global Na;CO3
demand. With growing environmental consciousness and expansion of the food and beverage sector, re-
placing plastic containers with glass containers will further stimulate the growth of the Na,CO3 market (Fig-
ure 3C). Over half of soda ash is produced in Asia, and the USA is the world’s largest producer of natural
soda ash, of which only 42.3% is consumed by domestic companies.34 In addition, for Li-ion batteries, the
global lithium carbonate (LioCO3) output is estimated to total 410,000 metric tons in 2021, and the average
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price of battery-grade Li,CO3 was estimated at $17,000 per metric ton (Figure 3C). Driven by the drastic
growth of the energy storage market, the Li,CO3 market will re-enter a period of undersupply in 2025,
where the global demand is expected to surpass 861,000 metric tons with a CAGR of 20%. According to
SNE Research, the total battery market for EVs was around 296.8 GWh,*" more than double the previous
year. As promising alternatives to commercial Li-ion batteries, anode-free Na metal batteries with an en-
ergy density of 250-400 Wh kg™ have the potential to replace the most powerful batteries on the current
market, which means that the potential market for anode-free Na metal batteries is around 296.8 GWh in
2021. According to different existing cathode materials for Na-ion batteries, the corresponding demand
for battery-grade Na,COj3 is about 170,000-870,000 metric tons. In 2021, the total global production for
Na,COj3 was estimated at 59 million metric tons, accounting for only 80% of the existing capacity.” The
global synthetic Na,CO3 market is slated to be just over $13.5 billion, registering a CAGR of 3% from
2021 to 2027. The existing production capacity can fully meet the new demand for the energy storage mar-
ket, and the price of Na,COg is only 0.34% of the price of Li,COs.

Aluminum foil

Anode-free Na metal batteries allow the use of Al foil as a current collector on both anode and cathode
sides which doesn’t form a binary alloy with Na, further reducing the cost of anode-free configurations.'”?*
In 2020, the global Al foil market size was valued at $24.09 billion with an expected CAGR of 6.0% from 2021
to 2028. Whether for technical applications or packaging such as the insulation of power cables or the con-
tainers of food-Al foil offers countless possibilities and is indispensable in any branch of the industry. In
2021, China's Al foil production was expected to reach 4.33 million tons, and the output of battery-grade
Al foil reached 70,000 tons.***? With the rapid development of the EV market, the boom in the Al foil and
Cu foil industry has followed (Figure 3D). For battery-grade Cu foil, the price of Cu as of March 2022 is
around $10,000 per ton, and processing Cu foils to 8.0 um, 6.0 um, and 4.5 pm required additional cost,
about $4,800, $7,200, and $11,200, respectively. The price of Al ingot is only $3,600 per ton, and the
manufacturing overhead for battery-grade 16.0 um and 12.0 um Al foils is about $900 and $1,500.** So
the cost of the current collector in a Na-ion battery is only 4% of the total cost, compared to 15% in a Li-
ion battery (Figure 3D). Sharing similar performance requirements to Li-ion batteries with a high technical
threshold, battery-grade Al foil manufacturers will benefit from the future development of anode-free Na
metal batteries and continue to maintain their first-mover advantage. Recently, the strength of Al foil is
greater than 180 MPa, which is comparable to the performance of 8-series alloys. The thickness of Al foil
is required to be thinner, reaching 8.0 um, which has exceeded the current minimum limit thickness of sin-
gle-piece rolling of Al foil products. In China, some manufacturers have unveiled that commercial battery-
grade 4.0 um Al foil is available. Furthermore, surface modification technology of Al foil has been designed
to reduce the interface resistance, protect the current collectors, reduce the polarization and improve the
battery performance. The carbon coating process with a surface loading of 0.5-2.0 g m~2 has been success-
fully commercialized. At present, the consumption of battery-grade Al foil is around 600-800 tons GWh ™",
As the alternative to the LiFePO,-based batteries, the potential market capacity for anode-free Na metal
batteries is expected to be around 450 GWh, corresponding to a battery-grade Al foil demand of 720,000
tons. Driven by their use in a wide range of energy storage systems, the actual demand for aluminum foils
will be greater.

MAIN CHALLENGES AND STRATEGIES FOR OPTIMIZATION

Although anode-free Na metal batteries show much promise due to their enhanced energy density and
design simplicity, achieving long cycle life remains a formidable challenge, where only 80% of capacity
can be reserved within 20 cycles. The performance degradation can be attributed to the limited Na source
and irreversible Na loss through severe parasitic reactions.

Limited Na source

For conventional batteries, the Na metal anode has excess Na ions and we can use sodiated hard carbon-
based materials to replenish Na-ion loss on the anode side before assembly. For the anode-free configu-
rations, Na ions in the cathode materials and electrolytes are the only available Na source, and only about
20% of the extracted Na is recovered back into the cathode materials during the initial discharge processes
in an unmodified system. How to increase the number of Na ions in the system is particularly important for
anode-free Na metal batteries.
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Figure 4. Major development progress of anode-free configurations

The optimization Strategies for anode-free Na metal batteries mainly focus on the Na-rich cathode materials, Na-ion
augmentation coating, artificial interlayer engineering, and optimization of electrolyte formulations. To meet the
benchmark requirements for commercialization, some challenges still need to be addressed.

Na-rich cathode material

Na-rich cathode materials are the first choice for compensating the Na loss and improving the energy den-
sity of anode-free configurations (Figure 4). In the field of anode-free Li-based configurations, Lin et al.
found that the Li-rich Li;Nig §Cog 1Mng 10, cathode can serve as the Li-ion extender to prolong the lifespan
of anode-free Li metal batteries.”® During the first charging process, the excess Li ions from the Li layer are
deposited on the surface of Cu foil and Li;Nip sCog.1Mng 1Oz cathode can be reversibly converted into con-
ventional LiNiggCog1Mng 1O, cathode. After that, it will function as a conventional LiNiggCog1Mng 102
cathode and work steadily in future cycles.”**> A similar strategy based on Li-rich Li,Nig sMny 5O, cathode
was reported by the same group, which makes this concept attractive for developing anode-free Na metal
batteries. Na-rich cathode materials are considered the next-generation cathodes due to their high
rechargeable capacity and average discharge potential that can replenish Na ions in anode-free configu-
rations. So far, 4d/5d metal-based O3-type layered materials have been found for Na-rich materials with
anionic redox activity, and the representative systems include Na-rich layered Na,TMO, (x, y > 2) cathodes
including NasRuOs3, NaySeOs, NayZrOs, NasRup,ZrOs, NasRuyMn,Os, and Naj sMng 4lrg402.7 It is
worth noting that the lack of continuous covalent bonding between transition metals and metastable per-
oxo-like species may induce a series of consequences, such as side reactions with electrolytes, O, release,
and transition metal migration. Some possible solutions, such as mixing 3days metal with 4d/5d metal and
increasing the M'/M ratio (Na,[M',M;,]O,), have been reported to improve the reversibility of anionic
redox materials. Various Na-rich Prussian blue analogs such as Naj.¢4Nij 03Fe(CN)s, Naj 4Cuq3Fe(CN)g,
and Nag1Fe[Fe(CN)gloos have been reported as the cathode materials for Na-ion batteries.”® Wang
et al. used a controllable precipitation method at room temperature to fabricate a series of Na-rich Na,.
«FeFe(CN)g with a rhombohedral structure, which exhibits excellent cycling stability over 1000 times.”’
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Na-rich materials serve as the cathode materials and Na-reservoir simultaneously to eliminate irreversible
capacity loss in anode-free configurations since they can be converted into routine cathodes and Na metal
after initial formation cycles. Due to the differences in ionic radius and polarization, it is inappropriate to
directly transfer the anionic redox theory from Li-rich to Na-rich cathode materials. Many challenges
remain, such as O; release, transition metal migration, voltage fade, and side reactions with electrolytes,
which should be addressed to facilitate the development of Na-rich cathode materials for anode-free
configuration.

Na-ion augmentation coating

Recently, some works show that the Li-doping approach is used to compensate for the initial irreversible
capacity loss of cathode materials, where the additional Li additives including Li;MoOs3, Li,RuQOs,
LisCoQy, LiaCuO,, LisReOy, LiFeO,, LixO, LisS, Li,COs3, LisN, LisP, LiCl, and LiF are incorporated into con-
ventional cathode materials as the extra Li-ion source.>” For instance, Zhang et al. used Li-rich Li,CuO, to
obtain a thin Li metal layer onto the Cu current collector, which serves as the primer layer for the next Li
cycling in the battery, further enhancing the rate capability of LiNig gMng 1Cog.1O; cathode and exhibiting
capacity retention of more than 85% for 120 cycles.” A similar strategy was reported by Park et al. that a
solid solution of Li;MoO3 with LiFeO, cathode exhibits a stable crystalline structure at the charged states,
further suppressing the dissolution of Mo ions and improving the electrochemical performance in the oper-
ating voltage range of 0.0-4.3V.>* Sharing a working principle similar to Li-based batteries, Ye et al. showed
that an artificial Na-rich cathode-electrolyte interface is designed on a Prussian blue cathode,” which con-
sists of organic Na-based species (R-Co-Na, R-O-Na, and R-O,CO-Na) and inorganic Na-salts (NaF, NaCl,
Na,CO3, and NaHCO3). As an excellent ionic conductor and electronic insulator, the Na-ion augmentation
coating can allow the fast transport of Na ions, reduce the consumption of electrolytes, and compensate for
Na-ion loss in the anode-free Na metal batteries. With the gradual increase in the content of electrochem-
ically inert Ni species from the interior to the particle surface, concentration-gradient Na,Ni,Mn;_,Fe(CN),
can deliver a high reversible specific capacity and outstanding cycling stability compared to homogeneous
Na,MnFe(CN), due to the effective suppression of Jahn-Teller effect.”® Gebert et al. proposed core-shell
structured NayNiFe(CN),@Na,MnFe(CN), cathode that nickel-rich outer layer plays an active role in stabi-
lizing the normally electrochemically unstable Mn-rich core, further preventing the Jahn-Teller distortions it
normally undergoes during desodiation.”” In my opinion, Na-ion augmentation coating methods make
commercial cathode materials for anode-free Na metal batteries more accessible and large-scale applica-
tions (Figure 4). Although significant improvement in electrochemical performance demonstrates the pos-
itive role of suitable Na-ion augmentation coating, there are still many factors that need to be fine-tuned for
optimal results including species, thickness, defects, and uniformity of Na-ion augmentation coating on
electrochemical performance for anode-free Na metal batteries.

Superconcentrated electrolytes

Except on the cathode side, the excess Na ions can only be stored in the electrolyte, where superconcen-
trated electrolytes have also shown promising functionalities to provide additional Na ions and remove
many of the fundamental drawbacks.”®*? Furthermore, the superconcentrated electrolytes promote the
increasing amount of contact ion pair and aggregates species, resulting in the growth of a favorable SEI
layer and improving the electrochemical performance of anode-free Na metal batteries.”“" Notably,
Qian et al. compared the performance between highly concentrated 4.0 M LiFSI-DME electrolytes and
commercial 1.0 M LiPF4-EC/DMC in the Cul|LiFePO,4 anode-free battery, where consumed in commercial
electrolyte after the first cycle and Li-ions are still reserved in high-concentrated electrolytes.®” The Li-
ions with a 4-fold increase in the concentration can undergo a reduction reaction on the surface of Cu
foil to form metallic Li during the charging processes. Furthermore, salt anions in high-concentrated elec-
trolytes promote the formation of a favorable SEI layer for uniform Li deposition due to the formation of a
more uniform Li-ion flux. Beyene et al. reported a fluorinated concentrated electrolyte (3.0 M LiFSI-DME/
DOL) for a high-voltage anode-free configuration, which can minimize parasitic side reaction and result in
the formation of ROCO,Li as well as LiF-rich-flexible SEI layer.®® Recently, some superconcentrated dual-
salt electrolyte systems based on LiFSI and LiTFSI salts had been confirmed as an effective approach to
improving anode-free battery performance.®* For Na-based configuration, Hwang et al. investigated the
maximum solubility of binary and ternary Na salt systems in superconcentrated electrolytes using funda-
mental concepts of molten salt chemistry,®" which implies that the eutectic composition of ternary Na
salt system achieves concentrations as high as 5.0 M into organic solvents. Sun et al. used the ionic liquid
to prepare superconcentrated Na-ion electrolytes,®” where the anion decomposition species in the ionic
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liquid electrolyte contribute to an inorganic SEl with high ionic conductivity, further facilitating the Na des-
olvation and diffusion kinetics. Lu et al. designed a 3A zeolite molecular sieve film to construct a highly
aggregated solvation structure through the size effect, which can extend the oxidative stability and sup-
press oxidative decomposition without sacrificing the Na reversibility.* For commercial applications,
the cost of an anode-free configuration should be considered in advance, and some expensive salts and
ionic liquids should be avoided. It is worth noting that the superconcentrated electrolytes are always cor-
responding to high viscosity, which will decrease the ionic conductivity and become difficult to wet sepa-
rator. Recently, some works show that the diluents, such as FEC and DME, are added to the superconcen-
trated electrolyte systems to increase the conductivity and ionic mobility of this high-viscosity concentrated
electrolyte.®” The design of the new salt-solvent electrolytes for anode-free Na metal batteries should opti-
mize the balance between the degree of Na salt dissociation, the viscosity of the electrolytes, and the
strength of solvation factors, which is associated with the formation of the SEl layer and ionic conductivity
of electrolytes. Furthermore, different electrolytes have different solvation structures, and the solvation ef-
fect is crucial to reducing irreversible loss of Na-ions in an anode-free configuration.

Irreversible Na-ion loss

The limited Na sources can be depleted by the formation of the SEl layer and the growth of Na dendrite and
dead Na. Specifically, Al foils serve as the only configuration on the anode side for anode-free Na metal
batteries, which exhibit greatly increased nucleation overpotentials (32-81 mV) for Na deposition
compared to carbon-based materials (?-37 mV). The high nucleation overpotentials are all used to over-
come the heterogeneous nucleation barriers and the large overpotentials are likely to result in uneven
Na deposition morphology, where Na particles are inclined to grow into the isolated Na dendrite struc-
tures, further reducing the availability of Na source and degrading the electrochemical performance. More-
over, the Na ions can easily react with electrolytes, and the decomposition of electrolytes leads to the for-
mation of solid electrolyte interphase (SEI) layer at the surface of the anode, accompanied by an irreversible
loss of Li-ions. The growth of Na dendrites accompanied by large volume changes can disintegrate the
weak SEI layer and lead to repeated formation of the SEI layer, continued consumption of Li-ions, and
decomposition of electrolytes. The large amounts of defects in SEl can induce uneven electric field and
ions-flux, further accelerating the uncontrollable growth of Na dendrites. Artificial interlayer engineering
and electrolyte modification have been employed to reduce the irreversible Na-ion loss (Figure 4).

Artificial interlayer engineering

Alloys between Na and Al cannot be formed in the voltage range between 0.0 and 5.0 V, which allows the uti-
lization of the Al substrate as the current collector. For anode-free Na metal batteries, replacing the Cu anode
current collector with a cheaper and lighter Al current collector is more responsive to the minimalist productive
process and low-cost requirements for large-scale commercialization.®®*” State-of-the-art current collector
designs for improving the cyclability of anode-free configurations have mainly focused on the artificial inter-
face, where designs based on alternative, porous, or three-dimensional current collectors are not discussed
later in discussion due to their inapplicability for commercial applications.”%”" Surface modification with an
artificial interface can block the direct contact between liquid electrolytes and deposited Na metal, further
preventing the excessive Na ion loss caused by dendrite formation and heterogeneous deposition and
reducing the consumption of electrode materials and electrolytes. Artificial interface or protective layers
can be fabricated by physical/chemical vapor deposition, spin coating technology, self-assembly, and the for-
mation of coordinate bonds on Al substrates. Tian et al. and Snydacker et al. used first-principles calculations
to investigate the practicability of different materials as artificial protection coatings, where the defect fea-
tures, bond length, crystalline structures, and metal proximity effect play a crucial role in improving the pro-
tective effect in the terms of the diffusion properties and mechanical performance.”>”® The materials, such
as defective h-BN, graphene phosphorene, SnSe, and SnS, are not suitable for anode-free Na metal anodes,
resulting in low diffusion efficiency and poor strain properties. Wang et al. constructed the
Nax(Sby/sTessVacs) substrate to assemble anode-free metal batteries, which exhibit enhanced wettability
of Na metal.”* More than 118 promising coatings including binary, termary, and quaternary compounds are
identified that exhibit stable equilibrium with the Na metal anode.”*’® Several approaches using carbon ma-
terial layers, Poly(vinylidene difluoride), and pyroprotein seed layers to modify substrate surface have recently
been devoted to reducing the initial nucleation barrier and guiding uniform deposition. Li et al. introduced a
graphitic carbon-coated Al current collector to realize reversible and crack-free Na deposition.”* Cohn et al.
and Mazzali et al. assembled a nano-carbon nucleation layer on Al substrate as the current collector for anode-
free Na metal batteries,””’® which serve as nucleophilic active sites to enable efficient and stable Na plating,
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resulting in a high energy density of ~400 Wh kg~". Tang et al. introduced a sodiophilic layer of Au-Na alloy on
the substrate, where the Au sites can change the interphase chemistries of the Na metal anode, acting as lower
nucleation barrier sites for Na deposition.”” Recently, the application of Al,O3 coatings as protective SEl layers
via atomic layer deposition has been demonstrated to suppress the dendrites and mossy Na formation and
improve the lifetime of cells.*>®" Similarly, molecular layer deposition is employed to fabricate organic and
inorganic-organic thin coatings via C-O and C-C bonds from the organic linkers, which can reduce dendrite
growth and improve the stability in the NaPF4 contained electrolyte. Furthermore, the researchers used phys-
ical vapor deposition to construct Au, Ag, Cu, Ni, and Al patterned current collectors with different metal-
pattern diameters and the distance for anode-free configurations, and the optimal ratio could facilitate the
formation of thin-film Na metal layers. Li et al. construsted a robust nucleation buffer layer based on metal-
organic frameworks-derived Cu-carbon composite on conventional current collectors, serving as the abun-
dant nucleation sites to guide Na deposition and buffer volume changes.®” Our previous work used metal-
organic frameworks as the source to construct single atoms on the surface of substrate, which can guide
the Na metal deposition, further realizing the successful cycling of “Na-less” metal batteries with N/P radio
of 100%.”

Electrolyte modification

As a critical component of anode-free configurations, electrolyte developments follow that of conventional
electrolytes with common solvents and salts, which are highly desirable for determining the morphology of
the deposited Na and participating in the buildup of SEl and CEl layers.?® Due to the high cohesive energy
of Na salts with preferable thermal stability and safety, the electrolytes can be classified as organic and
solid-state electrolytes. By precisely tuning the electrolytes, a favorable SEl layer with high ionic conductiv-
ity is formed on the deposited Na surface, suppressing undesirable side reactions. The growth of Na den-
drites and dead Na can also be alleviated, thereby reducing the consumption of Na-ions during cycling.
Eldesoky et al. screened 4 electrolytes out of 65 electrolyte formulations that showed a slight improvement
over the baseline, where the trend in energy retention did not always correspond to the concentration of
additive or co-solvent used.®” Due to the high reactivity between Na metal and carbonate-based solvents,
the reported anode-free Na metal batteries with liquid electrolytes mainly use diglyme as the electrolyte
solvents and NaPF,, NaTFSI, or NaCF3SO3 as Na salts, where the electrolytes using glymes (mono-, di-,
and tetraglyme) as the solvents enable highly reversible and nondendritic stripping/plating process at
room temperature. Weber et al. showed that anode-free pouch cells using 1.2 M dual-salt LIDFOB/LiBF,
liquid electrolyte deliver 80% capacity remaining for 90 cycles and a smooth dendrite-free Li morphology
can be observed after multiple cycles.®> Similarly, Chen et al. fabricated a tailored carbonate-based elec-
trolyte using LIDFBOP for Na metal batteries, where DFBOP™ anions can generate stable and robust inter-
phases on both sides and the assembled batteries achieve impressive cycling stability with limited Na.®
Furthermore, Sahalie et al. and Hagos et al. added K* salts in the conventional electrolytes to introduce
a self-healing electrostatic shielding effect to prevent dendrite growth and improve the performance of
anode-free configurations.”>®”"% Tomich et al. designed a fluorine-free electrolyte utilizing the
[HCB;1H14]" anion, further demonstrating that Na metal deposition/stripping processes can be mediated
by the electrolyte.®” The corresponding high efficient anode-free configurations benefit from the formation
of fluorine-free SEI layer on the surface of Cu/Al foil due to the chemical reduction of diglyme. For solid-
state electrolytes, Kim et al. used an in-operando microscopy technique to probe Li deposition through
the LizLazZr,Oq; (LLZO) electrolyte in an anode-free solid-state battery, where the deposition behavior is
mainly affected by the geometry of the LLZO surface.” The concentration of Li-ion flux at morphological
defective sites of LLZO will accelerate the inhomogeneous deposition, and the modified LLZO surface with
an artificial interlayer can regulate Li distribution, further improving the interfacial charge transfer kinetics
and the electrochemical performance of the anode-free cell. Li et al. introduced the Pb/C interlayer to
resolve the solid-state electrolyte interfacial contact issue by regulating the surface chemistry and
improving Na wettability, which exhibits excellent cyclability under the low N/P ratios.”" The proper
dual-salt or multi-salt electrolyte combinations will be beneficial for the improvement of anode-free Na
metal batteries, and the design of new salts and solvents with the undiscovered interaction during cycles
is worth expecting. The adoption of anode-free Na metal batteries can eliminate sophisticated Na metal
lamination and interface modification steps, further reducing the cost and simplifying the processing. How-
ever, the same challenges encountered in conventional solid-state electrolytes, such as poor interfacial
contacts, space charge effect, and dendritic cell shorting, still apply in anode-free configurations. The ideal
interface modification by the construction of an inorganic, organic, or mixed interface buffer layer will be an
effective way to optimize solid-state anode-free Na metal batteries.
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SUMMARY AND OPPORTUNITIES

The aim of the anode-free Na metal battery research is to optimize new energy storage systems that
compete with Li-ion alternatives in terms of energy density, safety, and cost, but with an even lower envi-
ronmental impact. As a new technology, testing of anode-free Na metal batteries requires a fundamental
reassessment and manufacturing standardization of the new battery chemistry. Especially for some perfor-
mance parameters, the initial sodium stripping capacity, sodium utilization, theoretical capacity, long-term
cycling stability, and fast charging/discharging capability should be clearly clarified. Owing to the lack of
excess sodium, how to increase the content of active Na ions in the systems and to improve their utilization
is particularly important for anode-free Na metal batteries. The safety and reliability of the final commer-
cialization strategies are paramount to the end-users. Even if they are damaged, abused, or poorly manu-
factured, they should not ignite or explode. Moreover, the battery design should be optimized for easy
disassembly and recycling, which can address many of the current commercial battery recycling challenges.

iScience

Although Li-ion batteries are currently the dominant technology in the field of rechargeable batteries, the
development of competing chemistries for larger-scale applications is speeding up. The revolution in Na-
ion battery strategies is set to change the energy storage market radically, and it will inevitably replace
most of the conventional Li-ion battery market. However, the unveiled Na-ion batteries with energy density
close to current generation LiFePO4-based Li-ion batteries make Na-based strategies less attractive for the
wider passenger electric vehicle market. In consideration of the difficulty of Na foil casting as well as the
increased safety hazard of the huge excess Na metal in conventional batteries, anode-free Na metal bat-
teries are expected to greatly expand the commercial usage of Na-based batteries due to their low cost,
high safety, wide operating temperature range, and more sustainability, which can dominate the recharge-
able battery market with energy densities below 250 Wh kg™". To put this into perspective, nearly 54% of
transition metal and lithium supply will be released for next-generation high-energy-density Li-ion batte-
ries, further alleviating the shortage of Li, Co, and Ni resources. At the same time, the existing producer
surplus would fully house the newly added Na salt and Al supplies for anode-free Na metal batteries.
With adequate levels of support, including battery chemistry, cell engineering, and system integration,
we conclude that the anode-free Na metal batteries could be operational within the next decade for
portable electronics, electric vehicles, and grid energy storage for our society’s future.
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