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Abstract 

Sodium-ion batteries (NIBs) are increasingly becoming commercially viable alternatives 

to lithium-ion batteries (LIBs), driven by sodium’s lower cost and greater resource availability. 

However, current NIB technology still falls short of established LIB systems, such as those 

based on LiFePO4, in both cost efficiency and energy density. Since the early 2020s, industrial 

advances have raised NIB energy densities to around 175 Wh kg-1, performance still remains 

limited by the relatively low specific capacity (typically 200–350 mAh g-1) and low tap density 

(0.3-1.0 g cm-3) of the prevailing hard carbon anodes. This Review analyzes emerging anode 

materials that could unlock higher energy and lower cost NIBs, with a focus on high-capacity 

hard carbon and alloy-based systems. We discuss the latest progress, fundamental challenges, 

and future directions in these anode materials across the key themes of electrode design, 

structure–property engineering, and characterization. By offering forward-looking insights into 

the rational design and optimization of anode materials, this Review aims to accelerate the 

R&D of commercially viable NIBs and support the broader advancement of energy storage 

technologies. 

 

ToC blurb 

Sodium-ion batteries are promising low-cost alternatives to lithium-ion systems yet limited by 

underperforming anodes. This Review highlights advances and challenges in hard carbon and 

alloy-based anodes, outlining design strategies to boost capacity, stability, and commercial 

viability of next-generation high-energy sodium-ion batteries. 
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[H1] Introduction 

Sodium-ion batteries (NIBs) are emerging as viable alternatives to lithium-ion batteries 

(LIBs), driven by sodium’s natural abundance and widespread availability.1–3 However, 

compared to lithium-based systems, the larger ionic radius of Na⁺, lower capacity and 

pronounced phase transitions of sodium-based cathodes, and lack of high-performance anode 

materials have hindered the development and commercialization of NIBs.4–6 Since the early 

2020s, progress in commercializing room-temperature NIBs  by battery manufacturers such as 

CATL, TIAMAT and HiNa Battery7–11, as well as the deployment of grid-scale storage 

stations12,13, have transitioned NIBs from early-stage research toward real-world 

implementation (Figure 1a). Large consortium-led R&D efforts have also been established to 

accelerate electrode discovery and cell development. These milestones have prompted 

researchers, industry leaders, and policymakers to critically re-evaluate the potential of NIBs 

to evolve from a secondary alternative into a dominant technology for large-scale energy 

storage.14–17 

NIBs share the same cell design as LIBs, with a cathode, an anode, and an electrolyte.18  

Many LIB electrode materials have sodium-based analogues. For instance, the layered O3-

LiNixCoyMn1-x-yO2 cathode in LIBs has a structural counterpart in O3-NaNixCoyMn1-x-yO2 (or 

the more prevailing O3-NaNixFeyMn1-x-yO2),
19–22 whereas polyanion LiFePO4 (LFP) in LIBs 

corresponds to Na3V2(PO4)3 in NIBs.23–25 Although sodium-based cathodes generally exhibit 

lower energy density than lithium-based alternatives, they present a clear cost advantage, 

benefitting from the availability of low-cost Fe- and Mn-based materials with strong 

electrochemical reversibility.26 Advances in electrolyte development have further unlocked the 

electrochemical potential of NIB cathodes, allowing them to approach their intrinsic energy 

storage properties. 

Nonetheless, considerable challenges persist on the anode side. Currently commercialized, 

electrochemically stable hard carbon (HC) anodes deliver limited specific capacities (typically 

200–350 mAh g-1), with much of the capacity lying within the sloping region of the voltage 



 

4 

 

profile.27–29 This limitation leads to two critical issues.30 First, this voltage profile confines a 

large portion of capacity to the low-voltage range, which lowers the full-cell energy density 

and hinders efficient utilization at high charge rates. Second, the relatively low energy density 

of HC at the material level necessitates larger quantities of both cathode and anode materials 

in full-cell configurations,30 driving up manufacturing costs. In parallel, alternative anodes such 

as sodium titanates (for example, Na2Ti3O7) offer excellent structural stability and safe 

operating potentials (~0.3–0.8 V vs Na+/Na),31–33 making them suitable for stationary storage 

or applications requiring long service life and reliability. However, their relatively low capacity 

(100-230 mAh g-1) strongly limits their commercial viability in high-energy NIBs, where 

maximizing specific energy remains a key priority. 

In this Review, we systematically examine the two main critical directions for developing 

the next generation of anode materials for high-energy NIBs. The first targets high-capacity 

HC, aiming for a reversible capacity of ≥ 400 mAh g⁻¹ while achieving a stable low-potential 

plateau with improved Na ion diffusivity. The second centers on alloy-based anodes, 

exemplified by P, Sn and Pb, which deliver considerably higher theoretical capacities than HC. 

We provide a comprehensive assessment of recent progress, potential applications, and key 

challenges in advancing high-energy and low-cost NIBs. 

[H1] Strategic roadmap for anode design 

Rational design of the anode material is a decisive factor in achieving high-energy and 

economically competitive NIBs. Figure 1b quantitatively illustrates the projected cell-level 

energy metrics of NIBs equipped with varying proportions of HC and alloy-based anodes, 

derived from BatPaC (Battery Performance and Cost Modeling) simulations.34 The commercial 

LFP/graphite LIB system has been used as a techno-economic benchmark (orange shaded 

region), which is projected to reach < $51 kWh-1 by 2030.35  

HC remains the mainstream anode material for commercial NIBs, offering practical 

capacities of 200-350 mAh g-1. As shown in Figure 1b, when paired with layered oxide 

cathode―NaNi0.33Fe0.33Mn0.33O2 with a baseline specific capacity of 125 mAh g-1—the cell-
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level energy densities reach ~140–160 Wh kg-1 and ~260–280 Wh L-1, falling short of current 

industrial LFP/graphite LIBs (170-180 Wh kg-1 and 330-350 Wh L-1). To achieve parity with 

LFP systems in terms of energy density, the anode capacity must be substantially increased. 

Developing high-capacity HC anodes reaching 450 mAh g-1 or incorporating high-capacity 

alloy materials such as tin (847 mAh g-1) or phosphorus (P, 2596 mAh g-1) into the HC matrix 

are viable strategies. As shown in the plot, a 50% Sn–HC composite elevates the cell energy 

density to ~170 Wh kg-1 and ~340 Wh L-1, and further increasing the Sn content to 75% or 

higher pushes the metrics beyond 175 Wh kg-1 and ~360 Wh L-1. Similar improvements are 

observed for P-based composites, where a 50% P anode also enables LFP-equivalent energy 

densities.  

It is worth noting that in practical applications, enhancing the cathode capacity and 

durability is equally essential to boost full-cell energy density. Although many current 

commercial layered oxides (mainly NaNixFeyMn1-x-yO2) operate at ~120-135 mAh g-1, 

advancing to next-generation cathodes with capacities of 150, 180, or even 200 mAh g-1 will 

be necessary to unlock higher energy metrics. Cu-containing layered oxides are particularly 

attractive, as they simultaneously offer increased energy density and improved air 

stability.5,6,36,37 Additionally, dual-phase cathodes such as P2–O3 intergrowths,38,39 optimized 

cation distribution,20,40  and solvent-mediated lattice engineering41 have been effective in 

improving Na⁺ transport and cathode reversibility, further supporting progress toward high-

performance sodium-ion full cells. Indeed, the Naxtra battery announced by CATL in April 

2025, which delivers a cell-level energy density of up to 175 Wh kg-1, highlights the importance 

of both high-capacity cathodes and anodes in bridging the gap with LFP-based lithium-ion 

systems. 

These trends suggest that, to match or surpass LFP/graphite energy densities without 

structural or packaging innovations, NIBs generally require an average anode capacity of 

~400–450 mAh g-1. This target can be approached via multiple routes including high-capacity 

alloys, optimized hard carbons with pre-sodiation, or hybrid/composite designs. Among them, 
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strategic alloy integration, for example incorporating substantial fractions (≥50%) of Sn or P—

offers a practical path to reach the required capacities.  

[H1] Hard carbon anodes 

Carbon-based materials are leading candidates for industrial electrochemical intercalation 

batteries, as evidenced by the successful implementation of graphite in LIBs.42,43 However, de-

solvated Na+ ions do not readily intercalate into graphite owing to the thermodynamic 

instability of sodium intercalation compounds (sodium-graphite binary compounds).44  

Instead, non-graphitizable HC has emerged as the leading anode candidate for NIBs. The 

concept of sodium storage in HC was first demonstrated in 2000 using glucose-derived carbon, 

which exhibited a reversible capacity exceeding 300 mAh g-1 and a low operating plateau 

potential near 0 V vs. Na+/Na.45 The dual-region voltage profile—comprising a sloping region 

followed by a flat plateau—is now widely considered a distinctive feature of HC-based anodes. 

HCs are characterized by disordered amorphous structures with turbostratic layers, enlarged 

interlayer spacing, and nanoscale porosity comprising both open and closed pores (Figure 2a).28  

The complexity of HC microstructures has fueled ongoing debate over the mechanisms of 

sodium storage. Three dominant storage contributions are generally recognized: capacitive 

adsorption, nanopore filling, and interlayer insertion (Figure 2b).45–53 Capacitive adsorption, 

primarily associated with the sloping region, is influenced by intrinsic defects48 and 

heteroatoms49,50 in the carbon material. The low-potential plateau region is often attributed to 

Na+ insertion within carbon interlayers or pore-filling processes, both of which are believed to 

be closely linked to the HC’s interlayer d-spacing and pore size.45–47,49–53 Yet, the interplay 

among these Na storage mechanisms remains contentious, as reflected in competing conceptual 

models such as "insertion–absorption",45 "adsorption–insertion",51 "adsorption–nanopore 

filling"52 and "absorption–nanopore filling and insertion"53. The exact relationship between 

these storage mechanisms and the synthetic processes that shape HC microstructure is still 

unclear. Additionally, the precise chemical state of stored sodium—whether ionic54 or 

metallic55–57—remains debated, underscoring the need for advanced operando and spatially 

resolved characterization techniques to better understand sodium storage behaviors in HC 
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microstructures. 

Research on HC anodes spans both academic and industrial efforts, with key priorities 

including the selection of precursors, synthesis optimization, control of microstructure, and 

elucidation of the fundamental mechanisms of sodium storage. Achieving electrochemical 

breakthroughs, such as a capacity target of ≥ 450 mAh g-1, alongside high initial Coulombic 

efficiency (ICE) and outstanding cycle life, remains essential for commercial viability. 

[H2] Precursors and processing 

The microstructure of HC is strongly influenced by the nature of its precursors (Figure 2c), 

which determine key parameters such as interlayer distance, pore structure, and defect 

distribution. Precursors derived from biomass (such as wood58–60 and plant residues61–67), 

synthetic polymers (such as polyvinyl alcohol68 and resins69–71), natural organic compounds 

(such as sugars72–74 and starches75), and fossil-based sources (such as coal and pitch)76 have 

been widely investigated. The broad availability of these precursors has driven extensive 

research into HC anodes, [catalyzing advances in their material design that have 

boosted?]specific capacities [in a few cases?] to 300-500 mAh g-1 [58–67,76,77]. [The fact that such 

high capacities are achievable?] has strengthened the prospects of HC as a practical anode 

material for high-energy NIBs.  

Thermal treatment protocols—specifically pre-oxidation and pyrolysis—also define the 

resulting HC structure (Figure 2c).78,79 The dehydrogenation, condensation, aromatization, and 

carbon framework rearrangements that occur during pyrolysis dictate features such as 

graphitization degree, interlayer spacing, pore size and morphology, and surface functionalities 

and properties.28,80 Treatment parameters including carbonization temperature,78,81 heating 

rate,79 and duration82 critically modulate these outcomes. Moreover, purification and pre-

treatments (for example, hydrothermal processing,72 microwave irradiation,48,83,84 and water, 

acid, or base washing85,86) offer additional levers for tuning nanostructure and sodium storage 

behavior.  

Innovative processing techniques—such as Joule heating,87 spark plasma sintering,88,89 

and microwave induction heating90—offer potential for rapid synthesis and structural control. 
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However, challenges remain in regulating reaction temperatures, establishing reliable 

structure–processing correlations, and scaling up for industrial applications. Streamlined 

production processes and scalable manufacturing technologies will be essential for realizing 

the practical applications of HCs. 

[H2] Advanced strategies for increasing capacity 

Beyond precursor selection and pyrolysis optimization, considerable research has focused on 

increasing the sodium storage capacity of HCs by tailoring their structural features in both the 

sloping and plateau regions of the voltage profile.48–50,70,91–94 The sloping region, dominated by 

capacitive adsorption, has been improved by strategies such as heteroatom doping,7,8 defect 

engineering,48 and low-temperature carbonization92. These modifications introduce additional 

adsorption sites by increasing structural disorder or introducing polar functional groups. At the 

same time, however, they often lead to a reduction in ICE due to irreversible sodium trapping 

and increased reaction barriers. Indeed, balancing slope-type capacity and ICE remains a 

critical challenge for hard carbon anodes. Strategies that fine-tune the above modifications, 

including lowering the carbonization temperature95 and optimizing heteroatom 

configurations,96 have notably improved this balance. Additionally, defect engineering and 

solid electrolyte interphase (SEI) tailoring have been shown to enhance Na⁺ diffusion kinetics 

and interfacial stability, enabling a more favorable trade-off between slope capacity and ICE.97 

These advances highlight the importance of mechanistic understanding and targeted structural 

tuning to improve the practical viability of slope-dominated carbon materials. 

In contrast to slope-region optimization, improving plateau capacity is considered more 

important for achieving high energy density,67,87  as it is closely associated with insertion and 

Na cluster formation reactions within the carbon structure (Figure 2d). One effective strategy 

involves expanding the interlayer spacing to better accommodate Na⁺ ions. Heteroatom doping 

with elements such as phosphorus,70,91,93,94 sulfur,94,98 potassium,99 calcium100 and others has 

been shown to enlarge the d-spacing, facilitating Na+ insertion and improving plateau capacity. 

Micropore manipulation, particularly the formation of closed nanopores, has emerged as 

another key design principle to promote nanopore-filling–dominated sodium storage (Figure 
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2d). 63,101 Methods developed to control microporosity include low-temperature hydrogen 

reduction,102 pre-oxidation (such as hot air exposure103–105 or plasma treatment106), and 

template-assisted porosity control. Various templating and etching agents—including 

ethanol,107 liquid salt,108 MgO particles,109 KOH,110 Zn single atoms,111 graphene oxide,112 

carbon dots,113 organic polymers such as poly(vinyl butyral),114 CO2,
75 and ZnO115—have been 

utilized to generate hierarchical pore structures. Chemical activation and catalytic 

carbonization can further tune pore characteristics.110 The introduction of metal ions such as 

Ni2+,116 Fe3+,117 Mg2+,118 and Mn2+119 during carbonization can modulate the thermal 

decomposition pathways and favor micropore formation. In addition, coating technologies, 

such as chemical vapor deposition (CVD),120,121 have been employed to convert open pores 

into closed ones, increasing sodium storage sites while suppressing unwanted side reactions. 

Several of these strategies have been shown to regulate both interlayer spacing and 

microporosity and have synergistically elevated the reversible capacity of HCs to 400–

600 mAh g-1 (Figure 2e).83,84  This advancement raises the projected energy density of full NIBs 

to 200–300 Wh kg-1, potentially rivaling or surpassing that of LFP-based LIBs.  

Ultimately, achieving high capacity, good rate capability, and high ICE in HC anodes 

requires a holistic combination of material design strategies. Pore structure engineering tailors 

the size and distribution of micro- and mesopores to balance capacity and rate performance 

while minimizing irreversible Na+ trapping. Heteroatom doping improves electronic 

conductivity, introduces additional active sites, and increases interlayer spacing to facilitate ion 

transport. Surface modification, including protective coatings and functional group 

introduction, enhances electrode–electrolyte compatibility, suppresses side reactions, and 

contributes to the formation of a stable SEI, thereby improving ICE and cycling stability. In 

parallel, electrolyte optimization and interfacial engineering, especially the formation of robust 

SEI, are critical for stabilizing electrode/electrolyte interfaces and improving long-term cycling 

performance.122–125  

[H2] Challenges and outlook on HC anodes 

Despite encouraging progress in the last […] years, several critical challenges continue to 



 

10 

 

impede the rapid development and large-scale commercialization of HC anodes for NIBs. 

Overcoming these multifaceted challenges requires coordinated efforts across materials design, 

process engineering, and device integration. 

A major concern is the selection and standardization of precursors. Biomass-derived HCs 

are abundant and readily accessible, but their variability in composition and structure 

complicates precursor screening and supply-chain stabilization. Pitch-derived precursors offer 

much better batch-to-batch consistency and industrial scalability. Micropore engineering 

further boosts their performance, enabling capacities over 400 mAh g-1.126–128 [Yet their 

reliance on fossil fuels means they are not sustainable?]  To ensure product uniformity and 

reproducibility, rigorous screening protocols and standardized precursor systems will need to 

be established. Beyond sourcing sustainable raw materials for supply chain security, key factors 

such as scalability, cost-effectiveness, and material stability must also be addressed by 

optimizing syntheses to improve yield and reduce energy consumption, adopting scalable 

fabrication techniques, and ensuring batch-to-batch consistency in structure and performance. 

Another unresolved issue is the intrinsic complexity of HC microstructures, which obscures 

the sodium storage mechanism and hinders rational design. Disentangling the relative 

contributions of interlayer insertion, nanopore filling, and surface adsorption—especially 

under real-time sodiation conditions—requires advanced multiscale, operando characterization 

techniques, including cryogenic electron microscopy (cryo-EM), nuclear magnetic resonance 

(NMR) spectroscopy, and small-angle X-ray scattering (SAXS). Moreover, translating 

improvements in capacity and ICE to high-rate capability and long-term cycling stability is far 

from trivial.47 Structural enhancements that increase capacity may impede ion mobility or 

compromise electrode integrity. Strategies to maintain robust ion diffusion networks, 

mechanically stable architectures, and interface resilience are needed to ensure durability under 

extended cycling and fast-charging conditions. 

Achieving high energy density under practical conditions remains a major hurdle. Most 

reported high capacities are measured at low areal loadings (~1.0 mg cm⁻²), which fall short of 

commercial relevance. However, as electrode thickness increases with higher active material 
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loadings, performance degrades owing to several interconnected issues: First, mechanical 

fragility increases, making thick HC electrodes more prone to cracking and pulverization at 

both pristine states and repeated charge-discharge. Second, ionic transport becomes limited due 

to poor electrolyte infiltration through the dense bulk, leading to increased overpotentials and 

sluggish kinetics. Moreover, electronic conductivity across the electrode thickness often 

becomes insufficient, resulting in non-uniform current distribution and partial utilization of 

active material.129–131 To address these challenges, researchers are engineering HC electrodes 

with hierarchical porosity, often introduced via templating or controlled pyrolysis, to enhance 

ion accessibility while maintaining volumetric energy density.132 The efforts to improve 

specific capacity often compromise ICE due to an increase in defects and irreversible 

(de-)sodiation.83 A balanced approach integrating microstructural optimization, defect 

engineering, and controlled SEI formation is needed to simultaneously enhance capacity and 

efficiency. Simultaneously, incorporating high-performance binders and conductive additives 

helps establish continuous ion/electron transport pathways and reinforces mechanical 

integrity.133 Additionally, surface modification of current collectors and textured electrode 

fabrication have been explored to reduce interfacial resistance and support uniform charge 

distribution.134–140 

[H1] Alloy-based anodes 

Silicon (Si) is widely recognized as a benchmark anode for next-gen LIBs, owing to its 

ultrahigh theoretical capacity of 4200 mAh g-1.141 However, the kinetically unfavorable Na–Si 

alloying process renders nanocrystalline or micro-sized Si largely electrochemically inactive 

in NIBs.142,143 Although theoretical studies predict a capacity of 725 mAh g-1 for amorphous 

silicon (a-Si),144 experimental results have been consistently far from satisfactory.145–147 For 

instance, a-Si with particle sizes smaller than 100 nm exhibited reversible capacities around 

340 mAh g-1, along with a sloping voltage profile and rapid capacity fading upon cycling.145 

Silicate oxides show specific capacities of only about 200 mAh g-1.148 These limitations arise 

primarily from sluggish sodium kinetics, low Coulombic efficiency, and poor structural 

reversibility.146,149  
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In contrast to silicon, several alloy-based anodes, including phosphorus (P),150–153 

germanium (Ge),154–156 tin (Sn),142,157–160 antimony (Sb),161–163 lead (Pb)164–166, and bismuth 

(Bi)167–169 have gained considerable attention for their more favorable Na-alloying 

thermodynamics and high theoretical capacities. Importantly, insights gained from the design 

and engineering of alloy-based anodes also inform the development of sodium metal and even 

anode-free battery chemistries.170,171  

[H2] Structures, techno-economics and electrochemistry 

Figure 3a–h172,173 and Table 1 illustrate the structural diversity of various anodes for NIBs, 

emphasizing differences in atomic configurations and crystallographic symmetry. Among these 

materials, HC (Figure 3a) and P-based anodes (Figure 3b,c) stand out for their disordered 

frameworks and high structural adaptability. Red P exists in two forms: the industrially 

dominant amorphous phase (Figure 3b), which comprises randomly entangled P–P chains 

whose lack of long-range order provides abundant free volume and multidirectional diffusion 

pathways, effectively buffering mechanical stress during sodiation. In contrast, crystalline red 

phosphorus (space group C222) features a more compact one-dimensional chain network, 

which restricts Na+ accessibility due to limited interstitial space and sluggish ion transport, 

resulting in inferior electrochemical activity. Accordingly, amorphous red P is the relevant form 

used in anodes.  Black phosphorus (Figure 3c, space group: Cmca) adopts a two-dimensional 

layered configuration, where strong in-plane covalent bonding and weak interlayer van der 

Waals (vdW) interactions allow for rapid Na⁺ transport along the layers and moderate 

accommodation of volume expansion. Despite their structural advantages, both red and black 

phosphorus suffer from low intrinsic electronic conductivity and substantial volumetric 

changes upon alloying, necessitating further structural engineering for practical 

implementation. 

In contrast to these non-metallic systems, alloy-type anodes of Ge (Figure 3d), Sn (Figure 

3e), and Pb (Figure 3f) possess dense, three-dimensional crystalline frameworks wherein atoms 

are typically tetrahedrally or octahedrally coordinated and form isotropic bonding networks. 

During sodiation, these structures undergo multi-step phase transitions, which are accompanied 
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by extreme volumetric expansion of up to 400%. In contrast, Sb (Figure 3g) and Bi (Figure 3h) 

(both in R-3m space group) adopt A7-type rhombohedral structures characterized by pseudo-

layered arrangements. Each atom is geometrically sixfold coordinated, but only three atoms 

form strong and directional covalent bonds, while the other three atoms are weakly interacting, 

giving rise to anisotropic bonding. This anisotropic bonding not only promotes directional Na⁺ 

diffusion but also offers interlayer spacing that can partially accommodate moderate volume 

changes during alloying to form NaxSb or NaxBi phases.  

P-carbon composites have demonstrated practical capacities exceeding 2000 mAh g-1 (Table 

1).150,174,175 For example, a black P/ketjenblack–multiwalled carbon nanotube composite 

delivered over 2000 mAh g-1 with excellent cycling stability.150 Sn-based anodes have also 

shown reversible capacities ranging from 860 to 878 mAh g-1, making them highly promising 

for practical applications. Other candidates, such as Ge, Pb, Sb, and Bi, also exhibit capacities 

strongly surpassing that of HC (see Table 1). Hybridizing these active elements has emerged 

as a strategy to synergistically enhance capacity and cycling performance.163,176,177 

Despite these benefits, severe volume expansion during sodiation remains a key obstacle 

(Figure 4a). For instance, P and Sn undergo volumetric expansion exceeding 400%,155,157,158,178 

and Pb and Sb expand by ~380%.165 These drastic changes result in mechanical degradation, 

particle pulverization, and dynamic surface reconstruction, which collectively destabilize the 

SEI and accelerate capacity fading over cycling. Fortunately, in practical electrode 

architectures, such as Sn–C composites, the observed electrode-level expansion is substantially 

mitigated by the high density of Sn and the buffering effect of the carbon matrix.179Considering 

the trade-offs between theoretical capacity, elemental abundance, and environmental impact, 

red P and Sn are currently the most suitable alloy-type anode materials for practical NIB 

applications. Red P possesses an exceptionally high theoretical capacity of 2596 mAh g-1, is 

earth-abundant (~1000 ppm in the Earth's crust), and benefits from large-scale industrial 

production with relatively low toxicity. Sn offers a high capacity of 847 mAh g-1, along with 

favorable electrical conductivity, mechanical robustness, and excellent compatibility with 

conventional electrode processing. In contrast, Sb, Bi, Pb, and Ge suffer from low natural 
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abundance, environmental toxicity, or limited scalability, which pose substantial barriers to 

practical implementation. The practical deployment of Sb and Bi is limited by geochemical 

scarcity: Sb (0.2 ppm) and Bi (0.0085 ppm) are among the rarest elements in the Earth's crust 

(Figure 3i).180 Ge is similarly constrained by limited production (Figure 3j), and Pb faces 

significant environmental concerns. In stark contrast, P exhibits a unique combination of 

structural versatility, high natural abundance (~1000 ppm, 500 folds higher than Sn), and 

enormous global production scale (>2 × 108 t year⁻¹).[H2] Nano-structuringStrategies to 

stabilize structure   

[H3] Nano-structuring  

One promising approach to mitigate these severe changes in volume involves engineering these 

materials at nanoscale (Figure 4b).181 Nanostructured particles offer several advantages over 

the bulk: shortened Na⁺ diffusion paths, larger surface area for electrochemical reactions, and 

enhanced mechanical tolerance toward volume fluctuations.182,183 These benefits contribute to 

improved rate performance and cycling life.161,184–187  For example, red phosphorus embedded 

in carbon nanofibers has demonstrated a reversible capacity of ~1850 mAh g⁻¹ and stable 

cycling over 500 cycles, attributed to the suppression of P–electrolyte side reactions by the 

carbon framework.175 Further enhancement can be achieved by constructing hybrid 

nanostructures combining active alloy elements with carbon matrices, conductive polymers, or 

secondary phases (Figure 4c). These designs buffer volume change, enhance electrical 

conductivity, and stabilize interfaces during cycling.  

Scaling up nanostructured materials remains a major hurdle. Challenges include low tap 

density, high energy input during synthesis, use of expensive or hazardous reagents, and the 

requirement for sophisticated processing equipment. These factors complicate the transition 

from proof-of-concept research to cost-effective, industrial-scale manufacturing. 

[H3] Micro-structuring  

Compared to nanostructured materials, micron-sized alloy anodes offer several advantages.188 

Their lower surface area minimizes parasitic side reactions, contributing to more stable SEI 
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formation. In addition, higher tap density and better processability of micromaterials enable 

denser electrode packing and reduced manufacturing costs, both of which are critical for 

scaling up.188,189 These attributes make micro-scale alloy materials attractive for practical 

applications, where volumetric energy density is a key metric. 

However, micro-sized alloys face considerable challenges. In addition to severe 

mechanical stress and particle fracture, the longer ion and electron transport paths in bulk 

particles often limit rate capability and cycling performance. To address these issues, 

hierarchical or multiscale architectures have been explored.190 By embedding micro and 

nanoscale active domains into a structural framework, such designs enable fast reaction kinetics 

and accommodate volume changes, while the larger skeleton provides mechanical stability and 

suppresses particle agglomeration (Figure 4d).132,191,192 

Surface engineering and heteroatom doping offer further improvements. Carbon or oxide 

coatings stabilize the electrode–electrolyte interface, while doping with transition metals (such 

as Fe, Ti, Cu), non-metals (such as B), or oxides (such as TiO₂) can tune the alloy’s 

electrochemical behavior (for example, potential) and enhance its mechanical 

properties.163,187,193–198 These morphological and compositional modifications help mitigate 

irreversible capacity loss and improve both structural integrity and long-term cycling 

performance. Ultimately, bridging the gap between nanostructured resilience and micro-scale 

manufacturability could unlock the full potential of alloy anodes in practical NIBs. 

[H3] Electrolyte modulation  

The design of suitable electrolytes is important to stabilizing high-capacity alloy anodes. 

Electrolyte selection, including solvents, salts, additives, and their concentrations greatly 

influences ion transport, SEI chemistry, and cycling stability.199–201  

Different solvents, such as ether-, sulfone-, and carbonate-based systems, can exhibit 

substantial differences in ion transport, SEI formation, viscosity, and thermal stability. 

Carbonate-based electrolytes (for example, ethylene carbonate (EC), propylene carbonate (PC), 

and diethyl carbonate (DEC)) have been widely used in LIBs and have also shown 
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compatibility with alloy anodes in NIBs. In a study quantifying the dissolution behavior of SEI 

components in various NaPF6-based carbonate electrolytes, binary solvents such as EC:DEC 

were found to promote the formation of more stable, less soluble SEI layers and reduce 

interfacial degradation—particularly when supplemented with inorganic additives like NaF.202 

Ether-based electrolytes offer lower viscosity and high ionic conductivity and have 

demonstrated favorable interfacial behavior with alloy anodes.203,204 For example, Sn 

electrodes cycled in 1.0 M NaPF6 in dimethoxyethane (DME) electrolyte exhibited enhanced 

cycling stability due to the unique solvation structure of the ether solvent.200 However, this 

stability is highly sensitive to the solvent or salt composition. Ether electrolytes have been 

demonstrated to stabilize the micro-sized Sn anode by forming a robust connection to the 

organic matrix, which renders superb mechanical properties.205 Sulfone-based electrolytes 

(such as dimethyl sulfoxide (DMSO), tetramethylsilane (TMS)) provide good thermal and 

electrochemical stability, and their high dielectric constant supports better salt dissolution.206–

208 Yet, their high viscosity can impair rate performance. Moreover, their strong polarity affects 

SEI composition and may require co-optimization with additives209 or surface coatings. 

Strategies such as localized high-concentration electrolytes may help reconcile these trade-

offs.210 Electrolyte optimization for alloy anodes must balance SEI stability, ionic conductivity, 

and chemical compatibility. 

[H3] Binder engineering 

Functional polymeric binders play a crucial role in accommodating volume changes for battery 

electrodes during cycling, especially in alloy anodes like Si (for LIBs), phosphorus, and tin, 

which undergo expansions exceeding 400% upon charge-discharge process.211,212 In LIBs, 

polyacrylic acid and carboxymethyl cellulose improve electrode cohesion by forming hydrogen 

bonds or crosslinked networks with the active materials.213,214 These binders enhance 

mechanical integrity, suppress electrode cracking, and maintain electronic connectivity 

throughout repeated cycling. The mechanical properties of the binder, especially elasticity, 

tensile strength, and ductility, are the keys to managing dimensional changes without structural 

failure. 
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Similar design strategies are being extended to sodium-ion systems. Hybrid binders that 

integrate hydrogen-bonding motifs and flexible architectures are being developed to maintain 

a stable conductive network (Figure 4e).215 Additionally, binder–electrolyte compatibility must 

be optimized to prevent dissolution and ensure chemical stability.216 Recent advances include 

crosslinked polymer systems (such as PPA–glycerin217), which substantially improve the 

mechanical properties and cycling life of micro-structured Sn electrodes. Ultimately, the ideal 

binder must balance mechanical flexibility, chemical resistance, and adhesion strength to 

maintain high performance over extended cycles. 

[H3] Gel-polymer electrolytes 

Gel-polymer electrolytes have emerged as a multifunctional platform to simultaneously 

address mechanical instability, interfacial degradation and safety in alloy-type anodes.218,219 

Drawing from LIB research, these electrolytes integrate ion conduction with mechanical 

reinforcement by embedding sodium salts and plasticizers into polymer matrices such as 

poly(vinylidene fluoride-hexafluoropropylene), poly(ethylene oxide), or similar polymers 

(Figure 4f).220,221 These can be cured in situ with photon or thermal processes, allowing intimate 

contact with active materials and eliminating interfacial voids.  

The performance of gel-polymer electrolytes in NIBs can be systematically tuned by 

engineering multiple structural and compositional parameters.222,223 Crosslinking density 

within the polymer matrix governs the trade-off between mechanical robustness and ionic 

conductivity.224 Although higher crosslink densities enhance structural integrity and resistance 

to volume fluctuations, excessively rigid networks can impede Na⁺ mobility. The choice and 

proportion of plasticizers—typically organic solvents such as EC, PC, or ionic liquids—

strongly influence viscosity, ionic mobility, and gel flexibility. An optimal balance must be 

achieved to maintain both conductivity and mechanical adaptability. Salt types and 

concentration are critical to the electrolyte’s conductivity. High salt loading can increase 

viscosity and hinder ion dissociation, whereas low concentrations result in insufficient charge 

carriers and reduced ionic transport. Gel thickness and residual solvent content directly affect 
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cell-level energy density and interfacial resistance. A thinner, well-integrated gel layer 

minimizes ion transport barriers while ensuring conformal contact with electrode surfaces. 

Finally, the incorporation of functional additives or secondary nanofillers—such as ceramic 

nanoparticles or inorganic reinforcements—can further enhance the mechanical modulus, 

thermal stability, and interfacial compatibility of gel-polymer electrolytes. These 

nanostructured fillers act as structural anchors, suppress polymer chain mobility, and reinforce 

the gel–electrode interface.225,226 Through the rational tuning of these parameters, in situ-

formed gel-polymer electrolytes can offer both mechanical support and efficient Na⁺ transport, 

effectively mitigating the severe stress and interfacial instability that plague alloy-type anodes 

in NIBs. 

[H3] Composite electrode strategy 

Hybrid or multi-component electrodes, such as HC–phosphorus,150,227,228 HC–tin,157,160,193,229 

and phosphorus–tin209,230,231 composites, are promising architectures for addressing the 

intrinsic limitations of alloy-type anodes in NIBs. These designs aim to mitigate critical issues 

that frequently affect single-component alloy systems, such as large volume changes, low 

electrical conductivity, and unstable electrode–electrolyte interfaces. Recent findings further 

demonstrate that inactive components such as Si, when incorporated into multi-metallic 

composites, can effectively buffer internal stress and enhance structural reversibility, even 

though they may not directly contribute to capacity.232 

Core to this approach is the structural integration of HC or secondary alloy phases, which 

buffer volume expansion, enhance conductivity, and improve mechanical resilience.150,233 

Likewise, combining two alloy materials such as P and Sn allows for stress distribution across 

distinct alloying phases, smoothing of large volume transitions, and tuning of the sodiation 

potential range.234,235 These composite structures frequently leverage the mechanical support 

of the matrix and the electrochemical reactivity of the active phases to achieve improved 

cycling stability and capacity retention. However, hybrid electrodes also introduce new 

challenges. Interfaces between different components must be carefully engineered to avoid 
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delamination and extra interfacial impedance. Moreover, the mass ratio between active material 

and matrix require precise control: excessive carbon content can dilute energy density, while 

insufficient matrix support may fail to buffer structural degradation.193,236,237 Scalable synthesis 

techniques with tunable nanoscale or microscale architecture remain essential for translating 

these designs to practical use. 

Importantly, many hybrid systems demonstrate synergistic effects that extend beyond 

simple additive contributions. For example, C–Sn composites benefit not only from the 

conductivity of carbon but also from its ability to suppress Sn nanoparticle agglomeration.233 

Similarly, P–Sn composites allow for phase-distributed alloying reactions that mitigate 

mechanical fracture by distributing the strain across multiple alloying steps.230 To maximize 

these effects, rational design must integrate structural, chemical, and electrochemical 

optimization. From a materials perspective, control over the dispersion and size of alloy 

domains in core–shell configurations, porous networks, or hierarchical scaffolds can 

accommodate dimensional changes while maintaining electronic percolation. 

Electrochemically, tuning the potential window and reaction kinetics of each component is 

critical. For example, balancing the reactivity of P and Sn within a shared matrix requires 

careful adjustment of composition, phase distribution, and voltage overlap.238  

By unifying structural reinforcement, interface stabilization, and electrochemical tuning, 

multi-phase composite electrodes such as C–P, C–Sn, and P–Sn are a powerful strategy to 

overcome the trade-offs of conventional alloy anodes. Future developments will hinge on a 

system-level understanding of materials chemistry, device engineering, and manufacturing, 

each part essential to unlocking the full potential of alloy-based NIBs. 

[H1] Frontiers in Manufacturing 

[H2] Electrode engineering for high areal capacity 

Achieving high areal capacities, progressing from 3  mAh cm-2 toward 6  mAh cm-2 and beyond, 

is a critical benchmark for next-generation batteries.239–241 Both HC and alloy-based anodes 

present distinct opportunities and engineering challenges when transitioning to thick-film 
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electrodes. 

Alloy-type anodes such as red or black P, Sn, and Pb offer substantially higher specific 

capacities than HC, such as up to 2000 mAh g-1 for red P,150 allowing target areal capacities to 

be reached with much lower active mass (for example, ~3 mg cm-2 for 6 mAh cm-2). In contrast, 

HC may require > 20 mg cm-2 to achieve the same capacity. Despite this advantage, alloy 

materials face critical limitations related to extreme volume expansion during (de-)sodiation. 

These dimensional fluctuations, when magnified in thicker electrodes, intensify internal 

mechanical stress, resulting in accelerated particle fracture, delamination, and electrical 

disconnection. Moreover, non-uniform sodiation kinetics across thick layers can exacerbate 

strain gradients and trigger early-stage electrode degradation. As a result, achieving 3 mAh cm-

2 or more with alloy materials demands comprehensive electrode-engineering solutions. 

To enable alloy anodes to operate at high areal capacities, solutions must go beyond 

material-level design and extend to electrode-level engineering.242 A key strategy involves 

constructing hierarchical electrode architectures that can buffer global stress accumulation and 

enhance ion/electron transport across the entire electrode thickness. For example, introducing 

graded porosity or aligned pore channels enables efficient Na⁺ penetration, reducing internal 

concentration gradients and ensuring uniform electrochemical activity. These structural 

features help avoid strain localization, particularly near the current collector or electrode 

surface.243,244 In parallel, electrode formulation parameters—including the distribution of 

active material, binder, and conductive additives—must be systematically optimized to 

maintain electronic percolation and mechanical integrity under repeated cycling.241,244,245 

Specifically, thicker alloy-based electrodes require binders with enhanced elasticity and 

interparticle adhesion, not only to buffer local expansion but also to preserve cohesive stress 

transfer throughout the electrode matrix. In high-loading designs, electrolyte access and 

retention become equally critical. Tailoring the electrolyte composition and viscosity, or 

adopting electrolyte-gel integration, can facilitate deeper infiltration and reduce dry zones in 

thick electrodes. 
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As NIB technology moves toward thicker electrodes and higher areal capacities, both HC 

and alloy-type anodes must surmount limitations in ionic and electronic transport, mechanical 

resilience, and SEI stability. The path forward relies on integrated strategies: advanced 

electrode architectures that balance density with access to electrolyte, robust binders or 

coatings that withstand repeated volume changes, and possibly electrolyte innovations that 

form more stable interfaces under high loading. By simultaneously addressing these factors, 

researchers can pursue high areal capacities while preserving cycle life and rate performance. 

[H2] Presodiation 

The loss of active sodium due to irreversible side reactions substantially reduces both the 

ICE and reversible capacity of sodium-ion full cells. Pre-sodiation has emerged as an effective 

strategy to mitigate this issue and improve the areal capacity.30,246,247 However, several 

challenges must be overcome before its practical implementation. First, the pre-sodiation agent 

should decompose sufficiently during formation to release active sodium while minimizing the 

formation of inactive residues that may lower cell energy density. Second, it is preferable for 

the pre-sodiation agents to be reasonably stable in ambient air to enable safe handling and 

integration into current manufacturing processes. Finally, the agent should ideally be 

chemically compatible with existing electrode and electrolyte chemistries, minimizing the risk 

of unwanted side reactions. Meeting all these requirements simultaneously remains highly 

challenging. Current pre-sodiation approaches can be broadly categorized into two main types: 

use of electrochemically decomposable salts and foreign electrode materials, and over-

sodiation of electrode materials. 

Electrochemically decomposable salts such as NaN3
248, Na2CO3

249, NaNO2
250, 

Na2C4O4
251, Na2C2O4

252, and NaAc253 are typically incorporated into the electrode slurry and 

decompose during the initial formation cycles to release Na⁺ and gaseous byproducts, leaving 

no residual solids. For instance, di-sodium squarate (Na2C4O4) was synthesized as a new 

environmentally benign and cost-effective sodium salt and incorporated into the 

Na3(VO)2(PO4)2F cathode during slurry preparation.251 The decomposition of Na2C4O4 at 3.6 

V generates CO2, which is released after cell formation. This process increases electrode 
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porosity, enhancing ion transport and improving material utilization and capacity, particularly 

at higher rates. Use of these salts is not without limitations, however. First, decomposition may 

be incomplete, leaving behind residual solids that increase internal resistance or interfere with 

SEI formation. Second, gas evolution can cause porosity gradients or delamination in thick 

electrodes, particularly at high loadings. Third, the electrochemical window required for full 

decomposition may not align with standard formation protocols, leading to process complexity. 

Foreign electrode materials such as NaCrO2
254, Na3P

255, and Na256–258 can also serve as 

pre-sodiation agents. Na3P, when added to Na[Fe0.5Mn0.5]O2, compensates for SEI-related 

sodium loss and produces elemental phosphorus, which acts as a safety buffer during over-

discharge255. Additionally, introducing metallic sodium, either through thermal decomposition 

of NaBH4
258 or vacuum thermal evaporation256, promotes the formation of a thin SEI on HC, 

leading to increased initial CE and higher energy density. However, these agents often require 

careful control over their redox activity to avoid over-compensation, which may reduce ICE or 

compromise long-term cycling. Air and moisture sensitivity is another concern, which makes 

them generally not compatible with high-throughput electrode fabrication. 

Another effective strategy is over-sodiation, which stores excess Na⁺ within multivalent 

electrode materials to offset initial sodium loss. This approach requires a transition metal center 

capable of multiple valence states. In one successful example, Na3V2(PO4)3 was 

electrochemically converted to Na4V2(PO4)3 and paired with a HC anode259. The resulting full 

cells exhibited a 76% increase in energy density. Besides electrochemical over-sodiation, 

chemical over-sodiation using Na⁺-rich solutions like Na-naphthalene in tetrahydropyran has 

also been demonstrated with Na0.67Fe0.1Al0.1Mn0.8O2 cathode260, providing a scalable and cost-

effective pre-sodiation route for practical battery manufacturing. For this route, ensuring 

uniform Na+ distribution and avoiding unwanted reactions with binder or surface impurities 

remain practical challenges. 

Beyond compensating for initial sodium loss, the pre-sodiation process can potentially 

improve SEI quality and electronic conductivity of the electrode. For example, sodium bis(2-

methoxyethoxy) aluminum hydride has been used as a pre-sodiation reagent in HC anodes261. 
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Its decomposition not only compensates for sodium loss but also forms a passivating Al2O3 

nanolayer, which suppresses electrolyte decomposition, improves air stability, and enhances 

capacity and retention in full cells.  

A further important consideration is placement strategy. Most of the salt sacrifices are 

often embedded into the cathode, where oxidative potential can trigger their decomposition 

efficiently and allow Na⁺ to diffuse to the anode via the electrolyte. However, for HC or alloy-

based anodes with high irreversible Na consumption, direct integration into the anode side 

could ensure more localized Na delivery and minimize parasitic crosstalk. Yet, this approach 

poses greater challenges in handling air-sensitive agents and controlling uniform dispersion. 

Therefore, cathode-side integration is generally more practical and scalable, whereas anode-

side approaches may be more suitable for specialized designs or pouch cell preconditioning. 

In summary, although presodiation has proven effective in improving ICE and energy 

density, each strategy presents trade-offs in decomposition efficiency and processing 

compatibility. Moving forward, the rational design of presodiation systems will require 

application-specific balancing between several critical factors, including efficiency, stability, 

and manufacturability. 

[H1] Characterization 

Understanding the complex reaction mechanisms of high-performance anodes demands a 

comprehensive suite of characterization that spans multiple length scales, ranging from atomic-

level interactions to cell behavior (Figure 5). Here, we highlight key techniques in four domains: 

synchrotron-based operando methods, interface analysis, atomic and local structural 

characterization, and gas evolution characterizations, while critically assessing their 

capabilities and limitations. 

[H2] Synchrotron characterization 

Synchrotron tools are extremely powerful for elucidating the structural and chemical 

transformations of anode materials during electrochemical cycling.18,150,187 X-ray absorption 

spectroscopy (XAS) provides insights into the oxidation states and local coordination during 
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complex redox behavior in alloy-type anodes. For example, operando Sn K-edge XAS has 

revealed the sequential transformation from Sn0 to Na15Sn4 and back, capturing subtle redox 

reversibility and alloying hysteresis during cycling262,263. Similarly, P K-edge XAS has been 

used to probe the decomposition of Na3P and formation of intermediate phases, providing 

critical insights into irreversible capacity loss mechanisms.264–266  

For HC anodes, which are largely amorphous and turbostratic, pair distribution function 

(PDF) analysis is particularly useful. It enables quantitative characterization of short-range 

order and graphitic domain correlation lengths, offering structural descriptors that correlate 

with slope and plateau capacities. Besides ordering, pore identification is critical. Small-angle 

neutron scattering (SANS) and SAXS have proven indispensable, both at the surface and within 

the bulk of HCs for characterization of closed pores, which are inaccessible to gas probes.53,267–

269 Notably, operando SAXS can monitor the evolution of porosity during sodiation/desodiation 

processes, thereby offering dynamic insights into structural changes under realistic cycling 

conditions.268 When combined with wide-angle X-ray scattering (WAXS), a more 

comprehensive picture of both short- and long-range order in HC can be obtained.53,269–271 

X-ray computed tomography (XCT) enables three-dimensional visualization of electrode 

microstructure, capturing crack formation, pore development, and binder–particle interactions 

across charge–discharge cycles.272–274  Advanced methods such as phase-contrast XCT reveal 

even low-density regions like voids or early delamination zones from low-Z materials such as 

carbon. At finer spatial scales, transmission X-ray microscopy (TXM) offers sub-40 nm 

resolution, combining spatial mapping with chemical sensitivity to reveal the distribution of 

redox-active phases or oxidation states across the electrode.20,275,276 Such chemical imaging is 

particularly beneficial for multi-phase alloy composites or HC materials infused with 

additives.277,278 For example, in situ X-ray nanotomography and TXM have been utilized to 

visualize the 3D (de-)sodiation of Sn anodes, revealing unexpected structural and 

morphological reversibility during the 1st cycle.279 For resolution finer than what is capable 

from X-ray optics, ptychography provides sub-probe resolution with scanning TXM.280 For 

even deeper insight, Bragg coherent diffraction imaging (BCDI) can detect nanoscale strain 
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fields within single grains, revealing how local mechanical stress correlates with degradation 

pathways.281,282  

Depth-resolved characterization techniques, including nano-/micro-focused X-ray 

diffraction (XRD), XAS, and X-ray fluorescence (XRF) mapping, as well as grazing incidence 

diffraction, have considerable potential to probe vertical heterogeneity in thick electrodes. 

Despite their powerful capabilities, many of these advanced synchrotron imaging techniques, 

particularly ptychography and BCDI, remain underutilized in the study of NIB anodes due to 

their experimental complexity, limited beamline accessibility, and stringent requirements for 

sample geometry and cell design. In practice, the application of such frontier tools to NIB 

systems is still emerging. This is particularly evident for hard carbon anodes, where the intricate 

and spatially heterogeneous Na⁺ storage mechanisms pose major challenges for spatially 

resolved operando analysis. Similarly, alloy-type anodes suffer from substantial volume and 

strain changes and interface reconstruction during cycling, yet the lack of high-resolution, time-

resolved structural data has hampered mechanistic understanding of their degradation pathways. 

Broadening the application of cutting-edge synchrotron techniques to NIB anodes would not 

only offer transformative insights into fundamental electrochemical processes but also support 

more informed materials design and engineering. Furthermore, the unique structural dynamics 

of NIB systems, such as the open/closed pore behavior of HC or the metastable intermediate 

phases in alloy composites, may in turn drive new developments in synchrotron science itself, 

stimulating the advancement of multimodal, high-throughput, and more accessible 

characterization platforms. 

[H2] Interface characterization 

The formation and stability of the SEI are pivotal for long-term anode performance. Surface-

sensitive techniques such as nanoscale Fourier Transform infrared spectroscopy (nano-FTIR) 

and spectroscopic ellipsometry offer detailed insights into interfacial chemical compositions 

and dynamics. 

Nano-FTIR is an analytical technique that utilizes a sharp metallic atomic force 

microscopy (AFM) probe to focus infrared (IR) light at the tip apex, generating a highly 
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localized near-field interaction with the sample (Figure 5b).283–285 The scattered near-field IR 

signal yields spectra with spatial resolution on the order of ~20 nm, which is two orders of 

magnitude finer than conventional IR microscopy (2–5 µm). Given the powerful sensitivity of 

IR spectroscopy to both organic and inorganic compounds, nano-FTIR has proven highly 

effective in a variety of applications.286 In the last 2-3 years, this technique has been applied to 

probe the SEI on LIB anodes under both ex situ and in situ configurations.287–291 Results reveal 

nuanced variations in SEI composition and structure across different surfaces and electrolyte 

chemistries, particularly in terms of organic/inorganic content and chemical homogeneity. For 

sodium-ion systems, synchrotron-based IR nano-spectroscopy offers additional advantages due 

to its extended detection range into the far-IR (down to ~200 cm-1), enabling the identification 

of Na-based inorganic SEI components such as NaF and Na2O.291–293
  Given the importance of 

these species in stabilizing alloy-type and HC anodes, nano-FTIR is poised to become a critical 

tool for unraveling the relationship between SEI nanostructure and electrode-electrolyte 

configurations in Na-ion batteries. 

Spectroscopic ellipsometry is an optical technique that measures changes in the 

polarization of light reflected from a surface at oblique angles (Figure 5c). By modeling the 

polarization response based on known optical constants, this technique can quantitatively 

resolve the thickness and refractive index of thin surface layers with exceptional sensitivity. 

Commonly used in semiconductor metrology, ellipsometry has also been employed to track 

SEI formation on battery anodes—notably on model surfaces such as specific facets of Sn 

single crystals, highly oriented pyrolytic graphite, and amorphous Si films.294–296 In situ 

ellipsometry offers temporal resolution on the order of sub-seconds, enabling researchers to 

directly correlate electrochemical cycling with the dynamic evolution of interfacial films. This 

capability is particularly relevant for Na-ion alloy anodes like Sn, where electrolyte reduction 

products are often soluble, preventing robust SEI formation.297 By monitoring changes in film 

thickness or refractive index, ellipsometry can reveal whether SEI components precipitate and 

adhere to the surface or dissolve into the electrolyte, offering insight into passivation 

mechanisms. These observations are invaluable for guiding electrolyte formulation and 
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interface engineering to improve SEI stability on sodium-alloy anodes. 

[H2] Atomic and local structural characterization 

Conventional techniques such as XRD298 and neutron scattering,46 combined with PDF analysis, 

have been widely used to probe the local structural arrangement and crystallinity of HCs. 

However, due to the intrinsic structural heterogeneity of HC, these values are statistical 

averages and do not reflect local structural variations. Microporosity in HCs—typically 

classified as open versus closed pores—also plays a pivotal role in sodium storage, particularly 

through nanopore-filling processes. Open pores can be effectively characterized using gas 

adsorption/desorption isotherms.299 The choice of probe gas (such as N2, CO2, He) must be 

carefully selected based on molecular diameter and accessibility, as different gases may 

preferentially enter distinct pore types.  

High-resolution transmission electron microscopy (TEM) remains one of the few 

techniques capable of simultaneously imaging d-spacing and microstructure91. It is important 

to note that TEM and diffraction techniques can provide only local or averaged d-spacing 

values due to the highly disordered carbon layer arrangement in hard carbon, making it difficult 

to define a fixed value. In contrast, 3D electron tomography (ET) has emerged as a powerful 

tool for visualizing the three-dimensional architecture of electrode materials300, including 

HC,301 offering more representative insights into structural features that are inaccessible 

through conventional 2D imaging. Furthermore, sodium's high reactivity in ambient conditions 

poses a considerable challenge for observing sodiation states using conventional microscopy. 

In this context, Cryo-EM or Cryo-ET (Figure 5a) has emerged as a powerful method for 

visualizing battery materials in their native states.300,302 By rapidly freezing samples at specific 

states of charge (for example, -176 °C), Cryo-EM and Cryo-ET preserve delicate 

microstructures and minimize beam-induced damage, thus enabling accurate imaging of 

sodium storage behavior and interfacial evolution in HCs and alloy anodes during cycling. 

High-resolution TEM is indispensable for probing the nanoscale architecture of alloy-

based anodes, especially crystal domain boundaries, lattice distortions, and heterointerfaces in 

composite structures. For instance, TEM imaging of Sn–C and SnSb–C composites reveals 
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well-defined phase separation and intimate carbon–metal contact, which are crucial for 

accommodating stress and enhancing electronic connectivity179. Moreover, advanced contrast 

techniques, such as high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) and electron energy loss spectroscopy (EELS), allow mapping of elemental 

distributions and oxidation states across interfaces, revealing the degree of compositional 

homogeneity and potential SEI–bulk interactions. Such capabilities are especially important 

for evaluating the structural integrity and interfacial chemistry of nanostructured alloy anodes 

after extended cycling, where mechanical degradation often initiates at invisible 

heterointerfaces. 

In situ TEM has become a vital tool for capturing the real-time structural evolution of 

alloy and composite anodes during (de-)sodiation. For instance, β-SnSb was shown to undergo 

a well-defined two-step sodiation pathway involving the formation of Na3Sb and Na15Sn4 

intermediates, which subsequently revert to the original β-SnSb phase upon desodiation303. 

Similarly, Ge-based nanowires display distinct behaviors depending on their initial structure: 

whereas crystalline Ge exhibits sluggish sodiation, amorphized Ge enables rapid and 

homogeneous Na insertion with over 300% volume expansion, forming nanopores and crack 

fronts that evolve with cycling.304 These insights underscore the importance of understanding 

how different alloy chemistries and structural motifs interact with sodium at the nanoscale. 

Solid-state NMR (ssNMR) can elucidate sodium storage mechanisms and interfacial 

chemistry in both hard carbon (HC) and alloy-based anodes. For HC, ssNMR enables the 

differentiation of Na ions stored between disordered graphene layers and those confined in 

nanopores, revealing that sodium resides in distinct, non-metallic environments and exhibits 

sluggish site exchange kinetics54. Other advances have applied ssNMR to probe the evolution 

of solid electrolyte interphase (SEI) layers during cycling, identifying sodium-containing 

species such as NaF, Na2CO3, NaBF4, and sodium borates formed from additive 

decomposition305,306. Moreover, operando and multidimensional NMR approaches have been 

employed to monitor real-time sodium dynamics and provide site-specific insights into Na 

coordination environments, which are essential for optimizing capacity retention, improving 
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ICE, and designing robust SEI chemistries.307,308 

[H2] Gas evolution characterization 

Gas evolution is both a critical safety concern and a sensitive marker of parasitic reactions 

in NIBs, reflecting electrolyte decomposition, interphase instability, and irreversible sodium 

loss that collectively undermine battery health. Real-time gas analysis tools are key to 

dissecting these processes and include differential electrochemical mass spectrometry (DEMS) 

and online electrochemical mass spectrometry (OEMS), which track the identity and rate of 

gases such as H2, CO2, CH4, or even toxic cyanogen.309–311 Complementary methods such as 

titration mass spectrometry (TMS), in situ pressure monitoring, and ultrasonic scanning 

imaging provide bulk and surface gas accumulation and release mechanisms over long 

cycling.312 

The anode fundamentally dictates whether and how gases form, whose potential window 

controls whether electrolyte reduction produces stable SEI components or gaseous fragments. 

In turn, gas evolution directly governs anode performance. Persistent gas generation consumes 

electrolyte and cyclable sodium, drives SEI rupture and reformation, and increases impedance. 

For example, DEMS measurement reveal the generated CO2 and H2 in Sn foil continually 

rupture the nascent SEI, whereas metallurgical pre-alloying of Sn with Na lowers its open-

circuit potential and markedly suppresses gassing, tripling initial Coulombic efficiency.313 Joint 

in situ Ultrasonic scanning and DEMS measurement demonstrate HC exhibits a distinct gas 

behavior. Its nanoporous structure adsorbs gases generated during charging, which then desorb 

in the first discharge, causing unexpected gas release patterns.311 Even sodium metal itself is 

sensitive: a combined operando TEM, operando AFM, and DEMS research show that when 

paired with carbonate electrolytes, it promotes intensive bubble formation, but in ether systems, 

a softer, more elastic SEI conforms to the electrode surface and suppresses gas evolution.314 

Collectively, these findings establish gas evolution analysis not merely as a diagnostic tool 

but as a mechanistic bridge between anode–electrolyte reactions and the practical stability and 

safety of SIBs. 



 

30 

 

[H1] Perspective  

The development of next-generation sodium-ion battery anodes is now at an inflection 

point: the field has moved beyond proof-of-concept discoveries and must confront the realities 

of performance targets, manufacturing, and system integration. HC and alloy-type materials, 

the two pillars of NIB anode research, each offer complementary advantages, but also carry 

distinct bottlenecks that must be strategically addressed. Below, we outline four priority 

directions that should guide research and industrial efforts in the coming decade. 

[H2] Mechanism-driven design of hard carbons 

HC will remain the baseline anode for commercial NIBs, but its further advancement 

hinges on transforming today’s largely empirical synthesis into a mechanism-driven science. 

Fundamental questions, such as the relative contributions of adsorption, interlayer insertion, 

and nanopore filling, or the chemical state of stored Na, remain unresolved. Multimodal 

operando tools (such as SAXS/WAXS coupling, cryo-EM, ssNMR) should be deployed not 

merely to “observe” but to build predictive structure–capacity models. Such models would 

enable rational tailoring of spacings, pore topology, and surface chemistry to simultaneously 

achieve ≥ 450 mAh g-1 specific capacity, high ICE, and long-term cycling stability. 

[H2] Engineering alloy-type anodes from nano to practical scale 

Alloy anodes, especially Sn and P, promise transformative energy density gains. To 

realize these gains, a pivot from nanoscale to micron-scale architectures and thick-electrode 

designs that reconcile volumetric expansion with manufacturability will be key. This entail 

hierarchical structures that buffer stress across scales; elastic binders and gel polymer 

electrolytes to sustain mechanical integrity; and processing routes such as spray drying and 

scalable carbon coating that are compatible with ton-scale production. The focus should shift 

from “maximum capacity” to “capacity retention under realistic areal loading.” 

[H2] System-level integration beyond the anode itself 

Future progress will not come from isolated anode optimization. Electrolyte formulation, 
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SEI design, and pre-sodiation strategies must be co-engineered with HC and alloy materials. 

For example, high-capacity alloys require SEIs that are elastic yet chemically robust, whereas 

HC benefits from pre-sodiation schemes that improve ICE without creating porosity gradients. 

These interactions should be mapped in a “design matrix” framework—linking material type, 

electrolyte chemistry, and processing sequence—to guide tailored solutions for different cell 

chemistries (for example, grid-scale vs. high-power NIBs). 

[H2] Scalability, sustainability, and supply-chain readiness 

Finally, any anode innovation must pass the industrial feasibility filter. Biomass-derived 

HCs face compositional variability; alloy anodes like Sb or Bi are limited by elemental scarcity; 

even promising candidates like red P raise safety and handling issues. The field must identify 

“manufacturing anchors”, precursors, synthesis protocols, and composite designs that are 

inherently scalable, safe, and cost-competitive. Close collaboration between academia, 

industry, and policy makers will be critical to translate lab-scale breakthroughs into supply-

chain-secure, gigawatt-hour-ready solutions. 

Looking forward, the future of NIB anodes will not be defined by a single “miracle 

material,” but by converging innovations across materials science, electrochemistry, and 

engineering. By shifting focus toward mechanism-informed HC design, engineering alloy 

anodes for industrial conditions, and embedding these materials into fully integrated battery 

systems, the NIB community can deliver anode technologies that are not just high-performing 

in the lab, but truly transformative in industry. 
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Figure 1 | Commercialization status and performance outlook of high-energy NIBs. a. 

Global landscape of sodium-ion battery (NIB) commercialization, highlighting large industrial 

companies (yellow), major national-scale projects (red), and grid-scale deployments (blue). b. 

Projected improvements in full-cell energy metrics for NIBs via alloy-type anode design. 

Specific and volumetric energy densities are plotted for Sn- and P-based composites at varying 

contents, benchmarked against current HC–NFM333 (NaNi0.33Fe0.33Mn0.33O2, using a fixed 

specific capacity of 125 mAh g-1) cells. The orange shaded region highlights the typical 

performance window of commercial LFP/graphite LIBs, underscoring the competitiveness of 

optimized NIB systems. Data source: LENS, U.S. Department of Energy.
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Figure 2 | Design strategies for high-capacity HC anodes. Optimizing precursor selection, 

synthesis protocols, and structural design enhance electrochemical performance and scalability 

of HC for practical NIB applications. a. HCs have complex structural properties, including 

nano- and micro-sized porosity, amorphous domains, and turbostratic carbon layers,which lead 

to distinct electrochemical performances. b. Surface functionalization, heteroatom doping, and 

nanoparticle embedding can expand the interlayer distance and introduce defects, improving 

sodium insertion and plateau capacity. c. A wide range of precursors, including biomass, 

synthetic polymers, and fossil carbon sources, are used to tailor the microstructure through 

thermal treatment, affecting pore architecture and crystallinity. d. Engineering of carbon 

interlayers and pore morphology, such as regulating d-spacing and closed pore size, offers 

opportunities to boost both sloping and plateau capacities. e. Timeline of reported advanced 

HCs with ultrahigh capacity. a: ref.128, b: ref.107, c: ref.109, d: ref.91, e: ref.115, f: ref.59, g: ref.111, h: 

ref.75, i ref.126, j ref.127, k ref. 121 

Figure 3 | Structural characteristics, natural abundance, and annual production of 

representative anodes for NIBs. a–h) Schematic illustrations of a. HC, b. red P, c. black P, d. 

Ge, e. Sn, f. Pb, g. Sb, and h. Bi, with applicable space groups indicated. HC consists of 

disordered graphene-like layers with curved, turbostratic stacking. Red P has an amorphous 

polymeric network, while black P adopts a puckered layered structure. Alloy-type anode 

elements including Ge, Sn, Sb, Pb, and Bi exhibit diverse crystal symmetries, suggesting 

variable bonding environments and potential phase transformation pathways upon sodiation. i. 

Schematic comparison of natural abundance (in ppm) of the alloy elements, illustrating a wide 

disparity ranging from trace Bi (0.0085 ppm) to abundant P (~1000 ppm). j. Estimated global 

production per year (in tons), visualized by scaled transport truck icons. Production spans over 

six orders of magnitude, from 155 t/year (Ge) to ~2.3 × 108 t/year (P), highlighting the potential 

availability constraints of certain alloying-type elements in large-scale NIB deployment. Data 

source for c-h: ICSD172 and The Materials Project173. Data source for i and j: Wikipedia180. 

Figure 4| Structural design strategies for alloy-based anodes. a. The large volume change 

and mechanical instability of alloy-type anodes during sodiation/desodiation cycles leads to 

severe pulverization and cracking, posing major challenges for practical application. b. Nano-

engineered architectures, including nanodots, nanoarrays, nanowires, and core–shell structures, 

shorten Na⁺ diffusion lengths and improve mechanical resilience. c. Carbon composite 

strategies embed nanoscale alloy particles within carbon matrices, improving electrical 

conductivity, buffering volume expansion, and stabilizing the electrode–electrolyte interface. 

d. Micro-engineering integrates micro-/nano-domains within a mechanically robust framework 

and introduces dopants to enhance durability, structural stability, and cycling performance 

under practical electrode conditions. e. Hybrid binder systems employ dual polymer 

components to form hydrogen-bonded and crosslinked networks around alloy particles, 

enhancing elasticity, mechanical adhesion, and crack resistance. f. Gel-polymer electrolytes 

consist of sodium salts and plasticizers embedded within polymer matrices that conformally 

coat alloy particles, promoting homogeneous ion transport and buffering interfacial stress.  
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Figure 5 | Multi-scale strategies for characterizing interfacial and bulk evolution in NIB 

anodes. a. Cryo-EM preserves the native state of sodium-containing interfaces, enabling 

direct nanoscale imaging of SEI and microstructural changes during cycling. b. Nano-FTIR 

enables nanoscale-resolved chemical information of SEI layers by combining incident IR 

excitation with detection via an AFM probe. c. Spectroscopic ellipsometry monitors real-time 

changes in SEI layers by analyzing the polarization of reflected light, providing sub-nano 

sensitivity during SEI evolution. d. NMR probes local chemical environments in solid or 

liquid phases, yielding information on ion coordination and mobility in electrode and 

electrolyte systems. e. Synchrotron-based characterizations enable in situ chemical, 

structural, and morphological analysis. Combining these techniques provides comprehensive 

surface and bulk insights into dynamic chemical and structural evolutions during 

electrochemical operation. 
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