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H I G H L I G H T S

• Early-generation commercial Na-ion 18650 cells characterised against Li-ion.

• Na-ion retains measurable capacity at −40 ◦C where Li-ion fails.

• Cold operation amplifies cell-to-cell variability in commercial Na-ion cells.

• Low-temperature OCV hysteresis requires uncertainty-aware state estimation.

• Casing strain provides a viable state observable for layered-oxide chemistries.
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A B S T R A C T

Sodium-ion (Na-ion) batteries are a promising low-cost option for large-scale energy storage, yet practical 

deployment requires control-relevant characterisation of the commercial cells and their inherent variability. 

This work evaluates a population of early-generation 18650 layered-oxide Na(Ni, Fe,Mn)O2 (NFM) cells from 

a monitoring, control, and model parameterisation perspective, benchmarking against Na(Cu, Fe,Mn)O2 (CFM), 

polyanion Na4Fe3(PO4)2(P2O7) (NFPP), and Li-ion reference cells. Similar to Li-ion, Na-ion performance de­

grades as temperature decreases; however, all tested Na-ion chemistries retain measurable discharge capacity 

at −40 ◦C (51%–62% of the 25 ◦C value), whereas the Li-ion reference cells did not sustain discharge under 

the same protocol. Polarisation resistance from electrochemical impedance spectroscopy (EIS) testing across 

a range of operating temperatures exhibits the Arrhenius-type temperature dependence, with layered oxides 

showing higher thermal sensitivity (𝐸𝑎 ≈ 70–75 kJmol−1) than NFPP. Furthermore, temperature-indexed open-

circuit voltage (OCV) measurements show that OCV–State of Charge (SOC) relations are both chemistry- and 

temperature-dependent. Layered oxides exhibit more pronounced low-temperature hysteresis and curve-shape 

changes, while NFPP remains more consistent within a mid-SOC window. Additionally, voltage-synchronous cas­

ing strain is robustly observable for layered oxides (NFM/CFM) under the present mounting configuration; by 

contrast, no resolved casing-level signature is observed for NFPP. Within NFM, charging at 0 ◦C exhibits a heavy-

tailed constant-voltage duration distribution (outliers > 1000min), indicating that fixed-voltage termination can 

induce pack-level SOC imbalance when the cell kinetics are becoming the limiting factor. In strain-enabled ageing 

measurements, an accumulating residual casing strain follows ∼
√

𝑡 kinetics and correlates with capacity loss in 

NFM. Long-term cycling shows accelerated capacity fade relative to the other Na-ion chemistries. These results 

motivate chemistry-specific derating maps, adaptive end-of-charge supervision, pulse-horizon power calibration, 

and uncertainty-aware, multi-modal SOC and State of Health (SOH) estimation that are required in developing 

an adequate battery management system for Na-ion batteries.
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Nomenclature

Acronyms

BMS Battery Management System

CC Constant Current

CPE Constant Phase Element

CEI Cathode Electrolyte Interphase

CV Constant Voltage

DCR Direct Current Resistance

DoD Depth of Discharge

DVA Differential Voltage Analysis

ECM Equivalent Circuit Model

EIS Electrochemical Impedance Spectroscopy

ESS Energy Storage System

EV Electric Vehicle(s)

FBG Fibre Bragg Grating

FOI Feature of Interest

GITT Galvanostatic Intermittent Titration Technique

HPPC Hybrid Pulse Power Characterisation

ICA Incremental Capacity Analysis

LIB Lithium-ion Battery

LCO Lithium cobalt oxide

LFP Lithium iron phosphate

Li-ion Lithium-ion

NCA Lithium nickel cobalt aluminium oxide

NMC Lithium nickel manganese cobalt oxide

Na-ion Sodium-ion

NFM Sodium nickel iron manganese layered oxide

CFM Sodium copper iron manganese layered oxide

NFPP Sodium iron phosphate pyrophosphate

OCV Open-Circuit Voltage

PBA Prussian Blue Analogues

RPT Reference Performance Test

SD Standard Deviation

SEI Solid Electrolyte Interphase

SOC State of Charge

SOH State of Health

USABC United States Advanced Battery Consortium

Symbols

𝐸𝑎 Apparent activation energy (Arrhenius parameter).

𝐼 Current.

𝐿0 Inductance.

𝑛 Sample size.

𝑃pulse Pulse power capability.

CPEf Film/interphase constant phase element.

CPEdl Double-layer constant phase element.

𝑄 Capacity.

𝑅0 Ohmic resistance.

𝑅f Film/interphase resistance.

𝑅ct Charge-transfer resistance.

𝑅pol Polarisation resistance.

𝑅pulse Pulse resistance.

𝑡 Time.

𝑡0 Reference time (initial cycle).

𝑇 Temperature.

𝑉 Voltage.

𝑉max Maximum voltage within the defined pulse window.

𝑉min Minimum voltage within the defined pulse window.

𝑉norm(𝑡) Normalised terminal voltage within a pulse.

𝑉min, pulse Minimum discharge pulse voltage.

𝑊diff Warburg impedance for diffusion.

OCVdis Open-circuit voltage during discharge.

Greek Symbols

Δ𝜀cum(𝑡) Cumulative residual (irreversible) strain relative to the 

reference point at time 𝑡.
𝜀res(𝑡) Residual (end-of-cycle) strain at time 𝑡 under the reference 

condition.

𝜀res,0 Residual strain at 𝑡 = 𝑡0.

1 . Introduction

The global expansion of renewable electricity generation and the 

rapid electrification of transport have intensified demand for energy 

storage technologies that can be deployed at scale and at low cost [1]. 

Lithium-ion (Li-ion) batteries remain dominant across many applica­

tions, yet their dependence on critical minerals, such as lithium, nickel, 

graphite, and cobalt, raises concerns about supply chain exposure and 

price volatility [2]. In this context, sodium-ion (Na-ion) batteries have 

attracted growing interest because sodium is abundant and compara­

tively inexpensive. This materials advantage makes Na-ion technology 

particularly relevant for grid-scale storage and cost-sensitive mobility, 

where material availability and manufacturability can be as influential 

as peak gravimetric energy density [3,4].

The commercialisation of Na-ion technology has progressed from 

prototype demonstration to scaled manufacturing, with early products 

primarily targeting cost-sensitive stationary storage and short-range 

mobility [2]. Many contemporary cells adopt standard form factors, 

such as the cylindrical 18650, which can reduce integration effort 

within established module and pack manufacturing and assembly prac­

tices. However, commercial development is not converging on a single 

cathode solution, and several cathode families are being pursued in 

parallel. One route uses layered transition metal oxides (e.g., O3-type 

materials) and prioritises specific energy, which is typically in the 

range of 100–160 Wh kg−1 [5,6]. A second route employs polyanionic 

compounds, while Prussian blue analogues are also increasingly de­

veloped, with an emphasis on power capability and kinetic stability, 

often with lower gravimetric energy [7]. Early deployment indicates that 

chemistry-dependent signatures can greatly affect the observability and 

control. Pronounced hard carbon hysteresis and differences in voltage 

plateau structure are common examples [6,8]. These features limit di­

rect substitution for Li-ion systems and motivate control strategies that 

are explicitly chemistry-aware.

Early evidence from commercial-cell studies indicates that oper­

ability is governed by coupled effects of temperature and State of 

Charge (SOC) rather than by a single set of fixed limits. As temper­

ature decreases, resistive contributions rise sharply, with both pulse 

resistance and impedance increasing markedly [7,9]. Beyond temper­

ature effects, Rehm et al. [7] show that SOC also materially influences 

efficiency and resistance. Losses are substantially larger at low SOC than 

within higher-SOC windows, especially under constant-power operation, 

where reduced terminal voltage forces higher current. Crucially, these 

temperature–SOC sensitivities are accompanied by pronounced cell-to-

cell dispersion, which limits the transferability of room-temperature 

assumptions to cold-start and low-SOC conditions. These operating 

challenges are compounded at low temperature when fast charging is re­

quired, where performance derating gives way to reliability constraints. 

High charge rates under sub-zero conditions can promote sodium depo­

sition and dendritic growth, elevating the risk of internal short circuits 

and safety incidents [10]. Such damage may develop before overt fail­

ure, manifesting as anode morphological degradation and measurable 

impedance changes [9,10].

In parallel with these reliability risks, state observability is also 

less straightforward than in many Li-ion systems. The voltage–SOC 
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relationship is less deterministic, as low-SOC hysteresis associated with 

hard carbon, voltage relaxation, and equilibration phenomena (e.g., an­

ode overhang) can bias open-circuit-voltage (OCV)-based calibration 

and complicate uncertainty-bounded state estimation [6,8,11]. Model 

development is further complicated by the way supporting measure­

ments are obtained. Half-cell artefacts, particularly when sodium metal 

counter electrodes introduce large and unstable overpotentials, can 

distort parameter identification and limit the direct transfer of electrode-

level potential data to full-cell calibration [8]. These combined effects 

suggest that lifetime risk is not captured by gradual capacity fade alone. 

Reliability assessments highlight failure modes, such as float current di­

vergence and gas-driven activation of current interrupt devices, which 

motivate monitoring strategies that extend beyond conventional State 

of Health (SOH) metrics to capture abrupt fault conditions [6,9].

Despite the insights provided by these studies, recent commercial 

benchmarks using aligned test protocols have primarily reported av­

erage energetic and rate-performance metrics, whereas they provide 

limited evidence on dynamic response characteristics across operating 

conditions and on cell-to-cell variability required for uncertainty-aware 

state estimation and operating-limit definition. In addition, mechani­

cal observables may provide an independent monitoring channel for 

tracking when voltage-based estimates are biased by hysteresis and 

relaxation. In Li-ion cells, surface strain has proved informative for 

tracking degradation and identifying incipient failures [12]. For com­

mercial Na-ion cells, however, strain-coupled electrochemical behaviour 

remains underexplored, and its value for state estimation and fault 

diagnostics has not been established.

In order to address these gaps, this study implements a harmonised 

test matrix across temperature and SOC for three commercial sodium-ion 

chemistries and benchmarks them against mature lithium-ion reference 

cells. Multiple replicate cells are tested for the primary sodium-ion type 

to quantify between-cell variability. Specifically, the study establishes 

temperature-indexed electrical and state-mapping information, includ­

ing impedance characteristics, SOC–OCV behaviour with hysteresis, and 

transient response metrics under representative current excitations, en­

abling uncertainty-aware operating-limit setting by quantifying their 

dependence on operating conditions and the extent of between-cell vari­

ability under aligned comparisons. Finally, in-operando casing strain 

is evaluated as an auxiliary observable, and long-term cycling is con­

ducted and compared across the three sodium-ion chemistries, thereby 

identifying which parameter maps and limits are transferable across 

chemistries and which require chemistry-specific calibration for robust 

battery management.

The remainder of this paper is organised as follows. Section 2 out­

lines the materials and methods, including the evaluation protocols 

and experimental techniques. Section 3 presents the results and asso­

ciated analysis of the characteristics of the investigated cells. Section 4 

discusses the key findings and their implications for chemistry-aware 

battery management system (BMS) design. Finally, Section 5 concludes 

the work.

2 . Materials and methods

2.1 . Overview of cell properties and evaluation standards

This study investigates a 1.3 Ah, 18650-format cylindrical sodium-

ion cell comprising a sodium nickel iron manganese layered ox­

ide (Na(Ni, Fe,Mn)O2, NFM) cathode and a hard carbon anode. 

The material composition and key specifications are summarised 

in Table 1. In order to benchmark electrochemical performance 

against established chemistries, we evaluated reference 18650-format 

cells employing a sodium copper iron manganese oxide cathode 

(Na(Cu, Fe,Mn)O2, CFM) and a sodium iron phosphate pyrophosphate 

cathode (Na4Fe3(PO4)2(P2O7), NFPP), alongside two commercial LIBs, 

lithium iron phosphate (LiFePO4, LFP) and lithium nickel cobalt alu­

minium oxide (Li(Ni,Co,Al)O2, NCA). Detailed specifications for these 

reference cells are provided in Supplementary Tables S1 and S2. In 

Table 1 

Material composition and specifications of the investigated NFM cell.

Material composition

Cathode material* Na
[

Ni1∕3 Fe1∕3 Mn1∕3
]

O2
Anode material Hard carbon

Electrolyte Ethyl methyl carbonate with 

NaPF6 salt

Separator Polyethylene

Current collector (cathode & anode) Aluminium foil

Cell housing Steel mantle

Cell specifications

Nominal voltage 3.10 V

Nominal capacity 1300 mAh @ 0.50 C, 25 ◦C

Typical capacity 1350 mAh @ 0.50 C, 25 ◦C

Charge voltage 3.95 ± 0.05 V

Discharge cut-off voltage 1.50 ± 0.05 V

Internal resistance ≤ 20.0mΩ, AC, 25 ◦C

Cell dimensions Diameter: 18.40 ± 0.10 mm; 

Height: 65.30 ± 0.10 mm

Energy density 118.00 Wh/kg

Weight 30.00 ± 0.50 g

Max. continuous charging rate 0–45 ◦C: ≤ 1.00 C; > 45 ◦C: cannot 

charge

Max. continuous discharge rate 0–45 ◦C: ≤ 3.00 C; 45–60 ◦C: ≤
0.50 C; > 60 ◦C: cannot discharge

Max. constant charge current (CC) 1.00 C; CV voltage: 3.95 V; 

Termination current: 0.05 C

Max. constant discharge current CC: 3.00 C

* ICP results: Na:Ni:Fe:Mn = 1.0:0.33:0.33:0.34 (atomic); mass fractions: 

20, 17, 16, 16 wt%.

this study, cells are referred to by their cathode chemistries (e.g., 

NFM, LFP) to facilitate performance comparison, with sodium-ion cell 

manufacturers undisclosed.

To assess the cells’ performance, we established a testing protocol 

that reflects typical usage conditions [13–15]. This approach ensures 

that the results are directly comparable to those of existing LIBs and 

provides valuable insights into the cells’ potential applications in elec­

tric vehicles (EVs) and energy storage systems (ESSs). The evaluation 

procedures for battery performance and lifetime were adapted from 

the United States Advanced Battery Consortium (USABC) Battery Test 

Manual for Electric Vehicles [16]. An overview of the experimental 

workflow and the corresponding test coverage across chemistries is pro­

vided in Fig. 1 and Table 2. The test platforms and instrumentation are 

shown in Supplementary Fig. S1. Unless stated otherwise, continuously 

monitored signals were recorded at 1 Hz.

2.2 . Preconditioning test

To ensure stable cell performance and screen for potential manufac­

turing defects, preconditioning tests were performed [17]. All cells were 

placed in a thermal chamber at 25 ◦C and 50% relative humidity for 4 h 

prior to testing.

For NFM cells, the preconditioning cycle commenced with charging 

the cells at a constant current (CC) of 0.5 C, followed by a constant volt­

age (CV) phase at 3.95 V until the current decreased to 0.05 C. After 

a 10-minute rest, the cells were discharged at a constant current of 

0.5 C down to 1.50 V, followed by another 10-minute rest. This charge–

discharge procedure was repeated three times. Reference cells (CFM, 

NFPP, LFP, and NCA) underwent an identical protocol, with voltage win­

dows and C-rates adapted to their respective chemistries (Supplementary 

Table S3).

As newly manufactured cells may exhibit capacity fluctuations or 

rapid performance degradation due to potential production anomalies 

during initial cycles, cells exhibiting operational anomalies or incom­

plete current/voltage profiles were excluded. The remaining cells show­

ing a capacity variation within ±2% across the three preconditioning 

cycles were subsequently selected for further testing.
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Fig. 1. Experimental workflow comprising three stages: (i) preconditioning and screening of fresh cells, (ii) baseline electrochemical and mechanical characterisation 

(capacity, HPPC/EIS, GITT-based OCV, and FBG strain) across 0–45  ◦C, and (iii) degradation testing with continuous strain monitoring and periodic RPTs (ICA/DVA).

Table 2 

Experimental coverage and sample sizes (𝑛) across chemistries.

Chemistry Precond. 

(25 ◦C)

Capacity 

(0/25/45 ◦C)

Sub-zero cap. 

(sub-zero T)

HPPC (pulse 

and/or DCR)

EIS 

(0/50/100% 

SOC)

EIS (5-chem) 

(50% SOC)

GITT (OCV, 

Relaxation)

Reversible 

strain 

(0/25/45 ◦C)

Medium-term 

(Irreversible 

strain)

Long-term 

(Cycling + RPT)

NFM 25 ◦C, 3 cyc

(𝑛 = 40 → 33)

0.5 C

(𝑛 = 33)

−20/−40 ◦C 

0.2 C

(𝑛 = 3)

0/25/45 ◦C

(𝑛 = 31)

0/25/45 ◦C

(𝑛 = 4)

−30 to 45 ◦C

(𝑛 = 2)

0/25/45 ◦C

0.1/0.5/1 C 

(𝑛 = 8)

Axial+Circ. 

(0.5/0.1 C)

Circ. 

0/25/45 ◦C

1 C × 50 cyc

(𝑛 = 2)

0.2 C

RPT/50 cyc

(𝑛 = 2)

CFM — — −20/−40 ◦C 

0.2 C

(𝑛 = 3)

25 ◦C (0.2/0.5/1 C)

(𝑛 = 1)

— −30 to 45 ◦C

(𝑛 = 2)

0.5 C only

(𝑛 = 3)

Circ. 

0/25/45 ◦C

0.1 C (𝑛 = 1)

— 0.5 C

RPT/100 cyc 

(𝑛 = 1)

NFPP — — −20/−40 ◦C 

0.2 C

(𝑛 = 3)

25 ◦C (0.2/0.5/1 C)

(𝑛 = 1)

— −30 to 45 ◦C

(𝑛 = 2)

0.5 C only

(𝑛 = 3)

Circ. 

0/25/45 ◦C

0.1 C (𝑛 = 1)

— 0.5 C & 1 C

RPT/100 cyc 

(𝑛 = 2)

LFP — — −20/−40 ◦C 

0.2 C

(𝑛 = 3)

25 ◦C (0.2/0.5/1 C)

(𝑛 = 1)

— −15 to 45 ◦C

(𝑛 = 2)

— — — —

NCA — — −20 ◦C only 

0.2 C

(𝑛 = 3)

25 ◦C (0.2/0.5/1 C)

(𝑛 = 1)

— −15 to 45 ◦C

(𝑛 = 2)

— — — —

2.3 . Capacity test

In this study, the capacity of NFM cells was evaluated under represen­

tative operational temperatures as well as under severe low-temperature 

conditions. Capacity values were obtained from the CC discharge phase. 

The test procedure was adapted from IEC 62660–1 for secondary 

lithium-ion cells used in electric-vehicle applications [18]. The standard 

specifies representative temperatures of 0 ◦C, 25 ◦C, and 45 ◦C, corre­

sponding to low, average, and high operating conditions, respectively. 

These temperatures align with the typical operational range for most 

battery applications (5–45 ◦C).

For tests conducted at typical operational temperatures, cells were 

conditioned in a BINDER (LIT MK 240) thermal chamber at the desig­

nated temperature for 3 hours before testing to ensure thermal equilib­

rium. Subsequently, the cells were charged using a CC–CV process with 

a CC to 3.95 V, followed by CV until the current dropped to 0.05 C. Then, 

the cells were rested for 60 minutes. Discharge testing was carried out 

at 0.5 C until the lower cut-off voltage (1.50 V) was reached.

At severe low temperatures (−20 ◦C and −40 ◦C), discharge capac­

ity was compared across multiple chemistries. For each chemistry, three 

cells with fewer than five prior cycles were selected. Cells were first 

equilibrated at 25 ◦C for 3 h and charged using a CC–CV protocol at 

0.2 C, with a cut-off current of 0.065 A. Subsequently, they were trans­

ferred to a thermal chamber at the target sub-zero temperature and 

held for 3 h prior to discharge at 0.2 C. The test C-rate was selected to 

mitigate voltage polarisation at low temperatures while maintaining ap­

plication relevance. The full protocol was repeated three times per cell, 

with re-equilibration and charging at 25 ◦C before sub-zero condition­

ing and discharge at the target sub-zero temperature. NCA cells were not 

tested at −40 ◦C as this temperature falls outside the specified operating

range.

2.4 . Internal resistance measurements

The power capability of a battery is governed by its internal resis­

tance, which varies with key parameters, such as temperature, SOC, and 

SOH [19]. Consequently, characterising this resistance is essential for 

defining operational boundaries, predicting performance, and monitor­

ing the SOH [19,20]. The Electrochemical Impedance Spectroscopy (EIS) 

and Hybrid Pulse Power Characterisation (HPPC) tests are the two com­

monly used methods in LIBs to estimate internal resistance [21]. Studies 

have shown that LIB’s resistances estimated by EIS are lower than those 

obtained from HPPC tests [21,22]. This difference becomes more pro­

nounced at low temperatures, where the dynamic effects captured by 

HPPC are more prominent [23]. In this study, we employed both EIS 

and HPPC to assess the internal resistance of the SIBs.

2.4.1 . EIS test

EIS measurements are typically performed by applying a small 

sinusoidal perturbation and analysing the cell’s response [24]. In 

Applied Energy 412 (2026) 127687 

4 



S. Liu, K. Li, J. Yu et al.

Fig. 2. Equivalent circuit model used for EIS fitting comprising: (i) inductance 

(𝐿0) and ohmic resistance (𝑅0), (ii) an interphase/film-related branch modelled 

as 𝑅f ∥ CPEf, (iii) a charge-transfer branch modelled as 𝑅ct ∥ CPEdl, and (iv) 

a Warburg-type element (𝑊diff) representing diffusion-/mass-transport-related 

impedance at low frequencies.

potentiostatic mode, a sinusoidal potential is applied, and the result­

ing current is measured. Conversely, in galvanostatic mode, a sinusoidal 

current is applied, and the corresponding potential response is recorded. 

Ideally, both methods produce equivalent results, offering flexibility 

in experimental design [25]. The measured impedance response can 

be interpreted using a commonly used equivalent circuit model (ECM) 

shown in Fig. 2. The model includes an inductive contribution (𝐿0), an 

ohmic contribution (𝑅0), an interphase or film-related branch modelled 

as 𝑅f ‖CPEf, and a charge-transfer branch modelled as 𝑅ct ‖CPEdl [21]. 

At low frequencies, diffusion or mass-transport effects are represented 

by a Warburg-type element (𝑊diff). In the semi-infinite diffusion limit, 

this contribution gives an approximately 45◦ tail in the Nyquist plot.

In this study, EIS spectra for the NFM cells were acquired at 0%, 

50%, and 100% SOC at three different temperatures (0 ◦C, 25 ◦C, and 

45 ◦C) by applying a sinusoidal current. The cells were first discharged 

to the lower cut-off voltage using 0.1 C rate at 25 ◦C and then placed 

in the thermal chamber at 0 ◦C for more than 3 h. Subsequently, EIS 

tests were performed on the cells over a frequency range of 0.001 Hz 

to 10 kHz. During this process, high-frequency EIS measurements were 

also repeated three times to determine the resistance values. Once the 

measurements at a given SOC were completed, the thermal chamber was 

reset to 25 ◦C with 50% humidity and maintained for 3 h, after which 

the cells were charged to the next SOC stage using a 0.1 C current. The 

capacity used for SOC calculations was based on the actual capacity of 

each cell, as determined from a capacity test conducted at 25 ◦C. Then, 

the thermal chamber was set back to the target test temperature and the 

EIS tests were conducted. The procedures for EIS tests at 50% and 100% 

SOC were identical to those at 0% SOC. Furthermore, the EIS tests at 

25 ◦C and 45 ◦C followed the same procedures as those at 0 ◦C, while 

the frequency range was set from 0.01 Hz to 10 kHz.

Additional EIS measurements were performed on fresh cells (fewer 

than 10 cycles) across five chemistries at 50% SOC (set by charging at 

0.1 C at 25 ◦C). Two cells per chemistry were tested at −30 ◦C, −15 ◦C, 

0 ◦C, 25 ◦C, and 45 ◦C, except that LFP and NCA were not tested at −30 ◦C 

because the benchmark measurements were designed around conditions 

representative of typical operation. The resulting spectra were used to 

quantify the temperature-dependent polarisation resistance (𝑅pol) for 

subsequent analysis.

2.4.2 . HPPC testing

The HPPC method was employed to evaluate cell resistance at 

specific temperatures and SOC levels. The pulse resistance, 𝑅pulse, is cal­

culated as the ratio of the voltage change (Δ𝑉 ) to the current change 

(Δ𝐼) during a nominal constant-current pulse: 

𝑅pulse = Δ𝑉
Δ𝐼

(1)

Pulse resistance estimates from HPPC data depend on the sampling 

time after pulse onset [19,21]. As there is no universally adopted report­

ing time and practice varies across studies [25], resistance was evaluated 

at multiple instants in this work. Here, Δ𝑉  was defined as the difference 

between the terminal voltage immediately before pulse onset and the 

voltage at 𝑡 = 1, 5, and 10 s after pulse onset, providing 𝑅1s, 𝑅5s, and 

𝑅10s.

This pulse resistance includes ohmic, charge transfer, and polar­

isation components. Ohmic resistance 
(

𝑅0
)

 represents the electrical 

resistances within the cell and is responsible for the instantaneous volt­

age drop when a current pulse is applied. Charge transfer resistance 
(

𝑅CT

)

 is linked to the electrode-electrolyte interfacial reactions and 

becomes evident a few seconds after pulse initiation. Polarisation re­

sistance 𝑅pol is associated with ionic diffusion within the solid phase 

and often serves as a rate-limiting step in LIBs/SIBs. The contributions 

of these three components can be calculated individually to provide 

a clearer understanding of the complex electrochemical processes in 

the battery system [21,26]. However, when using direct current for 

resistance measurements, all contributions to resistance are imposed 

simultaneously, making it challenging to separate the individual com­

ponents [19]. Therefore, calculating a bulk total cell resistance from the 

overall voltage drop during the pulse is a common approach in prior 

studies [27,28].

In order to evaluate the electrochemical resistance of the NFM cells 

under different operating temperatures, HPPC measurements were con­

ducted at 0 ◦C, 25 ◦C, and 45 ◦C in a thermal chamber with a controlled 

relative humidity of 50%. An adapted protocol detailed in [21] was em­

ployed throughout the experiments. Initially, the cells were fully charged 

(0.5 C CC–CV charge to 3.95 V, with a current cut-off of 0.05 C) and 

then allowed to rest for 30 min to stabilise. Subsequently, the cells were 

discharged at 0.5 C to 90% SOC (referenced against the nominal cell 

capacity). Each cell was allowed to equilibrate for 60 min before 10 s 

charge and discharge pulses at 0.2, 0.5, and 1 C were applied, with a 

60 s relaxation period between pulses. The cells were then discharged at 

0.5 C for an additional 10% SOC decrement to the next breakpoint, and 

this process was repeated until the cell voltage reached the lower cut-off 

voltage (1.50 V). 

For cross-chemistry comparison of the HPPC discharge-pulse re­

sponses, the terminal voltage within each 10 s pulse was normalised as 

𝑉norm(𝑡) =
𝑉 (𝑡) − 𝑉min
𝑉max − 𝑉min

(2)

where 𝑉max and 𝑉min denote the maximum and minimum voltages within 

the defined pulse window, respectively. The pulse window was defined 

from pulse onset to 𝑡 = 10 s, with 𝑉max taken as the voltage at pulse onset 

and 𝑉min as the voltage at 𝑡 = 10 s.

From the complete set of test data, individual pulses are extracted 

based on battery voltage and current. The resistance values under 

different applied current rates can then be determined for each pulse.

2.5 . Pulse power capability

Pulse power capability (𝑃pulse) was characterised using the HPPC test 

data at 10% SOC intervals, where the discharge power is defined rel­

ative to the minimum discharge pulse voltage (𝑉min, pulse). These power 

capability measurements determine the usable depth of discharge (DoD) 

within specified pulse voltage constraints for a given discharge power 

level [16]. Previous research has demonstrated that LIBs exhibit marked 

temperature dependence, with substantial degradation in pulse power 

performance at reduced temperatures [29]. The pulse power capability 

during discharge is calculated using Eq. (3): 

𝑃pulse =
𝑉min, pulse ⋅ (OCVdis − 𝑉min, pulse)

𝑅pulse, discharge
(3)

Battery discharge performance presents distinct challenges com­

pared to charging, particularly under high-power demand scenarios 

such as electric vehicle acceleration or power-intensive mobile appli­

cations [29]. To evaluate the viability of NFM cells for moderate-rate 

applications, pulse power capabilities were assessed with 1 C discharge 
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pulses using the HPPC test protocol detailed in Section 2.4.2. These 

testing conditions were selected to align with the operational require­

ments of both residential and utility-scale stationary ESSs, as well as EV 

applications [14,30,31].

2.6 . Voltage relaxation characterisation and SOC–OCV relationship

Voltage relaxation characterisation is employed to investigate the 

intrinsic electrochemical processes within batteries by monitoring the 

evolution of cell voltage over time after the removal of an applied cur­

rent. This approach yields valuable insights into ion transport dynamics, 

charge redistribution and degradation phenomena. Extended relaxation 

periods (typically at least 1 h at room temperature) are required af­

ter current removal to allow the cell potential to converge towards its 

equilibrium value.

By applying a constant current for a fixed duration at different SOC 

levels, and allowing sufficient relaxation periods after current removal, 

the SOC–OCV relationship can be established. Studies have shown 

that the SOC–OCV relationship varies across battery chemistries. For 

instance, LFP cells exhibit relatively flat OCV–SOC curves and high hys­

teresis, whereas lithium nickel manganese cobalt oxide (NMC), NCA, 

and lithium cobalt oxide (LCO) cells display steeper curves and lower 

hysteresis [32,33]. In addition, working temperature and ageing are key 

factors that further affect the SOC–OCV relationship [34]. These dif­

ferences influence the complexity of SOC estimation and the design of 

BMSs.

The most common method of measuring the OCV versus SOC curves 

is based on the galvanostatic intermittent titration technique (GITT). 

This method adjusts the SOC in a stepwise manner and incorporates 

prolonged relaxation periods to allow the voltage to approach thermody­

namic equilibrium [25]. In this work, eight NFM cells were investigated 

at three C-rates (0.1 C, 0.5 C, and 1 C) at each test temperature (0 ◦C, 

25 ◦C, and 45 ◦C). The cells were first discharged to 0% SOC at room 

temperature. Subsequently, they were placed in a thermal chamber 

set to the target temperature for 4 h, followed by charging in 10% 

SOC increments (referenced to the nominal capacity at 25 ◦C) using 

a constant-current profile. Between consecutive charge segments, a 2-

hour rest period was introduced to allow the cell voltage to re-establish 

near-equilibrium conditions [35]. To quantify the time required for the 

voltage to approach this condition, the relaxation time was defined us­

ing a drift-rate criterion. For each rest following a GITT pulse, the time 

to reach 10mVh−1 (i.e., |𝑑𝑉 ∕𝑑𝑡| < 2.8 × 10−6 Vs−1) was determined 

from the absolute voltage slope estimated by a 10 min rolling-window 

ordinary least-squares fit. The criterion was required to be met for 

five consecutive checks at 60 s intervals. If the criterion was not met 

within the 2-hour rest, the relaxation time was reported as 120 min. The 

charging process continued in 10% SOC segments until either reach­

ing the upper cut-off voltage (3.95 V) or completing a maximum of 20 

segments to provide sufficient coverage of the voltage window at low 

temperatures. Subsequently, the discharge process followed the same 

protocol until reaching either the lower cut-off voltage (1.5 V) or 20 

segments, maintaining 2-hour relaxation periods between consecutive 

segments. Throughout this sequence, current, voltage, and the time 

stamp for each operational step were recorded continuously at 1 Hz. 

The SOC values were calculated individually for each tested cell us­

ing the coulomb counting method. For each cell, SOC was normalised 

to its total charged capacity with 100% SOC defined at charging com­

pletion, and to its total discharged capacity with 0% SOC at discharge

completion.

For the reference sodium-ion cells (CFM and NFPP), GITT tests 

were conducted exclusively at 0.5 C across the three test temperatures 

(0 ◦C, 25 ◦C, and 45 ◦C). Three cells of each reference chemistry were 

tested to evaluate cell-to-cell consistency. For each chemistry, the mean 

SOC–OCV response and the corresponding ± 1 standard deviation (SD) 

were obtained across the tested cells.

2.7 . Incremental capacity and differential voltage analysis

Incremental capacity analysis (ICA, dQ/dV) and differential voltage 

analysis (DVA, dV/dQ) were obtained from the 0.1 C voltage–capacity 

data. Cells were charged using a 0.1 C CC–CV protocol with a cut-off 

current of 0.060 A and then discharged at 0.1 C (CC) until the lower volt­

age cut-off was reached. The analysis procedure was adapted from [36], 

with minor modifications to reduce numerical-differentiation artefacts. 

Specifically, data in the vicinity of the upper and lower cut-off regions 

were excluded prior to differentiation and are therefore not shown in 

the ICA/DVA plots.

2.8 . Casing strain measurements

In order to characterise casing-level mechanical response in cylin­

drical sodium-ion cells, swelling measurements were performed using 

fibre Bragg grating (FBG) sensors bonded to the external steel casing. 

Sensors were positioned at approximately mid-height to reduce end-cap 

boundary effects. After temperature compensation, the measured strain 

is reported as the external casing strain induced by electrochemically 

driven dimensional changes during cycling.

Two FBG configurations were implemented on NFM cells to exam­

ine directional dependence and rate sensitivity (Supplementary Fig. S2). 

For circumferential measurements, an FBG sensor was wrapped around 

the cell and bonded with the fibre oriented along the circumferential 

direction, providing a measure of hoop strain. For axial measurements, 

an FBG sensor was aligned parallel to the cylinder axis and positioned 

within ±0.5 cm of the mid-height to capture axial casing strain. In both 

configurations, a loosely attached reference FBG sensor placed adja­

cent to the bonded sensor was used for temperature compensation. 

Measurements were conducted at 25 ◦C under constant-current cycling 

at 0.5 C followed by 0.1 C.

For cross-chemistry and temperature comparisons, the circumfer­

ential configuration was used as a consistent measurement geometry. 

Strain measurements were performed on NFM, CFM, and NFPP cells that 

had undergone fewer than five prior cycles to reduce ageing-related irre­

versible strain accumulation. Cells were held at 0 ◦C, 25 ◦C, and 45 ◦C for 

4 h prior to testing, then cycled at 0.1 C at each temperature set-point.

The temperature-compensated strain and voltage signals were syn­

chronised, and the differential strain response (d𝜀/dV) was obtained 

by numerical differentiation of the strain-voltage curves for charge and 

discharge using an identical procedure at 0 ◦C, 25 ◦C, and 45 ◦C.

2.9 . Progression of irreversible strains and capacity fade

To quantify capacity evolution and irreversible strain development 

under continuous cycling at a 1 C rate, 50 consecutive cycles were exe­

cuted at 1 C and 25 ◦C, with the discharge capacity of each cycle recorded 

as the usable capacity. The nominal capacity after the experiment was 

determined using a 0.5 C rate.

Simultaneously, casing-level strain was continuously monitored dur­

ing cycling using circumferentially mounted FBG sensors identical to 

those described in Section 2.8. This configuration was employed to track 

the accumulation of non-recoverable strain over successive cycles.

In this work, cumulative residual strain is used as a quantitative met­

ric to characterise the progressive accumulation of end-of-cycle residual 

deformation during cycling. The cumulative residual strain is defined as 

the absolute increment of the residual (end-of-cycle) strain 

Δ𝜀cum(𝑡) = 𝜀res(𝑡) − 𝜀res,0, (4)

where 𝜀res(𝑡) denotes the residual strain measured at the end of each 

cycle under the same reference condition, 𝜀res,0 is the residual strain at 

the chosen reference point, and Δ𝜀cum(𝑡) is expressed in 𝜇𝜀.
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2.10 . Long-term cycling protocol and ageing diagnostics

Long-term cycling tests were conducted to evaluate the ageing 

behaviour of the investigated sodium-ion cells under fixed voltage win­

dows, using CC–CV charging and CC discharging profiles. Two NFM cells 

from different production batches, one CFM cell, and two NFPP cells 

were selected for this assessment. For the NFM chemistry, preliminary 

tests at the standard cycling rate indicated that some cells failed before 

the end-of-life criterion was reached (e.g., 80% SOH), leading to pre­

mature test termination. A reduced cycling rate of 0.2 C was therefore 

adopted for the NFM cells to ensure that complete long-term ageing tra­

jectories could be obtained. The CFM cell was cycled at the standard rate 

of 0.5 C. For NFPP, one cell was cycled at 0.5 C (standard rate), while 

the second was cycled at 1 C to examine performance at a higher C-rate.

SOH was defined as the discharge capacity normalised to the max­

imum discharge capacity recorded for each cell over the entire cycling 

under identical test conditions, enabling direct comparison of capacity-

fade trajectories across the tested chemistries and C-rates.

To provide a consistent diagnostic baseline, periodic reference per­

formance tests (RPTs) were conducted at 0.1 C and 25 ◦C. RPTs were 

performed every 50 cycles for the NFM cells and every 100 cycles for 

the CFM and NFPP cells. The voltage-capacity curves obtained from 

these RPTs were used for incremental capacity analysis (ICA, dQ/dV) 

and differential voltage analysis (DVA, dV/dQ) to track the evolution of 

diagnostic features during ageing.

3 . Results and discussion

Preconditioning tests were conducted on 40 NFM cells acquired from 

two procurement orders. Due to uncertainty about the uniformity of 

production conditions, the cells were labelled as NFM1 and NFM2 to 

distinguish the batches. Cells exhibiting operational anomalies during 

preconditioning or subsequent tests (such as voltage shutdown dur­

ing cycling or complete failure at 0 ◦C) were excluded. Consequently, 

33 cells remained for detailed analysis. Similar voltage-shutdown be­

haviour has been reported in [6]. They identified that internal pressure 

buildup, caused by gassing side reactions, can trigger the cell’s internal 

protective devices (CID) to disconnect the circuit.

The same preconditioning and screening procedure was also applied 

to the reference chemistries prior to their use in benchmark comparisons 

across chemistries.

3.1 . Capacity test results and analysis

3.1.1 . Analysis of temperature-dependent capacity variation

Fig. 3 shows capacity measurements across 33 NFM cells, identified 

by their batch designation (NFM1, NFM2) and unique numerical iden­

tifiers (e.g., NFM1-1, NFM2-10). The cells exhibited stable discharge 

capacity at moderate (25 ◦C) and elevated (45 ◦C) temperatures, yet dis­

played considerable performance divergence at 0 ◦C. Statistical analysis 

(Fig. 3b) revealed tightly clustered capacity distributions at both 25 ◦C 

and 45 ◦C. The highest discharge capacities were observed at 45 ◦C, with 

mean and maximum values of 1.33 Ah and 1.40 Ah, respectively, reflect­

ing the favourable electrochemical kinetics at elevated temperatures. 

In contrast, low-temperature operation (0 ◦C) yielded a diminished 

mean capacity of 1.17 Ah, with a markedly broader distribution range 

(1.10–1.25 Ah), underscoring substantial cell-to-cell variations.

Analysis of temperature-normalised capacity ratios (Fig. 3c) provides 

deeper insights into thermal performance dependencies. At 45 ◦C, the 

cells maintained consistently elevated capacity ratios of approximately 

1.05 relative to their performance at room temperature, with one cell 

even reaching 1.10. This uniform enhancement suggests robust high-

temperature stability across the cell population. The low-temperature 

regime (0 ◦C) revealed marked performance heterogeneity, with capac­

ity ratios spanning 0.90–0.95. Such variation is consistent with reduced 

transport and reaction rates at low temperature.

A comparison between the NFM1 and NFM2 batches reveals modest 

and temperature-dependent batch differences in discharge capacity 

(Fig. 4; Table 3). The two batches exhibit comparable mean capacities 

at 0 ◦C and 45 ◦C, with no statistically significant differences observed. 

In contrast, at 25 ◦C, NFM2 displays a slightly higher mean discharge 

capacity than NFM1 (approximately 1.5%), and this difference is statisti­

cally significant (Welch’s two-sample 𝑡-test, 𝑝 < 0.01; see Supplementary 

Methods, S1).

Under severe sub-zero conditions, all chemistries delivered lower 

discharge capacity at −20 ◦C than at 25 ◦C. At −40 ◦C, the lithium-ion 

reference cells did not sustain discharge sufficiently to yield a measur­

able capacity under the present protocol and are therefore not reported. 

In contrast, all three sodium-ion chemistries retained measurable capac­

ity, with −40 ◦C retentions of 51–62% relative to 25 ◦C. Consistently, 

the Na-ion cells also showed higher capacity retention at −20 ◦C than 

the lithium-ion cells (87-90% versus 72%–75%). Among the sodium-

ion chemistries, CFM exhibited the highest low-temperature capacity 

retention at both −20 ◦C and −40 ◦C (Fig. 5b).

3.1.2 . Distributions of charging and discharging durations

Capacity testing revealed substantial cell-to-cell dispersion in both 

charging and discharging durations under identical termination criteria. 

This dispersion is operationally important because it can induce SOC 

imbalance and non-uniform heat generation at pack level, particularly 

under cold-start charging.

Fig. 6 presents temporal distribution analyses at 0 ◦C, 25 ◦C, and 

45 ◦C, with data binned into 10 intervals (N = 33 cells). At 0 ◦C, 

charging durations exhibit broad distribution centred approximately 

at 500 min, with several cells requiring over 1,000 min (Fig. 6(a). In 

contrast, cells at 25 ◦C and 45 ◦C demonstrate markedly condensed 

distributions around 120 min (Figs. 6b,c). The 25 ◦C distribution re­

veals subtle positive skewness, whilst the 45 ◦C data shows pronounced 

right-skewed characteristics, indicating isolated instances of extended 

charging periods.

Detailed analysis of CC–CV sub-phases (Figs. 6d–i) reveals dis­

tinct temperature-dependent behaviours. The CC phase at 0 ◦C spans 

150–300 min with quasi-symmetric distribution. Room temperature and 

elevated temperature operations demonstrate accelerated CC phases, 

with mean durations reduced by approximately 43%. This acceleration 

stems from enhanced ionic mobility and subsequent electrochemical 

kinetics at higher temperatures [37].

The CV phase emerges as the primary contributor to the large charg­

ing duration variability. At 0 ◦C, it can vary from as little as 100 min to 

more than 1,000 min (Fig. 6g). While many cells complete CV quickly, 

a substantial right tail indicates that some cells require prolonged du­

rations, presumably due to slower reaction rates and reduced ionic 

conductivity [38]. At 25 ◦C and 45 ◦C, the CV phase shows narrower dis­

tributions with a single dominant peak (Figs. 6h,i). However, at 45 ◦C, 

frequent outliers and increased skewness suggest that elevated temper­

atures can introduce new forms of cell-to-cell variability, possibly from 

localised overheating or non-uniform reaction kinetics [37].

Discharge characteristics (Figs. 6j–l) maintain relative symmetry 

across all temperatures, with subtle duration extensions at elevated 

temperatures. This is consistent with reduced polarisation and lower ef­

fective resistance at elevated temperature, which can delay reaching the 

cut-off voltage within a fixed voltage window and yield slightly higher 

usable capacity [39,40]. Notably, ambient and elevated temperature dis­

charge profiles demonstrate enhanced uniformity, suggesting improved 

kinetic homogeneity above 0 ◦C.

Remarks: Capacity and time-domain characterisation of the 33 

screened NFM cells shows clear temperature dependence, and severe 

sub-zero benchmark tests across chemistries indicate the following.

(i) At 45 ◦C, discharge capacity is highest (mean 1.33 Ah; max 

1.40 Ah), whereas at 0 ◦C the mean capacity decreases to 1.17 Ah 
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Fig. 3. Electrochemical capacity analysis of NFM cells: (a) measured discharge capacities of individual cells at 0 ◦C, 25 ◦C, and 45 ◦C; (b) statistical capacity distributions 

across the temperature range; (c) temperature-dependent capacity ratios normalised to room temperature (25 ◦C) performance.

Fig. 4. Statistical comparison of discharge capacities between NFM1 and NFM2 

battery batches at various temperatures.

Table 3 

Statistical comparison of discharge capacities between NFM1 and 

NFM2 battery batches at various temperatures.

T NFM1 Mean ± SD (Ah) NFM2 Mean ± SD (Ah) p-value

0 ◦C 1.171 ± 0.014 1.162 ± 0.030 0.2314ns

25 ◦C 1.249 ± 0.010 1.264 ± 0.013 0.0033**

45 ◦C 1.322 ± 0.020 1.324 ± 0.016 0.7368ns

nsnot significant (p ≥ 0.05), *p < 0.05, **p < 0.01, ***p < 0.001.

with a broader spread (1.10–1.25 Ah; normalised ratio 0.90–0.95 

relative to 25 ◦C).

(ii) Under the present severe sub-zero benchmark protocol, Na-ion 

chemistries retain measurable capacity at −40 ◦C (51%–62% of 

25 ◦C), whereas the Li-ion reference cells do not sustain discharge 

to the cut-off voltage; at −20 ◦C, Na-ion retention (87%–90%) 

exceeds Li-ion (72%–75%).

(iii) Time-domain metrics highlight greater dispersion under cold con­

ditions, with total charging duration at 0 ◦C broadly distributed 

(centred near ∼500 min, with outliers exceeding 1,000 min), 

whereas at 25 ◦C and 45 ◦C it clusters near ∼120 min, with the 

CV phase dominating the spread at 0 ◦C.

These quantified dispersions provide direct inputs for temperature-

aware charging supervision, pack balancing strategy, and uncertainty-

aware SOC management.

3.2 . Resistance analysis from EIS and HPPC characterisation

This section reports resistance and polarisation characterisation us­

ing EIS and HPPC across temperature and SOC. EIS is used to quantify 

the evolution of impedance features and the Arrhenius trends in 𝑅pol, 
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Fig. 5. Discharge performance of Li-ion and Na-ion 18650 cells. (a) Discharge capacity at 0.2 C measured at 25 ◦C, −20 ◦C and −40 ◦C for five cell chemistries, 

defined by their cathode type (NFM, CFM, NFPP, LFP and NCA). Error bars represent ±1 s.d. (𝑛 = 3). (b) Capacity retention at −20 ◦C and −40 ◦C, normalised to the 

corresponding 25 ◦C value for each chemistry.

including a cross-chemistry comparison across the five cell types, while 

HPPC provides pulse-response analysis and time-scale-dependent DCR 

metrics.

3.2.1 . EIS measurement results and analysis

Nyquist spectra from four representative NFM cells (NFM2-10, 

NFM2-19, NFM2-27 and NFM2-28) measured at 0 ◦C, 25 ◦C and 45 ◦C 

and at three SOC levels (0%, 50% and 100%) are shown in Fig. 7. 

Across the four cells, the spectra share a consistent overall morphology, 

comprising a mid-frequency arc followed by a low-frequency tail, with 

the overall magnitude strongly dependent on operating temperature 

and SOC. As temperature decreases, the impedance expands markedly, 

with the largest response occurring at 0 ◦C. The SOC dependence is 

most pronounced at 0 ◦C, where the 0% SOC spectra dominate the 

mid-to-low-frequency region for all four cells, whereas the 50% and 

100% SOC spectra remain comparatively compact. Insets highlight the 

high-frequency region near the real-axis intercept, where differences 

across SOC and cells are relatively small compared with the pronounced 

changes in the main arc at low temperature.

The most pronounced SOC effect is observed at 0% SOC, where the 

mid-frequency arc enlarges substantially, particularly at 0 ◦C, indicat­

ing strongly increased polarisation under cold and low-SOC operation. 

This trend is consistent with the extended charging durations reported 

in Fig. 6 and suggests that charge acceptance and power capability are 

most constrained near end-of-discharge in sub-zero conditions. At low 

SOC, no distinct high-frequency feature can be consistently resolved as a 

separate interphase-related contribution within the measured frequency 

window, in contrast to the additional high-frequency semicircle often 

reported for some Li-ion cells [41,42].

Moreover, in the low-frequency region of Fig. 7, a diffusion-like ter­

minal tail is clearly expressed at 45 ◦C, whereas at 0 ◦C over the same 

frequency window the tail is less pronounced and the response remains 

dominated by the preceding polarisation feature. Notably, the 45 ◦C 

tail does not follow the canonical 45◦ line expected for semi-infinite 

Warburg diffusion; instead, it exhibits an evident curvature and a slope 

that departs from 45◦, indicating non-ideal diffusion behaviour within 

the measured frequency range.

Fig. 8 compares the early-life impedance response of five chemistries 

at −30 ◦C, −15 ◦C, 0 ◦C, 25 ◦C, and 45 ◦C. In the low-frequency region, the 

impedance trajectories deviate from the ideal 45◦ diffusion tail expected 

for semi-infinite Warburg behaviour, most notably for NFM and CFM. To 

capture this non-ideal low-frequency tail consistently across chemistries, 

the diffusion-related response was represented using a constant phase 

element within a fractional-order ECM (Supplementary Methods, S2).

Across all chemistries, impedance increases with decreasing tempera­

ture, accompanied by an enlargement of the mid-frequency polarisation 

feature. At 25 ◦C, replicate cells within each chemistry show good consis­

tency, indicating limited cell-to-cell dispersion under mild conditions. At 

45 ◦C, impedance is lower overall, although consistency between repli­

cates is reduced relative to 25 ◦C. At sub-zero temperatures, dispersion 

becomes apparent, particularly in the low-frequency region. Across the 

set, NFM exhibits the largest mid-frequency arc at low temperatures, 

and CFM shows similarly elevated polarisation compared with NFPP, 

LFP and NCA.

The temperature dependence of polarisation is summarised in Fig. 9. 

Shaded bands indicate the ±1𝜎 scatter in ln(𝑅pol) around the fit­

ted Arrhenius trends (see Supplementary Methods, S3). The polar­

isation resistance was taken as the sum of the fitted film-related 

resistance and the charge-transfer resistance from the ECM, because 

the film contribution was not consistently resolved as a distinct fea­

ture from the charge-transfer response under all conditions. Across 

all chemistries, ln(𝑅pol) varies approximately linearly with 1000∕𝑇 , 

indicating that the temperature dependence of polarisation is well de­

scribed by an Arrhenius relationship. The apparent activation energies 

are 71.6 kJ mol−1 (NFM, 𝑅2=0.995), 74.8 kJ mol−1 (CFM, 𝑅2=0.982), 

58.9 kJ mol−1 (NFPP, 𝑅2=0.881), 68.8 kJ mol−1 (LFP, 𝑅2=0.919) and 

51.6 kJ mol−1 (NCA, 𝑅2=0.955). This contrast indicates that CFM is 

more temperature-sensitive, showing a steeper increase in polarisa­

tion as temperature decreases, whereas NFM remains more strongly 

polarised even under moderate conditions. From an operational per­

spective, this suggests that CFM will exhibit a more rapid deterioration 

in power capability as ambient temperature falls, while NFM is ex­

pected to incur larger overpotentials and greater efficiency penalties 

across the full temperature range considered. NFPP shows an inter­

mediate response, with a more moderate temperature dependence and 

correspondingly moderate low-temperature limitations relative to CFM

and NFM.

3.2.2 . HPPC test results and analysis

In the HPPC tests, NFM cells demonstrated distinct temperature-

dependent behaviour patterns. While exhibiting relatively stable per­

formance at both 25 ◦C and 45 ◦C, the cells encountered significant 

limitations at 0 ◦C. In addition, several NFM cells reached the upper 

voltage limit during the charge pulses at the 90% SOC breakpoint, 
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Fig. 6. Statistical distributions of charging and discharging durations across multiple temperature conditions (0 ◦C, 25 ◦C, and 45 ◦C). (a-c) CC-CV charging phase 

distributions; (d-f) CC charging phase distributions; (g-i) CV charging phase distributions; (j-l) discharging phase distributions. Each subplot shows the distribution 

density with mean (red dashed line) and median (blue dotted line) values, along with skewness and kurtosis metrics.

leading to premature termination of the HPPC sequence. From the ini­

tial test group, 31 NFM cells successfully completed the comprehensive 

measurements across all temperature conditions, as illustrated in Fig. 10. 

At low SOC and reduced temperature, the voltage response became 

more heterogeneous across cells, suggesting that sodium-ion chemistry 

responds more strongly to these operating conditions.

Voltage response analysis at 25 ◦C reveals chemistry-dependent pulse 

response behaviour. Fig. 11 compares the normalised voltage response 

during 10 s HPPC discharge pulses at 0.2 C, 0.5 C, and 1 C (0.1 s sam­

pling). The voltage profiles are normalised within the selected analysis 

window to enable cross-chemistry comparison of response shape. At 

approximately 50% SOC, NFM exhibits the largest total voltage drop 

across the tested C-rates (167 mV at 1 C) and the largest within-pulse 

time-dependent component at 1 C (144 mV), indicating pronounced po­

larisation build-up over the 10 s pulse. CFM and NFPP show smaller 

drops and more limited within-pulse components in absolute magnitude 

at 1 C (55 mV and 39 mV, respectively). In contrast, NCA shows a step-

dominated response, with 81% of the total voltage drop captured at 

the first post-onset sample (0.1 s after pulse onset) and only a lim­

ited additional within-pulse component over the remainder of the pulse 

(25 mV). LFP exhibits a drift-dominated response with negligible early-

time drop, giving a 1 C total drop of 73 mV that is almost entirely 

within-pulse decay. This chemistry-dependent partitioning between the 

0.1 s component and the subsequent within-pulse component is also 

observed at 20%, and 80% SOC, with the early-time fraction becom­

ing more pronounced for CFM and LFP at high SOC (Supplementary 

Fig. S3). At 0.2 C and 0.5 C, the early-time component as captured by 

the 0.1 s sample is negligible for most chemistries at 50% SOC, and 

the voltage evolution is dominated by slower polarisation processes. 

After pulse termination, all cells recover rapidly, with NFM showing 
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Fig. 7. Raw Electrochemical impedance spectroscopy (EIS) spectra of four representative cells measured at 0 ◦C, 25 ◦C, and 45 ◦C (from top to bottom) and at 0%, 

50% and 100% SOC. Insets magnify the high-frequency region near the real-axis intercept.

Fig. 8. Electrochemical impedance spectroscopy (EIS) comparison of five cell chemistries measured at −30 ◦C, −15 ◦C, 0 ◦C, 25 ◦C, and 45 ◦C. (a–e) Nyquist plots at 

the corresponding temperatures. Two cells are tested for each chemistry. These spectra were used for fractional-order ECM fitting.

the largest recovery ratio (0.92 of the pulse-induced drop recovered 

within 1 s, compared with 0.63–0.89 for the other chemistries, with 

LFP the lowest). Key pulse metrics are summarised in Supplementary 

Table S4, and the 1 C partitioning is reported in Supplementary Table S5. 

These signatures reflect the balance between an early-time step-like 

component and a slower polarisation component. Differences in Na+

transport and interfacial processes, including its larger ionic radius 

and distinct solvation/desolvation behaviour, may contribute to the 

more pronounced time-dependent response observed for the sodium-ion

cells [43].

3.2.3 . HPPC-derived direct current resistance (DCR) estimation and SOC 

dependence

Following the definition in Section 2.4.2, pulse resistance was 

evaluated at multiple instants after pulse onset, yielding 𝑅1s, 𝑅5s, and 

𝑅10s based on Δ𝑉  measured at 𝑡=1 s, 5 s, and 10 s. Fig. 12 compares 

DCR estimates at these sampling instants with EIS-derived resistance 

at around 50% SOC for four representative NFM cells. This compari­

son illustrates the sampling-time sensitivity of HPPC-derived resistance, 

which is most evident at 0 ◦C, while the DCR estimates at 25 ◦C and 

45 ◦C are more closely grouped. Motivated by this sensitivity check, the 
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Fig. 9. Arrhenius analysis of the temperature dependence of polarisation based 

on EIS measurements at −30 ◦C, −15 ◦C, 0 ◦C, 25 ◦C, and 45 ◦C.

SOC-resolved statistics in Fig. 13 use 𝑅10s at 0 ◦C (1 C pulses), whereas at 

25 ◦C and 45 ◦C the DCR values represent the average of those calculated 

from 0.2 C, 0.5 C, and 1 C pulses (using 𝑅1s). At each sampling instant, 

the SOC was determined from the ratio of the integrated discharged 

capacity (from the beginning of discharge to that moment) to the to­

tal discharged capacity accumulated over the entire HPPC process. The 

vertical axis markers in each violin plot denote the average SOC in each 

data group.

It is evident that at 25 ◦C and 45 ◦C, the mean resistance increases 

as SOC decreases, showing a pronounced rise once SOC falls below 20% 

and peaking near 0%. Furthermore, the resistance at 25 ◦C is approxi­

mately twice that observed at 45 ◦C. Under 0 ◦C, the resistance at each 

SOC stage exhibits greater variability. For instance, at 90% and 80% 

SOC, the estimated resistance values range from 0.1Ω to 0.5Ω. From 

approximately 70% SOC onward, the data become relatively concen­

trated around the mean, and the overall trend indicates an increase in 

Fig. 10. Hybrid Pulse Power Characterisation (HPPC) profiles across 27 sodium-ion cells at 0 ◦C, 25 ◦C, and 45 ◦C, with varying colour intensities denoting individual 

cell responses.

resistance with decreasing SOC. However, at lower SOC, the variance 

becomes large once again. These trends indicate that temperature-

specific SOC operating windows and power limits should be defined 

using resistance-based constraints, particularly under sub-zero condi­

tions. Supporting analyses for the two NFM batches across temperature 

are provided in Supplementary Tables S6–S8 and Supplementary Fig. S4.

Remarks: Resistance characterisation using HPPC-derived DCR, to­

gether with EIS, reveals strong time-scale, temperature and chemistry 

effects relevant to power-limiting and model parameterisation.

(i) Impedance increases markedly with decreasing temperature 

and shows chemistry-dependent low-frequency non-ideality. 

Arrhenius trends in ln(𝑅pol) versus 1000∕𝑇  yield activation en­

ergies of 71.6 kJ mol−1 (NFM), 74.8 kJ mol−1 (CFM), 58.9 

kJ mol−1 (NFPP), 68.8 kJ mol−1 (LFP) and 51.6 kJ mol−1 (NCA) 

over −30 ◦C to 45 ◦C.

(ii) At 25 ◦C (around 50% SOC, 1 C), pulse responses show chemistry-

dependent partitioning between early-time and within-pulse con­

tributions: NFM exhibits the largest total drop (167 mV) and 

within-pulse decay (144 mV), whereas CFM and NFPP show 

smaller total drops (55 mV and 39 mV). NCA is step-dominated 

(81% captured at 0.1 s), while LFP is drift-dominated, with a 1 C 

total drop of 73 mV that is almost entirely within-pulse decay.

(iii) Pulse-derived DCR exceeds EIS across the tested conditions and 

rises steeply at low SOC. At around 50% SOC, DCR can be 

up to ∼10× higher than the EIS-derived resistance at 0 ◦C, and 

several-fold higher at 25 ◦C and 45 ◦C (Fig. 12). At 25 ◦C and 

45 ◦C, different Δ𝑉  sampling instants yield similar DCR estimates. 

Across the cell set, mean resistance increases sharply below ∼20% 

SOC at 25 ◦C and 45 ◦C, whereas at 0 ◦C dispersion is large (e.g., 

0.1–0.5Ω at 80–90% SOC).

These results support pulse-based, temperature- and SOC-dependent 

resistance constraints for power limits and motivate chemistry-aware 

parameter updating in control-oriented models.

3.3 . Analysis of pulse power capability

The 𝑅pulse, discharge was determined using the 𝑅1𝑠 values calculated in 

Section 3.2.3, while the OCV was established from the voltage measured 
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Fig. 11. Comparison of normalized voltage responses during HPPC discharge pulses for Na-ion (NFM, CFM, NFPP) and Li-ion (LFP, NCA) cells at 50% SOC. (a) 0.2 C 

rate, (b) 0.5 C rate, and (c) 1.0 C rate.

NFM2-10 NFM2-19 NFM2-27 NFM2-28

Fig. 12. Comparison of HPPC-derived DCR (𝑅1s, 𝑅5s, 𝑅10s) and EIS-derived re­

sistance at ∼50% SOC for four NFM cells. Marker size indicates pulse C-rate and 

colours denote temperature.
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Fig. 13. SOC dependence of HPPC-derived DCR under 0 ◦C, 25 ◦C and 45 ◦C. 

Violin width indicates data density; markers show individual estimates and error 

bars show mean ± standard deviation (whiskers: non-outlier range).
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Fig. 14. Changes in discharge pulse power capability with SOC at different tem­

peratures. Points represent individual cells (near integer SOC). Boxplots show 

median and interquartile range with non-outlier whiskers; the larger marker 

indicates the mean and error bars show ±1 SD.

near the termination of the 60-minute relaxation period. Fig. 14 presents 

the statistical analysis of temperature and SOC-dependent pulse power 

capabilities obtained from 27 tested cells.

The pulse power capability exhibits pronounced temperature de­

pendence, with the NFM cells demonstrating maximum mean values 

at 45 ◦C. The pulse power capability spans approximately 7 W to 2 W 

across an SOC range of 90% to 0%. Measurements conducted at 25 ◦C 

yielded lower values compared to those at 45 ◦C, while maintaining sim­

ilar distribution patterns. The average pulse power capability at 0 ◦C 

demonstrates notably reduced performance compared to 25 ◦C, partic­

ularly within the SOC range of 60% to 0%. Furthermore, significant 

statistical deviation is observed in the pulse power capabilities at higher 

SOC values (70%–80%) across all three temperatures, with select cells 

exhibiting broad distributions ranging from 3 W to 7 W.
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Fig. 15. SOC-dependent voltage relaxation time to the 10mVh−1 criterion (|𝑑𝑉 ∕𝑑𝑡| < 2.8 × 10−6 Vs−1) for eight NFM cells after GITT pulses at 1 C, 0.5 C and 0.1 C 

(rows), during charge (left) and discharge (right). Boxes show IQR with median; markers show mean ±1 SD; dots show individual measurements.

Remarks: Pulse power capability derived from 𝑅1s exhibits strong 

temperature and SOC dependence:

(i) Across 90% to 0% SOC, discharge pulse power spans approxi­

mately 7 W to 2 W, with the highest mean values at 45 ◦C.

(ii) Power capability at 0 ◦C is substantially reduced relative to 25 ◦C, 

with the gap most evident below ∼60% SOC.

(iii) Cell-to-cell dispersion is largest at higher SOC (70%–80%) across 

all temperatures, with values ranging roughly from 3 W to 7 W.

Practically, these statistics translate into temperature- and SOC-

dependent power-limits, with extra margin reserved for high-SOC op­

eration.

3.4 . Voltage relaxation characterisation

Fig. 15 summarises the distribution of relaxation times for NFM re­

quired to satisfy the 10mVh−1 criterion (|𝑑𝑉 ∕𝑑𝑡| < 2.8 × 10−6 Vs−1) 
following each GITT pulse, shown as a function of SOC for 0 ◦C, 25 ◦C and 

45 ◦C. Results are grouped by pulse rate (rows) and by charge/discharge 

direction (left/right); boxes indicate the IQR with median, markers show 

mean ±1 SD, and dots show individual measurements. Relaxation times 

are capped at 120 min when the criterion is not achieved within the 

2-hour rest.

Voltage relaxation analysis at different C-rates and temperatures re­

veals that, across all SOC levels, the time to reach the 10mVh−1 criterion 

depends strongly on temperature, SOC and pulse rate, and is not al­

ways achieved within the 2-hour rest under cold and low-SOC conditions 

(Fig. 15). During charging, relaxation times at 25 ◦C and 45 ◦C remain 

comparatively short through the mid-SOC range yet increase and be­

come more dispersed towards the SOC end-points, with the strongest 

broadening observed at 0 ◦C. By contrast, the discharge process shows 

a clearer SOC dependence, with relaxation times rising sharply and 

dispersion increasing as SOC decreases, most pronounced at 0 ◦C where 

several steps approach the 2-hour limit or reach the 120-min cap. For 

most GITT steps, the criterion is reached well before the end of the 2-

hour rest. Accordingly, we treat the rest-end voltage as a quasi-OCV for 

SOC–OCV mapping; when the criterion is satisfied, it provides a closer 

approximation to equilibrium, whereas when it is not satisfied within 2 

hours (notably at low SOC and 0◦C), residual drift may remain at the 

end of the rest period.
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Fig. 16. SOC–OCV characteristics of NFM Na-ion cells at (a) 0.1 C, (b) 0.5 C, and (c) 1 C, measured at 0 ◦C (blue), 25 ◦C (green), and 45 ◦C (red). Solid and dashed 

lines represent the mean charging and discharging curves, respectively. Shaded regions indicate ±1 standard deviation (𝑛 = 8).

Remarks: Voltage relaxation times measured via GITT show system­

atic SOC-, temperature- and rate-dependence:

(i) During charging above ∼30% SOC, relaxation times are weakly 

sensitive to 0 ◦C and 45 ◦C, remaining near ∼50 s for 1 C and 0.5 C, 

and near ∼25 s for 0.1 C.

(ii) At 25 ◦C under 1 C and 0.5 C, substantial variability persists up to 

high SOC (reported up to ∼70% SOC).

(iii) During discharge, relaxation time increases as SOC decreases, and 

low temperature amplifies both the magnitude and the sample-

to-sample spread, particularly at low SOC.

These distributions can be used to set temperature- and SOC-dependent 

rest-time requirements in test protocols and to tune relaxation-aware 

state estimation.

3.5 . SOC–OCV characteristics

The SOC during GITT measurements was calculated using coulomb 

counting method, with the integrated capacity calibrated against the 

cell’s actual capacity determined from the complete charging or dis­

charging sequence of 10% SOC increments. It should be noted that, in the 

GITT charging tests at 0◦C, all cells completed the full 20 steps without 

reaching the upper voltage cut-off.

The SOC–OCV behaviour of the NFM chemistry is summarised in 

Fig. 16(a–c), presenting statistical aggregates of eight cells pulsed at 

0.1 C, 0.5 C, and 1 C, respectively; detailed individual profiles are pro­

vided in Supplementary Fig. S5. Within each C-rate, the statistical mean 

curves for the three test temperatures (0 ◦C, 25 ◦C, and 45 ◦C) are over­

laid. The NFM cells demonstrate robust SOC–OCV consistency with 

minimal standard deviations. In particular, at 25 ◦C and 45 ◦C the charge 

and discharge SOC-OCV curves remain closely overlapped beyond ∼40% 

SOC, indicating negligible hysteresis in this region.

At elevated temperatures, the SOC–OCV profiles display smoother 

voltage trajectories across all tested C-rates. This behaviour is consis­

tent with enhanced ion transport and reaction kinetics, which tend to 

reduce the prominence of plateau-like features in the SOC–OCV curves. 

In the lower-SOC range, the OCV exhibits a voltage drop at elevated tem­

peratures, a phenomenon consistent with observations in specific Li-ion 

chemistries [44,45].

By contrast, at 0 ◦C the charging SOC–OCV curve shows a clear 

change in slope around ∼20% SOC. The voltage increases more steeply 

below this level and then transitions to an approximately linear rise 

through the mid-SOC range. The discharging SOC–OCV curve exhibits 

a weaker feature near ∼20% SOC, such that the charge–discharge 

separation becomes asymmetric in the low-to-mid SOC region.

Furthermore, across 0.1 C to 1 C, the overall SOC–OCV signature is 

preserved, while rate-dependent smoothing of the low-SOC feature on 

the discharging curve is observed at 0 ◦C. This suggests that the 2-hour 

rest period yields stable OCV extraction for the main features, although 

additional relaxation may be required to fully resolve low-temperature, 

Fig. 17. Statistical comparison of SOC-OCV characteristics for (a) CFM and 

(b) NFPP Na-ion cells across three operating temperatures: 0 ◦C (blue), 25 ◦C 

(green), and 45 ◦C (red). Solid lines represent mean charging curves and dashed 

lines represent mean discharging curves. Shaded regions indicate ±1 standard 

deviation (𝑛 = 3 cells per condition).

low-SOC nuances at the higher pulse rates. This observation is broadly 

consistent with the trends seen in Fig. 15.

For the CFM chemistry (Fig. 17a), relatively large standard devia­

tions are observed across the tested samples at all three temperatures, 

indicating greater cell-to-cell variability. While charge–discharge hys­

teresis is minimal at higher SOC levels, the OCV characteristics show 

pronounced variation between temperatures. This high thermal sensitiv­

ity presents a substantial challenge for developing robust, temperature-

adaptive SOC estimation algorithms.

In NFPP cells (Fig. 17b), good consistency and low hysteresis are 

maintained primarily within the 50%–80% SOC range. Outside this 

window, at both lower and higher SOC levels, inter-cell consistency de­

teriorates, and temperature-induced divergence becomes increasingly 

significant. The detailed SOC-dependent OCV profiles for the tested 

CFM and NFPP cells are presented in Supplementary Figs. S6 and S7, 

respectively.

Remarks: SOC–OCV characteristics are chemistry- and temperature-

dependent and have implications for robust SOC estimation.

(i) For NFM (𝑛 = 8), the SOC–OCV curves show minimal dispersion; 

at 25 ◦C and 45 ◦C the charging and discharging SOC–OCV curves 

are nearly coincident beyond ∼40% SOC, indicating negligible 

hysteresis in this region.

(ii) For NFM, the overall SOC–OCV signature is preserved across 

0.1 C, 0.5 C and 1 C under the present 2-hour relaxation protocol; 

however, at 0 ◦C a modest rate-dependent smoothing of the low-

SOC feature is observed, suggesting that additional relaxation 

may be beneficial to better characterise the low-SOC behaviour 

at low temperature at the higher pulse rates.

(iii) The reference chemistries show larger variability (𝑛 = 3 per 

condition). CFM exhibits comparatively large dispersion and 
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Fig. 18. Incremental capacity (top row) and differential voltage (bottom row) profiles of NFM, CFM and NFPP cells measured at 0 ◦C, 25 ◦C and 45 ◦C under 0.1 C 

galvanostatic cycling. Solid and dashed lines correspond to charge and discharge, respectively.

stronger temperature sensitivity, whereas NFPP is most consistent 

primarily within the mid-SOC window (50%–80% SOC).

These results motivate chemistry-specific OCV maps and temperature-

dependent hysteresis handling in SOC observers.

3.6 . Incremental capacity and differential voltage characteristics at 

different temperatures

Fig. 18 compares the temperature-dependent ICA and DVA signa­

tures of three sodium-ion chemistries from the 0.1 C voltage–capacity 

profiles at 0, 25 and 45 ◦C. The two layered oxide cells (NFM and CFM) 

display broadly similar ICA and DVA fingerprints, consistent with com­

parable sequences of electrochemical processes despite differences in 

composition. By contrast, NFPP exhibits a more localised incremen­

tal capacity response, with a dominant feature concentrated within a 

narrower voltage window, reflecting a more confined distribution of 

incremental capacity.

A consistent temperature dependence is observed for all three cells. 

At 0 ◦C, the main dQ/dV features during charge shift to higher volt­

ages, while the corresponding discharge features shift to lower voltages. 

This bidirectional displacement widens the separation between charge 

and discharge features and indicates greater voltage hysteresis at low 

temperature. The widening is more evident for the layered oxide cells, 

pointing to a stronger low-temperature dependence of their voltage 

hysteresis.

The evolution of peak intensity further differentiates the chemistries. 

Given that ICA peak intensity can be influenced by polarisation as well 

as by the differentiation and smoothing procedure, intensity compar­

isons are interpreted qualitatively and primarily within each chemistry. 

Within this context, NFM and NFPP exhibit higher maximum dQ/dV 

intensities at 0 ◦C than at 25 ◦C and 45 ◦C, consistent with a larger 

fraction of capacity being exchanged over a narrower apparent volt­

age interval under cold conditions. In contrast, CFM shows comparable 

peak magnitudes across all three temperatures, with temperature ef­

fects expressed mainly as modest shifts in feature position rather than 

substantial changes in peak intensity.

The DVA profiles corroborate the temperature-dependent changes 

observed in the ICA curves. For the layered oxide cells, the charge dV/dQ 

curves overlap closely over much of the mid-capacity region, whereas 

greater divergence appears near the beginning of charge and towards the 

end of discharge. A similar behaviour is observed for NFPP, with partial 

overlap over intermediate capacity intervals and increasing separation 

outside these regions. The ICA peak separation and the segmented DVA 

divergence indicate that low temperature primarily affects the charge–

discharge separation and the measured voltage response, particularly 

near the boundaries of the operating window, while the ordering of the 

dominant features is broadly preserved.

Remarks: ICA/DVA features remain ordered across temperature but 

exhibit systematic charge–discharge separation at low temperature:

(i) The layered oxide cells (NFM and CFM) show broadly similar 

ICA/DVA fingerprints, whereas NFPP exhibits a more localised 

incremental-capacity response within a narrower voltage win­

dow.

(ii) At 0 ◦C, dQ/dV features shift to higher voltages on charge and to 

lower voltages on discharge, widening charge–discharge separa­

tion; the effect is more evident for the layered oxides.

(iii) Low-temperature effects are most visible near the operating-

window boundaries in DVA, while dominant mid-capacity fea­

tures remain present across 0–45 ◦C.

Because these features are repeatable and temperature-sensitive, they 

can be used as diagnostics to track model parameters, without attribut­

ing them to specific electrodes.

3.7 . Casing strain response during cycling

The temperature-compensated strain responses are strongly corre­

lated with the voltage profile during both 0.5 C and 0.1 C cycling for 

two NFM cells instrumented in the axial and circumferential configura­

tions, respectively (Fig. 19). The two sensor orientations exhibit distinct 

trends. In the axial configuration, strain is predominantly out of phase 

with voltage at 0.5 C (i.e., decreasing during charge and increasing dur­

ing discharge), whereas at 0.1 C it is largely in phase with voltage. In 

contrast, the circumferential configuration shows a more structured, 

voltage-synchronous profile, with strain increasing during charging and 

decreasing during discharging.

At 25 ◦C and 0.1 C, the axial and circumferential configurations show 

comparable strain amplitudes, whereas the 0.5 C condition produces 

substantially larger casing-strain excursions (Fig. 19b,e). This indicates 
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Fig. 19. Synchronised current, FBG-measured casing strain, and voltage during 0.5 C and 0.1 C cycling of NFM cells. Axial sensor configuration (a–c) and 

circumferential configuration (d–f). Current (a,d), strain (b,e), and voltage (c,f).

Fig. 20. Synchronised current, voltage, and circumferential casing strain of NFM, CFM, and NFPP cells measured at 0 ◦C, 25 ◦C, and 45 ◦C under 0.1 C cycling.

Fig. 21. Differential strain response (d𝜀/dV) of the NFM cell measured at 0 ◦C, 25 ◦C, and 45 ◦C under 0.1 C cycling. The corresponding incremental capacity (dQ/dV) 

profiles are shown for reference.

a pronounced rate dependence of the measured casing-strain response 

under the present measurement setup.

Using the circumferential configuration, NFM, CFM, and NFPP cells 

were cycled at 0.1 C at 0 ◦C, 25 ◦C, and 45 ◦C (Fig. 20). The layered-

oxide cells (NFM and CFM) exhibit cycle-synchronous, predominantly 

reversible casing-strain variations at all three temperatures, and the 

principal features remain aligned with the charging and discharging 

voltage profiles. Higher temperatures tend to shift the baseline and 

the overall strain magnitude, while the shape of the strain profile is 

broadly retained. In contrast, the NFPP cell shows no discernible cycle-

synchronous casing-strain signal within the resolution of the present 

casing-mounted measurement across 0 ◦C–45 ◦C.

Fig. 21 compares d𝜀/dV with dQ/dV for the NFM cell across 

0 ◦C–45 ◦C, obtained using the same data-processing procedure. The 
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Fig. 22. Comparative analysis of two cells cycled under a 1 C current profile, using CC-CV charging and CC discharging conditions over 50 cycles. (a), (b), and (c) 

present the current, voltage, and strain variations for Cell 1, respectively, while (d), (e), and (f) show the corresponding data for Cell 2. (g) and (i) depict the capacity 

fade as a function of cycle number for Cell 1 and Cell 2, respectively. (h) and (j) display the cumulative residual strain increment, Δ𝜀cum, plotted against the square 

root of cycling time for Cell 1 and Cell 2, respectively.

dominant d𝜀/dV features coincide with the main dQ/dV peaks at each 

temperature, indicating that the most rapid changes in casing strain oc­

cur in the principal charge-storage regions identified electrochemically. 

Temperature alters the sharpness and breadth of these features, with 

more localised responses at 0 ◦C and broader responses at 45 ◦C.

Remarks: FBG measurements reveal orientation-, rate- and 

chemistry-dependent casing-strain observability:

(i) For NFM, casing-strain excursions are substantially larger at 0.5 C 

than at 0.1 C under otherwise identical conditions, indicating 

strong rate dependence.

(ii) Sensor orientation matters, as the axial and circumferential 

configurations exhibit different strain–voltage trends; therefore, 

consistent placement is required for cross-test comparability.

(iii) Using circumferential sensing, layered oxides (NFM, CFM) show 

clear cycle-synchronous strain signatures across 0 ◦C–45 ◦C, 

whereas NFPP shows no discernible casing-level signature under 

the present casing-mounted geometry.

In other words, this indicates when casing-level strain sensing is in­

formative for control and monitoring, and when the signal is likely 

unobservable under the chosen mounting configuration.

3.8 . Progression of irreversible strains and analysis of capacity fade

The electrochemical–mechanical evolution of the two NFM cells dur­

ing repeated cycling is summarised in Fig. 22. Both cells exhibited 

distinct cycling behaviours, with Cell 1 successfully completing all 50 

prescribed cycles while Cell 2 terminated prematurely after 45 cycles. 

Analysis of the current and voltage profiles revealed remarkably con­

sistent characteristics for both cells through the first ∼30 cycles, after 

which Cell 2 began to display incomplete cycling profiles. Of particular 

interest were the strain profiles, which demonstrated notable differences 

in both pattern and magnitude throughout the entire cycling procedure. 

Cell 1 exhibited a characteristic reduction in strain during the initial 

cycles. This behaviour is likely attributable to early-cycle mechanical 

settling and progressive alleviation of internal stresses during (de)sodi­

ation, which collectively reduce the net casing-level stress response and 

support more stable cycling [46].

Concurrently, the evolution of the CEI, progressive growth of the 

SEI layer, electrolyte decomposition at the electrode surface, and ir­

reversible structural modifications are known to contribute to residual 

deformation accumulation during cycling [47,48]. The net effect of these 

phenomena is a gradual deterioration of the electrode’s structural in­

tegrity, which is consistent with the observed capacity fade, with a fade 

rate of 1.70 × 10−3 Ah cycle−1 as illustrated in Fig. 22(g). The cumula­

tive residual strain increment evolution resulting from these degradation 

mechanisms is evident in Fig. 22(h), where Cell 1 demonstrates an initial 

phase of strain adaptation followed by stabilisation.

Cumulative residual strain is often analysed as a function of 
√

𝑡, 
and prior work has reported an approximately linear dependence in 

this representation, with contributions from interfacial and diffusion-

limited degradation processes [49,50]. Using the same representation 

here, Cell 1 displays a clear linear Δ𝜀cum–
√

𝑡 region from approximately 

5h1∕2 onwards.

This temporal region demonstrates a substantial positive correlation 

(𝑅2 = 0.920), quantified by a slope of 5.79 × 10−3 𝜇𝜀h−1∕2 in the linear 

regression analysis. Because Δ𝜀cum is computed as an absolute residual-

strain increment, the fitted slope is reported on a consistent physical 

scale and is not artificially inflated by normalisation to a near-zero 

baseline, enabling direct cross-cell comparison.

In contrast, Cell 2 exhibits predictable strain variation patterns 

throughout the first ∼30 cycles (as shown in Fig. 22(f)), consistent with 

previous reports [49,50]. The casing strain response is substantial dur­

ing the initial cycle and then progressively decreases with further cycling 

[46]. Moreover, the strain magnitude for Cell 2 is considerably higher 

than that for Cell 1, which arises from variations in electrode thick­

ness, active material loading, and assembly inconsistencies (e.g., uneven 

pressure application or misalignment) [51].

Additionally, Cell 2 exhibits a clear linear relationship (𝑅2 = 0.950) 

from the onset of cycling up to approximately 8h1∕2, corresponding to 

the first ∼30 stable cycles, as shown in Fig. 22(j). The slope (9.04 ×
10−3 𝜇𝜀h−1∕2) is modestly higher than that of Cell 1 within its linear 
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window, whereas the capacity fade rate is higher, with an early-stage 

fade rate of 2.49 × 10−3 Ah cycle−1 up to cycle 27 and a pronounced 

terminal decay of 8.06 × 10−2 Ah cycle−1 beyond cycle 27 (as shown in 

Fig. 22(i)).

Beyond the first 30 stable cycles, a significant increase in cumu­

lative residual strain increment indicates the activation of additional 

degradation mechanisms. These mechanisms are primarily associated 

with mechanical instabilities, such as cracking and delamination, which 

stem from repeated volume changes and are exacerbated when thick 

or inhomogeneous CEI layers develop, leading to uneven stress distri­

butions across the cathode surface [48,52]. After reaching a maximum 

around cycle 37, Δ𝜀cum declines sharply and can become negative. Small 

negative excursions of Δ𝜀cum may reflect baseline drift and thermo-

mechanical coupling in casing-level measurements rather than a true 

reversal of irreversible deformation. Therefore, the linear windows 

and the pre-failure growth trend are used as the primary comparative 

metrics.

Remarks: Medium-term 1 C cycling shows that irreversible casing 

strain evolves alongside capacity fade, but trajectories differ substan­

tially between nominally identical cells:

(i) Cell 1 completes 50 cycles, whereas Cell 2 terminates at 45 cycles; 

divergence emerges after ∼30 stable cycles when Cell 2 begins to 

show incomplete profiles.

(ii) Capacity fade rates are on the order of 10−3 Ah cycle−1 during 

the stable stage (1.70×10−3 for Cell 1; 2.49×10−3 for Cell 2 

up to cycle 27), followed by a rapid terminal decay for Cell 2 

(8.06×10−2 Ah cycle−1 beyond cycle 27), accompanied by contin­

ued evolution of Δ𝜀cum.

(iii) Δ𝜀cum exhibits an approximately linear dependence on 
√

𝑡 over 

extended windows (𝑅2=0.920 for Cell 1 beyond ∼5 h1∕2 with 

slope 5.79×10−3 𝜇𝜀h−1∕2; 𝑅2=0.950 for Cell 2 up to ∼8 h1∕2 with 

slope 9.04×10−3 𝜇𝜀h−1∕2), with Cell 2 showing a marked increase 

after ∼30 cycles.

Casing-level residual strain thus provides an additional measurable 

health signal that can complement capacity-based indicators for con­

dition monitoring and control supervision.

3.9 . Cycling performance and ageing signatures

Fig. 23 shows the SOH trajectories of the five tested Na-ion cells 

during long-term cycling. The NFM cells (NFM-1 and NFM-2, from two 

different production batches) exhibit rapid capacity fade, with a decay 

Fig. 23. SOH evolution of Na-ion cells with different cathode materials at the 

indicated C-rates during long-term cycling.

behaviour that can be approximated by a power-law trend from the on­

set of cycling until approximately 80% SOH (Supplementary Fig. S8). 

The CFM cell demonstrates moderate stability, retaining over 93% SOH 

after 800 cycles. In contrast, the NFPP cells show exceptional capacity 

retention. After an initial equilibration over the first 100 cycles, the ac­

cessible discharge capacity slightly increases and then remains nearly 

constant over extended cycling.

The long-term cycling behaviour of the investigated Na-ion cells is 

summarised in Fig. 24. Panels (a,d,g,j,m) show the charge–discharge 

voltage–capacity profiles, while the corresponding incremental-capacity 

(ICA, dQ/dV) and differential-voltage (DVA, dV/dQ) curves are pre­

sented in (b,e,h,k,n) and (c,f,i,l,o), respectively. The colour scale rep­

resents cycle progression, with lighter shades corresponding to early 

cycles and darker shades to later cycles. In the ICA and DVA panels, 

the upper and lower branches correspond to the charging and discharg­

ing segments of the RPTs, respectively, and arrows with labels indicate 

the shift direction of selected features of interest (FOIs) during cycling.

Both NFM cells cycled at 0.2 C show highly consistent voltage–charge 

evolution, with the cut-off voltages being reached at progressively lower 

capacity as cycling proceeds (Figs. 24a,d). In the corresponding ICA 

curves (Figs. 24b,e), the feature onset (FOI (i)) during charging shifts 

slightly towards higher voltages, accompanied by a gradual decrease 

in peak amplitude. The dominant peak (FOI (ii)) remains clearly dis­

cernible throughout cycling, while the voltage corresponding to its 

maximum intensity also shifts to higher values. It is noted that peak 

broadening can shift the apparent voltage of maximum intensity with­

out necessarily implying a change in the underlying redox potential 

[53]. During discharge, the main negative feature (FOI (ii′)) progres­

sively weakens, with only limited displacement in voltage. In parallel, 

the high-voltage shoulder becomes less pronounced, consistent with an 

overall broadening of the differential response as cycling proceeds.

The DVA traces (Figs. 24c,f) indicate that the most pronounced evo­

lution with cycling occurs near the ends of the capacity window, whereas 

changes in the mid-capacity region are more gradual. The same local­

isation is retained when dV/dQ is replotted against normalised SOC 

(Supplementary Fig. S9). As ICA and DVA interpretations are chem­

istry dependent, the trends are discussed here at a phenomenological 

level; attribution to specific degradation modes would require electrode 

matching and complementary diagnostics [53].

The CFM cell cycled at 0.5 C retains a broadly similar voltage–charge 

profile to the NFM cells, characterised by a comparable sloping be­

haviour within the fixed voltage window (Fig. 24g). The corresponding 

ICA response (Fig. 24h) exhibits distinct primary peaks that persist 

throughout cycling, with no evident emergence or disappearance of 

features. During charge, both the feature onset (FOI (i)) and the peak 

maximum (FOI (ii)) shift slightly towards higher voltages. During dis­

charge, the high-voltage feature (FOI (iii′)) shows only marginal voltage 

displacement, accompanied by minimal attenuation. When replotted 

as a function of normalised SOC (Supplementary Fig. S9), the DVA 

traces largely overlap across most of the SOC range. A modest shift 

towards lower SOC is observed for the discharge branch in the mid-

SOC region, while minor scatter appears near the charge and discharge

cut-offs.

In contrast, the NFPP cells cycled at 1 C and 0.5 C exhibit a dis­

tinct voltage and differential signature compared with the NFM and 

CFM cells (Figs. 24j–o). Although neither cell reaches the manufacturer-

rated capacity within the tested voltage window, the voltage–charge 

profiles remain closely overlapped across most of the cycling period 

(Figs. 24j,m). The corresponding ICA traces obtained from periodic 

RPTs (Figs. 24k,n) likewise show a high degree of overlap. The onset 

feature (FOI (i)) remains essentially unchanged with cycling for both 

cells. The peak maximum (FOI (ii)) exhibits a slight reduction in ampli­

tude without a discernible shift in voltage, whereas the corresponding 

discharge-branch trough (FOI (ii′), defined by the minimum in dQ/dV) 

shows only a small increase in magnitude and no systematic voltage 
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Fig. 24. Cycling voltage profiles and differential analyses of five Na-based cells (colour intensity increases with cycle number).

displacement. Compared with the NFM and CFM cells, the voltage sepa­

ration between the charge-branch peak maximum and the corresponding 

discharge-branch trough is smaller for the NFPP cells. The DVA profiles 

plotted against charge (Figs. 24l,o) indicate that the most pronounced 

variations with cycling are confined to the cut-off regions. In particular, 

the primary charge-side DVA peak shifts towards lower capacity, while 

the response immediately preceding the cut-off remains largely invari­

ant. When replotted as a function of normalised SOC (Supplementary 
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Fig. 25. Nyquist plots of aged and fresh (grey) Na-ion cells for NFM, CFM and NFPP chemistries; aged spectra are shown in cell-specific colours.

Fig. S9), the charge-branch DVA peak shifts towards higher SOC and 

increases in magnitude, accompanied by a slight contraction of the 

discharge-branch dV/dQ values at high SOC.

Fig. 25 compares the Nyquist response of fresh and aged Na-ion cells 

for each chemistry, with aged spectra shown in the top row and the cor­

responding fresh spectra in the bottom row. All spectra were measured at 

25 ◦C and 50% SOC over a frequency range of 10 kHz to 0.01 Hz. Across 

all three chemistries, ageing is accompanied by an overall increase in the 

impedance response, with a larger high-to-mid-frequency arc in the aged 

spectra. This change is most pronounced for the NFM cells, more mod­

erate for the CFM cell, and comparatively limited for the NFPP cells. 

These impedance trends are consistent with the voltage–capacity and 

differential analyses discussed above. In particular, the larger impedance 

growth observed for the NFM cells aligns with the more pronounced 

peak broadening and evolution of ICA/DVA features, whereas the rel­

atively minor impedance change in the NFPP cells is compatible with 

the high stability of their differential signatures. Within the measured 

frequency window, no new low-frequency feature emerges that would 

suggest a qualitative shift towards a newly dominant diffusion-limited 

response in the aged spectra. It is emphasised that the EIS results provide 

a complementary, system-level perspective on cycling-induced polarisa­

tion rather than a direct attribution of individual ICA or DVA features 

to specific electrochemical processes. Nevertheless, the consistent trends 

across impedance and differential analyses support the view that the ob­

served evolution of differential features is influenced by the concomitant 

rise in impedance (polarisation) during cycling.

Remarks: Long-term cycling highlights strong chemistry depen­

dence in capacity retention and ageing signatures under fixed operating 

windows:

(i) NFM cells (0.2 C) show rapid capacity fade that follows an ap­

proximate power-law trend down to ∼80% SOH, whereas the 

CFM cell retains >93% SOH after 800 cycles and NFPP cells show 

near-constant capacity after an initial ∼100-cycle equilibration.

(ii) Periodic RPT-based ICA/DVA features remain reproducible 

within each chemistry and evolve differently across NFM, CFM 

and NFPP, enabling compact tracking metrics even without 

electrode-resolved diagnostics.

(iii) Fresh–aged EIS at 25 ◦C and 50% SOC shows impedance growth 

across all chemistries, most pronounced for NFM and least for 

NFPP, consistent with the relative severity of differential-feature 

evolution.

The combined voltage–differential–impedance evidence supports 

chemistry-specific ageing models and feature selection for monitoring 

and control-oriented diagnostics.

4 . Discussion

This work presents characterisation results focusing on attributes 

directly actionable for the system-level management of sodium-ion 

cells. It centres on quantifying the representative characteristics and 

cell-to-cell dispersion of early-generation commercial layered-oxide 

NFM cells. To examine the generality and transferability of the ob­

served behaviours from these NFM cells, specific attributes are bench­

marked against an additional early-stage commercial layered-oxide 

chemistry (CFM), a different cathode technology based on a polyan­

ion chemistry (NFPP), and mature lithium-ion cells (LFP and NCA). 

The comparisons cover low-temperature capacity retention, HPPC 

voltage response, temperature-dependent impedance (measured from 

−30 ◦C–45 ◦C), temperature-related SOC–OCV relationships (at 0 ◦C, 

25 ◦C and 45 ◦C), mechanical casing-strain (at 0 ◦C, 25 ◦C and 45 ◦C), and 

ageing signatures. These comparisons distinguish between universal bat­

tery behaviours, limitations inherent in early-commercial Na-ion cells, 

and traits specific to the NFM chemistry. This distinction identifies which 

constraints, OCV maps and resistance metrics can be transferred across 

chemistries and which require chemistry-specific calibration for Na-ion 

state estimation and control. Table 4 summarises the key characterisa­

tion outcomes and system-level control implications identified in this 

work.

4.1 . Temperature and chemistry dependence under aligned protocols

Analogous to Li-ion batteries, the Na-ion cells evaluated herein 

exhibit increased polarisation and reduced usable capacity as temper­

ature decreases. Specifically, under the applied protocol, all chemistries 

yielded reduced discharge capacities at −20 ◦C relative to 25 ◦C, while 

impedance spectra exhibit an enlarged mid-frequency polarisation fea­

ture at lower temperature. Inter-cell consistency among replicates is 

highest at 25 ◦C, whereas it degrades at 45 ◦C and under low-temperature 

conditions (0 ◦C to −30 ◦C) in the present EIS measurements, consistent 

with the amplification of cell-to-cell variability under rate-limited op­

eration. Despite these shared thermal penalties, an operability contrast 

emerges under severe sub-zero conditions. While the Li-ion reference 

cells did not sustain discharge sufficiently to yield a measurable capac­

ity at −40 ◦C under the present protocol, all three Na-ion chemistries 

retained measurable capacity, corresponding to 51%–62% of the 25 ◦C

value. At −20 ◦C, the Na-ion cells also show higher capacity reten­

tion than the Li-ion cells (87%–90% versus 72%–75%), demonstrating 

stronger low-temperature operability for the Na-ion chemistries under 

the present protocol.

Contrasts between layered-oxide (NFM, CFM) and polyanion (NFPP) 

Na-ion chemistries are evident under the present protocols across differ­

ential features, temperature sensitivity, and casing-strain observability. 
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Table 4 

Summary of key characterisation outcomes and system-level control implications derived in this work.

Implications Key Characterisation Finding System-level Implication

Sub-zero Operability Comparison: Na-ion chemistries retained 51%–62% 

capacity at −40 ◦C, whereas Li-ion benchmarks failed to 

sustain discharge.

Kinetics: All cells followed Arrhenius impedance scal­

ing, but layered oxides (NFM/CFM) showed higher 

sensitivity (𝐸𝑎 ≈ 70–75 kJ mol−1) than NFPP.

Strategy: Extension of BMS discharge envelopes for 

Na-ion into severe cold regions inaccessible to Li-ion. 

Requirement: Chemistry-specific thermal derating maps; 

active pre-heating is likely required for layered oxides 

to enable power availability.

Charging Supervision Dispersion: NFM population (𝑛 = 33) exhibited a heavy-

tailed distribution of CV-phase duration (> 1000min 

outliers) at 0 ◦C, contrasting with clustering at 25 ◦C. 

Mechanism: Low-temperature kinetic bottlenecks 

amplify intrinsic manufacturing heterogeneity.

Strategy: Avoidance of fixed voltage-based termination 

for cold fast-charging.

Requirement: Adaptive end-of-charge logic incorporating 

time-domain constraints (e.g., max CV duration) and 

dispersion-aware balancing.

Power Capability Pulse Response: NFM displayed pronounced time-

dependent polarisation (dynamic) under HPPC, 

contrasting with the instantaneous (ohmic) drop of 

NCA.

Resistance: Pulse-derived resistance (𝑅pulse) significantly 

exceeded 𝑅EIS at low temperature(s) environment and 

showed strong SOC dependence.

Strategy: Calibration of Power Limits (𝑃max) matched 

to the specific actuation horizon (1–10 s) rather than 

frequency-domain impedance metrics.

Requirement: Explicit modelling of polarisation build-

up for NFM; restriction of EIS metrics to offline 

diagnostics.

State Estimation (SOC) Hysteresis: Layered oxides (NFM/CFM) showed dis­

tinct low-SOC (< 20%) hysteresis and charge–discharge 

separation at 0 ◦C.

Relaxation: GITT equilibration times exhibit significant 

low temperature variability, complicating OCV capture.

Strategy: Implementation of temperature-indexed, 

chemistry-specific OCV inversion maps.

Requirement: Propagation of measured OCV disper­

sion into SOC confidence bounds; dynamic relaxation 

thresholds.

Feature Observability Mechanical: Robust voltage-synchronous casing strain 

detected in NFM/CFM across 0–45 ◦C; no resolved signal 

in NFPP.

Differential: ICA/DVA signatures in layered oxides shift 

systematically with temperature, maintaining feature 

identifiability.

Strategy: Casing-strain sensing can serve as an 

additional observable for layered oxides only.

Requirement: Use of differential features (ICA peaks) 

for parameter tracking, provided temperature shifts are 

compensated.

Ageing Diagnostics Degradation: NFM showed rapid capacity fade and 

EIS impedance increase; NFPP exhibited exceptional 

stability.

Mechanism: Irreversible casing strain follows 
√

𝑡 kinetics 

and correlates linearly with capacity fade in NFM.

Strategy: Multi-modal SOH estimation combining elec­

trochemical (impedance rise) and mechanical (residual 

strain) signals.

Requirement: Phenomenological ageing models pa­

rameterised strictly for the specific chemistry; no 

cross-chemistry model transfer.

NFM and CFM display broadly similar ICA and DVA fingerprints, char­

acterised by a systematic low-temperature displacement of charge and 

discharge features. Under the present casing-mounted circumferential 

configuration, the layered-oxide cells exhibit clear cycle-synchronous 

casing-strain signatures similar to the NCA reference cell, whereas NFPP 

shows no resolved cycle-synchronous casing-strain signature within 

the measurement resolution. Arrhenius fits of the EIS-derived polarisa­

tion resistance further differentiate the chemistries. CFM exhibits the 

highest temperature sensitivity, while NFPP shows a more moderate 

dependence, consistent with chemistry-dependent limitations governing 

polarisation across the measured range.

Beyond the chemistry-level distinctions discussed above, NFM 

exhibits distinctive kinetic constraints and degradation trajectories. 

Normalised HPPC pulse responses at 25 ◦C show that NFM has the largest 

total voltage drop at 1 C and the largest within-pulse voltage decay 

over a 10 s pulse, consistent with a drift-dominated polarisation build-up 

beyond the first 0.1 s sample that is directly relevant to power con­

trol. This observation aligns with the impedance spectra measured from 

−30 ◦C to 45 ◦C, where NFM shows the most pronounced mid-frequency 

polarisation arc among the tested chemistries under the present mea­

surement conditions. In long-term cycling, the NFM cells exhibit the 

fastest capacity fade and the strongest EIS impedance increase among 

the tested Na-ion chemistries, accompanied by more pronounced evo­

lution of ICA/DVA features. By contrast, NFPP remains comparatively 

stable over extended cycling within the tested windows, indicating that 

the NFM chemistry is more sensitive to resistance increase and ageing 

under the applied protocols.

4.2 . Implications for operability limits, state estimation and monitoring

The temperature-dependent characterisation, together with the 

NFM population statistics and cross-chemistry benchmarks, allows

operating-condition effects to be distinguished from cell-to-cell vari­

ability in forms that are directly usable for pack-level control. For 

charging supervision, the NFM population results at low temperature 

(0 ◦C) show that a uniform voltage-based termination does not ensure 

uniform charge throughput once the cell kinetics are becoming the lim­

iting factor. The charging-duration distribution develops a pronounced 

right tail that is dominated by the CV phase, whereas durations remain 

tightly clustered at 25 ◦C and 45 ◦C. As a result, fixed voltage thresholds 

can drive SOC imbalance and non-uniform heat generation at pack level. 

Mitigation should therefore rely on dispersion-aware constraints that 

are measurable in operation, including CV-duration statistics and pulse-

relevant resistance within the intended SOC window. This probabilistic 

treatment is consistent with recent studies on commercial Na-ion cells, 

where high-SOC complications such as leakage currents, self-discharge, 

and cold-charge sensitivity can bias balancing logic and SOH inference 

when treated as deterministic or chemistry-invariant [7,9,11,54].

For power capability assessment, definitions should be tied to 

control-relevant pulse durations rather than to frequency-domain 

impedance. The pulse-response comparison shows that separating the 

initial IR (ohmic) drop from the subsequent polarisation voltage dur­

ing the pulse is chemistry dependent, which determines the available 

voltage headroom for a given pulse duration. The mismatch between 

pulse-based DCR and EIS-derived resistance under low-temperature op­

eration further indicates that RC polarisation dominates on the 1 s to 10 s 

time scale. Power capability calibration should therefore use transient 

metrics extracted for the intended pulse duration, while EIS remains 

valuable for mechanistic diagnosis and periodic parameter tracking 

rather than a direct measure of DC power capability.

For state estimation, OCV characterisation shows that OCV hys­

teresis, curve-shape change and cell-to-cell variability are inherently 

temperature specific and chemistry specific. Under the applied relax­

ation protocol, NFM exhibits negligible hysteresis beyond mid-SOC at 
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25 ◦C to 45 ◦C, whereas significant charge–discharge separation and low-

SOC shape distortion emerge at 0 ◦C. The larger cell-to-cell variability 

and stronger temperature sensitivity observed in CFM necessitate ex­

plicit uncertainty quantification for OCV-based estimation. Conversely, 

NFPP maintains high consistency within a distinct mid-SOC window, 

with OCV-based SOC estimation becoming less reliable outside this 

region. These behaviours require OCV maps indexed by temperature 

and tailored to chemistry, together with hysteresis models and esti­

mators that propagate measured OCV variability into SOC confidence 

bounds. Where external parameterisation is employed, for example us­

ing half-cell data, transferability artefacts induced by counter-electrode 

instability can require explicit treatment in the estimator and in model 

calibration [8].

Beyond standard electrical measurements, the sensing and ageing 

results show that auxiliary signals can be useful, depending on chem­

istry and on the mechanical coupling achieved by the sensor mounting. 

Under the casing-mounted circumferential configuration, layered-oxide 

cells produce a robust casing-strain response that is aligned with voltage 

across 0 ◦C to 45 ◦C, and d𝜀/dV features align with dQ/dV transitions. 

This supports the use of strain as an independent constraint for cali­

bration and anomaly detection. The lack of a repeatable casing-strain 

signature in NFPP indicates that mechanical observability is not univer­

sal. Over service life, cumulative irreversible strain evolves alongside 

capacity fade and EIS impedance growth, which makes it a candidate 

SOH indicator when thermal compensation is implemented. The dis­

tinct degradation trajectories, with accelerated capacity fade in NFM 

and higher stability in NFPP, further support chemistry-specific age­

ing models. Mechanistic interpretation of differential-feature evolution 

remains tentative without electrode-resolved diagnostics, but the con­

sistent trends across voltage profiles, differential analyses and EIS 

impedance growth provide practical indicators for onboard monitoring.

5 . Conclusion

This work presents a comprehensive characterisation of commer­

cial 18650 sodium-ion cells for monitoring, control, and model pa­

rameterisation. The study combines (i) population-scale statistics for 

a layered-oxide NFM chemistry and (ii) benchmarking measurements 

across additional chemistries (CFM, NFPP, LFP, and NCA) under aligned 

protocols. This approach enables cross-chemistry comparisons on a 

common experimental basis.

For the NFM population, the results delineate operability and observ­

ability boundaries relevant to system integration. Under cold operation, 

NFM shows increased performance loss and cell-to-cell variability under 

fixed voltage thresholds. Pulse-based DCR and EIS-derived impedance 

provide complementary information that is not interchangeable for 

defining power limits, and cold conditions amplify the divergence 

between these metrics. NFM also displays measurable OCV hystere­

sis and curve-shape distortion at 0 ◦C, contrasting with its higher-

temperature repeatability. Comparative benchmarking under aligned 

protocols places these attributes in a broader cross-chemistry context. 

The Na-ion chemistries retain measurable capacity at −40 ◦C under the 

applied protocol, whereas the Li-ion reference cells do not sustain dis­

charge. Regarding observability and ageing, casing strain provides a 

robust state indicator for layered-oxide cells (NFM and CFM) under 

the present mounting configuration, whereas no resolved casing-level 

signature is observed for the NFPP cell. For NFM, this mechanical signa­

ture co-evolves with accelerated capacity fade, providing a diagnostic 

signal that is not resolved for the tested NFPP cell under the present 

configuration.

These results underscore the need for chemistry-specific parame­

terisation and algorithmic adaptations that (i) define operating limits 

indexed by temperature and SOC using pulse-relevant resistance on 

the 1 s to 10 s time scale, (ii) adopt chemistry-specific OCV maps with 

explicit low-temperature hysteresis modelling and uncertainty quantifi­

cation, and (iii) treat strain-based observability as chemistry dependent 

and configuration dependent rather than universal. Future work should 

extend this cell-level parameterisation to module-level and pack-level 

validation. This includes quantifying how thermal gradients and series-

connected ageing heterogeneity interact with the identified cell-level 

constraints.
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