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• The chemical and electrochemical 
degradation mechanisms of SIBs were 
revealed.

• Multi-level analysis methods are used to 
uncover the failure mechanism of SIBs.

• The contribution capacity loss of SIBs 
has been successfully decomposed.
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A B S T R A C T

Sodium ion batteries (SIBs) are considered to have significant advantages in the field of energy storage due to 
their abundant resources. However, SIBs are exposed to complex and adverse environments, making it partic-
ularly important to study the capacity degradation mechanism under extreme conditions. In this study, the 7.3 
Ah SIBs with Na4Fe3(PO4)2P2O7 (NFPP) and hard carbon (HC) as cathode and anode are taken as the research 
objects. The capacity degradation experiment of SIBs is conducted under different aging modes. Subsequently, 
comprehensive non-destructive and post-mortem analyses are combined to explore the failure mechanism of 
SIBs. This study indicates that the loss of active sodium and the increase of interface impedance are the main 
reasons for the capacity decay of SIBs. In particular, during the room temperature cycling, sodium plating is the 
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main source of capacity loss. Additionally, during the high-temperature aging process, polarization caused by 
interface side reactions is the main reason. Surprisingly, throughout the entire aging test, the structures of NFPP 
and HC do not show significant deterioration, indicating that SIBs also have great potential for application in 
high-temperature scenarios. This study reveals the failure mechanism of SIBs, which provides reference for 
battery design and material research.

1. Introduction

Over the past decades, the requirement for low-cost, long-life, and 
high-safety energy storage technologies has been continuously 
increasing in order to achieve efficient utilization of clean energy [1–3]. 
During this period, lithium-ion batteries (LIBs) have experienced rapid 
development and have been successfully applied in various fields such as 
electronic products, portable energy storage, and electric vehicles [4,5]. 
Unfortunately, due to the scarcity and uneven distribution of lithium 
resources, the large-scale application of LIBs is limited [6]. Sodium ion 
batteries (SIBs) are considered an important supplement to LIBs, due to 
their abundant resources and advantages in low-temperature cycling 
and rate performance. However, in reality, this performance is closely 
related to the cathode and anode materials and battery design [7–9].

In long-term research, both cathode and anode materials of SIBs have 
shown excellent electrochemical performance. For cathodes, layered 
oxide cathode with high theoretical specific capacity and polyanion 
cathode materials with stable structure have become the focus of 
research [7,10]. Among these materials, iron-based mixed polyanionic 
material stands out due to its low cost, high safety, and long cycle life 
[11]. The iron-based mixed polyanion material Na4Fe3(PO4)2P2O7 
(NFPP) prepared by Mai et al. exhibits a high capacity retention rate of 
80.8 % at 5 A g− 1 after 14000 cycles [12]. In addition, Wang et al. used a 
high entropy strategy to modify NFPP, which showed an impressively 
high capacity of 122.3 mAh g− 1 at 0.1 C and maintained performance for 
14000 cycles at 50 C [13]. For anode materials, most hard carbon (HC) 
materials have shown stable high capacity of >300 mAh g− 1, which 
have an absolute advantage among various anode materials of SIBs and 
can meet the application requirements of commercial anode of SIBs 
[14–16].

Therefore, the SIBs using NFPP and HC as cathode and anode are 
considered as one of the most promising SIBs. In addition, these SIBs 
have also been proven to have excellent cycling stability and low- 
temperature discharge capability. Mai et al. assembled full SIBs based 
on modified NFPP, and the full SIBs showed discharge capacity of 
approximately 50 mAh g-l after 200 cycles at 500 mA g− 1 [12]. What’s 
more, the Ah-level pouch battery with NFPP and HC assembled by Zhao 
et al. maintained a capacity retention rate of around 87.4 % after 1000 
cycles, demonstrating excellent cycle stability [17,18]. The develop-
ment of SIBs is shifting from materials to batteries, and from research to 
products [19]. A comprehensive and systematic evaluation of SIBs 
failure at the battery level can provide more targeted guidance for ma-
terial optimization, as well as the design and development of the bat-
teries, especially in failure analysis under important application 
conditions, which is more conducive to leveraging the characteristics of 
SIBs [20–22]. Additionally, the capacity degradation of batteries is often 
accompanied by safety issues, which makes the battery failure analysis 
more important for the large-scale application of SIBs [23–25].

Herein, the 7.3 Ah cylindrical SIBs (diameter = 33 mm, height = 140 
mm) with NFPP and HC as cathode and anode have been preliminarily 
proven to have high safety and electrochemical performance. And the 
capacity degradation mechanism of SIBs under different aging modes 
has been comprehensively studied through a combination of non- 
destructive analysis and post-mortem analysis. After analysis, it was 
found that the capacity loss mainly comes from the loss of active sodium 
and the increase of interface impedance, while both cathode and anode 
materials maintain excellent structural stability. During the high- 
temperature cycle/calendar aging process, the conductivity of 

electrolyte is increased, and the solid-phase diffusion of sodium ions is 
accelerated, avoiding sodium plating. However, interface side reactions 
lead to continuous thickening of solid electrolyte interface (SEI) and 
solid electrolyte interface (CEI), which increases battery polarization 
and ultimately results in capacity loss. During the room-temperature 
cycling process, sodium plating is the main source of capacity loss, 
and active sodium will further react with the electrolyte, causing safety 
hazard to the battery. And throughout the entire aging test, the struc-
tures of NFPP and HC have not undergone significant deterioration, 
demonstrating the promising application prospects of SIBs with NFPP 
and HC as cathode and anode. At the same time, we have demonstrated 
that NFPP||HC cell is suitable for high-temperature scenarios due to the 
structural stability of the material at high temperatures. This study re-
veals the degradation mechanism of SIBs under different temperatures 
and aging modes, which is expected to provide reference for battery 
design and management.

2. Experimental

2.1. Battery safety test

The NFPP materials from Anhui Huana New Materials Technology 
Co., Ltd, are selected as cathodes of SIBs. The HC materials are com-
mercial materials. The electrode design parameters of SIBs are shown in 
Table S1. These SIBs are filled with ester electrolyte, consisting of 1 M 
NaPF6 in ethylene carbonate (EC), propylene carbonate (PC) and diethyl 
carbonate (DEC), and the mass ratio of the three solvent components is 
1:1:1, and the injection coefficient is 6 g Ah− 1. All safety tests follow 
international standards. During the heat abuse test, the SIBs (full charge) 
were heated at a heating rate of 5 ◦C min− 1 ±2 ◦C min− 1, until 130 ◦C ±
10 ◦C, and remained constant for 30 min. During the battery over-
charging test, the battery was charged at a rate of 1.0 C–1.5 times the 
charging cutoff voltage. In the forced discharge test, the battery was 
discharged at a rate of 1.0 C for 90 min. ARC (HEL BTC 130) was used to 
evaluate the safety performance of the SIBs. The initial temperature of 
the test was 50 ◦C, under the adiabatic condition, each step was heated 
by 5 ◦C, and the self-generated heat rate detection threshold was 0.02 ◦C 
min− 1. All the above tests were conducted in an explosion-proof box, 
and thermocouples, voltmeters, cameras were used to monitor battery 
temperature, voltage, and status.

2.2. Material characterization

The disassembly of the cylindrical battery was completed in a glove 
box filled with argon gas, and the electrodes were cleaned multiple times 
with Dimethyl carbonate (DMC) before analysis (all batteries are fully 
discharged). The crystallographic structure of the electrodes was 
determined by using X-ray diffraction (XRD) analysis (Rigaku Miniflex 
600 instrument), with a scan rate of 5◦ min− 1 and employing Cu Kα 
radiation. The surface morphologies of the cathode, anode and separator 
were characterized by scanning electron microscopy (SEM, Hitachi/ 
Zeiss). Raman spectroscopy data of HC were obtained by Raman spec-
trometer (Horiba Xplora). Solid-state nuclear magnetic resonance 
(ssNMR) was carried out on Bruker AVANCE NEO 600 MHz.

2.3. Electrochemical measurements

The cylindrical batteries used constant current and constant voltage 
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(CCCV) charging and discharging steps between 1.5 and 3.5 V. And the 
coin cells used CCCV charging and discharging steps between 1.5 and 
3.5 V (NFPP||Na) or 0.01–2.0 V (HC||Na). And all coin cells were 
assembled using the 2016-type coin cell. In addition, glass fibers (GF/D, 
Whatman), a counter electrode (Na metal sheet), and electrolyte (Hunan 
Fenlanite New Energy Technology Co., Ltd.) were also used for coin cell 
assembly. All the assembly processes were operated in a glove box filled 
with argon (H2O, O2 < 0.5 ppm). Electrochemical impedance spec-
troscopy (EIS) measurements were performed with electrochemical 
workstation and the frequency ranged from 105 Hz to 0.1 Hz.

3. Results and discussion

3.1. Battery test and non-destructive analysis

The capacity of the NFPP||HC cylindrical battery (33140, diameter 
= 33 mm, height = 140 mm) is 7.3 Ah, and the mass and volume energy 
density are 89.69 Wh/kg and 181.33 Wh/L, respectively. The batteries 
have excellent consistency and moderate energy density (Fig. 1(a), 
Figure S1, Table S2). The SIBs exhibit great potential in rate discharge, 
with no significant capacity and voltage reduction observed as the rate 
increases from 1.0 C to 4.0 C (Fig. 1(b), Figure S2). Meanwhile, SIBs also 
demonstrate excellent rate performance, the charge-discharge capacity 
at 4 C can reach 6.10 Ah (Fig. S3). Moreover, the SIBs exhibit excellent 
low-temperature discharge performance, with capacity retention rates 
of 95.02 %, 89.35 %, 81.89 %, and 64.18 % at temperatures of 0 ◦C, 
− 20 ◦C, − 30 ◦C, and − 40 ◦C (Compared with the capacity at 25 ◦C). 
After low-temperature discharge and then room temperature discharge 

again, the capacity can be restored to 99.72 % of the initial capacity 
(Fig. 1(c), Figure S4, Table S3). Subsequently, the full-charged fresh SIBs 
underwent safety testing that met international standards. In the tests of 
overheating, overcharging and over-discharging, the SIBs did not ignite 
or explode (Fig. 1(d–f)), which exhibited excellent safety. During the 
SIBs overcharge test, the highest temperature of the battery only reached 
79.9 ◦C, and the battery did not experience thermal runaway even after 
internal-short circuit. In the overheat and over-discharging tests, there 
was no significant temperature rise observed in the SIBs. Especially, this 
SIBs can still be charged and discharged normally after overheat and 
over-discharge tests (Figure S5 (a, b)). In more stringently adiabatic 
environment safety test, SIBs experienced thermal runaway (Fig. 1(g and 
h)), with self-generated heat temperature (T1), thermal runaway trigger 
temperature (T2, define as dT dt− 1 = 1 ◦C min− 1), and maximum thermal 
runaway temperature (T3) of 152.0 ◦C, 190.0 ◦C, and 285.7 ◦C, 
respectively. Compared to LIBs, the safety has been significantly 
improved [26–28]. And before the thermal runaway occurs, the safety 
value opens in advance, releasing some combustible gases and electro-
lytes, which effectively reduces the severity of the thermal runaway. In 
summary, all of these indicate that the cylindrical SIBs with NFPP and 
HC as cathode and anode exhibit excellent electrochemical performance 
and safety, which is basically in line with practical applications. 
Thereafter, this battery will be used for research on capacity degradation 
mechanisms.

During the energy storage process, SIBs will experience complex and 
extremely harsh external environments. In addition, high-safety SIBs are 
expected to be applied in high-temperature scenarios, therefore, it is 
particularly important to study the capacity degradation mechanism 

Fig. 1. Electrochemical and safety performance of SIBs. (a) Optical image of SIBs. (b) Discharge capacity at different discharge rates (the charging rate is 0.5 C). (c) 
The capacity of SIBs at different temperatures (low temperature). The voltage and temperature evolutions in the process of (d) over-heating test, (e) overcharge test, 
(f) over-discharge test (inset is the image of SIBs after safety tests). (g, h) The heat-wait-search curves of fully charged 7.3 Ah SIBs (inset is the image of SIBs after 
thermal runaway).
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under extreme conditions. In this study, SIBs were used to investigate 
the capacity degradation mechanism in high temperature and room 
temperature scenarios. Herein, SIBs were used for full-charge calendar 
aging and cycle at 25 ◦C and 80 ◦C, respectively, and non-destructive 
and post-mortem characterization was combined to investigate. Dur-
ing the full-charge calendar aging process, the SIBs at 80 ◦C showed 
more significant voltage drop and capacity decay, with a coulombic 
efficiency (CE) of only 88.90 %, while the CE of aged SIBs at 25 ◦C was 
93.40 % (Fig. 2(a and b)). And the capacity losses were 0.48 Ah and 0.82 
Ah, respectively (Fig. 2(c)). This indicates that capacity decay also oc-
curs during the aging process of the fully charged calendar, especially in 
high-temperature environments. During the cycle process, the capacity 
retention rate of SIBs is 96.43 % and 92.43 % after 400 cycles at tem-
peratures of 25 ◦C and 80 ◦C, respectively (Figure S6, Fig. 2(d–f)). The 
reasons for the capacity degradation that occurred during these pro-
cesses are further investigated.

Non-destructive characterization methods are crucial for providing 
fundamental insights into degradation mechanisms without destroying 
battery structures. Increment capacity analysis (ICA), as a non- 
destructive analysis method, is widely used in the analysis of battery 
aging mechanisms [29,30]. Its most important advantage is to transform 
the redox reaction of the battery into an easily recognizable capacity 
increment peak [31]. For NFPP cathode, Na+ occupies four different 
crystal positions in the crystal structure, with different coordination 
numbers, namely Na3 (five coordination), Na1 (six coordination), Na4 
(six coordination), and Na2 (seven coordination) sites [32]. Three 

sodium sites can be reversibly extracted or inserted into the crystal, 
while Na2 is electrochemically inert. The sodium extraction sequence is 
as follows: first, Na3 and Na1 are extracted, and then Na4 is extracted. 
The insertion order is reversed [33]. The multiple oxidation/reduction 
peaks (observed in Fig. S7) indicate the insertion/extraction of sodium 
ions into different sites within the structure. During the calendar aging 
process, the oxidation-reduction peak below 3.0 V gradually weakens 
with the increase of temperature, corresponding to the insertion and 
extraction reaction sites of Na3 (five coordinated) (Fig. 2 (g)). During 
the 25 ◦C cycle process, this oxidation-reduction peak also weakens with 
the increase of the number of cycles (Fig. 2(h)). More evident, the peak 
disappears directly after cycling at 80 ◦C (Fig. 2(i)). In addition, the 
polarization of the battery significantly increases during the 
high-temperature cycle process. This phenomenon may be due to the 
degradation of the cathode structure, which leads to the decrease in the 
activity of the Na3 site, or the loss of active sodium causing sodium ions 
to be unable to fully occupy the sites. For this speculation, further 
verification will be conducted through post-mortem analysis.

3.2. Post-mortem analysis

Through an analysis of capacity, voltage and IC curves of the SIBs 
above, a preliminary understanding of the capacity degradation mech-
anism of the battery has been obtained. The failure mechanism will be 
further revealed through post-mortem analysis. All batteries were fully 
discharged and disassembled in the glove box filled with argon gas. The 

Fig. 2. Electrochemical performance during SIBs aging process. (a, b) Voltage-time curves of calendar aging at different temperatures. (c) Capacity loss of SIBs 
calendar aging at different temperatures. (d–f) Cycle performance of SIBs at different temperatures. (g) The incremental capacity analysis of SIBs under calendar 
aging at 25 ◦C and 80 ◦C. (h, i) The incremental capacity analysis of SIBs under cyclic aging at 25 ◦C and 80 ◦C (insets are partial enlarged view of the curves).
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optical images of the separator, cathode, and anode after battery 
disassembly are shown in Fig. 3. Except for SIBs that have undergone 
room temperature cycle, there are little differences in the appearance of 
the cathode, anode and separator between the pristine and degraded 
battery. Obviously, the anode of SIBs undergoing room-temperature 

cycle has severe sodium plating, and the by-products of the reaction 
between sodium metal and electrolyte adhere to the separator and 
cathode. This also indicates that the N/P ratio (capacity ratio of anode to 
cathode) design of battery is not reasonable enough, the conductivity of 
electrolyte and the solid-phase diffusion of sodium ions are relatively 

Fig. 3. The image of separator, cathode and anode disassembled from the SIBs with different aging modes (All batteries were disassembled at discharged state).

Fig. 4. SEM images of cathodes under different aging modes: (a) Pristine; (b) Cycle at 25 ◦C; (c) Calendar aging at 25 ◦C; (d) Cycle at 80 ◦C; (e) Calendar aging at 
80 ◦C. SEM images of anodes under different aging modes: (f) Pristine; (g) Cycle at 25 ◦C; (h) Calendar aging at 25 ◦C; (i) Cycle at 80 ◦C; (j) Calendar aging at 80 ◦C. 
SEM images of separator under different aging modes: (k) Pristine; (l) Cycle at 25 ◦C; (m) Calendar aging at 25 ◦C; (n) Cycle at 80 ◦C; (o) Calendar aging at 80 ◦C.
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low. Therefore, the design of electrodes is crucial for the construction of 
safe SIBs [34,35]. Further, SEM images of pristine and degraded cathode 
were used to analyze the degradation of NFPP particles and surfaces 
(Fig. 4(a–e)). The cathodes after calendar aging at 25 ◦C and 80 ◦C 
exhibited the same morphology as that of the fresh cathode with the 
particles remaining intact. However, particle microcrack is observed in 
the cathodes cycle at 25 ◦C and 80 ◦C, which means that there is a 
manifestation of slight degradation of the active material during the 
cycle process (Fig. S8). Particle microcrack can lead to poor intergran-
ular connections and create new sites for surface corrosion and side 
reactions, thereby accelerating battery capacity degradation [36]. They 
did not occur during the calendar aging process, indicating that the 
particle microcracks were structural degradation caused by electro-
chemical reactions, rather than erosion of the electrolyte at high tem-
peratures. The sodium plating and structural degradation behavior of 
HC under multiple conditions were observed by SEM (Fig. 4(f–j)). After 
room-temperature cycle, there is a large-area moss-like sodium plating 
on HC anode and by-products on separator, while those under other 
aging modes do not exhibit sodium plating or other obvious phenomena. 
We analyzed the deposits on the surface of the HC by SEM-EDS (Fig. S9). 
EDS testing showed that the regions on the HC surface where deposits 
exist are rich in Na and O elements, with relatively less C. It can be 
initially speculated that the substance is Na2O (It is caused by the re-
action of sodium plating with oxygen in the air during the SEM sample 
injection process). Combined with further ssNMR testing, it was proven 
that the deposits on the HC surface are metallic sodium (Fig. S10). In 
summary, we have confirmed that the deposits on the surface of HC are 

sodium plating. SEM is used to further characterize the microstructure of 
by-products. It can be observed that the ceramic particles of the ceramic 
separator have been detached, and at the same time, some ceramic 
particles adhere to the cathode electrode. The position of by-products is 
very consistent with that of sodium plating, indicating that the 
by-products are generated by the reaction between active sodium and 
electrolyte (Figs. S11(a and b)). The stripping of ceramic particles un-
doubtedly reduces the dimensional stability of the separator and de-
teriorates the safety of the battery. No significant changes were observed 
in most areas of the separator under any aging mode (Fig. 4(k–o)).

In order to decompose the contribution of the cathode and anode 
electrodes to the capacity degradation of the battery in terms of struc-
tural degradation, polarization, and other aspects, the disassembled 
cathode and anode were separately reassembled with sodium metal to 
form a coin type half-cell. The NFPP||Na half-cells were charged to 3.5 V 
with a current of 1.1 mA, to calibrate the residual capacity of the 
cathode materials (Fig. 5(a)). Then, through discharging to 1.5 V, so-
dium ions insert back into the cathode material to eliminate capacity 
degradation caused by loss of active sodium (Fig. 5(b)). After testing, it 
can be preliminarily found that during the process of sodium ions 
extraction, the cathode materials after high-temperature and room- 
temperature cycle only exhibit a capacity of 0.91 mAh and 1.04 mAh 
(the capacity of pristine cathode is 1.15 mAh), while the capacity of the 
cathode materials after high-temperature and room-temperature cal-
endar aging is 1.09 mAh and 1.07 mAh, respectively. This explain that 
the loss of active sodium caused by interface side reactions in high- 
temperature cycling is more severe than the sodium plating during 

Fig. 5. Capacity degradation mechanism analysis of cathode materials. (a) Capacity loss of various parts of cathode materials. (b, c) Charging and discharge curve of 
NFPP||Na coin cells (The NFPP electrodes were obtained from disassembled batteries). (d) Specific capacity loss and capacity loss rate of SIBs. (e) The incremental 
capacity analysis of cion cell during discharge process. (f) XRD patterns of cathode materials undercoin different aging modes. (g) EIS curve of NFPP||Na coin cells. 
(h) Schematic diagram of cathode failure.
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room temperature cycling. When sodium ions embed back into cathode, 
the active sites of NFPP can be almost completely inserted by sodium 
ions, and there is no significant difference between the aged cathode 
material and the pristine sample (Fig. 5(c)). The specific capacity loss of 
active sodium after cycle (25 ◦C and 80 ◦C) is slightly higher than cal-
endar aging (Fig. 5(c and d)). It is worth noting that the loss of active 
sodium in the pristine SIBs after formation and capacity calibration also 
reached 13.3 %, indicating that the insufficient initial coulombic effi-
ciency (ICE) of the HC resulted in excessive consumption of active so-
dium in the battery, thus seriously reducing the capacity utilization of 
SIBs.

At the same time, we conducted ICA on the discharge curve of the 
NFPP||Na cells, and found that the reduction peak did not show sig-
nificant changes compared to the fresh cathode (Fig. 5(e)). Especially, 
the peak below 3.0 V reappeared in the high-temperature aged cathode 
material, indicating that the Na3 sites still have electrochemical activity. 
In the SIBs, the loss of active sodium is the main reason for the disap-
pearance of the Na3 sites peak below 3.0 V, and the structure of NFPP 
does not significantly deteriorate during the aging process. Significantly, 
the polarization of the aged cathode materials increases during the 
charging and discharging process (especially after high-temperature 
aging). The XRD patterns of cathode materials under different aging 
modes also indicate that the structure of the cathode materials has not 
deteriorated and there is no generation of impurities, which also proves 
the above analysis conclusion (Fig. 5(f)). In addition, the EIS of NFPP|| 
Na coin cells was used to further characterize interfacial charge transfer 
resistance (Rct), all the degraded batteries exhibit increased impedance 
(Fig. 5(g), Figure S12). At the same time, the Rct of the batteries after 
high temperature aging also significantly increases (compared to room 
temperature aging). Impedance data and polarization data have also 
confirmed each other.

The HC anode is also used to reassemble coin cells for further mea-
surement of sodium storage capacity (HC has selected areas without 
sodium plating). From the discharge program of constant current and 
constant voltage (CCCV), the discharge curves of HC before and after 
aging highly overlap, and there is no significant difference in the sodium 
storage capacity, plateau capacity, and slope capacity of aged HC 

compared to fresh HC (Fig. 6(a and b), Fig. S13). This means that the 
structure of HC (including pseudo-graphite and micropores) has not 
deteriorate under various aging modes [37,38]. The XRD pattern in-
dicates that the structure parameters such as average interlayer spacing, 
average layer stacking distance of HC have not undergone significant 
changes (Fig. 6(c)). Raman spectroscopy (Fig. 1(f)) is further conducted 
to assess the microstructure of HC. The peak positions of the D and G 
peaks of HC before and after aging are around 1353 cm− 1 and 1594 
cm− 1, with no significant shift observed, and the ID/IG ratio remains 
unchanged. This indicates that the edge defects and microcrystals of HC 
are not damaged. Overall, the structure of HC did not show significant 
deterioration during the aging process. From the interfacial impedance 
test results of HC anode, it can be found that the SEI impedance (RSEI) 
and Rct of the aged electrodes both increase significantly, and the 
impedance increase of the high-temperature aged electrode is more 
pronounced, which may be due to the side reactions at the HC interface 
(Fig. 6(e), Figure S14). Therefore, the structure of HC will not be 
destroyed during the cycling process, and the increase in interfacial 
impedance is the significant reason for the degradation of battery ca-
pacity, especially for batteries aging at high-temperature. During the 
cycling process at room temperature, the battery exhibits sodium 
plating, resulting in loss of active sodium and safety hazards (Fig. 6(f)).

4. Conclusion

In this work, NFPP||HC cylindrical battery has been proven to have 
excellent safety and electrochemical performance. And based on this 
battery, the capacity degradation mechanism of SIBs under different 
aging modes has been comprehensively studied through a combination 
of non-destructive analysis and post-mortem analysis. Overall, the loss 
of active sodium and the increase of interface impedance are the main 
causes of capacity degradation. However, the mechanisms of active so-
dium loss and interface impedance increase are not the same. For bat-
teries undergoing high-temperature aging, severe side reactions at the 
interfaces of cathode-electrolyte and anode-electrolyte not only result in 
loss of active sodium, but also sharply increase interface impedance, 
leading to degradation of battery capacity. In addition, the main reason 

Fig. 6. Capacity degradation mechanism analysis of anode materials. (a) Discharge curve of HC||Na coin cells (The HC electrodes were obtained from disassembled 
batteries). (b) Capacity statistics of different coin cells. (c) XRD patterns of anode materials under different aging modes. (d) Raman spectrum of anode materials 
under different aging modes. (e) EIS curve of HC||Na coin cells (inset is the equivalent circuit to fit impedance spectra of the batteries.). (f) Schematic diagram of 
anode failure.
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for capacity degradation at room-temperature cycling batteries is the 
sodium plating on the surface of anode, which further leads to the SEI 
regeneration and increased interfacial impedance. Fortunately, the 
structures of NFPP and HC remain stable under different aging modes, 
demonstrating the promising application prospects of SIBs with NFPP 
and HC as cathode and anode, and these SIBs system is also suitable for 
high-temperature applications. This work comprehensively analyzes the 
failure mechanism of SIBs and reveals the sources of capacity loss in SIBs 
under different aging modes, which will provide reference for the design 
of SIBs.

CRediT authorship contribution statement

Wei Li: Writing – original draft, Investigation, Data curation, 
Conceptualization. Honghao Xie: Investigation, Data curation. Shini 
Lin: Investigation. Yuan Qin: Investigation. Jing Zeng: Writing – re-
view & editing, Funding acquisition. Peng Zhang: Writing – review & 
editing, Funding acquisition. Jinbao Zhao: Writing – review & editing, 
Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We gratefully acknowledge the financial supported by National Key 
Research and Development Program of China (2021YFB2400300). 
Yunnan Major Scientific and Technological Projects 
(202202AG050003). Natural Science Foundation project of Xiamen city 
(No. 3502Z202471026).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jpowsour.2025.236635.

Appendix A. Supplementary data:

Supplementary data to this article can be found at Supporting 
Information.

Data availability

Data will be made available on request.

References

[1] J.B. Goodenough, Y. Kim, Challenges for rechargeable Li batteries, Chem. Mater. 
22 (2010) 587–603, https://doi.org/10.1021/cm901452z.

[2] M.A. Hannan, M.M. Hoque, A. Mohamed, A. Ayob, Review of energy storage 
systems for electric vehicle applications: issues and challenges, Renew. Sustain. 
Energy Rev. 69 (2017) 771–789, https://doi.org/10.1016/j.rser.2016.11.171.

[3] X. Yu, A. Manthiram, Sustainable battery materials for next-generation electrical 
energy storage, Advanced Energy and Sustainability Research 2 (2021) 2000102, 
https://doi.org/10.1002/aesr.202000102.

[4] X. Feng, M. Ouyang, X. Liu, L. Lu, Y. Xia, X. He, Thermal runaway mechanism of 
lithium ion battery for electric vehicles: a review, Energy Storage Mater. 10 (2018) 
246–267, https://doi.org/10.1016/j.ensm.2017.05.013.

[5] S.-T. Myung, F. Maglia, K.-J. Park, C.S. Yoon, P. Lamp, S.-J. Kim, Y.-K. Sun, Nickel- 
rich layered cathode materials for automotive lithium-ion batteries: achievements 
and perspectives, ACS Energy Lett. 2 (2017) 196–223, https://doi.org/10.1021/ 
acsenergylett.6b00594.

[6] H. Hijazi, Z. Ye, L. Zhang, J. Deshmukh, M.B. Johnson, J.R. Dahn, M. Metzger, 
Impact of sodium metal plating on cycling performance of layered oxide/hard 
carbon sodium-ion pouch cells with different voltage cut-offs, J. Electrochem. Soc. 
170 (2023) 070512, https://doi.org/10.1149/1945-7111/ace4fa.

[7] T. Liu, Y. Zhang, Z. Jiang, X. Zeng, J. Ji, Z. Li, X. Gao, M. Sun, Z. Lin, M. Ling, 
J. Zheng, C. Liang, Exploring competitive features of stationary sodium ion 

batteries for electrochemical energy storage, Energy Environ. Sci. 12 (2019) 
1512–1533, https://doi.org/10.1039/C8EE03727B.

[8] F. Ding, C. Zhao, D. Zhou, Q. Meng, D. Xiao, Q. Zhang, Y. Niu, Y. Li, X. Rong, Y. Lu, 
L. Chen, Y.-S. Hu, A novel Ni-rich O3-Na[Ni0.60Fe0.25Mn0.15]O2 cathode for Na- 
ion batteries, Energy Storage Mater. 30 (2020) 420–430, https://doi.org/10.1016/ 
j.ensm.2020.05.013.

[9] Q. Zhou, Y. Li, F. Tang, K. Li, X. Rong, Y. Lu, L. Chen, Y.-S. Hu, Thermal stability of 
high power 26650-type cylindrical Na-ion batteries, Chin. Phys. Lett. 38 (2021) 
076501, https://doi.org/10.1088/0256-307X/38/7/076501.

[10] H. Yang, Q. Zhang, M. Chen, Y. Yang, J. Zhao, Unveiling the origin of air stability 
in polyanion and layered-oxide cathode materials for sodium-ion batteries and 
their practical application considerations, Adv. Funct. Mater. 34 (2024) 2308257, 
https://doi.org/10.1002/adfm.202308257.

[11] T. Jin, H. Li, K. Zhu, P.-F. Wang, P. Liu, L. Jiao, Polyanion-type cathode materials 
for sodium-ion batteries, Chem. Soc. Rev. 49 (2020) 2342–2377, https://doi.org/ 
10.1039/C9CS00846B.

[12] F. Xiong, J. Li, C. Zuo, X. Zhang, S. Tan, Y. Jiang, Q. An, P.K. Chu, L. Mai, Mg- 
doped Na4Fe3(PO4)2(P2O7)/C composite with enhanced intercalation 
pseudocapacitance for ultra-stable and high-rate sodium-ion storage, Adv. Funct. 
Mater. 33 (2023) 2211257, https://doi.org/10.1002/adfm.202211257.

[13] X. Hu, H. Li, Z. Wang, M. Liu, Y. Lu, Y. Zhang, J. Li, K. Ding, H. Liu, Z.-F. Ma, Y. 
Wang, High Entropy Helps Na4Fe3(PO4)2P2O7 Improve Its Sodium Storage 
Performance, Adv. Funct. Mater. n/a (n.d.) 2412730. https://doi.org/10.1002/ad 
fm.202412730..

[14] Y. Zeng, F. Wang, Y. Cheng, M. Chen, J. Hou, D. Yang, Y. Zhang, W. Yang, G. Liu, 
Y. Zhang, Z. Zhu, X. Li, Y. Yang, J. Zhao, Identifying the importance of 
functionalization evolution during pre-oxidation treatment in producing 
economical asphalt-derived hard carbon for Na-ion batteries, Energy Storage 
Mater. 73 (2024) 103808, https://doi.org/10.1016/j.ensm.2024.103808.

[15] Y. Li, Y. Lu, Q. Meng, A.C.S. Jensen, Q. Zhang, Q. Zhang, Y. Tong, Y. Qi, L. Gu, M.- 
M. Titirici, Y.-S. Hu, Regulating pore structure of hierarchical porous waste cork- 
derived hard carbon anode for enhanced Na storage performance, Adv. Energy 
Mater. 9 (2019) 1902852, https://doi.org/10.1002/aenm.201902852.

[16] X. Zhao, P. Shi, H. Wang, Q. Meng, X. Qi, G. Ai, F. Xie, X. Rong, Y. Xiong, Y. Lu, Y.- 
S. Hu, Unlocking plateau capacity with versatile precursor crosslinking for carbon 
anodes in Na-ion batteries, Energy Storage Mater. 70 (2024) 103543, https://doi. 
org/10.1016/j.ensm.2024.103543.

[17] A. Zhao, T. Yuan, P. Li, C. Liu, H. Cong, X. Pu, Z. Chen, X. Ai, H. Yang, Y. Cao, 
A novel Fe-defect induced pure-phase Na4Fe2.91(PO4)2P2O7 cathode material 
with high capacity and ultra-long lifetime for low-cost sodium-ion batteries, Nano 
Energy 91 (2022) 106680, https://doi.org/10.1016/j.nanoen.2021.106680.

[18] A. Zhao, C. Liu, F. Ji, S. Zhang, H. Fan, W. Ni, Y. Fang, X. Ai, H. Yang, Y. Cao, 
Revealing the phase evolution in Na4FexP4O12+x (2 ≤ x ≤ 4) cathode materials, 
ACS Energy Lett. 8 (2023) 753–761, https://doi.org/10.1021/ 
acsenergylett.2c02693.

[19] Z. Zheng, X. Li, Y. Wang, Y. Zhang, Y. Jiang, Y.-S. He, C. Niu, H. Che, L. Li, Z.-F. Ma, 
Self-limited and reversible surface hydration of Na2Fe(SO4)2 cathodes for long- 
cycle-life Na-ion batteries, Energy Storage Mater. 74 (2025) 103882, https://doi. 
org/10.1016/j.ensm.2024.103882.

[20] Y. Zhu, J. Zhu, B. Jiang, X. Wang, X. Wei, H. Dai, Insights on the degradation 
mechanism for large format prismatic graphite/LiFePO4 battery cycled under 
elevated temperature, J. Energy Storage 60 (2023) 106624, https://doi.org/ 
10.1016/j.est.2023.106624.

[21] H. Li, W. Ji, Z. He, Y. Zhang, J. Zhao, Distinct capacity fade modes of Nickel-rich/ 
Graphite-SiOx power lithium ion battery, J. Energy Storage 47 (2022) 103830, 
https://doi.org/10.1016/j.est.2021.103830.

[22] E.S. Zsoldos, D.T. Thompson, W. Black, S.M. Azam, J.R. Dahn, The operation 
window of lithium iron phosphate/graphite cells affects their lifetime, 
J. Electrochem. Soc. 171 (2024) 080527, https://doi.org/10.1149/1945-7111/ 
ad6cbd.

[23] W. Li, H. Li, Z. He, W. Ji, J. Zeng, X. Li, Y. Zhang, P. Zhang, J. Zhao, 
Electrochemical failure results inevitable capacity degradation in Li-ion 
batteries—a review, Energies 15 (2022) 9165, https://doi.org/10.3390/ 
en15239165.

[24] D. Ren, H. Hsu, R. Li, X. Feng, D. Guo, X. Han, L. Lu, X. He, S. Gao, J. Hou, Y. Li, 
Y. Wang, M. Ouyang, A comparative investigation of aging effects on thermal 
runaway behavior of lithium-ion batteries, eTransportation 2 (2019) 100034, 
https://doi.org/10.1016/j.etran.2019.100034.

[25] C.R. Birkl, M.R. Roberts, E. McTurk, P.G. Bruce, D.A. Howey, Degradation 
diagnostics for lithium ion cells, J. Power Sources 341 (2017) 373–386, https:// 
doi.org/10.1016/j.jpowsour.2016.12.011.

[26] J. Hou, X. Feng, L. Wang, X. Liu, A. Ohma, L. Lu, D. Ren, W. Huang, Y. Li, M. Yi, 
Y. Wang, J. Ren, Z. Meng, Z. Chu, G.-L. Xu, K. Amine, X. He, H. Wang, Y. Nitta, 
M. Ouyang, Unlocking the self-supported thermal runaway of high-energy lithium- 
ion batteries, Energy Storage Mater. 39 (2021) 395–402, https://doi.org/10.1016/ 
j.ensm.2021.04.035.

[27] L. Huang, G. Xu, X. Du, J. Li, B. Xie, H. Liu, P. Han, S. Dong, G. Cui, L. Chen, 
Uncovering LiH triggered thermal runaway mechanism of a high-energy 
LiNi0.5Co0.2Mn0.3O2/graphite pouch cell, Adv. Sci. 8 (2021) 2100676, https:// 
doi.org/10.1002/advs.202100676.

[28] W. Li, H. Li, J. Liu, S. Lin, Q. Chen, W. Ji, Z. He, P. Zhang, J. Zhao, Systematic 
safety evaluation of quasi-solid-state lithium batteries: a case study, Energy 
Environ. Sci. 16 (2023) 5444–5453, https://doi.org/10.1039/D3EE03073C.

[29] M. Naumann, M. Schimpe, P. Keil, H.C. Hesse, A. Jossen, Analysis and modeling of 
calendar aging of a commercial LiFePO4/graphite cell, J. Energy Storage 17 (2018) 
153–169, https://doi.org/10.1016/j.est.2018.01.019.

W. Li et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.jpowsour.2025.236635
https://doi.org/10.1016/j.jpowsour.2025.236635
https://doi.org/10.1021/cm901452z
https://doi.org/10.1016/j.rser.2016.11.171
https://doi.org/10.1002/aesr.202000102
https://doi.org/10.1016/j.ensm.2017.05.013
https://doi.org/10.1021/acsenergylett.6b00594
https://doi.org/10.1021/acsenergylett.6b00594
https://doi.org/10.1149/1945-7111/ace4fa
https://doi.org/10.1039/C8EE03727B
https://doi.org/10.1016/j.ensm.2020.05.013
https://doi.org/10.1016/j.ensm.2020.05.013
https://doi.org/10.1088/0256-307X/38/7/076501
https://doi.org/10.1002/adfm.202308257
https://doi.org/10.1039/C9CS00846B
https://doi.org/10.1039/C9CS00846B
https://doi.org/10.1002/adfm.202211257
https://doi.org/10.1002/adfm.202412730
https://doi.org/10.1002/adfm.202412730
https://doi.org/10.1016/j.ensm.2024.103808
https://doi.org/10.1002/aenm.201902852
https://doi.org/10.1016/j.ensm.2024.103543
https://doi.org/10.1016/j.ensm.2024.103543
https://doi.org/10.1016/j.nanoen.2021.106680
https://doi.org/10.1021/acsenergylett.2c02693
https://doi.org/10.1021/acsenergylett.2c02693
https://doi.org/10.1016/j.ensm.2024.103882
https://doi.org/10.1016/j.ensm.2024.103882
https://doi.org/10.1016/j.est.2023.106624
https://doi.org/10.1016/j.est.2023.106624
https://doi.org/10.1016/j.est.2021.103830
https://doi.org/10.1149/1945-7111/ad6cbd
https://doi.org/10.1149/1945-7111/ad6cbd
https://doi.org/10.3390/en15239165
https://doi.org/10.3390/en15239165
https://doi.org/10.1016/j.etran.2019.100034
https://doi.org/10.1016/j.jpowsour.2016.12.011
https://doi.org/10.1016/j.jpowsour.2016.12.011
https://doi.org/10.1016/j.ensm.2021.04.035
https://doi.org/10.1016/j.ensm.2021.04.035
https://doi.org/10.1002/advs.202100676
https://doi.org/10.1002/advs.202100676
https://doi.org/10.1039/D3EE03073C
https://doi.org/10.1016/j.est.2018.01.019


Journal of Power Sources 639 (2025) 236635

9

[30] O.S. Mendoza-Hernandez, E. Hosono, D. Asakura, H. Matsuda, S. Shironita, 
M. Umeda, Y. Sone, Impact of calendar degradation on the performance of LiFePO4 
– graphite Li-ion cells during charge-discharge cycling at − 5◦C, J. Electrochem. 
Soc. 166 (2019) A3525, https://doi.org/10.1149/2.1201914jes.

[31] L. Zheng, J. Zhu, D.D.-C. Lu, G. Wang, T. He, Incremental capacity analysis and 
differential voltage analysis based state of charge and capacity estimation for 
lithium-ion batteries, Energy 150 (2018) 759–769, https://doi.org/10.1016/j. 
energy.2018.03.023.

[32] X. Wu, G. Zhong, Y. Yang, Sol-gel synthesis of Na4Fe3(PO4)2(P2O7)/C 
nanocomposite for sodium ion batteries and new insights into microstructural 
evolution during sodium extraction, J. Power Sources 327 (2016) 666–674, 
https://doi.org/10.1016/j.jpowsour.2016.07.061.

[33] X. Pu, H. Wang, T. Yuan, S. Cao, S. Liu, L. Xu, H. Yang, X. Ai, Z. Chen, Y. Cao, 
Na4Fe3(PO4)2P2O7/C nanospheres as low-cost, high-performance cathode 
material for sodium-ion batteries, Energy Storage Mater. 22 (2019) 330–336, 
https://doi.org/10.1016/j.ensm.2019.02.017.

[34] Y. Yang, L. Xu, S.-J. Yang, C. Yan, J.-Q. Huang, Electrolyte inhomogeneity induced 
lithium plating in fast charging lithium-ion batteries, J. Energy Chem. 73 (2022) 
394–399, https://doi.org/10.1016/j.jechem.2022.06.001.

[35] Z. Yan, L. Wang, X. He, Rational Electrode Design for Enhanced Battery 
Performance: Addressing SOC Heterogeneity and Achieving Energy Density, Adv. 
Funct. Mater. n/a (n.d.) 2415637. https://doi.org/10.1002/adfm.202415637..

[36] P. Yan, J. Zheng, M. Gu, J. Xiao, J.-G. Zhang, C.-M. Wang, Intragranular cracking as 
a critical barrier for high-voltage usage of layer-structured cathode for lithium-ion 
batteries, Nat. Commun. 8 (2017) 14101, https://doi.org/10.1038/ncomms14101.

[37] Y. Zeng, J. Yang, H. Yang, Y. Yang, J. Zhao, Bridging microstructure and sodium- 
ion storage mechanism in hard carbon for sodium ion batteries, ACS Energy Lett. 9 
(2024) 1184–1191, https://doi.org/10.1021/acsenergylett.3c02751.

[38] X. Chen, J. Tian, P. Li, Y. Fang, Y. Fang, X. Liang, J. Feng, J. Dong, X. Ai, H. Yang, 
Y. Cao, An overall understanding of sodium storage behaviors in hard carbons by 
an “adsorption-intercalation/filling” hybrid mechanism, Adv. Energy Mater. 12 
(2022) 2200886, https://doi.org/10.1002/aenm.202200886.

W. Li et al.                                                                                                                                                                                                                                       

https://doi.org/10.1149/2.1201914jes
https://doi.org/10.1016/j.energy.2018.03.023
https://doi.org/10.1016/j.energy.2018.03.023
https://doi.org/10.1016/j.jpowsour.2016.07.061
https://doi.org/10.1016/j.ensm.2019.02.017
https://doi.org/10.1016/j.jechem.2022.06.001
https://doi.org/10.1002/adfm.202415637
https://doi.org/10.1038/ncomms14101
https://doi.org/10.1021/acsenergylett.3c02751
https://doi.org/10.1002/aenm.202200886

	Insights on the degradation mechanism of 7 Ah sodium ion batteries at different aging modes
	1 Introduction
	2 Experimental
	2.1 Battery safety test
	2.2 Material characterization
	2.3 Electrochemical measurements

	3 Results and discussion
	3.1 Battery test and non-destructive analysis
	3.2 Post-mortem analysis

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data:
	Data availability
	References


