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A B S T R A C T

Sodium-ion batteries (SIBs) have become the most promising technology in large-scale energy storage applica
tions. Among various anodes, hard carbon (HC) has an absolute advantage because of its high capacity and low 
potential. However, the lifespan and safety of SIBs are severely compromised by sodium plating and other 
detrimental effects, primarily caused by inaccurate capacity determination leading to N/P ratio mismatch. This 
study systematically investigated the detrimental impacts of sodium metal polarization on capacity assessment. 
Building upon these findings, we developed an over-sodiation protocol to precisely quantify the capacity of HC 
anodes by monitoring the “transition point” where electrochemical behavior shifts from sodium storage to so
dium plating. Furthermore, this method has been rigorously validated across multiple HC material systems, and 
the relationship between different HC capacities and rate performance was evaluated. Subsequently, through 
comprehensive statistical analysis of structural parameters and kinetic characteristics, we obtained crucial in
sights for optimizing HC structures to enhance sodium-ion transport kinetics. Finally, based on this transition of 
electrochemical behavior, an early warning signal for sodium plating was proposed to indicate capacity fading 
and safety variations in SIBs. The insights proposed in this study could provide valuable design principles for HC 
materials development and SIBs performance enhancement.

1. Introduction

Lithium-ion batteries (LIBs) have achieved great success owing to 
their widespread use in portable energy storage and electric vehicles 
[1–5]. Over the past decades, the global shift toward renewable energy 
has established large-scale energy storage as a key technological 
enabler, driving intensive research efforts to address the growing 
mismatch between energy generation and demand [6–8]. However, the 
challenges such as limited lithium resource and inadequate low- 
temperature performance in commercial LIBs have created an urgent 
demand for developing new energy storage paradigms [9,10]. To 
address these limitations, sodium-ion batteries (SIBs) have emerged as a 
promising solution, capitalizing on their naturally abundant raw mate
rials and extended operational temperature range (− 40 ◦C to 80 ◦C) for 
sustainable energy storage systems [11–14].

The advancement of SIBs critically depends on three fundamental 

aspects: (i) cathode/anode materials with high specific capacity and 
favorable kinetics, (ii) rational cell architecture design, and (iii) opti
mized electrode-electrolyte interfaces, which collectively determine 
their practical viability for grid-scale energy storage [15,16]. Current 
cathode research primarily focuses on layered transition metal oxides 
[17,18], polyanion compounds [19,20], Prussian blue analogues [21]. 
While each system exhibits distinct advantages in terms of energy den
sity, structural stability, or cost-effectiveness, none has yet demon
strated clear superiority for commercial deployment [22]. For anode 
materials, hard carbon (HC) demonstrates superior performance owing 
to its low sodiation potential and high reversible capacity [23–25]. 
Notably, Hu et al. synthesized HC using phenol-formaldehyde resin as 
the precursor and ethanol as the pore-forming agent, and the phenolic 
resin-derived HC exhibited a high Na storage capacity of approximately 
410 mAh g− 1 [26]. In addition, the HC optimized by Zhang et al. through 
the transient sintering strategy exhibits an extremely high platform 

* Corresponding authors.
E-mail addresses: zengjing@xmu.edu.cn (J. Zeng), pengzhang@xmu.edu.cn (P. Zhang), jbzhao@xmu.edu.cn (J. Zhao). 

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

https://doi.org/10.1016/j.cej.2026.173109
Received 29 October 2025; Received in revised form 23 December 2025; Accepted 15 January 2026  

Chemical Engineering Journal 529 (2026) 173109 

Available online 18 January 2026 
1385-8947/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:zengjing@xmu.edu.cn
mailto:pengzhang@xmu.edu.cn
mailto:jbzhao@xmu.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2026.173109
https://doi.org/10.1016/j.cej.2026.173109
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2026.173109&domain=pdf


capacity of 325 mAh g− 1, which increases the energy density of SIBs by 
20.7% [27]. Zhao et al. leveraged ultra-affordable asphalt as a precur
sor, combined with pre-oxidation treatment to specifically tailor the 
microstructures of HC, achieving an impressive carbon yield of 63% 
[28].

However, there has been no unified standard for capacity calibration 
of HC materials so far. As shown in Table S1, different charging and 
discharging conditions have been employed across different research 
endeavors. Significant discrepancies are observed in the reported ca
pacities of HC when different evaluation protocols are employed 
(Fig. S1). Alarmingly, in the Na||HC half-cell systems using ester elec
trolytes, the excessive polarization potential of sodium metal frequently 
results in an underestimation of the capacity of HC materials, particu
larly at higher current densities [29–34]. Inaccurate capacity calibration 
can lead to an imbalanced N/P ratio during battery design, which may 
decrease energy density or cause sodium plating. Sodium plating not 
only leads to the rapid capacity degradation of the battery but also 
causes the generation of reducing gas inside the battery, seriously 
deteriorating the safety of the battery (Fig. S2 and S3). Therefore, ac
curate capacity calibration or precisely determining the boundary be
tween effectively utilizable sodium storage capacity and undesirable 
sodium plating behavior is crucial for the rational design and application 
of SIBs [35]. Moreover, this boundary could be also correlated with 
structural parameters of HC materials to guide the design of superior 
anode with higher utilizable capacity and faster kinetics.

Herein, three commercial HC materials with pseudo-graphitic 
microdomains and micropores are used as research models (marked as 
K-HC, Y-HC and N-HC, respectively). Through systematic characteriza
tion, the three HC variants demonstrate distinct yet subtle variations in 
closed-pore volume and interlayer spacing, making them ideal models to 
investigate structure-dependent sodium storage mechanisms and their 
critical thresholds. In-situ XRD and Raman spectroscopy were used to 
monitor the structural evolution of their sodiation process and further 
investigate the sodium storage mechanism. Experimental results have 
shown that all of HC materials follow the “adsorption-intercalation- 
filling” mechanism for sodium storage. Through comprehensive elec
trochemical evaluations employing three-electrode cells, Na metal 
symmetric cells, HC symmetric cells, and full-cell configurations, we 
have conclusively identified that the substantial polarization of sodium 
metal in ester-based electrolyte serves as the predominant factor 
responsible for the compromised capacity performance of HC, conse
quently resulting in imprecise capacity determination. Herein, we 
developed a capacity-cutoff testing protocol that precisely controls the 
sodiation state. Under controlled over-sodiation conditions, we decou
pled the characteristic electrochemical signatures in the plateau region, 
distinguishing between reversible sodium storage and metallic sodium 
plating behaviors. Importantly, we identified the critical plateau in
flection point between these two distinct processes. Based on these 
findings, we proposed the utilizable capacity boundary for effective 
sodium storage, or in other words, the metallic sodium plating threshold 
of HC anode. Subsequently, the accuracy and universality of such uti
lizable capacity boundary were further verified through in-situ XRD, 
post-mortem analysis, and capacity cut-off cycling. The remarkable 
cycling stability exhibited by cells operating within this capacity 
boundary provides definitive evidence for its efficacy as a precise ca
pacity calibration standard for HC anodes. Furthermore, the structural 
design principles based on the boundary were discussed to guide the 
material design, thus expanding the available kinetic boundary of HC in 
the actual electrochemical process. Finally, based on this change in 
electrochemical behavior, a warning signal for sodium plating behavior 
was proposed. This work provides constructive insights into the devel
opment and application of long-life and high-safety SIBs from multiple 
perspectives, including HC structure regulation, battery design, and 
sodium plating warning.

2. Results and discussion

2.1. Structural characterization and sodium storage mechanism of HC

In this study, three commercial HC materials (K-HC, Y-HC, and N- 
HC) were used as case models to systematically investigate the sodium 
storage mechanism, the sodium plating threshold, and sodium storage 
kinetics. In order to correlate the electrochemical information of HC 
materials with their microstructure, various material characterization 
methods were used to analyze the microstructure of HC materials. As 
shown in Fig. S4, three types of HC materials exhibited similar block-like 
morphology observed by scanning electron microscopy (SEM). High 
resolution transmission electron microscopy (HRTEM) was used to 
observe the microstructure of HC materials, and all three types of HC 
were composed of locally twisted pseudo-graphite microdomains and 
closed nanopores, exhibiting structural characteristics of short-range 
order and long-range disorder (Fig. 1(a-c)). The XRD patterns exhibit 
two broad diffraction peaks corresponding to the (002) and (100) peaks. 
In addition, Y-HC exhibits a peak similar to graphite around 26.5◦, 
indicating the presence of graphite structure (Fig. 1(d)). This graphite 
structure will prevent the insertion of Na+, so the presence of graphite 
structure does not affect the analysis of the sodium storage mechanism 
[36]. By combining XRD patterns with TEM images, the basic structural 
parameters of HC materials can be calculated, including average layer 
spacing (d002), average layer stacking distance (Lc), the longitudinal size 
of structure (La), and the number of layers stacked in parallel (N) 
(Fig. S5, Table S2). Raman spectroscopy was employed to assess the 
structural ordering of HC, where a higher intensity ratio of the D-band to 
G-band (ID/IG) corresponds to increased structural disorder (Fig. S6, 
Table S2). To characterize the pore structure of HC, we performed 
comprehensive analysis using small angle X-ray scattering (SAXS) 
measurements, true density tests, and N2/CO₂ adsorption-desorption 
experiments, thereby obtaining quantitative data on closed-pore vol
ume, average open-pore diameter, and specific surface area (Fig. 1(e, f) 
and S7, Table S3). The results from N2 and CO2 adsorption-desorption 
tests reveal that all three types of HC materials possess a predomi
nantly mesoporous structure, with negligible contents of micropores and 
ultra-micropores. Pore size distribution analysis based on the Barrett- 
Joyner-Halenda (BJH) method applied to the desorption branch of the 
nitrogen isotherms indicates that K-HC possesses the largest average 
pore diameter, whereas Y-HC possesses the smallest. This difference in 
pore size is expected to influence Na+ diffusion pathways within the 
material and consequently affect the sodium storage kinetics. Further
more, analysis combining SAXS and true density measurements shows 
that N-HC exhibits the largest closed-pore volume, while Y-HC exhibits 
the smallest. This parameter is closely related to the plateau capacity 
observed in the electrochemical performance. Based on these pore 
structure characteristics, we selected K-HC—which demonstrates 
excellent performance—as the primary focus for subsequent investiga
tion, with the other two materials serving as auxiliary references.

In situ XRD and Raman spectroscopy were employed to systemati
cally investigate the detailed sodiation mechanisms in various HC ma
terials. In the in-situ XRD test, the (002) peak of HC in the XRD patterns 
showed no significant shift throughout the entire sodiation and de- 
sodiation process, which may indicate that the pseudo-graphite layer 
is large enough to store Na+ (Fig. 1(g)). Meanwhile, the intensity of the 
(002) peak of HC gradually decreased during the sodiation process, 
which is caused by the insertion of Na+ between the pseudo-graphite 
layers [37,38]. What's more, in-situ Raman spectroscopy provides 
more information on Na+ storage procedure (Fig. 1(h, i)). During the 
sodiation process, the G band shows a progressive red-shift (negative 
shift). Compared with graphite materials in LIBs, the weakening of the 
C–C bond due to the insertion of Li+ into the graphite carbon layer 
could lead to a red shift in the G band [39]. Therefore, it can also assist in 
explaining the occurrence of sodium insertion behavior in the sodium 
storage process of HC materials. In addition, the adsorption of Na+ on 
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defect sites and the filling of closed nanopores will further reduce the 
number of defect sites in HC, and also cause a red shift in the G band 
[27]. Consequently, during desodiation, persistent Na+ adsorption at 
defect sites and residual sodium cluster occupation within nanopores are 
observed. The electrochemical formation of sodium clusters within the 
nanopores was directly verified by potential-dependent colorimetric 
analysis (Fig. S8). Subsequently, X-ray Photoelectron Spectroscopy 
(XPS) measurements were performed to investigate the bonding states of 
intercalated sodium in HC. As shown in Fig. S9, a characteristic peak 
appears at approximately 1071 eV in the Na 1s spectrum, which corre
sponds to the Na − O − C species and confirms the existence of Na+

adsorption on surface defects. With the increase of etching depth, the 
position of the Na 1 s peak shifts toward higher binding energy, indi
cating that the sodium species in HC possess a higher binding energy 
that is closer to that of metallic sodium. This phenomenon verifies the 
coexistence of Na+ and quasi-metallic sodium in the electrode [36,40]. 
In summary, the detailed sodium storage mechanism of “adsorption- 
intercalation-filling” in various HC has been confirmed. During the so
dium storage process, sodium ions are first intercalated between the 
layers and then adsorbed on the defect sites and open pores (slope 

region), and then fill the pores (plateau region), which establishes a 
fundamental basis for further mechanistic investigation.

2.2. Plateau inflection point and performance evaluation of HC

In addition to the ambiguous mechanism of sodium storage in HC, 
the boundary between the effectively utilizable sodium storage capacity 
and undesirable sodium plating behavior as well as the relationship 
between such boundary and kinetics of Na+ in HC materials are also 
consistently misunderstood. Evaluating the capacity performance of 
Na||HC half-cells at different current densities is a traditional method for 
assessing the sodium storage kinetics of HC. However, in ester electro
lytes, the capacity performance of Na||HC half-cells is surprisingly poor 
(Fig. 2(a) and S10), which has been observed in other literature as well 
[41–43]. When ether electrolytes are used instead, the capacity perfor
mance of HC is significantly improved (Fig. S11(a-d)). This phenomenon 
has also been extensively reported, but it is more often explained by the 
high impedance of the SEI on the HC in ester electrolytes [31,44–46]. 
Herein, we fabricated a 5 Ah-class pouch-type full cell employing 
Na3Fe2(PO4)(P2O7) (NFPP) cathode and K-HC anode in ester-based 

Fig. 1. Structural characterization of HC: HRTEM image of (a) K-HC, (b) Y-HC, (c) N-HC (the insets show the intensity line profile images). (d) XRD pattern. (e) SAXS 
profiles (the insets show the closed-pore volume derived from density measurements). (f) N2 adsorption-desorption isotherms (Average open-pore diameter derived 
from the BJH desorption branch). (g) In situ XRD patterns during the first discharge-charge process of HC. (h, i) In situ Raman mappings in the initial discharge- 
charge process of HC.

W. Li et al.                                                                                                                                                                                                                                       Chemical Engineering Journal 529 (2026) 173109 

3 



electrolyte (Fig. S12, more detailed cell information is shown in 
Table S4). This K-HC||NFPP full cell exhibits excellent capacity stability 
when charged and discharged at a rate of 0.5–4.0C, and at a charge/ 
discharge rate of 4.0C, the capacity can still reach approximately 4.7 Ah 

(Fig. 2(b)). Converting the capacity of the full cell to the capacity of HC, 
the rate characteristics of the K-HC||NFPP full cell are far superior to 
those of the Na||HC half-cell (The HC materials achieve the capacity of 
245.5 mAh g− 1 and 230.6 mAh g− 1 at 0.5C and 4.0C in full cell, 

Fig. 2. (a) Rate performance of Na||HC half-cells. (b) Rate performance of HC||NFPP pouch cell. (c) Cycling performance of Na||Na symmetrical cells with the ester 
electrolyte using different current density. (d-e) Voltage-capacity curves at different discharge cut-off capacity (inset shows the HC and separator of the Na||HC half 
cells after 10 cycles). (g) In-situ XRD patterns of HC during the over-sodiation and de-sodiation process at 1.0C. (h) Colorimetry experiment of HC at different 
potentials with different cutoff capacities. (i) Voltage-time curves of three-electrode Na||HC half-cell during sodiation process. (j) Coulombic efficiency of Na||HC 
half-cell with discharge cut-off capacity of 270 mAh g-1 at the rate of 1.0C (inset shows the HC electrode, colorimetry experiment of HC electrode, and separator after 
100 cycles).
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respectively). Therefore, sodium metal reference electrode may be the 
key factor causing this phenomenon. The charge and discharge cycles of 
Na||Na symmetrical cells assembled with ester and ether electrolytes 
demonstrate that the polarization potential of sodium metal in ester 
electrolytes is much higher than that in ether electrolytes (Fig. 2(c) and 
S11(e)). Additionally, in the Tafel curves of symmetric Na||Na sym
metrical cells, sodium metal exhibits a higher exchange current density 
in ether-based electrolytes, indicating faster interface deposition ki
netics (Fig. S11(f)). Finally, we disassembled the Na||HC half-cells with 
different electrolytes (ester and ether) after 5 cycles and reassembled 
HC||HC symmetrical cells with the corresponding electrolytes. Through 
EIS testing, it can be found that HC has similar charge transfer resistance 
(Rct) in different electrolytes (Fig. S13). This also indicates that the 
interfacial impedance of HC in different electrolytes of the Na||HC half- 
cells is not the reason for the huge differences in its electrochemical 
performance. In conclusion, there are significant misunderstandings in 
using conventional Na||HC half-cells to evaluate the capacity of HC, the 
characteristics of SEI on HC, as well as the properties of the electrolyte.

Consequently, a reliable and practical methodology is required to 
accurately assess the intrinsic capacity of HC in ester-based electrolytes. 
We posit that the transition between sodium storage and metallic plating 
in HC exhibits distinct electrochemical signatures, which could serve as 
definitive indicators for delineating these two processes. We investi
gated the sodium storage boundary of HC by employing a controlled 
constant-current discharge protocol coupled with capacity cutoff (Na|| 
HC half-cells are used for testing, and the charge-discharge rate is 1.0C). 
When the cut-off capacity is 250 mAh g− 1, the voltage reaches 0 V when 
the sodium storage capacity (plateau region) is only 107 mAh g− 1, but 
after 10 cycles, the cell does not experience sodium plating (Fig. 2(d)). 
This indicates that for Na||HC half-cells, a voltage below 0 V does not 
indicate the occurrence of sodium plating. When the cut-off capacity 
increases to 390 mAh g− 1 and 450 mAh g− 1, it is obvious that there are 
two inconsistent plateaus with a clear “inflection point” in the plateau 
region of the sodiation curve (Fig. 2(e, f)). It could be identified that the 
capacity at the “inflection point” is approximately 272.9 mAh g− 1. This 
“inflection point” is the lowest point of the voltage on the sodiation 
curve (capacity-voltage curve) of the Na||HC half-cell. The occurrence of 
sodium plating was confirmed through post-mortem analysis. Therefore, 
we speculate that these distinctive platforms represent two electro
chemical behaviors, sodium ions storage and sodium metal plating, 
respectively. Further, the HC of Na||HC half-cells at different stages of 
sodiation were observed by SEM, and it was indeed found that the HC 
capacity of 272.9 mAh g− 1 was the boundary between the absence and 
presence of sodium plating (Fig. S14). Solid-state nuclear magnetic 
resonance spectroscopy (ssNMR) further confirmed that the surface 
deposits were metallic sodium plating (Fig. S15). In addition, in-situ 
XRD was used to monitor the time of sodium plating on the surface of 
HC during the sodiation processes (Fig. 2(g)). When Na||HC half-cell is 
discharged for 40 min, an inflection point can be clearly observed, and at 
the same time, the diffraction peak of sodium metal appears at 29◦ in the 
in-situ XRD pattern [47]. Finally, we further demonstrated this sodium 
storage boundary through colorimetric experiments combined with 
comparative experiments (Fig. 2(h) and S16). When Na||HC half-cells 
are discharged with the terminated capacities of 270 mAh g− 1 and 
400 mAh g− 1 respectively and charged to 2.0 V, HC exhibits completely 
different phenomena in the colorimetric reagent. When the cut-off ca
pacity is 270 mAh g− 1, the colorimetric reagent turns red first and then 
colorless during the sodiation and de-sodiation process. When the cut-off 
capacity increases to 400 mAh g− 1, the colorimetric reagent turns red 
first and then keeps light red during the sodiation and de-sodiation 
process, and it does not turn back to colorless when completing des
odiation. This also indicates the occurrence of irreversible sodium 
plating behavior. The above post-mortem analysis, in-situ XRD testing, 
and colorimetric experiments all confirm that the “inflection point” near 
272.9 mAh g− 1 is the boundary between sodium storage and metallic 
sodium plating, and the two platforms before and after the “inflection 

point” also represent the two different electrochemical behaviors with 
distinct electrochemical reversibility characteristics. Therefore, the ca
pacity at the plateau inflection point can be regarded as the precise 
sodium storage capacity of HC.

In order to separate the influence of sodium metal polarization on the 
charging and discharging process of the Na||HC half-cells, and once 
again demonstrate the accuracy of “inflection point” for HC capacity 
evaluation, a Na reference electrode (RE) was added to the Na||HC half- 
cell. As shown in Fig. 2(i), when the voltage of HC (vs. RE) is 0 V, the 
capacity of HC is 272.6 mAh g− 1 at a discharge rate of 1.0C, the result is 
consistent with the conclusions of previous tests and analyses. Subse
quently, the Na||HC half-cell underwent 100 cycles with a cut-off ca
pacity of 270 mAh g− 1 (Fig. S17). At the beginning of the cycle, the 
coulombic efficiency remains above 99%, and throughout the entire 
cycle, the coulombic efficiency is greater than 95% (Fig. 2(j)). The 
reason for the decrease of coulombic efficiency in the later stage of the 
cycle is that the polarization of sodium metal increases as the cycle 
progresses (Fig. S18). After 100 cycles, post-mortem analysis of the Na|| 
HC half-cell showed that there was no metallic sodium plating on the 
surface of the HC and separator, and the colorimetric reagent containing 
the HC did not show any discoloration (Fig. 2(j) and S19). In summary, 
the over-sodiation strategy with capacity control can achieve precise 
calibration of HC capacity through the transition (inflection point) be
tween sodium storage and sodium plating behaviors.

To demonstrate the universality of the “inflection point” as the so
dium storage boundary, Y-HC and N-HC were also used in different 
discharge capacity cutoff experiments (Fig. 3(a-f)). In the over-sodiation 
experiment with a high cutoff capacity, obvious “inflection points” were 
observed in both Y-HC and N-HC, and the capacities at the inflection 
points of the same material were relatively consistent. This plateau in
flection point can serve as a demarcation boundary between the effec
tively utilizable sodium storage capacity and undesirable sodium plating 
behavior. On this basis, the three types of HC exhibit different “inflection 
point” position at a rate of 1.0C. The capacities corresponding to the 
“inflection point” of K-HC, Y-HC, and N-HC are approximately 272.9 
mAh g− 1, 242.2 mAh g− 1, and 278.1 mAh g− 1, respectively. Post- 
mortem characterization was performed after 10 cycles of the Na||HC 
half-cells, and the charge-discharge curves were shown in Fig. S20. 
Notably, the inflection-point-derived capacities exhibit exceptional 
cycling consistency over the 10 cycles, indicating highly stable and 
reversible sodium storage behavior. Therefore, through the over- 
sodiation (or over-discharge) strategy in Na||HC half-cells, the effec
tively utilizable sodium storage capacity boundary of HC materials has 
been successfully and accurately identified, which enables the rational 
utilization of HC materials and prevents sodium plating at the thermo
dynamic level.

The over-sodiation strategy can also be used to test the kinetic 
characteristics of HC. We systematically studied the capacity perfor
mance of different HC materials at different rates by adopting the over- 
sodiation strategy, further expanding the universality of this strategy 
(Fig. 3(g-i), S21 and S22). Through statistical analysis and fitting of the 
rate characteristics of the three types of HC, their rate responsiveness 
was obtained (i.e., the slope of the fitted line. The Pearson's correlation 
coefficients (r) of the fitted lines for the three types of HC are all close to 
− 1, indicating a strong linear relationship between the two variables 
[48]). The slope of the linear trend can serve as an indicator of kinetic 
performance, where a smaller slope signifies better rate capability with 
less capacity loss at increasing current densities. After comparison, it can 
be clearly identified K-HC exhibits the best rate performance, while N- 
HC has the worst rate performance (Fig. 3(j)). In addition, the over- 
sodiation methodology offers superior applicability for capacity stan
dardization of HC electrodes under varying electrolyte formulations, 
electrode configurations, and operating parameters (Fig. 3(k)). For 
example, through this strategy, the difference in capacity performance 
of HC in ether-based and ester-based electrolyte systems was determined 
(Fig. S23).
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2.3. Performance-structure relationship of HC

As established, we have clearly demonstrated that different HC ma
terials exhibit distinct rate capability performance, which is highly 
likely correlated with their structural characteristics. In this study, the 
electrochemical performance (especially the kinetic characteristics of 
sodiation) of three commercial HC materials was correlated with their 

structural characteristics. The galvanostatic intermittent titration tech
nique (GITT) was used to test the sodium storage kinetics of HC mate
rials (Fig. S24). As shown in Fig. 4(a), the Na+ diffusion coefficients of 
the three types of HC materials exhibit a consistent trend, and there is no 
significant difference in order of magnitude. During the sodiation pro
cess, the diffusion coefficient of Na+ slowly changes in the slope region. 
When the voltage drops to 0.1 V, the diffusion coefficient sharply 

Fig. 3. Voltage-capacity curves of (a-c) Y-HC and (d-f) N-HC at different discharge cut-off capacity (inset shows the HC and separator of the Na||HC half cells after 
10 cycles). (g-h) The capacity performance of Na||HC half-cells at different cycling rates is calculated based on the over-sodiation strategy. (j) The rate responsiveness 
of three types of HC. (k) Schematic diagram of the universality and expandability of the “inflection point” as the boundary of reversible sodium storage capacity.
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decreases to its minimum value and then significantly increases. 
Therefore, HC materials have relatively poor sodium storage kinetics in 
the plateau region, while the kinetics are faster in the slope region. 
Simultaneously, the plateau voltage approaches 0 V. When the sodiation 
current increases, sodium plating is highly probable.

In order to clarify the correlation between the structural character
istics and capacity characteristics of HC, we verified it through a method 
of comparative statistics. Through low-current charging and discharg
ing, the capacity of HC was divided into the slope capacity and the 
plateau capacity, with 0.1 V as the demarcation (Fig. S25). The plateau 
capacity of K-HC, Y-HC, and N-HC is 189.35 mAh g− 1, 181.19 mAh g− 1, 
and 219.32 mAh g− 1, respectively (Fig. 4(b, c)). After statistical com
parison, the plateau capacity of HC is positively correlated with the 
closed pore volume (Fig. 4(d)), and a larger closed pore volume will lead 
to a larger plateau capacity, which is consistent with the conclusions of 
the sodium storage mechanism proposed in the previous text. In 
conclusion, the increase in closed pore volume during the HC design 
process helps to enhance the plateau capacity, thereby improving the 
energy density of the battery under defined conditions. However, it also 
reduces the rate performance of the battery.

Besides, HC materials with a larger proportion of slope capacity often 
exhibit excellent rate characteristics. Through statistical comparison, 
the proportion of slope capacity of the three types of HC is positively 
correlated with the average open pore diameter, that is, appropriately 
increasing the pore diameter of HC can help improve sodium storage 
kinetics (Fig. 4(e)). This is because larger pore sizes of HC help promote 
the pseudo-capacitive adsorption of Na+ and the wettability of the 
electrolyte [49,50]. Meanwhile, the larger open pore volume will induce 
a higher sodium storage voltage and reduce the risk of sodium plating. In 
summary, the increase in closed pore volume during the HC design 
process helps to enhance the plateau capacity, thereby improving the 
energy density of the battery. However, it will also bring about poor 
sodium storage kinetics. The increase in open pore diameter is beneficial 
for enhancing the slope capacity, thereby improving the sodium storage 
kinetics. The structure-performance relationships hold promise for 

guiding the design of HC materials (Fig. 4(f)).

2.4. Sodium plating signal of HC

The accurate calibration of the sodium storage capacity of HC ma
terials serves as a fundamental basis for the rational design optimization 
of SIBs. Furthermore, the identification of non-destructive early-detec
tion indicators for metallic sodium deposition offers critical protection 
mechanisms to ensure prolonged cycling stability and improved safety 
performance in SIBs systems. Notably, the aforementioned transition in 
electrochemical behavior during sodium storage and plating processes 
can serve as one such reliable early-warning signal for sodium plating 
occurrence. At the Na||HC half-cell level, there is a clear plateau of so
dium plating and sodium stripping in the over-discharge and charge 
curves compared to normal discharge and charge curves (Fig. 5(a, b)). 
Incremental capacity (IC) analysis, as a non-destructive electrochemical 
characterization technique, was employed to investigate the charge 
storage mechanisms in Na||HC half-cells. IC profile revealed a distinct 
sodium stripping peak at potentials cathodic to the sodium extraction 
plateau (Fig. 5(c)), which was further corroborated by GITT measure
ments. During the sodiation process, the diffusion coefficient of Na+ first 
decreased, then increased in the plateau region, and rapidly decreased 
when the potential was below 0 V (Fig. 5(d)). Two voltage plateaus can 
also be clearly observed in the plateau region of the sodiation profiles 
(Fig. S26). In the initial stage of the desodiation process, the diffusion 
coefficient of Na+ increases from an extremely low value (Fig. 5(e)). It 
can be attributed to the preferential occurrence of metallic sodium 
stripping over sodium ion extraction during the initial electrochemical 
process. As demonstrated in Fig. 5(f), the stripping reaction initiates at 
lower potentials, preceding the subsequent extraction reaction. At the 
full cell level, a 5 Ah NFPP||HC pouch cell is charged and discharged in 
environments at 25 ◦C, 0 ◦C, and − 10 ◦C, and the discharge curves are 
differentiated. A noticeable sodium stripping voltage plateau and IC 
peak appear in the charge process at − 10 ◦C (Fig. 5(g, h)). Therefore, the 
IC peak characteristics of sodium deposition behavior can effectively 

Fig. 4. (a) The Na + diffusion coefficient calculated from GITT during the sodiation process. (b) Voltage-SOC curves of sodiation process. (c) The capacity 
contributed from slope and plateau region calculated from voltage-capacity curve. (d) Closed pore volume and platform capacity of three types of HC. (e) The 
relationship between the average pore diameter and slope capacity ratio of three types of HC. (f) A schematic diagram of the relationship between the open pores and 
closed pores of HC and the sodium storage kinetics is provided to guide more rational material design.
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serve as a non-destructive early-warning signal to prevent metallic so
dium plating, thereby contributing to prolonged cycle life and enhanced 
safety of SIBs (Fig. 5(i)).

3. Conclusion

In this study, the sodium storage mechanism of HC materials was 
validated through various in-situ characterization methods. In addition, 
the serious shortcomings of Na||HC half-cells in evaluating HC capacity 
were fully demonstrated through full cells, and three-electrode cells. 
Therefore, we propose an innovative capacity determination strategy 
based on identifying the transition between sodium storage and plating 
behaviors through electrochemical signatures. Various HC materials 
were analyzed through in-situ XRD and post-mortem analysis, compre
hensively verifying the accuracy and universality of this strategy. 
Simultaneously, through a statistical comparison of the structural and 
kinetic characteristics of different HC materials, structural design 
criteria for improving sodium storage kinetics were revealed, effectively 
enhancing the rate performance of HC and mitigating risk of metallic 

sodium plating. Finally, based on this transition of electrochemical 
behavior, a warning signal for sodium plating behavior was proposed to 
indicate changes in the safety of SIBs. In summary, this study system
atically investigated the sodium storage mechanism, boundaries, ki
netics, and sodium plating warning of HC materials, which are expected 
to have guiding significance for the development and application of 
long-lifespan and high-safety SIBs.
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