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Abstract: High-capacity and sustainable anode materials are critical for the commercial advancement of sodium-ion 
batteries (SIBs). In this study, red phosphorus was integrated into a carbon framework using high-energy ball milling 
to create a phosphorus-doped recovered carbon (PRC) composite. Structural characterization through HRTEM and 
XRD confirms that phosphorus incorporation induces a significant lattice expansion (d002 = 0.358 nm), providing 
widened pathways for sodium-ion (Na+) transport. Electrochemical evaluations reveal that the PRC anode has an 
outstanding reversible capacity of 250 mAh/g at 0.1 A/g and sustains around 100 mAh/g at a high current density of 
5.0 A/g, significantly outperforming the pristine recovered carbon (55 mAh/g). Kinetic analysis using the Randles-
Sevcik equation indicates an order-of-magnitude boost in the diffusion coefficient 3.5 × 10−13 cm2/s compared to the 
undoped precursor. Furthermore, b-value analysis demonstrates that the superior rate capability is driven by 
dominant pseudocapacitive charge storage and enhanced structural stability over 200 cycles. These findings 
underscore the potential of heteroatom-doped recovered carbon as a robust, low-cost platform for high-power 
density SIBs. 
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1. Introduction 

The expanding global market for renewable energy storage technologies has accelerated the search for low-
cost alternatives to lithium-ion batteries. Among the emerging candidates, sodium-ion batteries (SIBs) have 
attracted significant interest due to the high natural abundance and cost-effectiveness of sodium resources [1,2]. 
However, the commercial realization of SIBs is fundamentally hindered by the sluggish kinetics and significant 
volumetric expansion of traditional anode materials during Na+ intercalation. Hard carbons, while stable, often 
suffer from limited theoretical capacity and restricted interlayer spacing, which can impede the diffusion of the 
relatively large sodium ions (1.02 Å) [3–6]. Hard carbons (HC) have been recognized as the most attractive anode 
candidates because of their turbostratic disorder and increased interlayer spacing. Unlike graphite, the “non-
graphitizable” nature of HC creates a “house-of-cards” architecture that provides robust mechanical support and 
internal nanovoids for sodium storage [7–9]. However, pristine hard carbons often suffer from limited theoretical 
capacity and low electronic conductivity. To overcome these barriers, heteroatom doping, specifically with 
phosphorus (P) has proven to be a transformative strategy [10,11]. Phosphorus was selected as the dopant because 
its larger atomic radius relative to carbon can perturb the local carbon framework and modify the interlayer 
spacing, potentially facilitating Na⁺ transport and storage. In addition, phosphorus-containing surface and lattice 
environments can modify the electronic and defect structure of carbon. Although P-doped hard carbons have been 
widely investigated, the present work focuses on phosphorus modification of methane plasma-derived recovered 
carbon using a high-energy ball-milling approach, thereby combining carbon recovery from methane with post-
synthetic structural modification [12,13]. In alignment with the goals of a circular economy, the utilization of 
biomass-derived precursors offers a sustainable and carbon-neutral pathway for HC production. By integrating 
recycling protocols with precursor modification, it is possible to engineer high-performance anodes that bridge the 
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gap between environmental sustainability and electrochemical excellence [14–17]. By integrating recycling 
protocols with precursor modification, it is possible to engineer high-performance anodes that bridge the gap 
between environmental sustainability and electrochemical excellence. 

Despite these advantages, the sodium-storage behavior of hard carbon remains strongly dependent on its local 
structural disorder, interlayer spacing, pore architecture, and surface chemistry. Consequently, recent studies have 
focused on controlling these structural characteristics through heteroatom doping and related carbon-engineering 
strategies. For instance, Stevens et al. proposed “house of cards” model to describe sodium storage in hard carbons, 
emphasizing the role of randomly oriented graphene layers and nanopores. Their study revealed that the presence 
of nanopores is critical for achieving reversible capacities above 300 mAh g−1 [18]. Building on this concept, 
Samanta et al. investigated nitrogen and sulfur co-doping hard carbons developed at 1200–1600 °C, achieving 
resulting in an interlayer spacing to 0.41 nm. The optimized sample reported a reversible capacity of ~268 mAh g−1 
at 0.25 mA g−1, with improved c-rate due to enhanced electronic conductivity. The initial coulombic efficiency 
(ICE) was 77.4%, attributed to excessive defect sites and high surface area leading to irreversible Na⁺ consumption. 
Their results highlighted the trade-off between increased active sites and irreversible capacity loss in heteroatom-
doped systems. This underscored the need for controlled doping strategies to balance capacity and efficiency [19]. 
More recently, Ramireddy et al. demonstrated that high-energy ball milling enables uniform phosphorus 
incorporation into carbon matrices, avoiding phase segregation commonly observed in vapor-phase methods. Their 
optimized P-doped carbon exhibited a reversible capacity, attractive stable cyclic performances at the level of 350–
400 mAh g−1 with an ICE of 89.9%. These findings demonstrate the effectiveness of ball milling as a scalable 
approach for heteroatom doping [20]. Liang et al. phosphorus-doped porous hard carbon (HC@PC−P) was 
synthesized by integrating natural soy lecithin with hard carbon derived from the carbonization of olive kernel 
biomass. The addition of phosphorus and pore-regulating agents resulted in the formation of numerous mesoporous 
structures and efficient heteroatom incorporation, which significantly optimized the carbon architecture. The 
HC@PC−P electrode demonstrated a high reversible capacity of 350 mAh g−1 at 0.1 A g−1 with an ICE of 89.6%, 
outperforming most reported biomass-derived hard carbons. Furthermore, the optimized HC@PC-P exhibited 
excellent long-term cycling stability, maintaining 93.9% retained capacity after 1000 cycles at 1 A g−1, indicating 
enhanced structural robustness and stable electrochemical behavior. This increased performance is due to the 
synergistic effect of the mesoporous structure and phosphorus doping, that facilitates rapid Na+ transport, provides 
abundant active sites, and enhances reaction kinetics [21]. Liu et al. demonstrated a direct recycling method for 
hard carbon (HC) from manufacturing waste and end-of-life sodium-ion batteries by combining an ice-stripping 
process with a minimal-temperature treatment at 300 °C. It was discovered that higher temperatures (above 400 °C) 
caused structural degradation of graphene layers, resulting in poor electrochemical results. In contrast, HC treated 
at 300 °C retained its structural integrity and delivered reversible capacity of 243 and 228 mAh g−1 for scrap and 
EOL samples. That corresponding full cells demonstrated stable cycling, with 86–89% retained capacity after 200 
cycles. This study demonstrated that mild recycling conditions are crucial for preserving the sodium storage 
efficiency of hard carbon [22].  

Here, we report the synthesis of a phosphorus-doped recovered carbon (PRC) composite via a high-energy 
ball-milling process. By leveraging the mechanical attrition of milling, red phosphorus was successfully hybridized 
into the fine powder of the RC precursor. Comprehensive structural analysis via HRTEM and XRD reveals that 
P-doping facilitates a strategic expansion of the d002 spacing, correlating to an order-of-magnitude increase in the 
sodium-ion diffusion coefficient. Through a combination of cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) evaluations, we demonstrate that the PRC anode exhibits exceptional rate capability and long-
term stability, outperforming pristine RC and many recently reported P-doped carbon hybrids. 

2. Experimental 

2.1. Sample Preparation 

The methane plasma process operates by introducing methane into a high-power plasma torch, where an 
electric arc generates a high-temperature plasma zone. Within this zone, methane molecules dissociate into carbon 
radicals that nucleate and aggregate to form carbon black particles, with hydrogen generated as the primary gaseous 
byproduct [23]. The resulting material is referred to as recovered carbon (RC). To synthesize phosphorus-doped 
recovered carbon (PRC), the RC was blended with red phosphorus in a 97:3 weight ratio. This mixture was 
subjected to high-energy planetary ball milling at 400 rpm for 5 h, utilizing a 10-min cooling interval every hour 
and alternating rotation directions to ensure a homogeneous, chemically hybridized phosphorus-carbon composite. 
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2.2. Electrode Preparation 

The working electrodes were fabricated by casting a multi-component slurry onto a high-purity copper foil 
current collector. The slurry composition consisted of 70 wt.% active material, 20 wt.% conductive additive 
(Super-P), and 10 wt.% binder (comprising 6 wt.% CMC and 4 wt.% SBR). To prepare the slurry with a target 
total solid content of 35 wt.%, the required volume of deionized water (DI water) solvent was calculated 
accordingly. First, CMC was dissolved in the DI water under stirring for 30 min. Next, Super-P and the active 
material were added sequentially in batches over approximately 2 h. Finally, SBR was introduced and stirred for 
15 min, followed by 10 min of ultrasonic degassing. The resulting homogeneous slurry was uniformly cast onto 
the copper foil using a 100 𝜇m doctor blade coater. The coated electrodes were dried at 80 °C and subsequently 
calendered to 70% of their initial thickness to enhance electrode density. Finally, the electrodes were punched into 
14 mm diameter discs and vacuum-dried before being transferred to an argon-filled glove box for half-cell assembly. 

2.3. Characterization 

The phase purity and crystalline architecture of the hard carbon specimens, synthesized across various 
temperature gradients, were analyzed using X-ray diffraction (XRD, Bruker D2 PHASER, Karlsruhe, Germany) 
with Cu Kα radiation λ = 1.5418 Å). Complementary structural defect analysis and carbon hybridization states 
were evaluated via Raman spectroscopy (Horiba iHR550), employing a 532 nm excitation source. The 
morphological evolution and internal microstructure of the samples were visualized through scanning electron 
microscopy (SEM; JEOL JSM 7600F) and high-resolution transmission electron microscopy (HR-TEM; JEOL 
JEM2100). To quantify the surface chemistry and elemental valence configurations, X-ray photoelectron 
spectroscopy (XPS) was conducted using a JEOL Photoelectron Spectrometer (ESCA, KA1069-10-12-04-03). 
Furthermore, the textural properties, including specific surface area (SSA) and localized pore size distributions, were 
determined through N2 adsorption-desorption isotherms based on Brunauer–Emmett–Teller (BET) and Barrett–
Joyner–Halenda (BJH) computational models. 

2.4. Electrochemical Measurements 

In this experiment, a series of electrical tests were conducted using CR-2032 coin cell batteries, and the 
battery components used were manufactured by Ubico. The coin cells were assembled inside an argon-filled glove 
box, where the oxygen and moisture levels were maintained below 0.5 ppm. The assembly process first places the 
battery cover facing up, then puts the negative electrode piece, separator film, sodium metal sheet, and spring sheet 
in order, and the electrolyte part is 1 M NaClO4 dissolved in PC, and 5% FEC added, and finally puts the battery 
into the pressing machine to complete the battery assembly. 

3. Results and Discussion 

Figure 1a presents the XRD patterns of recovered carbon (RC) and phosphorus-doped recovered carbon 
(PRC), revealing the characteristic broad (002) and (100) diffraction reflections associated with the disordered 
structure of hard carbon. The (002) reflections of both RC and PRC are located at approximately 25.6° (2θ), 
indicating that no pronounced peak shift can be resolved after phosphorus modification. Using Bragg’s law, nλ = 
2 dsinθ, with Cu Kα radiation (λ = 1.5418 Å), the corresponding XRD-derived d002 value is approximately 0.348 
nm for both RC and PRC. In comparison, HRTEM measurements give local interlayer spacings of 0.352 nm for 
RC and 0.358 nm for PRC. The small differences between the XRD- and HRTEM-derived values are reasonable 
because XRD provides an ensemble-averaged structural parameter, whereas HRTEM measures local lattice 
spacings. The larger local d-spacing observed for PRC by HRTEM suggests that phosphorus modification may 
induce localized structural expansion; however, this change is not sufficiently pronounced to produce a clearly 
resolvable shift in the broad XRD (002) reflection [24]. 

The structural properties of the PRC samples were examined using Raman spectroscopy with the resulting 
spectra displayed in Figure 1b. To gain a deeper understanding of the disordered structure, the primary peaks were 
the graphite G band of carbon and the disordered structure D band. D1, D3, and D4 represent the D band. The D1 
band (about 1350 cm−1) was produced by carbon atoms vibrating at the edge of the graphite sheet and by graphite 
crystal defect, and the D3 band (about 1500 cm−1) came from carbon atoms vibrating and graphite crystal defect 
and the edge of the graphite sheet. The D4 band was related to the aliphatic component of the carbon 
macromolecule bound to the aromatic ring [25,26] and the area was calculated according to the integral theorem, 
and the integral area of D1 was the numerator and the denominator was G, and the integral ratios of PRC and RC 
were 1.21 and 1.16, respectively. The D/G-related integral area ratio increased from 1.16 for RC to 1.21 for PRC, 
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indicating a modest increase in defect- or edge-associated carbon environments after phosphorus modification. 
Such sites may provide additional locations for surface-associated Na⁺ storage. However, the Raman ratio alone 
does not directly quantify electronic conductivity. The improved electrochemical kinetics are more directly 
supported by the EIS results, where the charge-transfer resistance decreased from 27.27 Ω for RC to 12.9 Ω for 
PRC. The combined structural and electrochemical results therefore suggest that phosphorus modification alters 
the defect structure and facilitates charge-transfer kinetics. 

 

Figure 1. (a) XRD patterns of RC and PRC, (b) Raman spectra of RC and PRC, (c) N2 adsorption-desorption 
isotherms of RC and PRC, (d) pore size distribution of RC and PRC. 

The specific surface area (SSA) and pore structure properties of RC and PRC were evaluated using nitrogen 
adsorption/desorption isotherms. As shown in Figure 1c, both samples exhibited characteristics of micropores 
(Type I) and mesopores (Type IV). Based on the Brunauer-Emmett-Teller (BET) equation, the total SSA of RC 
was 153 m2/g, which significantly decreased to 80 m2/g for PRC. Additionally, non-local density functional theory 
(NLDFT) calculations were utilized to determine the pore size distributions of the samples. The NLDFT model is 
based on slit geometry. Figure 1d shows that most of the pores of RC samples are between 1–25 nm, especially in 
the range of 8–10 nm, so the pores of PRC are distributed between 0.5~1 nm. In addition, the total pore volume 
decreased from 0.45 cm3/g in RC to 0.209 cm3/g in PRC, a change attributed to the inability of N2 molecules to 
enter the micropores blocked by phosphorus-containing functional groups [27,28]. 

X-ray photoelectron spectroscopy (XPS) was used to investigate the elemental composition and surface 
chemical states of the phosphorus/carbon (P/C) composite. The survey spectrum in Figure 2a confirmed the 
presence of C 1s, O 1s, P 2s, and P 2p signals. The P 2p spectrum in Figure 2b exhibited two major components 
centered at 133.1 and 134.2 eV, which are assigned to P–C-containing and oxidized P–O-containing environments, 
respectively. The lower-binding-energy component is consistent with P–C-containing environments, indicating 
chemical interaction between phosphorus and the carbon framework, whereas the higher-binding-energy 
component is associated with oxidized phosphorus species at or near the carbon surface. Because phosphorus-
containing surfaces are susceptible to oxidation upon exposure to air, the P–O component may partly originate 
from surface oxidation during post-synthesis handling and XPS measurement. Therefore, the presence of P–O 
species does not necessarily indicate that these groups were formed during the ball-milling process. Accordingly, 
the XPS results provide evidence of phosphorus-containing chemical environments and chemical interaction 
between phosphorus and the carbon matrix, but the relative contributions of direct P–C bonding and surface P–O-
containing species should be interpreted cautiously. The XPS results are therefore considered together with the 
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XRD, HRTEM, and elemental-mapping results rather than being used alone to establish the complete phosphorus 
incorporation mechanism. Additionally, the O 1s spectrum in Figure 2c revealed O–P/O–O (531.5 eV) and O–C 
(532.8 eV) environments, while the high-resolution C 1s spectrum in Figure 2d was deconvoluted into four 
components, including the dominant C–C component at 284.8 eV, a P–C-related component at 284.3 eV, and C–
O and C=O components at 286.2 and 288.5 eV, respectively. These oxygen-containing species are consistent with 
surface oxygen functionalities [29,30]. 

 

Figure 2. (a) XPS spectra of PRC, (b) P 2p, (c) O 1s, (d) C 1s. 

The morphological evolution and surface topographies of the pristine RC and the synthesized PRC composite 
were characterized via scanning electron microscopy (SEM). As illustrated in Figure 3a, the raw RC precursor 
exhibited a well-defined architecture consisting of an interwoven network. This structure possessed inherent 
macroporosity, evidenced by numerous voids and channels that were conducive to accommodating the volumetric 
expansion of phosphorus during electrochemical cycling. In contrast, the PRC composite in Figure 3b underwent 
a distinct structural transformation following high-energy ball milling. The initial fibrous morphology was 
replaced by a compact, granular state with a significantly reduced particle size. This mechanical attrition refines 
the surface topography, yielding irregularly shaped particles that shorten ion diffusion pathways and potentially 
enhance rate capability. Because the PRC sample was prepared by high-energy ball milling whereas the pristine 
RC control was not subjected to the same milling treatment, the individual contributions of mechanical size 
reduction and phosphorus incorporation cannot be completely separated from the present dataset. Therefore, the 
observed structural, morphological, and electrochemical changes are discussed as the combined effects of 
phosphorus modification and mechanical treatment. Figures 3c–e are used to validate chemical homogeneity and 
elemental mapping. The results showed that carbon (C), phosphorus (P), and oxygen (O) signals were spatially 
co-localized with high intensity. This uniform overlap confirms that red phosphorus was homogeneously dispersed 
within the carbon framework rather than existing as isolated agglomerates, signifying the successful synthesis of 
a robust, chemically uniform phosphorus-carbon hybrid. 
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Figure 3. SEM images of (a) RC, (b)PRC, (c–e) PRC EDS mapping. 

The internal microstructure and crystalline characteristics of the nanocarbon fibers were further investigated 
using High-Resolution Transmission Electron Microscopy (HRTEM). The image of the pristine RC shown in 
Figure 4a revealed a well-defined morphology with a high aspect ratio. Corresponding HRTEM analysis, shown 
in Figure 4b, exhibited ordered lattice fringes with an interlayer spacing (d002) of 0.352 nm, characteristic of 
graphitic-like carbon layers. Upon phosphorus incorporation, the PRC composite displayed in Figure 4c 
maintained its fundamental framework, suggesting that the doping process preserves the structural integrity of the 
carbon matrix. However, HRTEM analysis of the PRC (Figure 4d) revealed an expanded lattice spacing of 0.358 nm. 
This expansion was attributed to the incorporation of phosphorus atoms into the carbon lattice, which induced 
structural distortion and increased the distance between graphene-like layers. This observation aligned with the lower-
angle shift observed in XRD patterns, further confirming the successful lattice engineering of the fibers [31]. 
Moreover, EDS mapping in Figure 4e showed overlapping signals of C, O, and P, confirming that phosphorus 
species were uniformly distributed without localized clustering or phase separation. This homogeneous dispersion, 
coupled with the enlarged interlayer spacing, was expected to facilitate rapid ion diffusion and mitigate volume 
change during electrochemical cycles. Structural characterization confirms that the ball-milling process facilitates 
the covalent integration of phosphorus atoms into the carbon matrix, rather than simple physical encapsulation. X-
ray photoelectron spectroscopy (XPS) identified a distinct P-C bond signal at 133.1 eV, providing evidence of 
chemical hybridization. Because phosphorus atoms possess a larger covalent radius than carbon, they function as 
“structural pillars” within the lattice. This was quantitatively confirmed by XRD and HRTEM analysis, which 
showed a shift to lower diffraction angles and an expansion of the graphitic interlayer spacing (d002) from 0.352 
nm to 0.358 nm. This lattice dilation was critical for battery performance as it reduced the energy barrier for 
sodium-ion (Na+) intercalation, providing widened “highways” for rapid ion transport. 

To study the chemical reaction of RC and PRC as anode materials, cyclic voltammetry (CV) was used for 
the first three cycles and at different scan rates. First, the first three cycles of the test were performed at a sweep 
rate of 0.1 mV/s over a voltage range of 0.01 to 3 V (V vs. Na/Na+), and as can be seen from Figure 5a,d, a wide 
peak occurred around 0.75–1.5 V during the initial reduction, which was linked to the electrolyte’s decomposition and 
development of the SEI film on the electrode surface. In addition, near the 0.1 V spike and 0.1–1.5 The less obvious 
wide peaks in the V voltage range correspond to the platform area and the slope region in the charge-discharge curve. 
When the anode material undergoes significant polarization, the potential difference (ΔE = Epc − Epa) between the 
oxidation and reduction peaks increases significantly, as electron and ion transport speeds are slower, requiring 
greater potential differences to facilitate the reaction process [32]. As shown in Figure 5b,e at different scan rates, 
PRC showed superior overlap, indicating superior cyclic stability, consistent with the results of impedance 
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analysis. In addition, Figure 5c,f showed the diffusion coefficients of RC and PRC calculated according to the 
Randles-Sevcik equation: 𝐼௣ ൌ 2.69 ൈ 10ହ𝑛ଷ ଶ⁄ 𝐴𝐷ଵ ଶ⁄ 𝐶𝑣ଵ ଶ⁄  (1)

 

Figure 4. HR-TEM images of (a,b) RC and (c,d) PRC; (e) EDS elemental distribution analysis diagram of PRC. 

Among them, Ip stands for current, n for pole piece area, D for sodium ion diffusion coefficient, C for the 
molar concentration of Na+ in the negative electrode, and v for scan rate. The diffusion coefficients (DNa

+) of RC 
and PRC were calculated according to Figure 5b,e, which were 8.8 × 10−10 cm2/s and 2.0 × 10−9 cm2/s, respectively. 
The CV- and EIS-derived diffusion parameters both indicate faster apparent Na⁺ transport kinetics for PRC than 
for RC. However, the absolute values obtained from these methods differ substantially because they are based on 
different experimental conditions and theoretical assumptions. The CV-derived value should therefore be regarded 
as an apparent kinetic parameter, particularly because the hard-carbon electrode exhibits a substantial surface-
controlled contribution, whereas the EIS-derived value reflects the low-frequency Warburg response under the 
specific measurement conditions. The obtained results demonstrated that PRC exhibited superior electrochemical 
performance, particularly in terms of long-term cycling stability and sodium-ion diffusion kinetics. These 
characteristics were of great importance for enhancing the overall performance of sodium-ion batteries. Therefore, 
PRC represents a highly promising anode material capable of effectively improving the rate capability and cycling 
lifespan of sodium-ion batteries [33]: 𝑖 ൌ  𝑎𝑣௕ (2)𝑙𝑜𝑔 𝑖 ൌ  𝑙𝑜𝑔ሺ𝑎ሻ  ൅  𝑏𝑙𝑜𝑔ሺ𝜈ሻ (3)

In addition, the b value can be calculated by using Equations (2) and (3). A b-value approaching 1 is generally 
associated with predominantly surface-controlled kinetics, whereas a value approaching 0.5 is commonly 
associated with diffusion-controlled behavior. In the present study, the near-unity b-values suggest a substantial 
surface-controlled contribution to the electrochemical response. However, the b-value analysis alone does not 
establish a specific pseudocapacitive storage mechanism. And the b values of RC and PRC were close to 1, as 
shown in Figure S1 and the b values of RC and PRC were close to 1, which proved that this reaction kinetics was 
capacitively controlled [34]. It should be noted that the b-value analysis and EIS measurements probe different 
aspects of electrode kinetics. A near-unity b-value indicates that the CV current has a substantial surface-controlled 
contribution, whereas the low-frequency EIS response reflects the impedance associated with ion transport and 
interfacial processes under a small-amplitude perturbation at a specific electrochemical state. Therefore, a near-
unity b-value does not necessarily require an ideal capacitive response in the low-frequency EIS region. These two 
analyses are consequently interpreted as complementary kinetic measurements rather than as direct confirmation 
of one another. 
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Figure 5. Cyclic voltammograms of (a) RC and (d) PRC for the first three cycles; CV curves at different scan rates 
for (b) RC and (e) PRC; and corresponding Na⁺ diffusion coefficients of (c) RC and (f) PRC. 

To further understand the rate performance, the charge-discharge tests were conducted for RC and PRC at 
different current densities, as shows in Figure 6a, with different current density of 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A/g 
to perform five cycles of charge-discharge tests, the reversible capacity of RC was 140, 105, 95, 87, 72 and 55 mAh/g, 
and when the current density was restored to 0.1 A/g, the reversible capacity was 120 mAh/g, while the reversible 
capacity of PRC was 250, 190, 150, 135, 115 and 100 mAh/g. Conversely, the reversible capacity can be returned 
to 200 mAh/g when the current density is restored to 0.1 A/g. In addition, the charge-discharge curves at different 
current densities were compared, as shown in Figure S2, PRC had a smoother curve, higher capacity retention, 
and less polarization than pristine RC. With a voltage range of 0.01 to 3.0 V, after the first three cycles of charge 
and discharge activation at 0.1 A/g, and then 200 cycles of long cycle life test at 1.0 A/g, as shown in Figure 6b. 
After 200 cycles of charge and discharge, the capacity of RC was 52 mAh/g, while the capacity of PRC was 143 
mAh/g, and the capacity retention rate was 74.42%, which was much higher than the 58.25% of RC. In Figure 6c, 
the charge-discharge curves under different cycles can be used to compare the performance of capacity retention. 
The results indicated that PRC exhibited excellent cyclic stability, and using the charge-discharge curves of 
different cycles, the slope region and the plateau region of the capacity can be calculated. The slope region 
represented the adsorption of sodium ions on the surface, and the plateau region was the storage of sodium ions 
embedded in the crystal lattice of the material. From Figure S3, it can be seen that PRC sodium ions were adsorbed 
on the surface more than that of RC and sodium ions were embedded in PRC and stored more than that of RC. 
These results proved that both the adsorption surface and the embedded storage method perform better with PRC. 
Charge-discharge experiments of RC and PRC for three cycles were performed with a current density of 0.1 A/g 
to demonstrate the effects of P doping, as illustrated in Figure 6c. The initial coulombic efficiency reflected the 
irreversible capacity caused by SEI formation and the concurrent consumption of sodium ions. Specifically, the 
ICEs of RC and PRC were 29.97% and 43.90%, respectively. The charge and discharge curves at the first cycle, 
the overlap between the second and third cycles, and the PRC’s reversible capacity of up to 250 mAh/g are all 
displayed in Figure S4. The formation of the SEI, which reacted more after the first cycle of activation and slowed 
down the others, was identified as the reason for the weak peak in the curve between 0.5 and 1.0 V during the 
discharge. The relatively low ICE values of RC (29.97%) and PRC (43.90%) indicate substantial irreversible Na+ 
consumption during the first cycle. This behavior may be associated with electrolyte decomposition and SEI 
formation on defect-rich carbon surfaces, together with irreversible Na+ trapping at surface and pore sites. Notably, 
phosphorus modification substantially reduced the BET surface area from 153 to 80 m2 g⁻1 and the total pore volume 
from 0.45 to 0.209 cm3 g−1. The reduced accessible surface area and pore volume may decrease the extent of 
electrolyte decomposition and irreversible Na+ consumption, contributing to the higher ICE of PRC. Nevertheless, 
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the ICE remains below that desirable for practical full-cell applications. Further improvement could be achieved 
through optimization of electrolyte/additive chemistry, surface modification, or presodiation strategies [35,36]. 

 

Figure 6. (a) Rate performance of RC and PRC at various current densities, (b) Cycle life tests of RC and PRC for 
200 cycle under current density of 1.0 A/g; (c) Charge/discharge curves of PRC at the 1st, 5th, 10th, 50th, 100th, 
150th, and 200th cycles (d) Each sample’s electrochemical impedance spectrum (equivalent circuit inset) (e) plots 
of Z’ versus ω−1/2 at low-frequency region RC and PRC; (f) Comparison of capacity of different current densities 
in the reference literature of carbon-doped materials. 

The Nyquist plot consists of real and imaginary impedance measured by electrochemical impedance maps, 
in the high and mid frequency ranges, the semicircular curve is shown in Figure 6d while in the low frequency 
range it is a slash, and the position on the frequency axis with the y-axis intercept is expressed as ohmic resistance 
(Rs), which represents resistance caused by the electrodes, electrolytes, and separators of the battery. In the mid-
frequency range, the first semicircle represents the impedance (RSEI) of the SEI layer, the second semicircle 
corresponds to the charge transfer impedance (RCT), and the slash line in the low-frequency range correlates with 
ion diffusion in the battery. 𝐷 ൌ 𝑅ଶ𝑇ଶ2𝐴ଶ𝑛ସ𝐹ସ𝐶ଶ𝜎ௐଶ  (4)

Among them, R is the gas constant, T is the temperature, n is the number of electrons per molecule during 
oxidation, A is the electrode surface area, F is the Faraday constant, C is the sodium ion concentration, σw is the 
Warburg factor, and D is the diffusion coefficient. According to this formula, the smaller the slope in the 
relationship between impedance and frequency reciprocal square root, the greater the diffusion coefficient. EIS 
test is performed on each half cell containing the corresponding electrode, and the Nyquist diagram is fitted into 
the equivalent circuit to obtain the corresponding impedance value, and the specific surface area (SSA) is closely 
related to the RSEI, so when the SSA is high, the RSEI also tends to increase. After 2.5 cycles, the PRC showed 
lower impedance than other samples, and the lower SSA contributed to the formation of the SEI layer, while too 
many macropores could lead to the absorption of too much electrolyte and unwanted side reactions during the 
electrochemical process. For RC and PRC, the plot of Z’ to ω(−1/2) is calculated from the linear region of the low-
frequency region of the Nyquist plot, as shown in Figure 6e, the diffusion coefficients of these samples are 7.9 × 
10−14 and 3.5 × 10−13 cm²/s, respectively, as seen in Table S1, the above results indicate that PRC exhibited larger 
diffusion coefficient, this structural material enhances sodium ion storage by shortening the ion diffusion distance 
and providing more active sites. Previous works can also be seen that phosphorus-doped carbon materials had a 
considerable impact on the application of sodium-ion batteries, and the capacity comparison under different current 
densities can be seen in Figure 6f [37–42]. The improved performance of PRC was primarily attributed to 
phosphorus doping, which enhances the structural and electrochemical properties of the carbon matrix by 
increasing active sites, facilitating ion transport, and stabilizing the electrode/electrolyte interface. This accelerated 
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diffusion, coupled with a reduced charge-transfer resistance (Rct) of only 12.9 Ω, allows the PRC to deliver a high 
reversible capacity of 250 mAh/g at 0.1 A/g. Furthermore, the PRC demonstrated remarkable structural robustness, 
maintaining a capacity of 143 mAh/g after 200 cycles at 1.0 A/g, significantly outperforming the undoped 
recovered carbon. These results indicated that the synergistic effect of lattice expansion and covalent P-C bonding 
created a stable, high-rate platform for sustainable sodium-ion storage. 

4. Conclusions

In summary, this study demonstrated the successful synthesis of a phosphorus-doped recovered carbon (PRC) 
composite with high-performance sodium-ion batteries. Experimental characterization and electrochemical 
analysis reveal that the covalent integration of phosphorus atoms expands the graphitic interlayer spacing from 
0.352 nm to 0.358 nm, significantly reducing the energy barrier for sodium-ion intercalation. The resulting PRC 
anode exhibited a superior reversible capacity of 250 mAh/g at 0.1 A/g and remarkable cyclic stability, maintaining 
74.42% capacity after 200 cycles at 1.0 A/g. Kinetic studies, including Randles-Sevcik calculations and b-value 
analysis, confirmed that the enhanced performance originated from a synergistic combination of accelerated ion 
diffusion 3.5 × 10−13 cm2/s and dominant pseudocapacitive charge storage. By bridging the gap between 
sustainable precursor recovery and advanced lattice engineering, this work provided a robust strategy for 
developing low-cost, long-life electrode materials for next-generation large-scale energy storage systems. 

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/ 
others/2609281506231370/GEFR-26070059-SI.pdf, Figure S1: Fitted slope b-value for RC and PRC at different peaks; Figure 
S2: Charge/discharge curves of RC and PRC at different current densities; Figure S3: Capacity contribution of RC and PRC at 
different cycles showing slope and plateau region storage; Figure S4: Charge/discharge curves of RC and PRC at the first three 
cycles under a current density of 0.1 A g−1; Table S1: Equivalent circuit parameters and Na⁺ diffusion coefficient (DNa+) fitting 
calculation results from EIS analyses; Table S2: Comparison of phosphorus-containing hard-carbon anodes reported in the 
literature and PRC. 

Author Contributions: The authors confirm contribution to the paper as follows: S.B.: Writing original draft. Y.H.L.: Formal 
analysis. W.R.L.: Review, Conceptualization, Supervision. All authors have read and agreed to the published version of the 
manuscript. 

Funding: The authors gratefully acknowledged the National Science and Technology Council (NSTC) project grant no. NSTC 
114-2221-E-033-008, 113-2218-E-007-015, 114-2923-E-033-001-MY3, 113-2622-E-033-003, 113-2923-E-006-002, 113-
2112-M-008-033, 114-2112-M-008-026 and 115-2221-E-033-007. The authors also appreciate the financial support from
CYCU-WIArk-250CH (Wisdom Innovation Ark).

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Details about data have been provided in the article. 

Conflicts of Interest: The authors declare no conflict of interest. 

Use of AI and AI-Assisted Technologies: No AI tools were utilized for this paper. 

References 

1. Mashfy, M.M.; Alvy, T.A.; Hossain, N.; et al. Sodium ion batteries: A sustainable alternative to lithium-ion batteries 
with an overview of market trends, recycling, and battery chemistry. Next Energy 2026, 10, 100478. 
https://doi.org/10.1016/j.nxener.2025.100478.

2. Staples, M.D.; Malina, R.; Barrett, S.R.H. The limits of bioenergy for mitigating global life-cycle greenhouse gas 
emissions from fossil fuels. Nat. Energy 2017, 2, 16202. https://doi.org/10.1038/nenergy.2016.202.

3. Yang, Y.; Bremner, S.; Menictas, C.; et al. Battery energy storage system size determination in renewable energy systems: 
A review. Renew. Sustain. Energy Rev. 2018, 91, 109–125. https://doi.org/10.1016/j.rser.2018.03.047.

4. Goodenough, J.B. Electrochemical energy storage in a sustainable modern society. Energy Environ. Sci. 2014, 7, 14–18. 
https://doi.org/10.1039/c3ee42613k.

5. Zhang, D.; Zhang, H.; Gao, F.; et al. Dual activation for tuning N, S Co‐doping in porous carbon sheets toward superior 
sodium ion storage. Small 2024, 20, e2308684. https://doi.org/10.1002/smll.202308684.

6. Darwiche, A.; Marino, C.; Sougrati, M.T.; et al. Better cycling performances of bulk Sb in Na-ion batteries compared to 
Li-ion systems: An unexpected electrochemical mechanism. J. Am. Chem. Soc. 2012, 134, 20805–20811. 
https://doi.org/10.1021/ja310347x.

7. Jeon, I.; Yang, D.; Yadav, D.; et al. Sodium storage behavior and long cycle stability of boron-doped carbon nanofibers 
for sodium-ion battery anodes. Electrochim. Acta 2023, 439, 141730. https://doi.org/10.1016/j.electacta.2022.141730.

https://media.sciltp.com/articles/others/2609281506231370/GEFR-26070059-SI.pdf


Green Energy Fuel Res. 2026, 3(3), 201–212 https://doi.org/10.53941/gefr.2026.100013 

211 

8. Guo, H.Y.; Li, Y.Y.; Wang, C.L.; et al. Effect of the air oxidation stabilization of pitch on the microstructure and sodium
storage of hard carbons. New Carbon Mater. 2021, 36, 1073–1078. https://doi.org/10.1016/s1872-5805(21)60075-6.

9. Eren, E.O.; Senokos, E.; Scoppola, E.; et al. An enhanced three-stage model for sodium storage in hard carbons. Energy
Environ. Sci. 2025, 18, 7859–7868. https://doi.org/10.1039/d4ee06029f.

10. Shao, W.; Shi, H.; Jian, X.; et al. Hard‐carbon anodes for sodium‐ion batteries: Recent status and challenging perspectives.
Adv. Energy Sustain. Res. 2022, 3, 2200009. https://doi.org/10.1002/aesr.202200009.

11. Qian, J.; Wu, X.; Cao, Y.; et al. High capacity and rate capability of amorphous phosphorus for sodium ion batteries.
Angew. Chem. Int. Ed. 2013, 52, 4633–4636. https://doi.org/10.1002/anie.201209689.

12. Kim, Y.; Park, Y.; Choi, A.; et al. An amorphous red phosphorus/carbon composite as a promising anode material for
sodium ion batteries. Adv. Mater. 2013, 25, 3045–3049. https://doi.org/10.1002/adma.201204877.

13. Fang, L.; Bahlawane, N.; Sun, W.; et al. Conversion‐alloying anode materials for sodium ion batteries. Small 2021, 17,
2101137. https://doi.org/10.1002/smll.202101137.

14. Hashmi, S.A. Hard carbon anode derived from pre-treated bio-waste sugarcane bagasse for high capacity sodium-ion
battery fabricated with bio-deFgradable porous polymer electrolyte. J. Energy Storage 2024, 83, 110694.
https://doi.org/10.1016/j.est.2024.110694.

15. Chen, Y.; Li, F.; Guo, Z.; et al. Sustainable and scalable fabrication of high-performance hard carbon anode for Na-ion
battery. J. Power Sources 2023, 557, 232534. https://doi.org/10.1016/j.jpowsour.2022.232534.

16. Moon, H.; Innocenti, A.; Liu, H.; et al. Bio‐waste‐derived hard carbon anodes through a sustainable and cost‐effective
synthesis process for sodium‐ion batteries. ChemSusChem 2023, 16, e202201713. https://doi.org/10.1002/
cssc.202201713.

17. Babu, S.; Chi, H.W.; Babu, S.K.; et al. Temperature effects on hard carbon derived from bio-frass as anode materials for
Sodium ion batteries. Mater. Res. Bull. 2026, 199, 114069. https://doi.org/10.1016/j.materresbull.2026.114069.

18. Stevens, D.A.; Dahn, J.R. High capacity anode materials for rechargeable sodium‐ion batteries. J. Electrochem. Soc.
2000, 147, 1271. https://doi.org/10.1149/1.1393348.

19. Samanta, R.; Roy, S.; Barman, S. Sulfur and nitrogen codoped hard carbon with expanded interlayer distance as an
effective anode material for sodium-ion batteries. Energy Fuels 2024, 38, 19867–19877.
https://doi.org/10.1021/acs.energyfuels.4c03258.

20. Ramireddy, T.; Xing, T.; Rahman, M.M.; et al. Phosphorus–carbon nanocomposite anodes for lithium-ion and sodium-
ion batteries. J. Mater. Chem. A 2015, 3, 5572–5584. https://doi.org/10.1039/c4ta06186a.

21. Liang, P.; Huo, Z.; Liu, Y.; et al. Biomass‐Derived Phosphorus‐Doped Porous Hard Carbon Anode for Stable and High‐
Rate Sodium Ion Batteries. Batter. Supercaps 2025, 8, e202400694. https://doi.org/10.1002/batt.202400694.

22. Liu, B.; Song, T.; Chen, L.; et al. Sustainable Recovery and Reuse of Hard Carbon From Scrap and End‐of‐Life Sodium‐
Ion Batteries. Adv. Energy Mater. 2025, 15, 2405894. https://doi.org/10.1002/aenm.202405894.

23. Fulcheri, L.; Dames, E.; Rohani, V. Plasma-based conversion of methane into hydrogen and carbon black. Curr. Opin.
Green Sustain. Chem. 2024, 50, 100973. https://doi.org/10.1016/j.cogsc.2024.100973.

24. Wu, F.; Dong, R.; Bai, Y.; et al. Phosphorus-doped hard carbon nanofibers prepared by electrospinning as an anode in
sodium-ion batteries. ACS Appl. Mater. Interfaces 2018, 10, 21335–21342.

25. Katsuyama, Y.; Nakayasu, Y.; Kobayashi, H.; et al. Rational Route for Increasing Intercalation Capacity of Hard Carbons
as Sodium‐Ion Battery Anodes. ChemSusChem 2020, 13, 5762–5768. https://doi.org/10.1002/cssc.202001837.

26. Li, K.; Rimmer, S.M.; Liu, Q.; et al. Micro-Raman spectroscopy of microscopically distinguishable components of
naturally graphitized coals from central Hunan Province, China. Energy Fuels 2019, 33, 1037–1048.
https://doi.org/10.1021/acs.energyfuels.8b04065.

27. He, Q.; Ding, L.; Raheem, A.; et al. Kinetics comparison and insight into structure-performance correlation for leached
biochar gasification. Chem. Eng. J. 2021, 417, 129331. https://doi.org/10.1016/j.cej.2021.129331.

28. Zhang, Y.; Huang, Y.; Wang, X.; et al. Improved electrochemical performance of lithium iron phosphate in situ coated
with hierarchical porous nitrogen-doped graphene-like membrane. J. Power Sources 2016, 305, 122–127.
https://doi.org/10.1016/j.jpowsour.2015.11.092.

29. Singh, A.S.; Advani, J.H.; Biradar, A.V. Phosphonate functionalized carbon spheres as Brønsted acid catalysts for the
valorization of bio-renewable α-pinene oxide to trans-carveol. Dalton Trans. 2020, 49, 7210–7217.
https://doi.org/10.1039/d0dt00921k.

30. Wang, H.; Liu, S.; Lei, C.; et al. P-doped hard carbon material for anode of sodium ion battery was prepared by using
polyphosphoric acid modified petroleum asphalt as precursor. Electrochim. Acta 2024, 477, 143812.
https://doi.org/10.1016/j.electacta.2024.143812.

31. Wang, X.; Hou, M.; Shi, Z.; et al. Regulate phosphorus configuration in high P-doped hard carbon as a superanode for
sodium storage. ACS Appl. Mater. Interfaces 2021, 13, 12059–12068. https://doi.org/10.1021/acsami.0c23165.



Green Energy Fuel Res. 2026, 3(3), 201–212 https://doi.org/10.53941/gefr.2026.100013 

212 

32. Augustyn, V.; Come, J.; Lowe, M.A.; et al. High-rate electrochemical energy storage through Li+ intercalation 
pseudocapacitance. Nat. Mater. 2013, 12, 518–522. https://doi.org/10.1038/nmat3601.

33. Sun, W.; Sun, Q.; Lu, R.; et al. Sodium hypophosphite-assist pyrolysis of coal pitch to synthesis P-doped carbon 
nanosheet anode for ultrafast and long-term cycling sodium-ion batteries. J. Alloys Compd. 2021, 889, 161678. 
https://doi.org/10.1016/j.jallcom.2021.161678.

34. Yan, J.; Li, H.; Wang, K.; et al. Ultrahigh phosphorus doping of carbon for high‐rate sodium ion batteries anode. Adv. 
Energy Mater. 2021, 11, 2003911. https://doi.org/10.1002/aenm.202003911.

35. Li, N.; Yang, Q.; Wei, Y.; et al. Phosphorus-doped hard carbon with controlled active groups and microstructure for 
high-performance sodium-ion batteries. J. Mater. Chem. A 2020, 8, 20486–20492. https://doi.org/10.1039/d0ta06910h.

36. Li, Y.; Yuan, Y.; Bai, Y.; et al. Insights into the Na+Storage Mechanism of Phosphorus‐Functionalized Hard Carbon as 
Ultrahigh Capacity Anodes. Adv. Energy Mater. 2018, 8, 1702781. https://doi.org/10.1002/aenm.201702781.

37. Shim, J.W.; Park, S.J.; Ryu, S.K. Effect of modification with HNO3 and NaOH on metal adsorption by pitch-based 
activated carbon fibers. Carbon 2001, 39, 1635–1642. https://doi.org/10.1016/s0008-6223(00)00290-6.

38. Wang, Z.; Qie, L.; Yuan, L.; et al. Functionalized N-doped interconnected carbon nanofibers as an anode material for 
sodium-ion storage with excellent performance. Carbon 2013, 55, 328–334. https://doi.org/10.1016/j.carbon.2012.12.072.

39. Fu, L.; Tang, K.; Song, K.; et al. Nitrogen doped porous carbon fibres as anode materials for sodium ion batteries with 
excellent rate performance. Nanoscale 2014, 6, 1384–1389. https://doi.org/10.1039/c3nr05374a.

40. Hulicova‐Jurcakova, D.; Seredych, M.; Lu, G.Q.; et al. Combined Effect of Nitrogen‐ and Oxygen‐Containing Functional 
Groups of Microporous Activated Carbon on its Electrochemical Performance in Supercapacitors. Adv. Funct. Mater. 
2009, 19, 438–447. https://doi.org/10.1002/adfm.200801236.

41. Wang, Z.; Li, Y.; Lv, X.J. N-doped ordered mesoporous carbon as a high performance anode material in sodium ion 
batteries at room temperature. RSC Adv. 2014, 4, 62673–62677. https://doi.org/10.1039/c4ra09084e.

42. Hou, H.; Shao, L.; Zhang, Y.; et al. Large‐area carbon nanosheets doped with phosphorus: A high‐performance anode 
material for sodium‐ion batteries. Adv. Sci. 2017, 4, 1600243. https://doi.org/10.1002/advs.201600243.


