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บทคัดย่อ 
 แบตเตอรี่ชนิดโซเดียมไอออน (Sodium-ion batteries: SIBs) ได้รับความสนใจเพิ่มขึ ้นอย่างต่อเนื ่องในฐานะ
ทางเลือกที่มีศักยภาพแทนแบตเตอรี่ชนิดลิเทียมไอออน เนื่องจากโซเดียมมีอยู่มากในธรรมชาติและราคาถูก อีกทั้งยังตอบ
โจทย์ความต้องการระบบกักเก็บพลังงานที่ยั่งยืนและต้นทุนไม่สูง งานวิจัยนี้น าเสนอแนวคิดใหม่ที่สามารถรองรับอนาคตของ
การจัดการทรัพยากรและพลังงาน โดยแสดงให้เห็นว่าวัสดุ LiNMC สามารถน ามาใช้เป็นวัสดุแคโทดในแบตเตอรี่ชนิดโซเดียม
ไอออนได้อย่างมีประสิทธิภาพ หลังจากผ่านกระบวนการน าลิเทียมออกและเติมโซเดียมเข้าไปใหม่ด้วยกรรมวิธีทางไฟฟ้าเคมี 
ส่งผลให้เกิดเป็นวัสดุเฟสใหม่ที่เรียกว่า NayNMC วัสดุ NayNMC ดังกล่าวถูกน ามาศึกษาสมบัติทางไฟฟ้าเคมี โดยเน้นผลของ
องค์ประกอบโลหะทรานซิชันที่มีต่อการเคลื่อนที่ของไอออนโซเดียม และความสามารถในการคงโครงสร้างเลเยอร์แบบ O3  
ซึ่งเป็นลักษณะเฉพาะของวัสดุประเภทออกไซด์ของโลหะทรานซิชันที่มีโครงสร้างแบบเลเยอร์ และใช้กันอย่างแพร่หลายใน
แบตเตอรี่ชนิดลิเทียมไอออน โดยพบว่าปริมาณลิเทียมที่หลงเหลืออยู่ในโครงสร้างมีส่วนช่วยเพิ่มเสถียรภาพของโครงสร้าง
ดังกล่าว จากผลการทดลองพบว่า ความจุไฟฟ้า อัตราการจ่ายกระแสไฟฟ้า และความเสถียรในการใช้งานของวัสดุ NayNMC  

มีความแตกต่างกันตามอัตราส่วนของโลหะทรานซิชัน โดยเฉพาะสูตร NayNMC811 ที่ให้ผลลัพธ์โดยรวมดีที่สุด ทั้งในด้าน
ความจุไฟฟ้าใช้งานจริง อัตราการอัด-คายประจุที่ดี และความคงตัวของโครงสร้างในระยะยาว 
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ABSTRACT 
 As the demand for sustainable and cost-effective energy storage increases, sodium-ion batteries 
(SIBs) are gaining attention as a viable alternative to lithium-ion systems, owing to sodium’s abundance and 
lower cost. In this work, we present an innovative strategy to bridge these technologies by reutilizing NMC 
cathodes layered transition metal oxides commonly used in lithium-ion batteries as active materials in SIBs. 
The LiNMC cathodes were delithiated in Li half-cells and subsequently sodiated in Na half-cells to form 
sodiated Li1-xNMC phases (NayNMC). The electrochemical characteristics of the new sodium phases NayNMC 
were compared, focusing on the effect of transition metal composition on sodium-ion transport and 
stabilization of the layered structure. Initial charge capacities were closely related to the lithium ions 
retained in the structure, which stabilized the O3-type layered structure. The capacities, rate capability, and 
cycling stability of the NayNMC materials were influenced by the transition metal composition.  Notably, 
NayNMC811 exhibited the best overall performance in terms of usable capacity, rate capability, and cycling 
stability. These findings reveal how transition metal composition governs structural stability and 
performance, offering a clear strategy for designing next-generation sodium-ion cathodes from recycled 
materials. 

 

Graphical abstract 
 Electrochemical sodiation of delithiated NMC cathodes enables their use in sodium-ion batteries. 
This study compares five NMC compositions (111, 442, 532, 622, 811), demonstrating composition-
dependent structure and performance, and emphasizes the need to optimize NayNMC stability for next-
generation sodium-ion cathodes derived from recycled NMC materials.  

 

ค าส าคัญ: แบตเตอรี่ลิเทียมไอออน  แบตเตอรี่โซเดียมไอออน  ไฟฟ้าเคมี 
Keywords: Li-ion Battery, Sodium-ion Battery, Electrochemistry 
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INTRODUCTION  
 Due to the natural abundance of sodium and the analogous intercalation processes of Na+ and Li+ 
ions, sodium-ion batteries (SIBs) emerge as a promising alternative to lithium-ion batteries (LIBs) for large-
scale energy storage applications (Nayak et al., 2018). Nonetheless, developing a SIB cathode that offers 
high capacity along with robust cycle and thermal stabilities remains challenging, largely because of the 
larger ionic radius of Na+ (1.02 Å versus 0.76 Å for Li+) (Hwang et al., 2015). In addition, almost all the NaxMO2 
(M = transition metal), are not stable against moisture and/or air at ambient conditions (Mu et al., 2015). To 
tackle these issues, numerous sodium-based compounds have been designed and evaluated (Berthelot et 
al., 2010; Han et al., 2014; Hasa et al., 2014; Hwang et al., 2015; Kim et al., 2012; Mu et al., 2015; Nose et 
al., 2013; Oh et al., 2014; Wang et al., 2015; Yabuuchi et al., 2013; Yuan et al., 2014). In particular, layered 
transition metal oxides have gained significant interest, inspired by the successful performance of layered 
LiMO2 cathodes in LIB systems.  
 Numerous studies have explored to obtain high-energy cathode materials for sodium-ion batteries 
based on layered oxides containing 3d transition metals (such as Co, Ni, Mn, V, and Fe)  (Clément et al., 
2015; Hwang et al., 2017; Yabuuchi et al., 2014). For example, NaCoO2 has been recognized as an effective 
intercalation cathode, delivering an average capacity of approximately 140 mAh·g-¹ via multi-step phase 
transitions  (Berthelot et al., 2010). In layered monoxides, the migration of Na+ ions is complex and involves 
several phase transitions (e.g., from O-type to P-type structures), which can result in irreversible structural 
collapse and rapid capacity loss. Consequently, the design of mixed-metal cation oxides aims not only to 
stabilize the crystal structure but also to enhance electrochemical performance (Kubota and Komaba, 2015; 
Xiang et al., 2015; Yabuuchi et al., 2014). The ternary layered oxides such as NaNi1/3Mn1/3Co1/3O2 (NaNMC111), 
which is the counterpart of LiNi1/3Mn1/3Co1/3O2 (LiNMC111), have been attempted. These cathode materials 
have been synthesized via a range of methods, including the sol-gel process and coprecipitation. For 
example, Hwang et al. prepared NaNMC compounds by coprecipitating metal salts, followed by calcination 
at approximately 750ºC for 24 hours, and demonstrated superior performance in sodium half-cells. Their 
work also clarified the roles of the individual transition metals: increasing the Ni fraction boosts capacity at 
the expense of capacity retention, Co contributes significantly to structural stabilization, and Mn enhances 
both capacity retention and thermal stability (Hwang et al., 2016). Sathiya et al. (2012) synthesized 
NaNMC111 via a sol-gel process followed by calcination at 900ºC for 12 hours. The resulting material 

exhibited a discharge capacity of 120 mAh·g-1 and demonstrated very stable cycling performance. However, 
the material is moisture sensitive and undergoes multi-step phase transitions. Furthermore, the complexity 
of the composition makes it challenging to obtain a single-phase NaNMC through air sintering (Xu et al., 
2017). In contrast, LiNMC synthesis is less sensitive to moisture, and a stable O3 structure with minimal 
cation disorder can be achieved through a simple calcination process (Hashem et al., 2013; Yabuuchi and 
Ohzuku, 2005). Therefore, almost all conventionally synthesized NaxMO2 (M = transition metal) compounds 
exhibit poor stability against moisture and air at ambient conditions, resulting in performance that is 
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insufficient for practical applications, particularly for energy storage systems (ESS) that demand long-term 
stability. 
 Recently, electrochemical ion-exchange technique has been used to convert high crystallinity 
lithium-ion oxide cathodes into robust sodium-ion cathode materials. This approach has shown to be an 
effective strategy to preserve the O3-type layered structure improving structural stability while delivering 
high capacity and excellent rate performance (Bublil et al., 2018; Heubner et al., 2020). Tran Van Man et 
al. studied sodiation into LiNi1/3Mn1/3Co1/3 O2 (NMC111) showing that the number of Na+ ion inserted into 
the delithiated host is comparable to the number of lithium extracted at C/10 rate in the voltage range  
2 - 4 V. The diffusion coefficient of Na+ ion into the solid structure calculated from Galvanostatic 
Intermittence Titration Technique (GITT) is relatively stable with the value range of 1 × 10-9 - 7 × 10-10 cm2 
s−1 that showed an equivalent cation diffusion between Na-migration and Li-migration in the range from 
10−11 cm2/s to 10−10 cm2/s (Van Man et al., 2018; Nguyen et al., 2021).  
 The ion-exchange process for converting LiNMC to NaNMC remains relatively underexplored, 
representing a promising strategy for advancing sodium-ion cathode performance. In this work, we began 
with commercial Li(NaMnbCoc)O2 powders, specifically NMC111, NMC442, NMC532, NMC622, and NMC811 to 
systematically investigate the role of transition metal composition under controlled conditions. All materials 
investigated in this study are new rather than end-of-life, which will be considered in future work. This 
foundational understanding aims to guide future application of the same strategy to recycle NMC from 
spent lithium-ion batteries. This study is anticipated to yield novel insights and alternative strategies for 
developing highly stable and efficient cathode materials for sodium-ion batteries. 
 

MATERIALS AND METHODS 

1. Electrochemical Characterization 

 The cathode, Li(NiaMnbCoc)O2 powders used as starting raw materials are NMC111 
(LiNi1/3Mn1/3Co1/3O2), NMC442 (LiNi0.4Mn0.4Co0.2O2), NMC532 (LiNi0.5Mn0.3Co0.2O2), NMC622 (LiNi0.6Mn0.2Co0.2O2), 
and NMC811 (LiNi0.8Mn0.1Co0.1O2). For further study, the NMC powders were processed into cathode 
electrodes composed of 80 wt.% NMC, 15 wt.% Super P carbon black, and 5 wt.% polyvinylidene fluoride 
(PVDF) binder. The mixture was homogenized by ball milling and subsequently coated onto aluminum foil. 
The coated Al foil was dried at 110ºC in a vacuum oven for 12 hours and punched into round shapes. The 
electrodes were assembled in Swagelok with glass fiber (Whatman GF/F), 1.3M LiPF6 EC:DMC:EMC (2:7:1) + 
2%FEC + 2%PS electrolyte with a Li metal anode in an Ar-filled glove box (O2 and H2O levels < 0.1 ppm). 
The cell was charged at C/10 (1 C defined as the extraction of one Li+ per formula unit in 1 hour) from the 
open circuit potential (OCP) to 4.5 V versus Li+/Li then and kept for at least 3 hours to fully extract lithium-
ions. Next, the delithiated electrode (Li1-xNMC) was taken out in the glovebox and soaked many times with 
dimethyl carbonate (DMC) solvent and finally dried at room temperature in Ar atmosphere. The Li1-xNMC 
electrode was reassembled in a sodium half-cell using sodium metal as the anode, glass fiber (Whatman 
GF/F) as separator, and 1 M NaClO4 in EC/DEC (1:1 v/v) with 5% FEC as electrolyte. The electrochemical 
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properties of the sodiated Li1-xNMC phases (NayNMC) were evaluated by galvanostatic cycling tests and 
electrochemical impedance spectroscopy (EIS). 
2. Structural and Morphology Characterization  

The crystal structure of the samples was analyzed using X-ray diffraction (XRD) with Cu-Ka radiation. 
The analysis was performed using an Empyrean XRD instrument from PANalytical. The 2 range for the 
analysis ranged from 10° to 80°. The morphology and particle size distribution were examined using scanning 
electron microscopy (SEM) (FEI, Helios NanoLab G3 CX). 
 

RESULTS AND DISCUSSION 
 Structural characterization using X-ray diffraction (XRD), shown in Figure 1 and Table 1, indicates 
that all materials crystallize in the O3-layered structure (PDF No. 01-085-1969) belonging to the R3m space 
group (Zhu et al. 2012), and no impurity phases are observed. The lattice parameters obtained from Rietveld 
refinements with acceptable agreement indices show a slight increase in a (from 2.859 to 2.870 Å) and 
variation in c (14.206 - 14.252 Å) with higher Ni content, leading to a gradual increase in unit cell volume. 
This trend reflects the structural adjustment associated with cation substitution across different NMC ratios. 
According to the SEM images presented in Figure 2 a - e, the commercial NMC materials, including NMC111, 
NMC442, NMC532, NMC622, and NMC811 display predominantly spherical morphologies. Some regions 
exhibit both dispersed and aggregated particles, with the average particle size ranging approximately 
between 10 and 30 µm. The SEM and XRD results collectively suggest similar physical characteristics and 
crystalline structures among all the samples, with differences attributed solely to the varying chemical 
compositions and relative proportions of nickel, manganese, and cobalt.  
 

 
 

Figure 1 XRD patterns of the cathode powders used in this study including NMC111, NMC442, NMC532, 
NMC622, and NMC811. 
 
 



26 KKU Science Journal Volume 54 Number 1  Research 
 

 

Table 1 Lattice parameters and agreement indices obtained from XRD Rietveld refinements of NMC111, 
NMC442, NMC532, NMC622, and NMC811 cathode powders. 

Sample Lattice parameters 
a = b (Å) c (Å) v (Å3) Rp Rwp 𝑥2 

NMC111 2.859 14.228 100.747 1.415 1.879 1.141 
NMC442 2.869 14.252 101.654 2.169 2.903 2.811 
NMC532 2.868 14.239 101.478 1.734 2.298 1.825 
NMC622 2.867 14.221 101.238 1.550 2.042 1.326 
NMC811 2.870 14.206 101.367 2.189 2.949 2.507 

 

 

Figure 2 SEM images of cathode powders of a) NMC111, b) NMC442, c) NMC532, d) NMC622, and e) NMC811. 
 

Electrodes based on NMC111, NMC442, NMC532, NMC622, and NMC811 were first delithiated in 

lithium half-cells using a constant current–constant voltage (CCCV) charging protocol up to 4.5 V to extract 
the maximum amount of Li+ ions. Subsequently, these delithiated electrodes were discharged in sodium 

half-cells to 2 V, forming the corresponding sodiated phases, hereafter denoted as NayNMC. For clarity, the 
sodiated phase derived from LiNi1/3Mn1/3Co1/3O2 (NMC111) is designated as NayNMC111, and similar 
nomenclature applies to the other compositions (NayNMC442, NayNMC532, NayNMC622, and NayNMC811).     
Figure 3 a - b presents the charge/discharge profiles during the delithiation and subsequent sodiation 
processes showing the amount of Li extracted (delithiation) and Na inserted (sodiation) into the structure. 
The specific charge capacities achieved at C/10 were approximately 220, 252, 232, 238, and 263 mAh.g-1 for 
Li1-xNMC111, Li1-xNMC442, Li1-xNMC532, Li1-xNMC622, and Li1-xNMC811, respectively, at a cutoff voltage of 4.5 
V and a C/10 rate. Dividing the measured capacities by the theoretical capacities yields lithium extractions 

of about 0.79, 0.91, 0.83, 0.85, and 0.94 mole per formula unit. Upon subsequent discharge in sodium half-
cells, the resulting sodiated phases of every transition metal composition exhibit smooth sloping voltage 
profiles typical of layered oxides intercalating larger Na+ ions (Van Man et al., 2018). Unlike many 
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conventionally prepared cathodes that show multiple plateaus, these compositions display solid solution 
type insertion with incremental compositional shifts and no distinct biphasic transitions. The specific 
discharge capacities achieved at C/10 were approximately 176, 198, 193, 195, 224 mAh.g-1 for NayNMC111, 
NayNMC442, NayNMC532, NayNMC622, and NayNMC811, respectively. The Na+ intercalation was calculated 
from discharge capacity by assuming one electron per Na+ and normalizing to the molecular weight of each 

NMC. The corresponding Na+ intercalations reach roughly 0.63, 0.71, 0.69, 0.70, and 0.79 mole per formula 
unit. Nevertheless, the amount of sodium inserted is lower than the lithium extracted during oxidation, 
reflecting the larger ionic radius of Na+ and the electrostatic repulsion within the host that prevents 
complete substitution. In addition, although the discharge curves all show a broadly sloping profile, some 
compositions exhibit a more pronounced plateau in the lower voltage region around 2.2 and 2.4 V, indicating 
a localized structural rearrangement (Sathiya et al., 2012) or a small biphasic domain during Na+ insertion. 
These subtle differences in slope steepness, minor plateaus, and overall shape of the voltage profiles 
reflect the impact of varying Ni, Mn, and Co content. 
 

 

Figure 3 The voltage profiles during a) delithiation (charged), and b) sodiation (discharged), processes for 
converting LiNMC to NaNMC materials. 
 

Figure 4 a - e presents the voltage profiles associated with sodium intercalation from 1st to 35th 
cycles across various NMC compositions, highlighting compositional effects on electrochemical behavior. 
The short plateau observed in the 1st cycle shortened gradually cycle by cycle and disappeared in 
NayNMC111 and NayNMC442 after 20th cycle, but the structural reactions continued in NayNMC532, 
NayNMC622, and NayNMC811. It could be seen that the shape of the curve did not completely change but 
the capacity gradually decreased during cycling. The delivered capacity increased proportionally with 
increasing Ni content. However, as cycling progresses, higher nickel content (as in NayNMC811) becomes a 
dominant factor in maintaining capacity and structural integrity. NayNMC811 is the most promising electrode 
material due to its superior capacity and stability, followed by NayNMC622 and NayNMC532. These results 
highlight the trade-off between initial stabilization by residual Li+ and the long-term benefits of high nickel 
content. Moreover, structural phase changes still occurred upon sodium insertion, as evidenced by  
the differences in plateau regions during both charge and discharge processes. This indicates that the 
structure remains unstable, even after only 35 cycles of operation. 
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Figure 4 The voltage profiles at 0.1C during cycling from 1st to 35th cycle in Na half-cells for a) NayNMC111, 
b) NayNMC442, c) NayNMC532, d) NayNMC622, and e) NayNMC811. 
 

The rate capability of NayNMC111, NayNMC442, NayNMC532, NayNMC622, and NayNMC811 
electrodes was performed under 0.1C, 0.2C, 0.5C and 1C rates as shown in Figure 5 a. The capacity of all 
samples decreased when the rate changed from 0.1C to 1C was applied. The rate capability of NayNMC811 
and NayNMC442 is relatively better than other samples. NayNMC811 seems to perform differently from the 
others, possibly due to its higher nickel content, allowing for greater capacity due to increased active sites 
for Na+ storage. In Figure 5 b, the cycling stability at C/10 shows capacity retention after 35th cycle, with the 
value of 44% for NayNMC111, 46% for NayNMC442, 49% for NayNMC532, 67% for NayNMC622, and 67% for 
NayNMC811, respectively. The results indicate that higher Ni content (NayNMC811, NayNMC622) improves 
structural stability compared to lower-Ni compositions. The balance among Li, Ni, Mn, and Co contents also 
affects energy density, underscoring the importance of compositional optimization for designing sodium-ion 
cathodes with both high capacity and long-term stability. This finding highlights a key design principle for 
achieving long-term stability in sodium-ion batteries. EIS spectra in Figure 5 c - d after sodiation exhibits two 
semicircles. The first and second semicircles observed at high frequency represent SEI and charge transfer 
of the electrode, respectively. Regarding the diameter of the first semicircle, the resistance of SEI layered 
RSEI of NayNMC111, NayNMC442, NayNMC532, NayNMC622, and NayNMC811 were 3.967, 0.566, 20.870, 134.9, 
and 16.94 Ω, respectively.  NayNMC442 demonstrated the smallest resistance from SEI, likely indicating 
superior electrode-electrolyte interaction and SEI formation. On the other hand, NayNMC622 shows the 
highest resistance, suggesting challenges in SEI layer formation or stability. The diameter of the second 
semicircles showing the charge transfer resistance (Rct) of NayNMC111, NayNMC442, NayNMC532, NayNMC622, 
and NayNMC811 were 3,579, 1,100, 2,563, 2,829, and 1,479 Ω, respectively. NayNMC442 and NayNMC811 also 
exhibited favorable charge transfer resistance, indicating it is the most efficient composition for fast 
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charge/discharge processes, while NayNMC111 has the highest Rct indicating poor charge transfer kinetics, 
which could limit its suitability for high-performance applications. The diffusion coefficients were calculated 
from the slope of the Z vs ω−1/2 plot as shown in Figure 5 d. The diffusion coefficients of NayNMC111, 
NayNMC442, NayNMC532, NayNMC622, and NayNMC811 were 1.01 x 10-10, 2.39 x 10-10, 2.31 x 10-10, 1.33 x  
10-10, and 2.65 x 10-10 cm2 s−1 , respectively. These values are in good agreement with previous findings by 
Van Man et al. (Van Man et al., 2018). It was found that NayNMC811 had the highest value of diffusion 
coefficient, followed by NayNMC442, NayNMC532, NayNMC622, and NayNMC111 with the lowest value. 
NayNMC442 and NayNMC532 also demonstrated high diffusion coefficients, making them competitive 
options for efficient sodium-ion transport. The performance of NayNMC811 electrodes is strongly influenced 
by nickel content and composition balance. The NayNMC811 emerges as the most promising candidate for 
both cycling stability and good ion diffusion due to its high nickel content. Nickel serves as the primary 
electrochemically active redox center (Ni2+/Ni3+/Ni4+) , directly governing capacity and operating voltage. In 
addition, strong Ni–O bonding contributes to structural stabilization, which retards degradation during 
repeated Na+ intercalation (Jung et al., 2017a; 2017b; Hwang et al., 2016; Xu et al., 2014). However, excessive 
Ni can also destabilize the structure if not balanced with Mn and Co, which respectively enhance stability 
and suppress detrimental phase transitions. The NayNMC442 also shows exceptional SEI stability, low charge 
transfer resistance, and competitive diffusion coefficients, making it another viable option. The findings 
emphasize the critical role of material composition in optimizing electrode performance and the amount 
of residual lithium in the structure for sodium-ion batteries.  

 

 
Figure 5 The electrochemical performance showing a) rate performance, b) cycling stability at 0.1C, c) EIS 
spectra, and d) Z vs ω−1/2 plots of NayNMC across various NMC compositions. 
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CONCLUSIONS 
We have successfully prepared sodiated Li1-xNMC phases (NayNMC) of various transition metal 

compositions while preserving their O3-type structure. This work demonstrated that varying the Ni, Mn, and 
Co content directly impacted the electrochemical performance of NayNMC electrodes in sodium-ion 
batteries. The NayNMC811, with its high nickel content, showed the best performance, including superior 
capacity retention, exceptional SEI stability, low charge transfer resistance, and high diffusion coefficients. 
However, issues such as structural degradation must be resolved to enhance material stability. While this 
study provides a preliminary demonstration of the impact of Ni content, further research is needed to 
optimize factors such as residual lithium content, particle size, and transition metal ratios, as well as to 
validate performance using truly recycled NMC materials. Nevertheless, this work represents an innovative 
first step toward harnessing green and recovered materials for next-generation sodium-ion batteries. 
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