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Potential of Sodium-ion Batteries for Stationary Applications
Sakshee Chandel1*, Vinten D. Diwakar1

1Matter Energy Private Limited, Ahmedabad-382421, Gujarat, India 

*E-mail of the corresponding author: sakshee.chandel@matter.in, saksheechandel@gmail.com 

Abstract
Sodium-ion batteries (SIBs) present a promising alternative to lithium-ion technologies, particularly for stationary 
energy storage applications, due to their inherent advantages in cost, resource abundance, and sustainability. However, 
the cost advantages of stationary SIBs alone are not enough to ensure their commercial success. Compared with 
lithium ions, sodium ions with large size (0.76 Å for Li and 1.02 Å for Na) and atomic weight (6.94 amu for Li 
and 22.99 amu for Na) suffer slower ionic transport kinetics and lower energy density. This disadvantage can be 
compensated by the high-rate capability of sodium containing compounds.  Sodium having similar electrochemical 
properties compared to lithium-ion and a little less potential (-2.71 V vs. SHE) considered as a leading energy storage 
device for stationary and large-scale energy storage systems. Current SIBs have achieved specific capacities in the 
range of 100-150 mAh/g, with energy densities of approximately 100-150 Wh/kg. While these figures are lower 
compared to high-performance lithium-ion batteries, ongoing research is steadily closing this gap. In this review, we 
outline the current status of SIB technology and industry directions along with a comparison of performance metrics 
with lithium-ion chemistries used for storage applications.

Keywords: Sodium-ion Batteries, Stationary Applications, Hard Carbon, Energy Storage Systems

1. Introduction

In the quest for advancements in energy storage 
technologies, the spotlight has often shown on Lithium-
ion batteries (LIBs) due to their high energy density 
(200- 250 Wh kg-1), reliability, and established presence 
in both consumer electronics and large-scale stationary 
applications. Lithium Iron Phosphate (LFP) graphite 
and Lithium nickel Cobalt Manganese oxide (NMC)- 
graphite batteries, in particular, have gained recognition 
for their robustness, and impressive long cycle life [1, 2]. 
LFP batteries are renowned for their thermal stability and 
safety features, achieving energy densities around ~150 
Wh/kg [3, 4]. As the demand for sustainable and cost-
effective energy solutions continues to rise, Sodium-ion 
batteries (SIBs) are emerging as a formidable alternative. 
SIB technology leverages sodium, an abundant and 
inexpensive resource, to potentially reduce the cost 
of energy storage systems significantly [5]. Although 
historically considered less competitive due to lower 

energy densities compared to lithium-based batteries, 
recent advancements have demonstrated that SIBs can 
offer viable alternatives for stationary applications.  
Modern SIBs are now achieving energy densities in the 
range of 100-160 Wh/kg, with some advanced prototypes 
pushing towards 200 Wh/kg [6-7]. This progress is partly 
attributed to innovations in electrode materials and 
electrolytes, which have enhanced the performance and 
longevity of these batteries. For instance, researchers 
have developed new cathode materials, such as sodium 
layered oxide, polyanionic frameworks, Prussian blue 
analogues which have contributed to the improved 
energy density and cycle stability of SIBs. The practical 
applications of SIBs are expanding, particularly in 
stationary energy storage systems [7]. Their lower cost 
and abundant raw materials make them an attractive 
option for grid energy storage, peak shaving, and load 
leveling [8, 9].

Despite their significant potential, the development of 
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SIBs remains concentrated among a relatively small 
group of companies, including Faradion (UK), Tiamat 
(Europe), Altris AB (Europe), HiNa (China), and Natron 
Energy (USA). These companies do not adhere to a 
single, uniform approach to sodium battery chemistry. 
For instance, various types of positive electrodes are 
utilized, such as layered oxides, Prussian blue analogues, 
or vanadium-based polyanionic compounds, and these 
can be paired with either aqueous or non-aqueous 
electrolytes. This diversity in chemistry not only allows 
for a range of market applications but also underscores 
the vast potential for research and innovation in SIB 
materials, encompassing new developments in positive 
and negative electrodes as well as electrolytes.

2.Comparative Analysis of Sodium-Ion vs. 
Lithium-Ion for Stationary Applications.  
The growth of SIBs has been extensively accelerated 
due to the comparable electrochemical properties of 
sodium and lithium. An examination of the physical 
properties of sodium and lithium highlights (Table 
1) why both elements were once considered equally 
promising for energy storage. 
Table 1. Physical properties of lithium and sodium.
Property Lithium (Li) Sodium (Na)
Atomic mass [g mol-1] 6.94 22.99
Electron configuration [He]2s1 [Ne]3s1

Cationic radius [Å] 0.76 1.02
Density [g cm-3] 0.971 0.534
Standard electrode 
potential [V]

-3.04 -2.71

Melting point [°C] 180.5 97.7
First ionization energy 
[kJ mol-1]

520.2 495.8

T h e o r e t i c a l 
gravimetric capacity 
[mAh g-1]

3861 1165

Theoretical volumetric 
capacity [mAh cm-3]

2062 1131

Both lithium and sodium belong to alkali metals in 
Group 1 of the periodic table, characterized by having a 
single electron in their valence shell. This commonality 
makes them highly reactive, with physical properties 
such as melting point, hardness, conductivity, and first 

ionization energy decreasing down the group. A crucial 
factor in comparing these metals is their redox potentials: 
the standard reduction potential of Na+/Na is −2.71 V 
versus the Standard Hydrogen Electrode (SHE), which 
is approximately 330 mV higher than Li+/Li at −3.04 V 
[8]. This difference means that, thermodynamically, the 
anodic electrode potentials for SIBs will generally be 
higher than those for LIBs. A comparative analysis of 
SIBs against well-established lithium-ion technologies, 
such as LFP is given below. 
Energy Density: LFP-based LIBs offer around 150 to 200 
Wh/kg [3, 4] while the energy density of SIBs typically 
ranges from 100 to 150 Wh/kg [6]. Thus, more energy 
can be delivered and stored by LIBs per unit of weight 
or volume. On the other hand, SIBs may require larger 
or heavier systems to store the same amount of energy 
Cycle Life: In terms of cycle life, SIBs demonstrate a 
promising longevity with current technologies offering 
around 1,500 to 3,000 cycles, making them competitive 
with LFP, which can achieve between 2,000 and 5,000 
cycles. This durability is beneficial for stationary 
applications that demand long-term reliability and 
minimal maintenance [1, 6].
Charge/Discharge Rates: SIBs generally support rates of 
0.5C to 1C, which are lower compared to LFP batteries 
that handle up to 1C for charging and 5C for discharging. 
Although SIBs currently offer slower rates, ongoing 
advancements are expected to improve these metrics, 
making them more viable for applications requiring 
rapid energy storage and delivery [5, 10].
Cost: SIBs have notable cost advantages for stationary 
applications due to the abundance and lower cost of 
sodium compared to lithium. For some applications, this 
cost benefit can make SIBs more appealing, particularly 
in nations with limited lithium resources like India [11]. 
Overall, SIBs present a potentially more cost-effective 
solution for large-scale energy storage, aligning well 
with the economic constraints of stationary applications. 
Safety and Stability: When it comes to safety and 
stability, SIBs generally offer a robust safety profile 
due to their stable chemistries, which reduce the risk of 
thermal runaway and fires [12]. LFP batteries are known 
for their safety and thermal stability, which makes 
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them a preferred choice for applications requiring high 
safety standards. SIBs can be discharged to 0 V and 
stored and transported in this discharged state unlike 
LIBs. Nonetheless, all three technologies are considered 
relatively safe, with SIBs benefiting from ongoing 
improvements in safety protocols.
Environmental Impact: SIBs have a lower environmental 
footprint because sodium is widely available, and 
the extraction process causes less environmental 
disturbance than lithium. LFP batteries involve the 
mining and processing of lithium, which have ecological 
consequences.

To make a true and fair comparison of SIBs and LIBs, 
that captures the differences in their cell performance as 
well as the materials costs, LFP//graphite battery would 
be a suitable reference where both chemistries are cobalt 
free cell. Figure 1 represents the trend of enhancement 
in cell-level specific energies of commercially available 
LIBs compared with Faradion’s Na-ion pouch cells 
[9]. The LFP//graphite system is a good competitor as 
typically the energy density is similar to that of SIBs as 
mentioned in Figure 1.

Figure 1: The trend of enhancement in cell-level specific energies of commercially available LIBs compared with 
Faradion’s Na-ion pouch cells [Reproduced with permission from ref. 9, copyright 2025 Royal Society of Chemistry]

For stationary applications, such as grid storage or large-
scale energy management systems, SIBs offer potential 
advantages in terms of cost, resource availability, and 
environmental impact. However, LIBs currently provide 
superior energy density and performance, making them 
more suitable for applications where space and weight 
are constraints. The choice between the two will depend 
on specific application needs, cost considerations, and 

long-term goals related to sustainability and resource 
management.

3.Electrochemical Mechanism in Electrode Materials
SIBs operate on the electrochemical movement of Na⁺ 
ions between the anode and cathode during charge 
and discharge cycles. In the discharge process, Na⁺ 
ions move from the anode to the cathode through the 
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Figure 2. Na+ storage mechanism into the hard carbon 
[Reproduced with permission of ref. 15, copyright 2024 
IOP Publishing].
Current practical capacities for hard carbons vary from 
200 to 450 mAh/g. The complexity of hard carbons, 
due to their heterogeneous nature and unknown storage 
mechanisms, complicates the accurate determination 
of their theoretical energy density. Hard carbon, a non-
graphitizable carbon, is synthesized by pyrolyzing 
carbon-rich precursors such as biomass, lignin, glucose 
and other organic materials under an inert atmosphere 
(typically Ar or N2) at high temperatures, usually 
around 1000°C. Theories regarding sodium storage 
mechanisms are evolving, with several models proposed, 
including intercalation-filling, adsorption-intercalation, 
adsorption-filling, and three-stage models. New evidence 
suggests simultaneous adsorption and intercalation 
during sodiation, with nano-pore filling occurring later. 
As Figure 2 illustrates, three steps are involved in the Na+ 
storage process into the hard carbon: (i) Firstly, Na+ ions 
adsorb at defective sites in the slope-voltage region, (ii) 
Then, Na+  ions intercalate in the hard carbon lattice, 
and (iii)  Finally, Na+  ion adsorb at the pore surface in 
the plateau region.[15] Additionally, recently published 
articles on hard carbons and theirelectrochemical 

performance is summarized in Table 2. 

electrolyte, releasing energy as electrons flow through 
an external circuit. During charging, Na⁺ ions return to 
the anode from the cathode, with electrons flowing back 
through the circuit. In SIBs electrodes, charge insertion 
mechanisms are categorized into intercalation, alloying 
and conversion [5]. Intercalation involves inserting 
sodium ions into a host material without significant 
structural changes, typically seen in crystalline 
compounds. Although sodium ions are larger than 
lithium ions, causing more strain, intercalation generally 
results in minimal volume changes. Alloy-type anode 
materials, generally have high-capacity ~1000 mAh 
g-1, can be further divided into topotactic and addition 
reactions. Topotactic alloying involves a solid-solution 
reaction with no phase changes, while addition reactions 
involve phase transformations. A major challenge with 
alloying is managing the substantial volume changes, 
which can lead to material degradation and poor cycling 
stability. Conversion-type anodes undergo large volume 
expansions and significant voltage hysteresis, impacting 
energy efficiency. However, conversion reactions can 
achieve very high gravimetric capacities due to their 
ability to exchange more than one electron per mole of 
host material [13, 14].

4.	 Electrode materials and electrolytes 
4.1 Anode Materials
4.1.1 Hard Carbon
Hard carbon materials are currently the most popular 
choice for anodes in SIBs. These materials are derived 
from oxygen-rich precursors and cannot be converted 
into graphite, no matter the carbonization temperature. 
Hard carbons are characterized by a mixture of randomly 
oriented graphitic domains and disordered carbon 
regions, resulting in a complex structure with varying 
interlayer spacing and pore sizes. Although the exact 
structure of hard carbon remains elusive due to variability 
in precursor and carbonization conditions, it is known to 
provide pathways for sodium ion diffusion and storage. 
One of the primary challenges facing hard carbons is 
improving their storage capacity to match or exceed that 
of graphite in LIBs, which is over 372 mAh/g.

226                                                                                 Potential of Sodium-ion Batteries for Stationary Applications Substrates



J. Electrochem Soc. India

Table 2. Summary of electrochemical performance of recently published hard carbons
Materials Potential 

Range
ICE Reversible Capacity Capacity 

Retention
Ref.

Cellulose-derived hard carbon 0.0-3.0 V 87.1% 343.3 mAh g−1 at 20 mA 
g−1

86.4% (1000 
cycles)

[16]

Nanocrystalline cellulose-
derived hard carbon

0.0-2.5 V 90.4% 314 mAh g−1 at 0.1 C 87% (100 cycles) [17]

Phenolic resin-derived hard 
carbon

0.0-2.5 V 73.6% 304 mAh g−1 at 30 mA g−1 87.2% (100 cycles) [18]

Oxidized cork-derived hard 
carbon nanosheets

0.0-2.5 V 88% 276 mAh g−1 at 20 mA g−1 95% (100 cycles) [19]

Egg shell membranes-derived 
hard carbon

0.0-3.0 V 89% 310 mAh g−1 at 20 mA g−1 99% (250 cycles) [20]

Cotton-derived hard carbon 0.01-3.0 V 95% 343 mAh g−1 at 20 mA g−1 93.5% (100 cycles) [21]

Phenolic resin-derived hard 
carbon

0.0-2.0 V 90.4% 343 mA h g−1 at 30 mA g−1 90% (150 cycles) [22]

Hollow tremella-like

carbon sphere

0.0-3.0 V 86% 278 mAh g−1 at 100 mA 
g−1

80.2% (1000 
cycles)

[23]

Paper towels-derived hard 
carbon

0.0-2.0 V 92.05% 336 mAh g−1 at 20 mA g−1 95.8% (200 cycles) [24]

Sucrose and phenolic resin 
mixture-derived hard carbon

0.0–2.0 V 87% 319 mAh g−1 at 100 mA 
g−1

90% (150 cycles) [25]

Lignin/epoxy resin-derived 
hard carbon

0.0-2.0 V 82% 316 mAh g-1 at 30 mA g-1 90% (150 cycles) [26]

Paper towels-derived hard 
carbon

0.0-2.0 V 94.1% 293.2 mAh g−1 at 20 mA 
g−1

99% (100 cycles) [27]

Cellulose bitumen-derived 
hard carbon

0.0-3.0 V 92.7% 241 mAh g−1 at 50 mA g−1 92.3% (100 cycles) [28]

Hard carbon@graphene 
carbon microspheres

0.0-3.0 V 80.1% 343 mAh g−1 at 25 mA g−1 87.2 % (200 
cycles)

[29]

Hard carbon microspheres 0.0-2.0 V 86.1% 361 mAh g−1 at 20 mA g−1 93.4% (100 cycles) [30]
Camphor wood residues-
derived hard carbon

0.0-2.0 V 82.8% 324.6 mAh g−1 at 20 mA 
g−1

90% (200 cycles) [31]

Sucrose and phenol 
formaldehyde resin-derived 
hard carbon

0.01-2.0 V 85% 310 mAh g−1 at 20 mA g−1 93% (100 cycles) [32]

Hazelnut shell-derived hard 
carbon

0.0-2.5 V 91% 342 mAh g−1 at 20 mA g−1 91% (100 cycles) [33]

Bamboo-derived hard carbon 0.0-2.5 V 84.1% 348.5 mAh g−1 at 30 mA 
g−1

91.6% (500 cycles) [34]

Glucose-derived hard carbon 0.0-2.5 V 88% 478 mAh g−1 at 25 mA g−1 90% (35 cycles) [35]
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4.1.2 Titanium-based oxides
Titanium-based oxides are promising anode materials 
for SIBs due to their low cost, ease of processing, and 
non-toxic nature. They offer safety advantages over 
carbon-based anodes by operating at higher voltages, 
thus preventing metallic sodium plating. Key titanium-
based oxides include TiO2, Na2Ti6O13, and Na2Ti3O7. 
TiO2, particularly in its nanoscale form, exhibits practical 
capacities around 155 mAh/g, with anatase being the 
preferred polymorph [36, 37]. Li4Ti5O12, known for its 
zero-strain behavior, provides a reversible capacity of 
155 mAh/g. Na2Ti6O13 features high Na+ ion diffusion 
and minimal volume change but has a lower capacity 
of 49.5 mAh/g [38]. Na2Ti3O7 offers the highest energy 
density in this group, with a specific capacity of 177 
mAh/g, but the major challenges for titanium-based 
oxides, particularly Na2Ti3O7, include poor electronic 
conductivity and sluggish Na+ ion (de)insertion kinetics, 
leading to reduced rate performance and cycling stability. 
Na2Ti3O7’s bandgap energy of approximately 3.7 eV 
makes it an electrical insulator, significantly hindering Na+ 
diffusion. Additionally, issues like low initial coulombic 
efficiency (ICE) and unstable SEI layers further impact 
performance. Strategies to improve performance include 
enhancing long-term cycling stability through bulk and 
surface structural modifications, nanostructuring, and 
composite fabrication with carbon [38, 39]. 
4.1.3 Transition metal dichalcogenides
2D transition metal dichalcogenides (TMDs), such 
as MoS2, are emerging as promising anode materials 
for SIBs. Their large interlayer spacings (~6.15 Å for 
MoS2), high conductivity (~10-3 to 10-5 S cm-1 for MoS2) 
and mechanical flexibility make them well-suited for 
accommodating the volume expansion that occurs during 
cycling. TMDs offer high theoretical capacities, like the 
670 mAh g-1 of MoS2 [40] and their ability to restack as 
exfoliated nanosheets enhances structural stability and 
facilitates efficient Na+ diffusion. Despite their potential, 
TMDs face significant challenges. Understanding their 
charge-storage mechanisms is complex due to phase 
transitions that occur upon Na+ intercalation, such as the 
transformation from semiconducting 2H-MoS2 to metallic 

1T-MoS2. This phase change, along with structural 
distortions and lattice modulation, affects performance. 
Additionally, the formation and behavior of the SEI on 
TMD anodes remain poorly understood, impacting their 
overall efficiency and lifespan [41]. To address these 
challenges, researchers have explored strategies such 
as incorporating high-conductivity carbon additives 
(e.g., graphene, carbon nanotubes) to enhance electronic 
transport and designing novel nanoarchitectures (e.g., 
hollow structures, heterostructures) to accommodate 
volume changes and improve structural integrity during 
cycling [40-41].

Figure 3: Recent research progress in SIBs Anode; 
(Reproduced with permission from ref [5]).
4.1.4 Organic electrode materials
Organic electrode materials (OEMs) are gaining 
attention in rechargeable battery technology due to their 
potential for sustainability and use of bio-derived or 
recycled components. Recent research has focused on 
small redox-active organic molecules, such as disodium 
terephthalate (Na2C8O4H4), for use in SIBs [42]. These 
organic systems offer structural diversity and modifiable 
electronic properties, making them attractive for battery 
applications. Redox reactions typically involve changes 
in π-bonds or charge stabilization mechanisms, with 
functional groups like carboxylates, azo, and imine being 
explored for their electrochemical performance. Organic 
anode materials face several challenges, including lower 
theoretical capacities due to limited redox-active sites 
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and issues with cycling stability. Organic electrolytes can 
form inactive side products or lead to solubility problems, 
reducing coulombic efficiency and complicating practical 
applications. Additionally, OEMs often have low density 
and poor electronic conductivity, requiring additives like 
conductive carbon. The capacity and working potential 
of various organic groups, such as carbonyl, imine, 
and azo bonds, also impact overall energy density. 
Understanding these materials’ activity and addressing 
production costs, scalability, and stability remain critical 
areas for improvement [43]. These challenges are being 
tackled using various strategies such as polymerizing 
small organic molecules or embedding them into 
covalent organic frameworks (COFs) reduces solubility 
and enhances structural integrity. Modifying functional 
groups can stabilize redox activity and optimize voltage. 
Forming composites with conductive materials like 
carbon nanotubes improves electron transport, while 
using solid or gel electrolytes helps prevent material 
dissolution. These approaches collectively enhance the 
performance and durability of organic anode materials 
in sodium-ion batteries [42-43]. Figure 3 provides an 
overview of the latest advancements in research on 
anode for SIBs.
4.1.5 Alloy Materials
Alloy materials can store many Na+ ions in the host 
structure with a relatively low operating potential (below 
1.0 V). Numerous studies have been conducted on metals 
(Sn, Bi), metalloids (Si, Ge, As, Sb), and polyatomic 
nonmetal compounds (P) as possible anode materials 
for SIBs [5, 44]. However, the alloying and dealloying 
reactions involve a significant number of Na+ ions, 
causing the host material to experience substantial volume 
changes. The repeated volume changes, constrained by 
the battery casing, create complex mechanical stresses 
within the active particles, which can eventually result 
in their fracture or breakdown. Extensive experimental 
studies on the electrochemical and mechanical behavior 
of these alloys during Na+ interactions have led to the 
exploration of optimized architectures and improved 
electrode designs. Here in this review, we are particularly 
focusing on the Phosphorous (P) and Tin (Sn) as follows.

Phosphorous (P): Phosphorus, a group 15 nonmetal, has 
three primary allotropes: white, red, and black. Among 
these, red phosphorus is relatively stable and may exist 
in both amorphous and crystalline states.  Its potential as 
an anode material for SIBs with a three-electron redox 
reaction allowed for a high theoretical capacity of around 
2600 mAh g-1 [44].   More recently, phosphorus-carbon 
composites have been investigated to improve their 
electrochemical performance. However, a key difficulty 
with phosphorus electrodes is the creation of Na3P during 
sodiation, which can emit poisonous and combustible 
phosphine (PH3) when exposed to moisture. Despite this 
constraint, phosphorus electrodes have a lower volume 
expansion during sodiation than other Na-based alloys. 
The partial covalent feature of Na3P reduces sodium’s 
apparent molar volume to 77% and 59% when compared 
to Na-metal alloys and metallic Na, respectively [5]. 
However, a key concern with phosphorus anodes is the 
breakdown of the electrolyte at the extremely reactive 
surface of Na3P. This negatively impacts cycle life. To 
improve the reversibility of sodium phosphide formation, 
non-fluorinated binders such as sodium polyacrylate 
(PANa) and sodium carboxymethyl cellulose (CMCNa), 
as well as electrolyte additives such as fluoroethylene 
carbonate (FEC), have been successfully used to improve 
electrode stability and battery lifespan [5].
Tin (Sn): Sn has been considered as one of the most capable 
anode materials owing to its high theoretical capacity of 
847 mA h g−1, corresponding to the the full sodiation 
state of Na15Sn4.  Based on the theoretical calculations 
and experiments, there are many reports on multi-stage 
sodiation of Sn progressed as: Sn → NaSn5  → NaSn 
→ Na9Sn4  → Na15Sn4.[5, 45]  Sn alloys with elements 
like silicon, antimony, or iron, if alloyed, can further 
complement the overall performance by  improving  the 
energy density of the battery. However, a few challenges 
still exist, including the high-volume expansion (up 
to 300%) during sodiation process, inducing intense 
mechanical stress that results in electrode cracking, 
pulverization and eventually capacity decline.[14] 
To overcome these problems, researchers have been 
working on several solutions including nanostructuring 
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Sn to counteract volume expansion effects, as smaller 
particles are better able to accommodate volume changes 
and enhancing conductivity by incorporating carbon-
based materials such as graphite, graphene, or carbon 
nanotubes. In addition, hybrid materials that incorporate 
Sn with more stable elements such as antimony or iron 
are being created to achieve high capacity in balance 
with improved structural stability and longer cycling life. 
Optimization of the electrolyte, such as the creation of 
more stable SEI layers and enhanced ionic conductivity, 
also promises to improve the long-term performance of 
Sn-based anodes. Also, pre-sodiation methods might 
assist in reducing the initial volume expansion and 
enhancing the initial cycling efficiency [44]. With future 
developments in nanotechnology, material hybridization, 
and electrolyte engineering, Sn alloy anodes will be a 
central element in the formulation of high-performance, 
cost-saving, and eco-friendly sodium-ion batteries as a 
promising alternative to lithium-ion technology [5].

4.2 Cathode Materials
4.2.1 Layered transition Metal Oxides
In transition metal oxides (Na1−xMO2), mainly O3 type 
and P2 type materials explored as cathodes for SIBs. 
These crystal structures consist of edge-sharing MO6 
octahedral layers inserted between Na+ ion layers. The 
number (O3 and P2) stands for the packing number of 
Na+ ion octahedral or prismatic layers in each unit cell. 
The prime symbol (’) denotes monoclinic distortion, so 
O’3 and P’2 symbolize monoclinic distortion of the O3 
and P2 phases, respectively. The electrochemical de-/
sodiation of the O3 structure proceeds with reversible 
structural transformation of O3 ↔ O’3 ↔ P3 ↔ P’3 [5, 
46]. When Na+ ions are partially extracted from the crystal 
structure, they tend to prefer a prismatic environment. 
This extraction causes the oxygen to be repelled from the 
Na layers, resulting in an increase in interlayer distance. 
Consequently, Na+ diffusion occurs more rapidly in the 
P’3 phase due to its larger interlayer spacing compared 
to O3. These phase transitions are accompanied by the 
sliding of the MO2 slab without the breaking of M–O 
bonds. In contrast, the P2 structure is stable when the 

Na content is between 0.3 and 0.7 in Na1−xMO2, with 
the average oxidation state of M exceeding +3.3 [51-
53]. Also, vacancies in the structure lead to a significant 
repulsion of oxygen from the Na layers, causing an 
increase in the interlayer distance. As a result, Na+ ions 
occupy prismatic (P) sites due to the larger ionic radius of 
Na+ ion [47, 54, 55]. Moreover, a major challenge lies in 
understanding and managing the structural complexities 
of both P2 and O3 materials during cycling, as these can 
influence the performance and longevity of the materials. 
Current issues involve characterizing the atomic, nano-
, and meso-structural changes over many cycles and 
the effects of subtle substitutions on performance. 
Additionally, balancing power and capacity optimally 
remains a challenge. P2 materials offer high power 
performance, while O3 materials provide better capacity. 
Developing hybrid P2|O3 materials to meet diverse 
application requirements and addressing the commercial 
and technical issues related to these challenges are 
ongoing concerns [46, 56]. Table 3 summarizes the 
recent developments in electrochemical performance of 
potential cathodes for SIBs.
4.2.2 Anion redox layered transition-metal oxides
Oxygen redox reactions in SIBs have gained attention 
for their potential to provide higher capacity (~250–300 
mAh g-1) at elevated voltages (above 4.0 V) compared to 
traditional transition-metal redox reactions [47]. These 
reactions involve the overlap of M–O and (M–O)* 
orbitals, enabling oxygen ion electron removal [57-58].  
While initial studies used expensive 4d and 5d metals, 
current research has shifted to more affordable 3d metals 
like manganese, often doped to enhance performance. 
Oxygen redox reactions face issues with reversibility 
and large hysteresis, caused by structural transformations 
and cation migration during cycling. High-voltage 
operation can lead to lattice oxygen loss and electrolyte 
instability. Techniques to distinguish bulk and surface 
phenomena in redox activity are limited, complicating 
the understanding of these processes [58].
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4.2.3 Polyatomic anion-based materials
Polyatomic anion insertion compounds offer diverse 
structural chemistries, enhancing stability and enabling 
higher operating voltages (above 3.5 V vs. Na+/
Na). Notable examples include vanadium-containing 
phosphates and fluoride phosphates, such as NASICON 
Na3V2(PO4)3[59-61], Na3V2(PO4)2F3[62] and NaVPO4F 
[63-66] which provide high ion mobility and tunable 
voltages. New developments like Na3V2(PO4)2FO2[67] 
demonstrate increased energy density by accommodating 
additional sodium ions. Challenges include controlling 
polymorphic phases, which affect ionic conductivity and 
voltage stability. Research is needed to optimize reaction 
conditions and explore dopants to achieve higher redox 

The primary issue is maintaining structural stability and 
high capacity during cycling. PBAs face issues with 
moisture sensitivity and limited reversibility, particularly 
when cycling more than one sodium ion per formula 
unit. High vacancy concentrations from synthesis and 
the presence of water lead to reduced structural stability 

potentials. Additionally, replacing expensive vanadium 
with cheaper alternatives, and addressing sluggish 
diffusion kinetics in new materials like NaFeSO4F, are 
ongoing issues [68].
4.2.4 Prussian blue and analogues
Prussian blue analogues (PBAs), with the formula 
NaxM[M′(CN)6]1−y.zG, are promising Na-ion battery 
cathodes due to their low cost, abundant elements, and 
high porosity. Despite significant progress, challenges 
remain in achieving high capacity and stability. PBAs 
show potential with capacities up to 120 mAh g-1 for 800 
cycles using aqueous electrolytes, though non-aqueous 
electrolytes can offer higher capacities [69, 70].

and capacity fading. Challenges include improving 
electronic conductivity and preventing phase transitions 
due to water content. The complexity of electrolyte 
interactions adds to the difficulty of optimizing PBAs for 
long-term use [71-73]. Figure 4 provides an overview of 
the advancements in research on cathodes for SIBs.

Figure 4: Recent research progress in SIBs cathode (Reproduced with permission of ref [5]).

230                                                                                 Potential of Sodium-ion Batteries for Stationary Applications Substrates



J. Electrochem Soc. India

Table 3. Summary of electrochemical performance of developing cathodes for SIBs.

Materials Voltage 
Range Reversible Capacity Capacity Retention Ref.

Na0.7CoO2 2.0-3.8 V 125 mA h g−1 at 5 mA g−1 86% (100 cycles) [50]
Na2/3Ni1/6Mn2/3Cu1/9Mg1/18O2 2.5-4.15 V 87.9 mA h g−1 at 0.5C 81.4% (500 cycles) [51]

Na0.76Cu0.22Fe0.30Mn0.48O2 2.0-4.0 V 125.5 mA h g−1 at 0.1C 79% (300 cycles) [52]

Na2/3Fe1/2Mn1/2O2 1.5-4.0 V 126.3 mA h g−1 at 13 mA g−1 75.6% (30 cycles) [47]

Na2/3Fe0.2Mn0.8O2 1.5-4.2 V 189.81 mA h g−1 at 0.1C 72% (50 cycles) [48]

Na0.78Ni0.23Mn0.69O2 2.0-4.5 V 138 mA h g−1 at 0.1C 90% (20 cycles) [49]
Na2/3[Mn0.7Zn0.3]O2 1.5-4.6 V 190 mA h g−1 at 0.1C 80% (200 cycles) [53]
Na0.55[Ni0.1Fe0.1Mn0.8]O2 1.5-4.3 V 221.5 mA h g−1 at 12 mA g−1 75% (100 cycles) [54]
Na0.44MnO2 1.5-4.0 V 118 mA h g−1 at 50 mA g−1 67.8% (140 cycles) [55]
Na0.44MnO2 2.0-4.0 V 119 mA h g−1 at 0.2C 63% (60 cycles) [56]
NaFePO4 1.5-4.5 V 101.4 mA h g−1 at 20 mA g−1 90.6% (250 cycles) [57]

NaFePO4 2.0-4.5 V 158.5 mA h g−1 at 0.1 C 93.4% (5000 cycles) [58]
Na3V2(PO4)3 2.5-4.0 V 114.5 mA h g−1 at 0.1 C 98.2% (2650 cycles) [59]
Na3V2(PO4)3 2.4-3.8 V 104.7 mA h g−1 at 0.1 C 93.12% (500 cycles) [60]
Na3V2(PO4)3 2.5-4.1 V 115 mA h g−1 at 0.1 C 95% (100 cycles) [61]
NaVPO4F 2.5-4.0 V 133.8 mA h g−1 at 0.2 C 94.5% (100 cycles) [63]

NaVPO4F 2.0-4.3 V 134.1 mA h g−1 at 0.1 C 95.1% (100 cycles) [64]

NaVPO4F 2.0-4.3 V 123.1 mA h g−1 at 0.1 C 87.7% (100 cycles) [65]

NaVPO4F 2.4-4.0 V 120 mA h g−1 at 0.1 C 97% (300 cycles) [66]

Na2−xFeFe(CN)6 2.0-3.8 V 85 mA h g−1 at 1 C 98.9% (500 cycles) [72]

FeFe(CN)6 2.0-4.3 V 110 mA h g−1 at 50 mA g−1 ca 64.8% (100 cycles) [73]

4.3 Electrolytes

4.3.1 Organic electrolytes 

The development of organic electrolytes for SIBs closely 
mirrors the advancements in LIBs, driven by similar 
operational needs such as high ionic conductivity, low 
viscosity, and stability across diverse conditions [74]. 
Essential characteristics include the ability to dissolve 
salts effectively to facilitate ion transport, as well as high 
thermal and chemical stability to accommodate various 
climates and electrode materials. Cost-effectiveness also 
remains a critical factor, making solvents like linear 

and cyclic carbonates (e.g., dimethyl carbonate (DMC), 
ethylene carbonate (EC), and propylene carbonate (PC) 
and ethers (e.g., diglyme) prominent choices [75-77]. 
Despite the parallels with LIB technology, SIBs face 
unique challenges. Linear carbonates, while useful in 
LIBs for adjusting viscosity and melting points, create 
unstable SEI layers in SIBs due to their reactions with 
sodium [78]. Additionally, the use of graphite, common 
in LIBs, is not feasible for SIBs because it cannot 
intercalate sodium ions. This necessitates the frequent 
use of solvents like PC, which are unsuitable for LIBs 
due to solvent co-interactions with graphite. Sodium salts 
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interact differently with solvents compared to lithium 
salts, impacting desolvation dynamics and performance 
[79]. 

4.3.2 Ionic liquids

Ionic liquids (ILs) have emerged as a promising 
alternative electrolyte for SIBs due to their unique 
properties. ILs are molten salts that are non-flammable 
and possess a wide electrochemical stability window. 
These characteristics make them safer compared to 
traditional organic electrolytes and capable of operating 
over a broad temperature range [80-83]. Additionally, 
ILs tend to form a more uniform and stable SEI layer, 
which is crucial for maintaining battery performance 
and longevity. This stability helps reduce the corrosion 
of aluminum current collectors, a common issue with 
organic solvents. However, the use of ILs in SIBs is 
not without challenges. One major drawback is their 
relatively high cost and the complexity of their purification 
processes. Furthermore, ILs, particularly those based on 
imidazolium and pyrrolidinium, are hygroscopic, which 
can introduce complications in battery performance [84-
88]. Another issue is the higher viscosity and lower ionic 
conductivity of ILs compared to conventional organic 
electrolytes, which can affect the battery’s efficiency, 
especially at room temperature. 

4.3.3 Solid and Gel-Type Polymer Electrolytes

Solid and gel polymer electrolytes (SPEs and GPEs) are 
key components in advancing SIBs due to their potential 
to enhance battery safety and performance. SPEs, also 
known as dry solid polymer electrolytes, consist of 
a polymer matrix that dissolves salt ions, providing 
mechanical strength. However, the ionic conductivity of 
traditional SPEs is generally low, ranging from 10-2 to 
10-4 mS cm-1 at ambient temperatures, making them less 
practical for many applications [89, 90]. To address the 
low conductivity issue, GPEs incorporate a significant 
amount of liquid electrolytes. These liquid components 

act as solvents and plasticizers, enhancing the ionic 
conductivity of the polymer matrix. While GPEs can 
achieve higher ionic conductivity compared to SPEs, 
this improvement comes at the expense of mechanical 
strength and electrochemical stability. In the realm of 
SIBs, research on gel polymer electrolytes has been more 
limited. However, studies on PEO-NaTFSI-based SPEs 
have shown high ionic conductivities, around 1 mS cm-1 
at 70 °C. Despite these promising results, the relatively 
modest Na+ transference number (0.4-0.5) and the need 
for high operating temperatures pose challenges for 
sodium-metal based rechargeable batteries, particularly 
given sodium’s low melting point of 97.7 °C [91]. 

5. Industrial Status and Targets 

SIBs are gaining traction as an alternative to LIBs, 
particularly in stationary energy storage applications. 
Major players in the industry (as shown in Table 4), such 
as Faradion, CATL and Natron Energy, are advancing 
SIB technology for grid storage, renewable energy 
integration, and backup power solutions [92-96]. These 
companies have moved from pilot projects to larger-scale 
commercial deployments, demonstrating the practical 
viability of SIBs. Current SIBs typically offer specific 
energies in the range of 100-150 Wh/kg. While this 
figure is lower than those of LIBs, they are competitive 
for many stationary applications where high energy 
density is less critical than cost and safety. The cost of 
SIBs is currently around $100-$150 per kWh [94] which 
could significantly reduce over period of time. This cost 
advantage is particularly appealing for large-scale energy 
storage solutions. SIBs are being deployed in various 
pilot projects and early-stage commercial applications. 
They are increasingly used in grid-scale energy storage, 
industrial backup power systems, and off-grid renewable 
energy storage. The technology is also being explored 
for applications in electric vehicles, although it is still in 
the early stages compared to LIBs.
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Table 4. Current industry players and their future targets:
Company Cathode Anode Cell Form 

Factor
Current 

Achievements
Future Targets

Faradion Prussian Blue 
or layered 

oxide

Hard 
carbon

Pouch cells 140 Wh/kg  
204 Wh/L

- Increase energy density to 200 Wh/kg  
- Reduce cost to $50-$80/kWh  
- Enhance cycle life to 5,000 cycles

CATL Layered 
oxide or 

polyanionic

Hard 
carbon

Cylindrical 
and pouch 

cells

100-150 Wh/kg  - Achieve energy density of 200 Wh/kg  
- Lower cost  
- Improve cycle life and reliability

Natron 
Energy

Prussian Blue Hard 
carbon

Prismatic 
cells

100-150 Wh/kg - Increase energy density  
- Enhance cycle life  
- Expand application scope

HiNa Layered 
oxide

Hard 
carbon

Pouch cells 120-160 Wh/kg - Achieve higher energy density 
- Expand market presence  
- Enhance cost-efficiency

Northvolt Prussian 
White

Hard 
carbon

Pouch and 
Prismatic

160 Wh/kg - Scale up production  
- Expand market presence  
- Cost reduction

6. Conclusions and Perspectives
The progress towards the commercialization of SIBs has 
been substantial, marked by significant advancements in 
both anode and cathode materials. The discovery of hard 
carbon as a functional anode material has established it 
as a leading choice, given its current prominence among 
the limited options available. Capacities of HCs can be 
further improved by compositing them with alloy type Sn 
and P anodes. On the cathode side, a variety of promising 
materials have emerged, including NASICON structures, 
layered oxides, and Prussian blue analogs. Tailoring 
elemental compositions, nanosizing, and carbon coating 
have proven effective strategies for improving redox 
potentials, rate capability, and cycle life. 
For India, this potential is particularly compelling given 
the country’s abundant sodium resources, as sodium 
is the sixth most abundant element in the Earth’s crust 
and the need for scalable, economical energy storage 
solutions to support its growing renewable energy sector. 
By leveraging sodium-ion technology, India could 
enhance its energy security, reduce costs, and promote 
local manufacturing and innovation. However, in order 
to achieve this, more research and development funding 
will be needed, together with smart government policy 

support to promote a strong local sector. Embracing SIBs 
could not only address critical energy challenges but also 
position India as a leader in the next generation of energy 
storage technologies.
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Abstract
Recent advances in renewable energy have increased the demand for efficient electrical energy storage technologies, 
driven by global energy needs and climate change concerns. With nearly two billion people lacking access to reliable 
electricity, energy storage devices are crucial, especially for integrating renewable sources into local grids. Li-
ion batteries, however, are the most advanced technology, limited lithium resources make them unsustainable for 
large-scale deployment. Na-ion batteries provide a promising substitute because of the presence of sodium and low 
cost. In Na-ion batteries, cathode materials are critical, as they account for a greater mass fraction than anodes and 
significantly influence the battery’s cost, safety, capacity, and energy density. Among potential cathode candidates, 
P2-type Na0.67Ni0.33Mn0.67O2 is particularly attractive due to its simple synthesis, high operating potential (~3.5 V 
vs. Na/Na⁺), theoretical capacity (173 mAh g-1), and specific capacities exceeding 140 mAh g-1. Additionally, its P2 
structure enables faster Na⁺ ion transport than O3-type counterparts. However, its practical use is hindered by capacity 
fading and limited cycle life. To address these issues, the high entropy material strategy provides a new avenue for 
cathode development. The generic thought is to maximize the configurational entropy of the system to stabilize the 
single phase. By tuning the entropy of the system with multiple elements, a more flexible system can be achieved, 
which is found to be advantageous in increasing the specific capacity, energy density, and reversibility. This review 
proposes designing P2-type layered oxide cathodes using high configurational entropy to develop advanced, stable, 
and high-capacity materials for next-generation sodium-ion batteries.
Keywords: Energy storage device, Na-ion batteries, P2-type layered oxide cathode, high configurational entropy.

1. Introduction
Na-ion batteries (NaBs) have garnered significant 
interest in academic excellence and commercial 
industrial sectors since the 2000s. They offer several 
advantages that make them a compelling alternative or 
complement to lithium-ion batteries. NaBs are low-cost,
environmentally friendly, have a reduced supply risk 
in the future, and are considered safer, making them a 
promising alternative for various applications [1–3]. 
There are plenty of merits to NaBs but are still tough to 
commercialize due to their limitations. Figure 1 shows 
the schematic representation and mechanism of Na+-ion 
(de)/insertion during charging and discharging. During 
charging, an oxidation event involving Na+-ions (de)/
insertion and electron (e-) loss takes place at the cathode 
(e.g. NaxMnO

2
). In this process, e- moves from the outer 

circuit and Na+-ions move through the internal pathway 

(i.e. electrolyte) to the anode (e.g. hard carbon). During 
discharge opposite process happens where Na+-ions are 
inserted at the cathode as a result, a reduction reaction 
takes place [4]. The ideal battery should be defined with 
a lower cost, reliable safety, high energy density, long-
term cycling life, and large specific power, especially for 
grid energy storage and portable electronic devices [4]. 
As of right now, some significant anode materials show 
specific capacities of 300–600 mAh g−1 and operating 
potentials of 0.1–0.6 V (close to the potential of Na 
plating) [5–7], while cathode materials show specific 
capacities of 120–200 mAh g−1 and operating potentials 
of 2.6–3.2 V (much lower than the oxidation potential of 
electrolytes, >4.0 V) [8–10]. Moreover, due to the low 
gravimetric and volumetric energy densities of positive 
electrode material for NaBs which are not sufficient to 
reach up to the capacities of negative electrode material, 
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it is difficult to achieve broader voltage windows which 
some extent hinders the commercial expansion of NaBs 
in the next-generation energy storage devices [1,4]. In 
addition, it occupies a larger mass fraction and bigger 
space in the battery after mass balancing with the anode 
capacity.
The overall performance in terms of cost, safety, specific 
energy, cycling life, and specific power is greatly 
influenced by cathode material selection. Therefore, 
cathode materials exhibit attention for increasing the 
NaBs voltage window. 
Structural stability in the high voltage range determines 
the cathode’s longevity with the electrochemical stability 
of the electrolyte [4]. The main limiting factor for the 
large-scale application is the poor performance and slow 
reaction kinetics at low temperatures [11,12]. The slow 
movement of Na+-ion at low temperatures reduces the 
capacity of the battery, other is the phase transition [13], 
and irreversible lattice anionic redox affects the structural 
integrity that results in the transition metal migration 
(i.e. cation) and lattice distortion leads to severe voltage 
decay and poor cycling performance [14,15].
This review article summarizes the advances of high 
configurational entropy (HCEs) in NaBs. Recently, 
HCEs raised significant attention towards particular 
uses for energy storage in rechargeable batteries. The 
combination of various elements in the system gives rise 
to tailorable properties and opens up opportunities for 
creating high-performance batteries [16–18]. Generally, 
we know that entropy is the degree of randomness, which 
creates a lot of confusion in explaining the high entropy 
materials (HEMs). Here, we focus on understanding 
the definition of HCEs which clarifies the differences 
between configurational entropy (CE) and randomness in 
the structure. Also, we aim to propose HCEs, a strategy 
to develop highly efficient cathodes for NaBs that offers 
new opportunities to address the challenges associated 
with P2-type layered oxide cathodes.

Figure 1. Schematic representation and Na+-ion (de)/
insertion mechanism in NaBs [ref. 4].

2. Layered oxide material

Various cathode materials were discovered in recent 
years which include oxides, among the various 
materials studied for NaBs, polyanionic compounds, 
Prussian blue, and organic compounds have shown 
significant potential. However, layered oxide materials 
are considered one of the leading contenders for practical 
industrial applications. This is due to their high structural 
balance with reversible Na+ (de)/intercalation chemistry, 
which is crucial for efficient energy storage and retrieval 
in NaBs.

The framework of layered oxide material is made up 
of oxygen anions which were arranged in a hexagonal 
closed packing, the two layers of anions form alternate 
octahedral and tetrahedral voids, and the transition metal 
ion is present in the octahedral void, tetrahedral voids 
remain empty. This is known as an MO2 slab, (where 
M-represents the transition metal) these MO2 slabs 
are arranged parallelly and form a layered structure. In 
between the two MO2 slabs, there is a space known as 
interlayer spacing which acts as a host for Na+-ions, 
shown in Figure 2 (a-e). Based on the oxygen anionic 
packing, two types of interlayer spaces were formed: 
prismatic and octahedral thus layered oxide material 
is classified as P2, P3, O2, and O3 type, P stands for 
prismatic void and O stands for octahedral void which 
is the environment of Na+-ion. The large cationic size 
of Na+-ion always tries to remain in the octahedral and 
prismatic void with a 6-coordination number rather than 
in the tetrahedral void [19,20].
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Figure 2. (a) Lattice oxygen packing, (b) void formation, (c) parallel arrangement of MO2 slabs,  (d) prismatic and  
(e) octahedral void formation respectively.

The structure is important in reaching electrons’ high 
ionic and eltectronic conductivity. P2-type material 
offers a lower energy conduction pathway than O2-type 
material for Na+-ion mobility. Na+-ions can be moved 
from one octahedral site to an adjacent site in an 
O2-type phase occupying a tetrahedral site as shown 
in Figure 3 (a), this entails passing through a common 
triangular face that stands between the octahedral-
tetrahedral site, which results in a comparatively 

Despite these advantages of P2-type layered cathode material, it undergoes poor reversibility and severe capacity 
loss due to the structure’s instability. Various factors affect the structural integrity; phase transition is common in P2-
type layered oxide material. In the high potential window while charging, Na+-ions are extracted from the interlayer 

high activation barrier. The intermediate state’s energy is 
increased by the potent coulombic repulsions between the 
transition metal ions (cation) in the MO2 layers and the 
ions in the tetrahedral locations due to the closely packed 
system [21]. On the other hand, Na+-ions in P2-type 
layered phases are dispersed over several trigonal prisms 
i.e. the Na sublattice is only partially filled, sharing their 
rectangular faces and offering extensive pathways and 
wider passage for the transport of Na+-ions. 

Figure 3. a) Na+-ion conduction pathways in layered 
oxide O2-type and P2-type material [22],

b) a schematic view of Jahn-Teller active species (Mn3+ 
ion)
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expansion occurs along the a- and c-axes as x increases 
from 0.44 to 0.66. This anisotropic expansion behavior 
is crucial for understanding the material’s performance 
in NaBs. The presence of JT Mn3+ species at different 
lattice positions leads to anisotropic changes in the 
lattice parameter along the a-, b-, and c-axis, resulting 
in the loss of capacity [26]. Apart from this, irreversible 
anionic redox causes severe capacity decay and disturbs 
the structural integrity. Generally, it occurs in the high 
potential window (> 4.3 V vs Na+/Na), and forms 
unstable recombination of over-oxidized lattice oxygen 
(O2-) further releases as O2 gas which leads to the 
structural transformation from layered to spinel [27–29]. 
Recent studies indicate that the O2 molecule can be 
trapped in the bulk [30–32]. O2 gas evolution occurs at 
the surface of the particle and enters into the bulk of the 
material which generates vacancies and causes capacity 
degradation [33,34]. 

The oxygen release in P2-type NaxMnO2 is still unclear. 
Enhancing the performance of cathode materials is 
a critical focus in the expansion of high-efficiency 
NaBs. Several strategies are employed to achieve this, 
aiming to address challenges such as low energy density, 
poor cycling stability, and limited rate capability. One 
key practice is the optimization of cathode material 
composition. Researchers are investigating doping 
strategies, where small amounts of specific elements are 
introduced to stabilize the cathode structure, improve 
electronic conductivity, and facilitate sodium ion 
diffusion.
3. Strategies to address the issues 
3.1 To design a high-capacity cathode
The P2-type phase is only stable with a limited amount 
of sodium i.e. Nax where x ≤ 2/3 [35]. It is impossible 
to increase the Na amount up to 0.9 with a stable 
P2-phase [36,37]. The as-synthesized P2-type phases 
can have their Na content raised by transition metal 
substitution, as Figure 4 illustrates. The MnO2 layers 
have been doped to increase the P2-type NaxMnO2’s 
maximum capacity. Mn can be partially substituted 
for Ni, Li, or both to stabilize P2 structures with a Na 
concentration as high as 0.85. The maximum cutoff 

spacing between the MO2 slabs and a few ions maintain 
the initial structure. When the maximum number of Na+ 
ions are extracted, the O2- ions, positioned directly above 
one another, begin to repel each other. This repulsion is 
alleviated by the sliding of the oxygen layer, resulting in 
the formation of the more energetically stable O2-type 
phase. Consequently, Na+-ion vacancies are less stable 
in the P2-type phase [23]. 

Another one is the presence of the Jahn-Teller (JT) active 
species in layered systems, Mn-based NaBs are low-
cost, sustainable, and environmentally friendly energy 
storage technologies. Layered P2-type NaxMnO2 is 
more commonly investigated than the other [19]. The 
P2-type NaxMnO2 crystallizes in the two-phase tunnel-
like structure with low sodium content (e.g. Na0.2MnO2, 
Na0.4MnO2, Na0.44MnO2), and layered structure with 
MO2 slabs at high sodium content (e.g. Na0.7MnO2, 
NaMnO2) [19].

In P2-type NaxMnO2, Mn3+ with electronic configuration 
t2g3 eg1 is JT active. In the MO2 slab, the JT active 
species disturb the unit cell’s symmetrical arrangement 
due to the elongation and compression of the bonds [24] 
shown in Figure 3 (b). Na+-ion conduction is affected 
by the activation energy barrier for Na+-ion migration 
between neighboring sites when vacancy ordering or JT 
active cations (like Mn3+) are present [25]. The strongly 
disfavoured unoccupied prismatic sites in a partially 
charged state and sudden change to an O2-like structure, 
as was previously described, can be challenging to create 
a stable P2 structure in practice [23].

The distortion highly depends on the synthesis conditions, 
low-temperature condition with a highly oxidizing 
environment stabilizes the Mn4+ state which reduces 
the distortion in the P2-type material. A study of the 
tunnel-like NaxMnO2 (x = 0.19–0.44) cathode material, 
reveals the anisotropic expansion during cycling is due 
to the presence of mixed valance Mn3+/Mn4+ leads to 
the poor cycling performance of P2-type NaxMnO2. 
Initially, the structure of NaxMnO2 as the sodium 
content x increases from 0.22 to 0.66, the material’s 
structure expands along the b-axis. Additionally, further 
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voltage is restricted to approximately 4.2 V to avoid any 
structural alterations that would impact the reversible 
reinsertion of Na+-ion into the structure after discharge. 
Therefore, materials in which part of the Mn has been 

replaced by Ni and Li have only moderate reversible 
capacities (63 to 140 mAh g-1) [38–40].

Figure 4. (a) Range of sodium content [77] in P2-NaxMnO2 compound observed for 3D and 2D structural stability 
[41,42], (b) doping of various elements on the Mn site to stabilize the P2-phase of the NaxMnO2 compound M = {Mn, 
Ni}[43]{Mn, Li} [35] {Mn, Mg}[44] {Mn, Ni, Li}[45–47] {Mn, Ni, Fe} [48].

3.2 To raise the potential window of P2-type cathode 
material

In the context of AxMO2 (A=Li, Na) materials, the 
electrochemical performance is highly influenced by 
substituting transition metals. This substitution can 
adjust key features, such as the value of voltage wherein 
the system material (de)/intercalates Li⁺/Na⁺ ions. For 
instance, P2-NaxMnO2 has been observed to operate 
within a narrow voltage range of approximately 2.8 V vs. 
Na⁺/Na, but it offers a high capacity between 175 mAh 
g⁻¹ and 190 mAh g⁻¹ [49,50]. However, research into 
Fe-based systems, such as O3-NaFeO2, which exhibits 
a higher redox potential of around 3.3 V vs. Na⁺/Na, has 
led to new developments [51]. Yabuuchi and colleagues 

explored the stabilization of the P2-phase by partially 
substituting Mn³⁺ with Fe³⁺ in P2-NaxFe1/2Mn1/2O2. 
Their findings demonstrated that both Mn³⁺/Mn⁴⁺ and 
Fe³⁺/Fe⁴⁺ redox couples were active, resulting in a 
reversible capacity of 190 mAh g⁻¹ when cycled between 
1.5 and 4.2 V at a 12 mA g⁻¹ rate. However, contrary 
to expectations, this Fe/Mn bimetallic oxide did not 
demonstrate an increase in average working voltage, 
remaining around 2.75 V, similar to P2-NaxMnO2 
[9]. Furthermore, Lu and Dahn synthesized the P2-
Na2/3Ni1/3Mn2/3O2 electrode to investigate the 
influence of Ni replacement within the electrochemical 
characteristics of P2-NaxMnO2, adding another 
layer of complexity and potential for performance 
enhancement in these materials [52].
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3.3 To suppress P2-O2 phase transition in P2-type 
cathode m15

 single-phase behavior in P2-type layered oxides during 
cycling is crucial for ensuring their electrochemical 
stability and longevity. Investigations are concentrated 
on fine-tuning the composition and structure of these	
materials to avoid undesirable cation-ordering transitions 
and to enhance their performance in NaBs. The stability 
of P2 phases is essential for achieving high-rate 
performance in Na cells. However, prolonged cycling 
can lead to side reactions that compromise the P2 
phase, resulting in increased overpotential and capacity 
loss, often due to low reversible capacity and poor 
capacity retention. To address these challenges, careful 
selection of synthetic conditions such as the choice of 
precursors, preparation temperature, and cooling method 
(slow cooling vs. quenching) is critical in achieving 
single-phase behavior. Additionally, composition 
plays a key role in preserving the stability of the P2 
structure during cycling. A common approach to restrict 
the oxygen layer from sliding after Na deintercalation 
and to extend the stability range of the P2 structure over 
varying Na content is the addition of dopants into the 
MO2 layer. For instance, as presented	 in	 Figure 
4,	  substituted	NaxMnO2	 phases benefit from 
such doping. Specifically, Li-doped P2-NaxMO2 (M = 
Ni, Mn) compounds have been shown to remain stable 
up to a potential of 4.2 V, which corresponds to a Na 
amount of 0.35 [40,47]. Despite these advancements, 
the exact content of Na required to remain in the 
NaxMO2 structure to resist the structural changes 
at high voltage continues to be a topic of ongoing 
research and debate [46]. The balance between stability 
and performance remains a key area of focus for 
optimizing these materials for practical applications.

3.4 To ensure structural stability by diluting the Jahn-
Teller species

In P2-type intercalation electrode materials, structural 
stability is crucial for ensuring reversible electrochemical 
behavior and achieving a long cycle life. One of the 
significant challenges in maintaining structural stability 
is the presence of Jahn-Teller (JT) active Mn³⁺ species, 

which can induce distortions during cycling. These 
distortions create large stresses on the lattice parameters, 
leading to the accumulation of extended defects and even 
amorphization, particularly after prolonged cycling [53]. 
To mitigate the effects of JT distortions, the dilution 
of Mn³⁺ is an effective strategy. By substituting Mn³⁺ 
with other elements, the influence of JT active species 
can be reduced. Paulsen and Dahn demonstrated that 
the monoclinic distortion observed in β-Na0.7MnO2 
transitions to an orthorhombic structure when weakly 
substituted with elements like Co, Li, or Ni in Na2/3Mn1-
xMxO2. In heavily substituted samples, an ideal P2 
structure is observed, indicating that substitution plays 
a key role in stabilizing the material [54]. Substituting 
Mn³⁺ with lower valence elements not only decreases the 
amount of Mn ions in the material but also increases the 
average Mn oxidation state from +3 to +4. This change 
in oxidation state reduces the extent of JT distortions, 
contributing to a more stable structure during cycling. 
Furthermore, doping can create a more flexible structure 
with minimal volume changes during cycling, enhancing 
the material’s overall stability. The insertion of low 
valence spectator ions, such as Li⁺, can also effectively 
stabilize the P2 phase across a wide voltage range. This 
approach helps maintain structural integrity, even under 
high-voltage conditions, making the material more 
suitable for long-term cycling in battery applications.

Doping elements into cathode materials is a crucial 
strategy for improving the performance of NaBs. This 
technique involves adding specific elements to the cathode 
structure to enhance its electrochemical properties, such 
as stability, capacity, and conductivity. By selecting 
appropriate dopants, researchers can address common 
challenges associated with Na-ion battery cathodes, 
like low energy density and poor cycling stability. For 
instance, doping with transition metals such as Mg, Zn, 
or Al can help stabilize the crystal structure of layered 
oxide cathodes, reducing structural degradation during 
charge-discharge cycles and thereby extending the 
battery’s lifespan. Additionally, dopants can improve the 
electronic and ionic conductivity of the cathode material, 
leading to faster sodium ion diffusion and better rate 
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capability. Some dopants also help in mitigating the 
volume changes that occur during cycling, which can 
otherwise lead to capacity fading. Overall, element doping 
is a versatile and effective approach to developing high-
performance cathodes, which are essential for advancing 
the efficiency and reliability of NaBs. Hence, doping 
opens the way to introduce HCE in the material, which 
offers a more flexible structure with low volumetric 
expansion and contraction, it helps to reduce the P2-O2 
phase transition upon cycling in the high voltage range. 
By introducing various dopant elements such as active, 
inactive, and high valent, one can stabilize the P2-type 
phase of the material. Doping also helps to reduce the 
JT active species, lowering the energy barrier for the 
Na+-ion conduction during charging and discharging. 
Incorporating doping elements into cathode materials 
can increase the CE, thereby enhancing the stability and 
electrochemical performance of NaBs.

2.	 Concept of configurational entropy 
Based on thermodynamics, entropy is the microstructure 
combination that constitutes a specific macroscopic state. 
The concept itself originated from the thought experiment 
and approach of postulates. The thought experiment 
consists of a macroscopic closed composite system with 
total volume (V), and internal energy (U), composed 
of several particles (N) separated by an impermeable 
membrane that divides the system into two regions, in 
which system 1 is defined as (V1, U1, N1) with entropy 
S1 and system 2 described as (V2, U2, N2) with entropy 
S2. If the membrane is permeable the two systems try to 
reach the equilibrium as shown in Figure 5 (a, b). After 
some time, at equilibrium state particles will be randomly 
arranged, and the entropy of the system will become S 
= S1 + S2. N1 (number of particles of system 1) and 
N2 (number of particles of system 2) can access a larger 
volume (V) to spread randomly throughout the system. 
There exists a function S (entropy) in the absence of the 
internal constraints (without impermeable membrane) 
which maximizes S (entropy) at the equilibrium state 
and this is known as the entropy of the system (entropy 
is additive in nature) [55].

A macroscopic system as discussed above can be thought 

of in another way, with a permeable membrane, N1 
and N2 can occupy the maximum number of possible 
microstates available in volume (V). The probability 
of occupying each available state in the system gives 
the number of configurations and is calculated by the 
formula given below shown in Figure 5 (c, d).

Ω = N! / N1! N2!

After some time, the system reaches equilibrium, with 
the maximum possible configurations for N1 and 
N2 particles. This builds the connection between 
the macroscopic system and a number  of available 
microstates (microscopic system) given by the Boltzmann 
relation stated as below [55].

∆Sconf = κ ln Ω (fundamental postulate)

Where κ is the Boltzmann constant and Ω is the number 
of available microstates for the particles in the system.
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Figure 5. ( a, b) Entropy of the system at equilibrium based on the entropy postulate, (c, d) number of configurations 
at equilibrium [55].

For a 2-component system, with n1 and n2 a 
lattice, where total number of molecules are 
n = n1 + n2

Therefore, the number of lattice sites can be calculated 
by the permutation and combination for the given system 
and is provided by the formula (Ω = n! / n1! n2!). By 
applying Stirling’s approximation for the factorial of a 
large integer CE can be given as follows;

∆Sconf = κ ln Ω

∆Sconf = - R [ n1/n ln n1/n + n2/n ln n2/n] x1 = n1/n; 
x2 = n2/n

∆Sconf = - R [x1 ln x1 + x2 ln x2]

The CE change per mole for n components with xi 
mole fraction when forming a solid solution is given as 
[56].

∆Sconf = - R [  xi ln xi]

4.1 Definition

The investigation of unexplored areas in the field of 
alloying engineering gives birth to HEMs [57]. The 
evolution of HEMs was initiated by conventional 
alloys; pure single crystalline material consists of a 
single element placed on a fixed lattice position. The 
demand for more advanced materials was fulfilled by 
the binary and ternary compounds, in which two or 
three elements were mixed in small amounts with a non-
equimolar ratio to substitute the pure elements lattice 
position and known as conventional alloys that may 
or may not be crystallized in a single phase. In 2004, 
researchers explored the equimolar region with five 
or more than five elements where the position of the 
component/element is not fixed and it arranges itself 
randomly throughout the lattice, surprisingly found that 
it crystallizes in a single phase known as high entropy 
alloys [58,59]. Recently, in 2018 the focus has been on 
the non-equimolar composition around the center [60] of 
the hyperdimensional compositional diagram as shown 
in Figure 6 (a), which was explored intensively and 
again represents the random arrangement of elements in 
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the system leads to an increase in the entropy known as 
complex concentrated alloys (CCAs) [61]. 

The entropy of mixing in a solid solution refers to 
the increase in disorder when different types of atoms 
or species mix in a crystalline solid. This entropy is 
composed of several contributions, each related to 
different types of disorder and energy states within the 
material. This is the most significant contributor to the 
entropy of mixing in a solid solution. It arises from the 
random arrangement of different atoms (or ions) on a 
lattice site. For an ideal solid solution, CE ∆Sconf ꞊ 
- R [  xi ln xi]. The more randomly distributed 
the different atoms are, the greater the CE. Vibrational 
entropy arises from the atomic vibrations within the solid. 
Different atoms or ions have distinct masses and bonding 
strengths, which influence the vibrational modes of the 
solid. When atoms of different types mix, the vibrational 
frequencies shift, which can either increase or decrease 
the vibrational entropy. This effect is more pronounced in 
alloys or systems where there is a significant difference in 
atomic mass between the components. This contribution 
is relevant in materials where the atoms have magnetic 
moments. Magnetic dipole entropy arises from the 
disorder in the orientations of magnetic moments (spins) 
in the material. For materials that exhibit magnetic 
ordering, such as ferromagnets or antiferromagnets, 
the mixing of different atoms with varying magnetic 
properties can lead to changes in the magnetic dipole 
entropy. The degree of disorder in the magnetic system, 
particularly at temperatures near or above the Curie 
or Néel temperature, adds to the overall entropy. This 
is often referred to as residual entropy, which occurs 
when the system remains disordered even at very low 
temperatures. This type of entropy is present in systems 
that have more than one equivalent ground state, such 
as certain frustrated magnetic materials or systems with 
random occupancy of certain lattice sites (without long-
range order). Residual entropy can arise when the system 
does not achieve perfect order even as temperature 
approaches absolute zero. Overall, the entropy of 
mixing in a solid solution is a combination of various 
forms of disorder, CE relates to the atomic arrangement, 
vibrational entropy comes from atomic vibrations, and 
magnetic dipole entropy is due to the disorder in magnetic 

moments. Random (residual) entropy arises from the 
inherent disorder at low temperatures. Together, these 
components contribute to the total entropy of the solid 
solution, influencing its stability and behavior, especially 
in thermodynamic processes like phase transitions [62].

CE is dominant in all, which usually represents the 
entropy of mixing and depends on the elemental 
proportion [63]. Hence, an efficient way to reach the 
HCE is to introduce various elements in a specific 
system. The HCE materials are commonly identified 
based on the composition of the system and the entropy 
calculation. The definition of HCE is still unclear and 
can be divided into two, 1st is based on the composition 
which describes a system with five or more elements in 
the equimolar ratio (range of elements 5 to 35%) [59], 
2nd is based on entropy which defines the system with 
HCE i.e. the entropy must be larger than 1.5R, without 
any restriction on the elemental composition [64]. The 
maximum Sconf is 1.61R, which may be obtained in 
a system with five cations at equiatomic proportions. 
Materials with Sconf < 1R are classified as “low entropy,” 
those with 1.5R > Sconf ≥ 1R are classified as “medium 
entropy,” and materials with Sconf ≥ 1.5R are classified 
as “high entropy” systems. Thus, to create materials 
with significant CE, the systems intentionally integrate 
a major proportion of numerous elements in about equal 
proportions. This method differs from traditional doping 
procedures as it extends beyond the trace amount of 
doping and is typified by a more broad and well-balanced 
compositional range of elemental variety [65]. A system 
with five or more elements tends to form a single-phase 
solid solution with HCEs but this is not always the case 
[66]. To understand how entropy affects a compound’s 
phase stability, consider the Gibbs free energy of mixing 
ΔGmix as given by the below equation;

∆Gmix = ∆Hmix − T∆Smix

Where ΔSmix denotes the mixing entropy in the above 
equation, the mixing enthalpy by ΔHmix, and the mixing 
CE by ΔSconf, which usually dominates in ΔSmix. The 
absolute temperature is indicated by T.
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Figure 6. (a) Evolution of material innovation and the birth of high-entropy material

In the formation of HCEs and to stabilize the phase of the 
material there is always a competition between enthalpy 
and entropy. The enthalpy of a multi-component system 
varies significantly since the nature of the constituent 
elements in a solid solution plays a critical role in 
determining the resulting phase under near-equilibrium 
conditions. These elements influence various factors, 
including atomic size, electronegativity, crystal structure, 
and bonding characteristics, which in turn dictate phase 
stability and transitions. If the elemental composition has 
highly positive values of negative ∆Hmix (indicative 
of repulsive forces), this can lead to immiscibility 
and phase segregation. Conversely, highly negative 
∆Hmix values (indicative of attractive forces) promote 
structural ordering, such as the formation of intermetallic 
compounds. If all ∆Hmix pairs in the multi-element 
composition are near-zero, indicating minimal attraction 
or repulsion between elements, the entropic term 
becomes dominant. This entropic dominance promotes 
homogeneous random elemental mixing, leading to HCE. 
However, natural single-phase mixing, especially in 
solid solutions, is indeed challenging and relatively rare 
due to the inherent complexities of atomic interactions 

and structural stability. Several factors contribute to 
this difficulty, making it hard to achieve and maintain 
a homogeneous single-phase structure in nature or 
even in controlled environments due to the significant 
physicochemical differences among different elements, 
which result in a wide range of ∆Hmix values [67,68]. 
For metal oxides, each cation is surrounded by anions 
(i.e. oxygen lattice), which have the same environment. 
This leads to ∆Hmix = 0 and leaves only the entropy 
term in the Gibbs free energy equation, hence phase 
stabilization is affected by the entropy of mixing [18].

∆Gmix = ∆Hmix − RT  xi ln xi

It is possible to reach one phase in many cases when 
Sconf ≥ 1.5 R. In these situations, entropy stabilization 
is established by the dominance of the TΔSmix term in 
the free energy landscape, which surpasses ΔHmix and 
results in a negative overall ΔGmix [69]. It’s crucial to 
remember that entropy and temperature are strongly 
related, and synthesis at higher temperatures typically 
encourages the creation of single-phased systems with 
higher CEs.
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4.3. Recent progress of P2-type material towards high 
configurational entropy

Recent advancements in P2-type materials have shown 
significant promise for improving the performance of 
NaBs. These materials, characterized by their layered 
structure, offer high Na-ion mobility and structural 
stability, making them ideal candidates for cathodes 
in NaBs. Research has focused on optimizing their 
composition, such as through element doping to enhance 
their electrochemical properties. These improvements 
have led to better capacity retention, increased energy 
density, and prolonged cycle life, positioning P2-type 
materials as a leading option in the development of next-
generation NaBs. Research on phase shifts in layered 
materials during electrochemical cycling has been a 
fascinating topic for a long time. The P2 structure, 
while interesting, faces some challenges. Na+ vacancy 
ordering and troublesome P2-O2 phase transitions can 
negatively affect material capacity & cycle performance. 
Manganese (Mn) is very important, it’s a key part of 
layered oxides and also plays a crucial role in P2-type 
materials. At higher potentials (more than 2.0 V), Mn+4 

ions help keep the structure stable during discharge 
(when it gets sodiated). But as the electrode discharges 
below 2.0 V, those Mn4+ ions get reduced to Mn3+. This 
change increases the concentration of JT-active Mn3+, 
which plays a major role in degrading electrochemical 
characteristics. This can lead to lattice deformation, 
active material loss, and even create new phases. To 
tackle these issues, one of the best strategies is to reduce 
unwanted phase transitions & control Mn loss during 
cycling.

In 2022, Wang et al. synthesized three different P2-
type layered oxide cathode materials using a solid-state 
method: Na0.67(Mn0.55Ni0.21Co0.24)O2, Na0.67(Mn
0.45Ni0.18Co0.24Ti0.1Mg0.03)O2, and Na0.67(Mn0.4
5Ni0.18Co0.18Ti0.1Mg0.03Al0.04Fe0.02)O2. Named 
as 3, 5, and 7 NTMO2 and according to their entropy 
properties, low (0.99 R), medium (1.34 R), and high 
(1.52 R) respectively [70]. The material with the highest 
entropy showed amazing reversibility with less Mn 
depletion and structural deterioration within the voltage 
ranges of 1.5–4.6 V and 2.6–4.6 V, while medium & 
low entropy materials experienced moderate to rapid 

4.2 How to achieve high configurational entropy

Generally, it was observed that the existence of numerous 
elements in the system will give the maximum CE. 
However, this is not always feasible. The CE of the system 
is dependent on the number and the mole fraction of the 
elements in the system. For a two-component system 
(e.g., system A and system B maximization of CE takes 
place at XA=XB=0.5, it was calculated mathematically 

by using the formula which indicates that the maximum 
possible achievable entropy in two components is 5.76 
J/K mol as shown in Table 1 (a). This suggests that the 
multi-component system in an equimolar ratio always 
maximizes the CE [56]. In addition, the CE can be 
maximized by increasing the number of elements. Where 
we observe that the HCE will be achieved with five or 
more than five elemental compositions in the given 
system as shown in Table 1 (b).

Table 1. (a) Entropy calculation for a 2-component system, (b) entropy calculation with increasing number of elements

250                                   High configurational entropy: Strategy to design P2-type layered oxide cathode for Na-ion batteries



J. Electrochem Soc. India

capacity loss respectively. It turns out that improving CE 
is a smart way to avert phase transition while boosting 
structural stability. In 2023, Dreyer et al. used sonic 
emission to check how an increase in CE affected 
phase-transition properties in those high entropy oxides 
we talked about 3, 5 & 7 NTMO2. The distinct sound 
signatures linked to fracture creation were quite noticeable 
[71]. Shen et al. shared details about a P2-type cathode 
(Na0.80Li0.08Ni0.22Mn0.67O2) aimed at raising the 
cut-off voltage to start anionic redox [72]. Similarly, Jin 
et al. crafted a new Na0.75Ca0.04[Li0.1Ni0.2Mn0.67]
O2 P2-cathode helping with anionic redox-related 
capacity loss using Manganese (+3/+4) redox 
complementary mechanism. At a remarkable rate of 5C 
over two hundred cycles, this cathode held on strong 
with an impressive retention of around 95% [73]. The 
P2-Na0.62Mn0.67Ni0.23Cu0.05Mg0.09–2yTiyO2 
showed better Na+ diffusion thanks to its higher fraction 
regarding facets {010} along with improved entropy, 
this was highlighted by Fu et al. The kinetics of anionic 
redox reactions were also improved due to features 
from the crystal structure in the P2 phase [74]. Also 
noteworthy is that the Na+ diffusion coefficient related 
to various cathode materials such as CuMgTi-571 and 
NaMNO2 during Na (de)intercalation looks promising. 
Plus, managing energy through entropy fluctuation can 
contribute positively to performance. For example, Na
0.62Mn0.67Ni0.23Cu0.05Mg0.07Ti0.01O2 showed an 
extraordinary capacity of about 82 mAh g-1 at a rate of 
1200 mA g-1. Ma et al. developed another cathode called 
P2-Na0.667Mn0.667Ni0.167Co0.117Ti0.01Mg0.01Cu0
.01Mo0.01Nb0.01O2 (HCE-NMNC). In this case, five 
cations share equal proportions at TM sites [75]. High 
entropy doping helps minimize strain change by widening 
voltage ranges for the highly reversible P2 phase. The 
HCE-NMNC managed a capacity of 111 mAh g-1 at 5C 
which was steady over one hundred cycles at 1C (130 
mAh g-1). The reversible oxygen redox process from its 
lattice site during cycling, and the charge compensation 
by metals like Ni, Co & Mn contributed to this high 
potential capacity. 

Recently many reports about medium entropy oxides 

(MEOs) have come out. Yan et al., back in 2021 
published their first report using MEOs in NaBs [76]. 
They developed two types of P2-compositions using 
solid-state methods: Na2/3Ni1/3Mn1/3Fe1/3-xAlxO2 
(NaNMF) and Na2/3Ni1/3Mn1/3Fe1/3-xAlxO2 
(NaNMFA) featuring three & four cation replacements 
respectively. The four-cation system NaNMFA showed 
better cycle stability between two volts & four point two 
volts compared to the three-cation system NaNMF with 
around 125.6 mAh g-1 reversibility. Research suggested 
that HCE led to smoother charge-discharge curves 
which also helped inhibit structural transitions raised 
due to damaging Mn3+, preserving crystal structure 
integrity.  Wang et al. worked on HCE-(P2-
Na0.65Mn0.65Cu0.2Li0.06Mg0.015Ti0.015Al0.015Zr
0.015Y0.015La0.015O2) showing potential against 
those irreversible phase transitions while minimizing 
significant volume changes when charging or discharging 
batteries [77]. They reported on another cathode via Liu 
et al. called P2-type Na0.85Li0.12Ni0.198Be0.011Mg0
.011Mn0.66O2 designed with a lower Mn3+/Mn4+ ratio 
too. In this case, widening interlayer distances ensures 
amazing rate performance. The two published patents 
for positive electrode materials concerning P2-HCE 
oxide recently, the first patent on P2-Na0.67Ni0.18yCu
0.1Zn0.05FexMn0.67-x+yO2 stated a capacity around 
105.3 mAh g-1 at 1C with retention of nearly 93%.	
The second patent discussed P2-Na0.75Mn0.5625Ni0.2
5Cu0.0625Mg0.0625Ti0.0625O2 showcasing 98%. It 
shows incredible retention after 100 cycles starting from 
approximately 108 mAh g-1 around 120 mA g-1 (2–4.3 V) 
[77].

5. Discussion and future direction for the development 
of cathode

The dependence on energy storage devices especially 
in developing next-generation cathode material for 
NaBs, performance enhancement like energy density, 
reversibility, structural stability, and phase transition 
is crucial. Traditional aspects of cathode modification 
like elemental doping are still insufficient to achieve the 
aim of superior-performance batteries. Fortunately, the 
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advancement of HCEs aims to preserve the single-phase 
with a highly flexible structure and diverse material 
compositions and architectures, unlocking new pathways 
to enhance battery materials development. Research into 
HCE materials for batteries is still in the early stages, but 
the potential for these materials to revolutionize battery 
technology is significant. As our understanding of HCE 
behavior in electrochemical systems deepens, we can 
expect to see more HCE material-based components in 
commercial batteries, leading to higher performance and 
more durable energy storage solutions. Hence, HCE 
can indeed be a promising strategy for developing 
cathode materials for NaBs. By incorporating multiple 
cations in a single lattice (often five or more), the CE of 
the system is increased. This entropy can stabilize the 
crystal structure even at room temperature, preventing 
phase separation and ensuring a more stable cathode 
material over multiple charge/discharge cycles. In 
NaBs, cathodes face challenges like phase transitions 
and structural degradation during cycling. HCE can help 
mitigate these issues by stabilizing different phases that 
might otherwise be unstable. This leads to improved 
cycle life and performance. The presence of multiple 
different metal ions can lead to synergistic effects, 
improving electronic conductivity, ionic conductivity, 
and overall electrochemical performance. This is 
particularly important for NaBs, where finding suitable 
cathode materials has been more challenging than for 
their Li-ion counterparts. HCE materials offer the 
flexibility to fine-tune the composition by adjusting 
the ratio of different elements. This tunability allows 
researchers to optimize properties such as capacity, 
voltage, and stability for specific applications. In 
summary, HCE offers a pathway to develop a P2-type 
layered oxide cathode for NaBs with enhanced stability, 
good performance, and sustainability. 
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Abstract

In recent years there is a great demand for the development of electrodeposited Ni-composite coatings due to their 
improved corrosion and wear resistance. The properties of the electrodeposited coatings are dictated by the nature and 
amount of the distributed particles, the particle size and its distribution, the applied current density, the magnetic stirrer 
speed, etc. In the present study, the less explored mullite particles are chosen as the distributive phase and the effect 
of applied current density on the microhardness, corrosion and wear resistant properties of the coating is studied. The 
mullite powder is obtained by ball milling the commercial alumina and silica powders. The microhardness, corrosion 
resistance and wear resistance of the coatings are evaluated. The Ni-mullite composite coating electrodeposited at 
a current density of 3.1A/dm2 exhibits improved corrosion resistance with a corrosion rate of 1.1cm/yr . Ni-mullite 
coatings showed a lower coefficient of friction (0.4) and higher wear loss when compared to plain nickel coating.

Keywords: Electrodeposition; mullite; Ni; corrosion; 
wear; microhardness

1. Introduction

There is a great demand for electrodeposited composite 
coatings for various engineering applications as 
electrodeposition is a relatively low-cost method 
compared to other coating techniques like thermal 
spraying or chemical vapor deposition [1]. 
Electrodeposited composite coatings are used in a wide 
range of industries, including aerospace, automotive, 
and electronics. They are used for improving the wear 
resistance of components such as gears, bearings and 
valves. The composite coatings are used in marine and 
chemical industries to impart corrosion resistance to the 
components [2]. 

Basically, electrodeposited composite coatings consists 
of metal matrix and non-metallic particles as distributed 
phases. The most common metals used as matrices in 
composite electrodeposition are nickel, copper, and 
chromium [3]. Other metals such as silver, gold, and 
cobalt are also employed depending on the application. 

The non-metallic particles, also called reinforcement 
materials or distributive phase, are selected based on the 
desired property enhancement.  For example, ceramic 
particles like alumina, silica, zirconia, titania, ceria, 
etc are used to enhance hardness, wear resistance, and 
thermal stability of the metal matrix [4-16]. Polymer 
materials like polytetra fluroro ethylene (PTFE) and 
polyamide are used to improve the lubricity and reduce 
friction. Carbon based materials such as graphite and 
carbon nanotubes are used for enhancing the wear 
resistance and conductivity of the matrix and diamond 
particles are used to enhance the hardness and abrasion 
resistance of the matrix. The non-metallic particles gets 
co-deposited along with the metal matrix during the 
electroplating process. The process parameters—such 
as bath composition, temperature, current density, and 
agitation—can significantly affect the distribution and 
properties of the composite coating. The uniformity of 
particle distribution, the adherence between particles 
and metal, and the final mechanical and electrochemical 
properties depend on these factors. There is a vast 
literature on the electrodeposited Ni-composite coatings 
containing SiC, alumina, zirconia, ceria, titania, carbon 
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nanotubes, diamond, etc [5-15].  Ni-SiC is most widely 
studied coating and is being commercially exploited in 
automotive industry and also for coating the trochoid of 
the Wankel engine to improve the wear resistance [16]. 

Mullite is an important high temperature oxide material, 
chemically stable alumino-silicate ceramic with the 
general formula 3Al₂O₃·2SiO₂. It exhibits excellent 
thermal stability, low thermal expansion, and good 
mechanical strength at high temperatures [17]. It is most 
widely used in furnaces, kiln linings, and aerospace 
components. Its needle-like crystal morphology also 
enhances fracture toughness in composite materials. 
Due to its desirable combination of properties, mullite is 
widely used not only in structural and thermal insulation 
applications but also as a reinforcement in advanced 
ceramic matrix composites and coatings. In addition, 
the petrochemical and aluminium industries use mullite-
based aggregates for applications that necessitate 
thermal shock resistance, chemical attack resistance, and 
hot-load strength. Mullite is also a desirable material for 
high-strength infrared transmitting windows. Protective 
coatings and electronic substrates are other applications 
of mullite [18]. 

There is limited literature on the electrodeposited 
Ni-composite coating containing mullite particles. 
Radomysel’skii et al. [19] have reported the development 
of electrodeposited Ni composite containing mullite 
whiskers and explored the high temperature oxidation 
resistance of the coating and observed improved 
oxidation resistance vis-à-vis plain nickel coating. The 
paper by Meenu et al. [20] explored the effect of the 
addition of mullite particles derived from sillaminite. 
The present study is aimed at the synthesis of mullite 
powder by ball milling followed by the development 
of electrodeposited N-mullite composite coating. The 
effect of applied current density on the microhardness 
and corrosion resistance has been studies. Also, the 
wear behavior of the best coating is also studied and it is 
compared with plain Ni.

2. Experimental Procedure
2.1. Mullite powder synthesis and characterization
Mullite powder was synthesized by mechanical alloying, 
which is a very high-energy ball milling process. 27.2 
g alumina (Loba Chemie) and 10.7 g cabosil (Cabot 
Sanmar Ltd) powders were mixed with ethanol and ball 
milled for three hours at 350 rpm using a planetary ball 
mill (Fritsch Pulveristte 6 Classic).  The mullite powders 
were characterized using a Field Emission Scanning 
Electron Microscope (FESEM) system integrated with 
Energy Dispersive X-ray Analysis (EDAX) facility 
(Supra 40VP model, Carl Zeiss with a Gemini column) 
to understand their surface morphology and to estimate 
their individual size. Particle size analysis was used to 
find the extent of agglomeration of the particles. In the 
present study Master sizer 2000 (Malvern, UK)  particle 
size analyzer, which works on the principle of the 
laser light scattering method was employed. The X-ray 
Diffraction (XRD) pattern of the powder was recorded 
using a Bruker-Advance-D8 X-ray diffractometer 
with Cu Kα as the radiation source and Ni as the filter. 
The average crystallite size was obtained by the line-
broadening method. The average crystallite size values 
were estimated using Scherrer formula:

( ) θ

λ

CosbB
D

2
122

9.0

−
=

where D is the crystallite size, λ is the wavelength of 
the radiation, θ is the Bragg’s angle and B and b are 
the FWHMs observed for the sample and standard, 
respectively.

2.2. Preparation and characterization of nickel-
mullite composite coatings

Composite coatings were prepared by cathodic 
electrodeposition in which the object to be electroplated 
was taken as the cathode (brass) and an electrode of the 
same material (Ni) to be coated was taken as the anode 
and both cathode and anode were of the same size. The 
electrolyte used was a nickel sulphamate bath into which 
the prepared particles were dispersed. Brass substrates 
were used and the electrodeposition was done using a 
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DC power supply. 

A 200 mL Ni-sulfamate bath containing 20 g of 
mullite powder (100 g/L) was taken in a glass beaker 
and stirred for 16 hours before electrodeposition [7]. 
Electrodeposition was carried out at 0.75 A/dm2 for 6 h, 
1.54 A/dm2 for 3 h, 3.1 A/dm2 for 1.5 h and 4.65 A/dm2 
for 52 min, on a magnetic stirrer (400 rpm). The pH was 
maintained at 4 and the electrodeposition was carried out 
on brass plates and mild steel substrates, respectively, for 
microhardness and corrosion studies.

Cross-sectional metallography specimens were 
prepared by sandwiching the electrodeposited brass 
coupons with a copper backup in a Bakelite matrix. After 
mechanical grinding using emery sheets of different 
grades (100, 240, 320, 400, 600, 800, 1000 and 1200 
μm), the samples were polished with Al2O3 slurry down 
to 0.05 µm. The optical micrographs of the cross sections 
of Ni-mullite composite were recorded using a vertical 
metallurgical microscope. Microhardness indentations 
were made into cross sections to avoid the effect of 
the substrate. The microhardness measurements were 
performed on ten different locations on the cross-section 
of each coating (Micromet 2103, Buehler) using a Knoop 
indenter at 50 gf load. 

In this study, a pin-on–disc tribometer with a track 
radii varying between 5-40 mm, a load of 0.5-2 kg and 
a speed between 10-600 rpm was used. In this method 
of wear measurements, a pin with the coating to be 
analyzed was kept stationary and fixed to a lever arm 
while a disc rotates at a fixed speed. In order to study 
the wear performance of the composite coatings, a brass 
pin with a hemispherical head of about 6 mm radius was 
used. The hemispherical region was coated with Ni and 
the composite coating at 3.1 A/dm2. All wear tests were 
conducted at a wear track radius of 30 mm at 200 rpm at a 
slide speed of 0.628 m/s .The disc used was hardened EN 
31 steel with a Vickers hardness of 750 HV. An LVDT 
transducer was used to measure the total height loss of 
the pin and disc. More details of the wear test are already 
provided in literature [7,11]. The optical micrographs of 
the disc after wear test was also recorded.

            The corrosion behavior of Ni and Ni-composite 
coatings on mild steel coupons was studied using CHI 
604 2D electrochemical workstation [11]. The test was 
carried out in deaerated 3.5 wt% (0.6 M) NaCl solution 
(200 ±2 mL) using a conventional three-electrode cell 
equipped with the coated mild steel coupon with an 
active area of 1cm2 as the working electrode. A platinum 
foil and saturated calomel electrode (SCE) were used 
as counter and reference electrodes, respectively. The 
reference electrode was connected to a Luggin capillary 
and its tip was placed very close to the surface of 
the working electrode to minimize the IR drop. The 
coupon was immersed in NaCl solution for an hour 
in order to establish the open circuit potential (EOCP). 
The Electrochemical Impedance Spectroscopy (EIS) 
studies were carried out in the frequency range of 100 
kHz - 10 mHz. The amplitude of the applied alternating 
potential was 10 mV on the EOCP. The impedance data 
was displayed as Nyquist and it is a plot of real (Z′) vs. 
imaginary impedance (Z″). After EIS measurements, 
the system was allowed to attain open circuit potential 
and then the upper and lower potential limits of linear 
sweep voltammetry were set at ±200 mV with respect 
to the EOCP. The sweep rate was 1 mV/s. The Tafel plots 
obtained were represented as potential vs. log i plot. 
Omitting the contribution of particles for the weight loss, 
the corrosion rates (CR) were calculated from corrosion 
current by using Faraday’s law [Standard Practice for 
calculation of corrosion rates and related information 
from Electrochemical measurements, American National 
Standards, ANSI/ASTM G 102-89 (Reapproved 1994)]:

Where CR is given in mm/yr, K=3.27 × 10-3 mm g/µA 
cm yr, ρ= density in g/cm3 (density of nickel is 8.9 g/cm3) 
and    EW (Equivalent weight of Ni) = 29.36. 

The corrosion protection efficiency of Ni-mullite 
coatings was calculated using the Tafel extrapolation 
method by comparing the corrosion current density (icorr) 
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of Ni-mullite coating with that of the Ni metal coating. 
The protection efficiency was evaluated from the Tafel 
plot using the equation:

where I’corr and Icorr are the corrosion current 
densities in the absence and presence of particles. 
The protection efficiency of  Ni-composite coatings was 
also calculated according to the following equation:

                                                            100

 
Where Rºp is polarization resistance in absence of 
oxide particles (i.e  plain nickel) and Rp is polarization 
resistance in the presence of oxide particles i.e composite 
coating.

3.  Results and discussions
The surface morphology and the particle size of the 
incorporated particles play an important role in the 
properties of composite coatings. The FESEM images 
(Fig.1) of mullite particles showed agglomerates of 
differently sized particles. The smaller particles were 
found to be silica particles and the bigger ones were 
alumina. Bigger particles were in the size range of 0.5-
1µm and the smaller particles were in the size range of 
10-20 nm.  Figure 2 shows the powder XRD pattern of 
mullite powder. It shows a mixture of α-alumina and 

silica particles.

Fig.2.  XRD pattern of mullite powder.

The characteristic peaks of α-Al2O3 and SiO2 were 
observed and the average crystallite size of the 
mullite particles was calculated to be 42.095 nm 
as calculated by the Scherrer formula with the 
crystallite size of  α-Al2O3 being  46 nm and that 
of SiO2 as 32.8 nm. The average agglomerated 
particle size was found to be 3.9 µm from particle 
size analysis. The bimodal distribution shows the 
presence of two different sizes of particles (Fig.3). 
The broad peak covering 1-100 µm size corresponds 
to alumina particles and a sharp peak below 1 micron 
corresponds to cabosil silica which is having very 
high surface area and smaller size.

Fig. 1.  FESEM of of mullite powders at different 
magnificatiotns
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Figure 4 shows the cross-sectional micrographs of 
Ni-mullite composite coatings electrodeposited at 
various current densities. From Fig.4, it is evident 
that at lower current densities, more of particle 
incorporation occurs. The incorporated particles 
seen in the optical microscope images may 
correspond to alumina particles. However, due to 
the fine nature of the silica particles, they may not 
be visible in the optical microscope images. The 
incorporated particles are responsible for increasing 
the microhardness of the coatings. Further, at higher 
current denisties, bigger agglomerates are observed 
in the coatings.

Fig.4. Optical  micrographs of the Ni-mullite coating crosssection electrodeposited at various current 
densities (a) 0.75A/dm2,(b) 1.54A/dm2(c) 3.1 A/dm2 and (d) 4.65A/dm2

Fig.3. Particle size distribution of mullite particles.
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Figure 5 shows the plot of microhardness vs. current 
density for the Ni-mullite coating electrodeposited 
at various current densities. The observed 
microhardness is greater than that reported in the 
literature (400 HK at 50gf). This is attributed to the 
lower current density used for the electrocomposite 
coating development in this study. The lower 
current density during the electrodeposition of 
Ni-based composite coatings generally improves 
the incorporation of particles due to the following 
reasons: (i) Lower hydrogen evolution during lower 
current density reduces the turbulence and there 
by ensures the proper adhesion of the particles and 
prevents the dislodgement of the particles; (ii)  With 
lower current density, the rate of metal ion reduction 
slows down, allowing more time for the suspended 
particles in the electrolyte to reach and adhere to 
the cathode surface before being encapsulated by 
the growing nickel layer. This enhances particle 

Fig.5. Microhardness vs. current density plots of 
Ni-mullite coatings.

entrapment; (iii) At lower current densities, the 
reduced electric field strength and deposition rate 
minimize disruption, helping maintain particle 
stability at the interface, (iv) Better uniformity and 
less agglomeration: Lower current densities promote 
more uniform metal deposition, which reduces the 
likelihood of localized roughness or defects that 
can either block particle incorporation or cause 
clustering. This results in a more homogeneous 
distribution of particles within the nickel matrix, and 
(v) Operating at lower current densities keeps the 
system closer to electrochemical equilibrium, which 
helps maintain consistent ion concentrations near 
the cathode. This avoids concentration gradients 
that could interfere with both metal deposition and 
particle capture. Lower current density is preferred 
as it provides a more controlled and less turbulent 
deposition environment, enhancing the likelihood 
that reinforcement particles are successfully 
embedded in the nickel matrix and distributed 
uniformly throughout the coating.

Table 1 summarizes the corrosion potential, 
corrosion rates and Tafel plots for Ni-mullite 
composite coatings electrodeposited at different 
current densities. All the coatings show same order 
of corrosion resistance. However, the coating 
electrodeposited at 3.1 A/dm2 shows lower icorr. 
The corrosion current density (µA/cm²) is derived 
from Tafel plot (Fig.6).  It reflects the rate of the 
electrochemical reactions occurring on the metal 
surface, specifically it indicates how fast metal 
atoms are oxidized and dissolve into the corroding 
medium. A lower corrosion current indicates 
improved corrosion resistance because it directly 
corresponds to a slower rate of metal dissolution, 
meaning the material is corroding more slowly.
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Further, interestingly, the polarization resistance of 
the Ni-mullite coating electrodeposited at 3.1 A/dm2 
is double that of Ni-mullite coating electrodeposited 
at 1.54 A/dm2. Polarization resistance is a measure 
of how much a material resists the flow of electric 
current during the electrochemical reaction 
associated with corrosion.  It’s typically measured 
using electrochemical techniques like linear 
polarization resistance (LPR). The value is derived 
from the slope of the potential vs. current plot near 

Table 1: Corrosion potential, corrosion rates and Tafel slopes calculated from 
potentiodynamic polarization curves for Ni-mullite composite coatings.

Current density A/dm2 100gpl
Ecorr (V) Icorr (μA/

cm2)
βa
(V/dec)

βc
(V/dec)

Rp
Ω/cm2 

1.54 -0.245 0.20 0.11 0.138 130686
3.1 -0.242 0.11 0.19 0.105 269248
4.65 -0.315 0.51 0.202 0.124 65361

the open circuit potential. A higher polarization 
resistance in an electrodeposited coating typically 
means that the coating offers better protection against 
corrosion, making it more effective as a barrier to 
environmental degradation. Table-2 summarizes 
the corrosion protection efficiency of the coatings 
derived from the Tafel plot and from polarization 
resistance. There was a good correlation in the 
efficiency values derived from both the methods.

Table 2. Comparison of protection efficiency obtained from Tafel plot to that obtained from the 
polarization  resistance for 100gpl Ni-Mullite  composite coating.

Current Density (A/dm2) P% obtained from Tafel P% obtained from Rp
1.54 96 94
3.1 98 97
4.65 91 87

Fig. 6. Tafel plots of Ni-mullite composite coatings electrodeposited at different current densities.
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Interestingly, the Ni-mullite coating exhibited 
higher wear loss compared to plain Ni coating 
(Fig.8) despite exhibiting a lower coefficient of 
friction (0.4) compared to plain Ni (0.75).  Initially, 
the wear loss is constant for Ni-mullite coating and 
the coefficient of friction was constant at 0.45. As 
the wear loss increases, the coefficient of friction 
decreases. It is interesting to note that mullite, as 
a material, doesn’t inherently possess lubricating 
properties.  However, when used as an additive in 
lubricating materials or in composite materials, it 
can improve the overall tribological performance 
(friction and wear behavior).  Mullite can enhance 
lubrication by reducing the friction coefficient [21]. 

The observed Tafel plots substantiate the results of 
Nyquist plots. The Ni-mullite composite coating 
electrodeposited at 3.1 A/dm2 showed a larger 
semicircle compared to the coatings obtained at 

1.54 and 4.65 A/dm2 (Fig.7). In the case of Nickel-
mullite coating, the corrosion resistance was found 
to be better in the case of 3.1A/dm2 with a corrosion 
rate of 1.1 cm/yr.

The increased wear loss despite possessing a 
lower friction coefficient may be attributed to the 
formation of a transfer film that reduces friction in 
the beginning. The film will become unstable and 
it flakes off and further increasing the wear loss. 
Figure 9 shows the optical micrographs of the 
wear track on the discs after wear. Clearly, mullite 
particles are seen on the wear track of the Ni-mullite 
coating tested wear disk (Fig. 9(b)). 

Fig.7. Nyquist plots of Ni-mullite coatings.
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Fig.8.  Wear test results of Ni and Ni-mullite coatings.

Fig. 9. Optical micrographs of the wear track on the disc after wear test with (a) Ni and (b)  Ni-mullite composite 
coated brass pin.
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Conclusions

Electrodeposited Ni-mullite composite coatings were 
developed using ball milled mullite powder and nickel 
sulphamate bath. The effect of current density on 
microhardness and in turn on corrosion resistance of 
the coatings were studied. The coating electrodeposited 
at lowest current density (1.54A/dm2)  exhibited higher 
microhardness (430 HK) and higher number of mullite 
particles were incorporated. Interestingly, the coating 
electrodeposited at 3.1 A/dm2 exhibited better corrosion 
resistance as evident from the Tafel and Nyquist plots. 
The coating also demonstrated lower coefficient of 
friction (0.4) and higher wear loss. Thus Ni-mullite 
coatings are promising for applications that require 
higher microhardness and corrosion resistance. 
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Abstract
In the process of Silver-plating on various metallic hardware, the electrolyte is essentially comprised of high content 
of cyanide ions 120 g/L along with salts of Silver metal and other required ingredients. Spent Silver plating bath needs 
specific treatment to destroy cyanide ions beyond detectable limit of 0.1 ppm before putting into common stream of 
wastewater drain. Oxidation of cyanide under alkaline condition is attempted using Sodium hypochlorite solution 
(10-12% W/V) to reduce cyanide content below detectable limit through the formation of bicarbonate and gaseous 
nitrogen. Complete destruction of cyanide ion is confirmed and allowed to release in the main stream of wastewater.

Keywords: cyanide, treatment, effluent, electroplating bath. 

Introduction

Silver electroplating is carried out on various substrates 
majorly aluminium, kovar, invar and other such 
metals, which are being used for different components 
of electronics packages. In electroplating, silver 
corresponding cyanide salt along with other chemistry 
is used. This bath contains silver potassium cyanide, 
sodium or potassium cyanide and sodium carbonate. 
This bath contains a very high concentration of cyanides 
up to 90-120 g/L, silver 30-34 g/L and sodium carbonate 
30 g/L. Plating is carried out batch wise from this bath. 
Silver metal concentration goes down than the required 
concentration, bath is replenished with silver plating 
salt. Silver is consumed from bath and carbonates 
concentration are increased more than 100 g/L. After 
long term usage, the plating efficiency decreases and 
results in defective plating. Dusty silver deposits are 
observed. At this time the bath is said to be exhausted. 
So it is advisable to stop the use of this exhausted bath 
and shift to new one. This whole bath containing high 
concentration of cyanides is of around 50-200 litres 
capacity. The main problem occurs over here is that, the 
existing effluent treatment plant is not designed for high 
concentrations of cyanides. So to prevent shock loading 
conditions and avoid other operational problems, we 
stored all these exhausted baths separately, instead of 
disposing this waste to treatment plant. Its dilution 
would require huge amount of water to bring it to safe 

dispose limit. This created a requirement to develop 
a separate treatment technique for the cyanides. It is 
necessary to treat cyanides before treatment of heavy 
metals because cyanides may interfere in heavy metal 
removal by forming metal complexes. Also according 
to central pollution control board (CPCB) standards for 
electroplating sector, cyanide concentration shall not be 
more than 0.2 mg/L. So it becomes very important to 
treat the cyanides in order to meet the standards.
This paper provides basic information about the treatment 
of extremely toxic cyanide wastes. Basic system 
guidelines are described along with typical operating 
parameters. The main objective of effluent treatment is 
to protect the environment from pollution and fulfil the 
Government’s standards for emission or discharge of 
environmental contaminants.
Several methods are described in literature about treatment 
of cyanide effluent which includes use of ozonation 
alone and conjugation with UV radiation, biologically 
active species, biosorption-biodetoxification, hydrogen 
peroxide, photochemical process, sodium hypochlorite, 
calcium hypochlorite [1] , sulfur dioxide, precipitation 
by adding heavy metals, ion exchange, activated carbon, 
aldehydes, per oxygen compounds and bio oxidation [2-
11]. 
Amongst oxidants chlorine is preferred because it is 
readily available and the least expensive but excess 
chlorine can produce cancer-causing substances by 
reacting with other effluent compounds. Ozonation is a 
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second choice and is preferred by industries because its 
excess converts to oxygen, but it requires ozonator and 
oxygen cylinder to produce ozone. Considering safety 
measures to store highly flammable oxygen cylinder 
and hazardous smell of ozone, it was avoided to choose 
ozonation. Alkaline chlorination is the most popular 
and preferable treatment for cyanide waste in plating 
effluent treatment plants. It generates minimum waste. 
10-12% Sodium hypochlorite was chosen based on easy 
availability and less hazardous properties compared to 
others. 
Literature is available for treatment of cyanide up to 
concentration of 1 g/l. But there are no references found 
for treatment of cyanides in the concentrations ranging 
from 2 to 120 g/l. In this study it is exercised to treat 
cyanides in this higher concentration range.

2. Materials and method 
Technical grade 10-12% sodium hypochlorite, 10% 
sodium hydroxide, pH meter, ORP meter, thermometer, 
pumps and reaction tanks were sourced from local 
supplier. During all experiment personal protective 
equipments such as protective apron, hand gloves, 
respirator mask with filter cartridge and eye goggles 
were used to ensure operator safety. The experiments 
were performed under exhaust hood with high suction 
capacity.

Samples were taken for discarded plating baths of silver. 
Initial and final silver concentration, pH, carbonate 
(if any) and cyanide content were analyzed by using 
potentiometric titretor according to guidelines [7].

For electroplating silver baths total volume was 400 litres. 
Silver present in the baths was plated out on SS304 plates 
at higher current densities. Initial and final silver content 
was analysed by using x-ray fluorescence spectrometer. 
Initial cyanide concentration of baths was 120 grams/
litre. The whole treatment was done as per directions 
given in reference [3]. In one batch 100 litres of solution 
was taken in 500 litres bath. Reaction was completed 
in 4 batches. Sensors were arranged for continuous 
monitoring of reaction. Dosing pumps were arranged for 
dosing of base (10% sodium hydroxide), oxidant (10-

12% sodium hypochlorite) and acid (10% nitric acid). 
Each part of cyanide requires 9.56 parts of chlorine to 
oxidize it to carbon dioxide theoretically. The actual 
requirements exceeded the stated stoichiometric values. 
So, during experiment 10 gm of sodium hypochlorite 
was used for each 1 gram of cyanide present in the 
effluent. Monitoring cyanide waste water treatment by 
ORP measurement electrode is quite useful indicative 
method for demonstrating whether proper quantities of 
treatment chemicals have been added. Following steps 
were followed for waste treatment of cyanide. The 
reaction was carried out at room temperature of 30-35°C. 
Effluent treatment plant schematic diagram for cyanide 
containing effluent is given in figure 1.

Figure 1 Effluent treatment plant schematic diagram 
for cyanide containing effluent

The destruction of cyanide by sodium hypochlorite was 
accomplished in the following stages:

1st stage:

(a) NaCN + NaOCl + H20 CNCl + 2NaOH

(b) CNCl+ 2NaOH  NaCNO + NaCl + H20

Initial value of sample pH and ORP values lies between 
11-12 and 0 to -400mV respectively. ORP set point 
was +300 mV. The rise in ORP is easily observable 
with consequent addition of hypochlorite which further 
supports the reaction progression.
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2nd stage:

2NaCNO + 2NaOH + 3NaOCl  2Na2CO3 + 3NaCl + 
N2 + H20

Reaction was done at pH in the range of 8.5 to 9.5. ORP 
set point was +750 mV. Ideal reaction time was 2 hours. 
If pH drop was observed, 10% sodium hydroxide was 
added to maintain pH 9-9.5.

Overall:

2NaCN + 5NaOCI + 2NaOH 2Na2CO3 + 5NaCl + N2 
+ H2O

At the end of reaction, pH nearly comes to 8-9.5 and 
ORP comes up to +650 to +750 mV. Carbonate increased 
in the solution gradually with time which also supports 
the completion of reaction. Ensured removal of cyanide 
by titration. The treated solution was alkaline. So it was 
neutralized to meet discharge limits. Nitric acid was used 
to lower pH. But before adding acid it was confirmed that 
all the cyanide was converted to bicarbonate and nitrogen, 

otherwise it would produce hazardous hydrogen cyanide 
gas while coming in contact with acid. Discarded treated 
solution.

3. Results
For electroplating silver discarded baths, silver was 
recovered by plating on SS304 plates at current density 
of 40-50 amperes per square feet at room temperature. 
Initial silver content was 28 g/L and after recovery silver 
content was 1.5 g/L. Theoretically, it should require 47 
kg of sodium hypochlorite but practically it required 
50 kg of sodium hypochlorite for complete removal 
of cyanide. This can be due to loss of chloride content 
from sodium hypochlorite during storing and reaction. 
The solution was treated with sodium hypochlorite for 
cyanide removal. Treatment was continued until cyanide 
was below detectable level. Initially the solution was 
having pH 12. The treatment was carried out batch wise. 
After cyanide removal solution was having pH above 10, 
which was neutralized by nitric acid to get pH between 

6-8. ORP changes during the reaction is given in figure 2.

Figure 2 ORP changes during reaction
Details of pH changes during the reaction is given in Figure 3. Initially pH of solution was 12. Sodium hypochlorite 
was added, cyanide was converted to cyanate, and pH decreased to 9. Here the first step of reaction was completed. 
Again sodium hypochlorite was added for further conversion of cyanate to nitrogen and sodium carbonate. Gradually 
pH was decreased. At the end of reaction at about 120 minutes pH came to 8-8.5. All cyanide was destroyed. 
Remaining solution was treated with nitric acid to get pH between 6.5-6.
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Figure 3 pH changes during reaction

During second stage of reaction bubbling of nitrogen gas 
was observed in the bath. Generation of carbonate was 
confirmed by titration.

4.Conclusion
From experiments it can be calculated that for every 
100 litters electroplating silver baths having 120 ± 2 
g/L cyanide required 7 litters of sodium hypochlorite 
to neutralize cyanide. The left over solution had pH 
above 8-9.5 after treatment, which was neutralized by 
nitric acid. This treated neutral solution was discarded 
into main stream effluent. During this experiments we 
found difficulty in storing 10-12% sodium hypochlorite 
solution at room temperature of 35°C and above. As 
soon as container is opened, sodium hypochlorite 
concentration started to come down. It was recommended 
to use it within 24-30 hours. It is quite important to 
maintain concentration to at least 8-10% to get efficient 
oxidation reaction. This process is found very useful 
and successfully implemented in our facility with 
semi-automated controls. Advantages of using sodium 
hypochlorite is that reaction doesn’t require complex 
machinery and setup, process is rapid, technical grade 
material is easily available as by product from chemical 
industries, reaction is easily controllable. Disadvantage 
is that using hypochlorite required careful pH control to 
prevent formation of toxic cyanogen chloride.
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