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Chapter 1: Introduction to Batteries  

1.1.    Introduction  

As we know, the world population is growing; the world population in 2015 was 7.2 billion. 

Nevertheless, now it increased in 2022 to 7.7 billion.1 Consequently, the revolution in 

industries because of significant changes in living standards for the general population. 

Moreover, rapid development in the fields of chemical manufacturing, textile factories, and 

automobile engineering.2,3 However, it led to the abrupt change in the environment climate and 

created severe public health issues, like several types of disease even death.4 The newton's third 

law comes into play, stating that "to every action, there is an equal and opposite reaction." The 

research from World Health Organization (WHO) and United Nations Development Program 

(UNDP) concluded that global warming is due to human activities.5 Rapid industrialization 

heavily depends upon fossil-fuels-based energy like coal, oil, and natural gas. Thus, led to the 

emission of greenhouse gases, such as CO2 and particulate, leading to dense fogs and air 

pollution. It is estimated that CO2 emission from only fossil-fuels in 1960 was 9.39 billion tons; 

however, it is increased to 34.8 billion tons in 2020.6 Consequently, it increases the average 

earth's temperature following the melting of the glacier. Therefore, it needs rigorous research 

for an alternative source of green energy, like solar7 and winds energy.8 Nevertheless, the 

challenge is the transportation and storage of these forms of energy. Hence, electrochemical 

energy storage is one of the viable choices, such as capacitors9, batteries10, and fuel-cell11 can 

partially solve such an issue (Fig. 1.2). We can see an increment of the CO2 in billion tons vs 

year, 1750 to 1850 there is almost no emission of CO2, 1850 to 1950 there is less emission of 

CO2. However, from 1950 to 2020, there is drastically emission of CO2, according to data from 

the Global Carbon Project (Fig. 1.1).12 Rechargeable secondary batteries for electrochemical 

energy storage are the most efficient and leading technology available in today's market.13   
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A rechargeable battery is a pertinent electrochemical device that converts chemical energy into 

electricity and vice-versa. The lithium-ion batteries (LIBs) technology played a highly essential 

role and therefore matured in the market for portable electronic devices and electric vehicles.14 

Fig.1.2 shows the Ragone plot of the various electrochemical system: batteries have higher 

energy density than capacitors.15 

Figure 1.1. The plot of annual CO2 emissions from burning fossil fuels and cement production 

Reproduce from reference,6 2020 Global Energy Project. 

Therefore, lithium-ion batteries technology has the potential that can be used for grid energy 

applications. however, the implementation of LIBs technology is limited because of the high 

cost and availability of lithium metal.16 Hence, the situation demands for batteries technology 

with similar chemistry but high in abundance and low in cost. Presently, sodium-ion batteries 

(SIBs) are emerging as Na is high in abundance and low in cost as compared to lithium metal 

(Figure 1.3).  
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Figure 1.2. Ragone plot of the various electrochemical system. Reproduce from reference,15  

2019 Springer. 

 

Figure 1.3. A plot of capacity, Earth abundance vs. reduction potentials (vs. NHE) of different 

metal elements. Reproduce from reference,17 2016 Advanced Materials. 
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1.2. The working principle of Na-ion batteries 

The schematic and operational principles of SIBs are analogous to LIBs. Figure 1.4 shows a 

schematic diagram of fundamental parts of and working principle of LIBs. 

 

Figure 1.4. The schematic of a sodium-ion battery. Reproduce from reference,16 2020 ACS 

energy letters. 

It consists of three major parts: anode, cathode, and electrolyte. The cathode and anode are 

separated by a separator soaked with electrolytes which may be liquid (salts are dissolved in 

solvent: aqueous or organic). In SIB, sodium salts are dissolved in non-aqueous solvents. 

Moreover, it may be solid polymers,18 gel polymers, or ceramic electrolytes.19 The current 

collector is used to collect and distribute the electrons throughout the electrodes. In SIBs, 

sodium ions move from anode to cathode in the electrolytes through the porous media during 

discharge, and electrons travel from anode to cathode through the external circuit to balance 

the charge. As a result, the cathode gets reduced, and shuttling ions get inserted into the cathode 

materials. Additionally, during charging, electrons and ions move in a reverse direction. The 

electrochemical reaction happening in the batteries are the bulk phenomena rather than surface 

phenomena as taking place in the capacitors and supercapacitors.15  
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1.3. General Concepts and a Few Techniques Used 

1.3.1 Galvanostatic Cycling with potential Limitation (GCPL) 

GCPL is a chrono-potentiometric technique in which constant current (i) is applied to the 

working electrode, i.e., cathode, and its potential is measured as a function of time.20 By the 

convention of batteries, its current sign is positive during charging and negative during 

discharging. Using the GCPL technique, the electrode materials' specific cell capacity and 

stability can be assessed upon cycling. Moreover, it gives us additional information about the 

presence of any irreversible redox process like SEI formation and electrolytes decomposition. 

Additionally, we can also assess the difference in the coulombic efficiency from this technique. 

1.3.2. Rietveld21 refinement 

It is a refinement technique used to fit a known structure model to the experimentally measured 

data by simulating the data profile. The height, weight, and position of the reflected powder X-

ray diffraction (PXRD) patterns can be used to determine the many aspects of materials 

structure. If the applied model is correct, it will predict the "true" intensity values. This 

technique is more commonly used for PXRD. It includes the non-linear least-squares method 

after giving a valid initial approximation of many free parameters, like peak shapes, unit cell 

dimensions, and coordinates of all atoms in the crystal structure. We can assess other 

parameters from this information while still being reasonably refined. 

Moreover, Hugo Rietveld first described it in 1969 to refine crystalline materials. Presently, 

many software, like FULLFPROF22 and GSAS,23 have been developed, incorporating many 

parameters for a better fit. The parameters defined in the fitting include peak position, peak 

shapes, atomic coordinate, and its occupancy, addition of different phases, background, etc.  

1.3.2.1. Rietveld discrepancy value: R factor and goodness-of-fit χ2: 



6 
 

R factor: It is mainly classified into two types: Weighted profile R-factor labeled as Rwp 

and Expected R-factor labeled as Rexp. 

1.3.2.2. Weighted profile R-factor (Rwp): 

Suppose the intensity value simulated from a model will be represented as Y.C., i where C is 

defined as calculated from the model. Moreover, observe intensity is labeled as a Y.O., i where 

o represents the observed value, and i is defined as an intensity measure at 2θ value 2θi. The 

Rietveld technique optimizes the model function to minimize the weighted sum of the squared 

difference between the observed and calculated values, i.e., to minimize Σ [Wi (Yo, i – Yc, 

i)2]. 

The weighted is represented as Wi, which is 1/σ2[Y.O., i], where Y.O., i represents uncertainty 

estimates. 

The weighted profile R-factor Rwp is given as; 

Rwp = Σ [Wi (Yo, i – Yc, i)2]/ ∑ 𝑾𝒊 (𝒀o, 𝒊)2 

1.3.2.2.1. Expected R-factor (Rexp): If the model is ideal and accurately predicts the true 

value for each Yo, i value, then the average value of (Yo, i – Yc, i)2
, will be equal to σ2[Y.O., i] 

and expected value of Wi (Yo, i – Yc, i)2 equal to one. If the one obtained from this ideal model 

would be the best possible value, the σ [Y.O., i] values are correct. This "best possible Rexp" 

value is the highest use of the full concept and is called the expected R-factor, which is given 

bellow; 

(Rexp)2 = N / Σi (Wi (𝒀o, 𝒊)2 

Where N is called several data points. 

1.3.2.2.2. Goodness-of-fit χ2 
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Let the model be ideal, and the uncertainty estimate value is correct, then considering the 

expected value (Yo, i – Yc, i)2 / σ2[Y.O., i] will be one. The value of "Chi" can never be less 

than one if it happens there could be one of the two things is true: (1) "The estimated uncertainty 

for the data must be overestimated or (2), so many parameters have been introduced that the 

model is adjusting to fit the noise".24 

1.3.4. Solid-Electrolytes-Interphase (SEI) 

This is a passivation layer formed on the lithium/sodium metal anode upon cycling due to the 

decomposition of the electrolytes. The lithium/sodium metal is highly reactive and reacts with 

organic electrolytes, consisting of solvents in which salts were dissolved and added additive. 

Additionally, dense and intact SEI formed restricts the tunnelling of the electrons and thus 

further reduction of the electrolytes. Therefore, it is substantial for a battery's chemical and 

electrochemical stability. In addition, formed SEI led to capacity fading, poor power density, 

and increasing battery resistances. The formation of the SEI occurs when the Electrode's redox 

potential in batteries lies outside the electrolytes' electrochemical window.25 In more specific 

ways, the electrochemical potential lies above the Lowest Unoccupied Molecular Orbital 

(LUMO) and below the Highest Occupied Molecular Orbital (HOMO). Fig. 1.5 shows the 

energy diagram of the electrolytes and the electrochemical potential of the electrodes (anode 

and cathode). 

1.3.5. Coulombic Efficiency 

Efficiency is the crucial parameter of the secondary battery systems. The released capacity of 

batteries is always less than its charging capacity. In other words, discharging capacity is 

always less than charging capacity. It can be described as a ratio between the amount of Li+ 

ions or electrons returning to the cathode and the amount of Li+ ions or electrons departing 

from the cathode in a full cycle.26 It is expressed as an equation given (page 8),  
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Figure 1.5. Schematic Open-circuit energy diagram of the electrolytes. Reproduce from 

reference,25 2018 (npj) Nature. 

 

                                     Efficiency = 
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

                                                      = 
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖+ 𝑖𝑜𝑛𝑠 𝑏𝑎𝑐𝑘 𝑡𝑜  𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖+ 𝑖𝑜𝑛𝑠 𝑑𝑒𝑝𝑎𝑟𝑡𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑐𝑎𝑡ℎ𝑜𝑑𝑒
 

                                                       =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑏𝑎𝑐𝑘 𝑡𝑜  𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑑𝑒𝑝𝑎𝑟𝑡𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑐𝑎𝑡ℎ𝑜𝑑𝑒
 

1.3.6. Gibb's Free Energy (ΔG) 

It determines the feasibility of the reactions. From a thermodynamic point of view, it is a useful 

work obtainable from a thermodynamic system at constant temperature and constant pressure.27 

The difference in Gibbs free energy (ΔG) for the reaction between the charged and discharged 

state is given by the equation:  

ΔG = ΔHr – TΔSr = ΔUr + PΔVr - TΔSr 
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Where T is the temperature, P is the pressure of the system, and the terms PΔVr, TΔSr 

correspond to changes in the volume and entropy of the system. 

1.3.7. Open Circuit Voltage (Voc)  

Open circuit voltage is determined by the difference between chemical potential of the anode 

(µA) and the cathode (µC) of the cell. It is also termed as a working voltage, which is given by 

equation:28 

VOC = 
µ𝐴  − µ𝐶

𝑒
 

Where e is the magnitude of the electronic charge. 

1.3.8. C-Rate 

It measures the rate of cycling of a battery, which means the rate at which charge and discharge 

is happening. In other words, C is a current per unit capacity. Moreover, C-rate represents the 

current rate rather than the current density.29 Let's C-rate is C/10 which means it will take 10h 

to reach its maximum current. 

1.4. Classification of Batteries: 

Batteries are generally classifieds into two types  

      1.4.1. Primary Batteries  

      1.4.2. Secondary batteries 

 1.4.1. Primary Batteries: 

Primary batteries are the combination of non-rechargeable cells-a galvanic cell, i.e., It is used 

once after charge, in which chemical energy is stored during charging and converted into 

electric energy during discharging. In general, the electrochemical reaction occurring in the 

cell is not reversible. The components of the cell are given on page 10 (Figure 1.6). 
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Fig. 1.6. Schematic representation of the components of a primary cell. Reproduce from 

reference,30 2021 encyclopaedia Britannica.   

1.4.2. Secondary Batteries:  

The secondary batteries are a combination of rechargeable cells. It consists of primarily three 

components: Anode, Cathode, and Electrolyte, that participate in electrochemical energy 

storage. In secondary batteries, during discharging, ions (Li in case of Li-ion battery and Na in 

case of Na-ion battery, etc.) move from anode to cathode through porous media and vice versa 

during charging. In addition, salts ion is dissolved in the solvents. The secondary battery cell 

(Na-ion cell) schematic representation is given on page 11 (Figure 1.7).  
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Fig. 1.7. Schematic representation of secondary battery cell. Reproduce from reference,16 2020 

ACS energy letter. 

1.5. Components of secondary Battery:  

      1.5.1. Anode Materials  

An anode is a negative electrode in rechargeable batteries. Good anode material for 

practical applications is expected to have a high capacity, low potential, long cycle life, and 

high safety. The lithium-metal anode was used in lithium-ion batteries because of its low 

electrode potential and high energy density. However, Li-metal suffers from safety, 

dendrite growth on the anode due to electrolyte degradation, and formation of solid 

electrolytes interphase (SEI). In addition, SEI on anode impedes the ion's transportation to 

the anode. Therefore, an alternative of lithium metal has been used to get rid of safety 

concerns such as Li4Ti5O12, graphite, and Silicon.31 In the case of silicon with cycling, Li-

metal intercalates/de-intercalate resulting in a considerable volume change (>300%) in 

comparison to graphite anode.32 This significant volume change causes several issues in 

the Si anode, such as cracking, fracture, disintegration, electric isolation of the Si materials 

and the current collector. Although, the specific capacity of Si anode is ten times higher 

than conventional graphite anode (372 mAh/g). 
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Fig. 1.8. Schematic representation of voltage vs. capacity of silicon (Si)/graphite and other 

commercial anode materials. Reproduce from reference,32 2021 ACS energy fuels.  

1.5.2. Cathode Materials and their classifications 

There have been several types of cathode materials commercialized for Li-ion batteries under 

considerable research efforts. In addition, electrochemical energy storage materials are the 

critical factor in determining the performances, such as capacity, lifespan, and safety. The 

cathode materials are broadly classified as: layer oxides, spinel oxides, polyanion oxides, 

Prussian Blue Analogues (PBAs), etc. Here, I have briefly outlined the first three cathode 

materials.   

1.5.2.1. Layered Oxides     

The very first cathode materials for Li-ion batteries come into the market is LiCoO2. Layered 

oxide materials, discovered by Chemistry Nobel Laureate, Prof. J. B. Goodenough33,34 

Moreover, it is still widely being used for communication, computers, and consumer 

electronics. It displays high theoretical specific as well as volumetric capacity, 274 mAh/g, and 

1363 mAh/cm3, respectively. The layer crystal structure of LiCoO2 is represented in Fig. 1.9. 
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Figure 1.9. Schematic representation of LiCoO2 layer crystal structure. Reproduce from 

reference,33 2015 Energy Mat Adv. 

1.5.2.2. Spinel Oxides 

The spinel oxides have a three-dimensional (3D) crystal structure. Moreover, it has good 3D 

crystal structure stability along with high ionic and electronic conductivity. One of the most 

famous spinel oxides for the cathode materials is LiMn2O4, which Prof. Goodenough's research 

group proposed it in 1984. The practical and theoretical specific capacities of LiMn2O4 are 120 

mAh/g and 148 mAh/g, respectively.35 Fig. 1.10. Shows 3D crystal structure of LiMn2O4, Mn 

octahedrally surrounded by six oxygen atoms and link through edge-sharing another 

octahedron offer 3D lithium-ion diffusion pathway as we can see in Fig. 1.10 (b).  

1.5.2.3. Polyanion Oxides 

Coming to the third class of cathode materials, polyanion oxides, a part of Manthiram's PhD. 

Desertion work in India. He has synthesized Fe2(MoO4)3 and Fe2(WO4)3 for the hydrogen 

reduction,36 which crystallizes in the NASICON-related framework structure. Similarly, other 

materials have been proposed, like Fe2(SO4)3; in general, it can be represented as Fe2(XO4)3 

where X could be Mo, W, P, and S. The crystal structure of the NASICON-related framework 

represented in Fig.1.11.  
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Figure 1.10. (a) the 3D crystal structure of LiMn2O4 (b) its corresponding Li-ion diffusion 

pathways. Reproduce reference,35 2013 Elsevier. 

 

Figure 1.11. The crystal structure of the NASICON-type framework. Reproduce from 

reference,37 2020 Electrochemical Soc. of Japan.  
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1.5.3. Electrolytes 

The electrolytes are one of the main components of the batteries physically sandwiched 

between two electrodes, namely, the cathode and the anode. The job of the electrolytes 

is to transport the ions between the electrodes of the rechargeable batteries. The suitable 

electrolytes for lithium/sodium-ion batteries are non-aqueous and aprotic liquid 

electrolytes. Considering the cyclic propylene carbonate (PC), ethylene carbonate (EC) 

has high dielectric constant and high viscosity. The high viscosity of EC and PC makes 

it low transportable to ions. Moreover, diethylene carbonate (DEC), dimethyl carbonate 

(DMC), and ethyl methyl carbonate (EMC) have low dielectric constant and low 

viscosity. Hence, it is used as an additive in the electrolytes. Additionally, Na/LiClO4 

and Na/LiPF6 are generally used to source Li/Na ions. Table 1 listed a few solvents and 

corresponded their properties.38 
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CHAPTER 2 

Structural and Electrochemical Properties of NASICON- Na3CryFe(2-y)(PO4)3
 Cathodes 

for Na-ion Batteries. 

2.1. Introduction 

The demand for clean energy storage and conversion devices is overwhelmingly increasing to 

address the concerns over carbon footprint. Batteries are among the most delicate devices for 

energy storage because they have several advantages: high efficiency, easily portable, high 

energy, and power densities.1,2 Lithium-ion batteries (LIBs) are a mature and captured world 

market due to their high energy density, long cycle life, and low maintenances.3,4 Moreover, 

LIBs are gaining attention for electric vehicles and grid-scale applications.5,6 However, for 

grid-scale applications, cost, availability, and accessibility of lithium sources are open 

questions. On the contrary, sodium sources are abundant, inexpensive and easily accessible.7,8 

Thus, potentially it can be used for large-scale applications.9  

The materials chemistry and electrochemistry of Na-ion batteries are significantly different 

from the Li-ion batteries. Because, sodium has lower electrode potential than lithium (-2.71V 

vs. SHE of Na than -3.04V vs. SHE of Li) and lower energy densities.10 In addition, the cationic 

radius of sodium is larger than lithium (1.06 Å of Na+ than 0.71Å of Li+).10 Thus, it leads to 

the massive difference in intercalation chemistry of sodium and lithium, insertion potential, 

diffusion barrier, and stability of given hosts. Different cathode materials have been proposed 

for interaction/deintercalation (host) of sodium ions such as layered oxides,11 polyanion 

oxides,12 Prussian Blue Analogues (PBAs)13 etc. Although layered oxides deliver higher 

capacities (150-200 mAh g-1), they suffer from multiple phase changes during charge/discharge 

or deintercalation/intercalation. The comparison of a half-cell of charge/discharge voltage 

versus specific capacity curve of Li/Li1-xCoO2 and Na/Na1-xCoO2 in Fig. 2.1. It shows stepwise 
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voltage profiles for sodium cells. They reflect the multiple phase changes of the NaCoO2 crystal 

as Na+ is deintercalated to form Na1-xCoO2 during charging vice versa during discharging. The 

crystal structure of both LiCoO2 and NaCoO2 is the same O3-type phase, consisting of CoO2 

slab and Na+ or Li+ are sandwiched between the slab along the c-axis of the A1-xCoO2 crystal 

(where A = Li or Na).14 The crystal structure changes with the beginning removal of Na from 

the NaCoO2 during the first charge. The CoO6 form octahedra within which sodium ions in the 

O3-type phase are mainly stabilized at edge-shared octahedral sites. When Na+-ions are 

partially extracted during charging from the O3-type phase, the Na+-ions present at the 

prismatic sites become energetically stable and transform crystal to P3-phase. This is due to 

sliding CoO2 slabs without breaking the Co-O bond. This transformation between octahedral 

to prismatic phase by sliding the slabs occurs in all the transition metal oxides used as a cathode 

material for Na-ion batteries.14 To sort out above bottleneck for Na-ion batteries, since it needs 

robust cathode materials (e.g., NASICON).5,15  

 

Figure 2.1 Schematic representation of voltage vs. capacity curves. Reproduce from 

reference,14 2020 ACS energy letters.  
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NASICON phosphates are attractive class of materials as Na-ion cathodes due to their higher 

structural and thermal stabilities and faster Na-ion diffusivity. Na3V2(PO4)3 cathode delivers 

reversible capacities of ~100 mAh g-1 at an average voltage of 3.45 V vs. Na+/Na0, 

corresponding to the activity of V4+/V3+ redox couple.15 Another NASICON cathode, 

Na3Fe2(PO4)3 is appealing because of earth-abundant iron precursor. It delivers stable 

capacities of ~50 mAh g-1 at 2.6 V vs. Na+/Na0 via concomitant reduction of Fe3+ to Fe2+.16,17 

Recently, NASICON- Na3Cr2(PO4)3 cathode has been reported for its high voltage redox 

activity (~4.5 V).18 However, it suffers from rapid capacity decay due to structural degradation 

happening at higher voltages.  

In this work, we have tailored a series of NASICON-Na3CryFe(2-y) (PO4)3
 (y = 0, 0.5, 1, 1.5 and 

2) solution assisted solid-state synthesis. As the endmembers’ (i.e., Na3Cr2(PO4)3
 & 

Na3Fe2(PO4)3) redox activities are limited to maximum of one Na exchange per formula unit 

(i.e., equivalent to 50 mAh g-1). Here, we attempted to utilize two redox couples Cr4+/Cr3+ and 

Fe3+/Fe2+ in this NASICON host in order to realize higher storage capacities. 

2.2. Experimental Section 

2.2.1. Chemicals  

Cr (NO4)3.9H2O (Sigma-Aldrich, 99%), Fe (NO4)3.9H2O (Sigma-Aldrich, 99%), Citric acid 

(Alfa-Aesar, 99%), and NaH2PO4 (Sigma-Aldrich, 99%) were procured and directly used in 

the synthesis. 

2.2.2. Synthesis  

We synthesized five different stoichiometric compositions of Na3CryFe(2-y) (PO4)3, where y = 

0, 0.5, 1, 1.5 and 2, through sol-gel routes. Considering y = 1, we took 0.40 g of Cr (NO4)3.9H2O 

and 0.41 g of Fe (NO4)3.9H2O into a 100 mL beaker containing 60 mL DI water and kept for 

stirring. Followed by the addition of citric acid, the temperature raised to 60oC and stirring is 
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continued for 2 h. afterward NaH2PO4was added into it, the colour of the solution changes into 

green, further stirred 2h more for homogeneous mixing. Then, the temperature was increased 

to 90o C for drying the samples. Thereafter, the sample was grided with agate mortar and 

transferred into the ceramic boat and kept in a muffle furnace at 400oC for 6h with a heating 

rate 5 o/min for decompositions of nitrate and citric acid. The obtained grey product with 

intermediate grinding was heated in the muffle furnace at 750oC for 15h with a heating rate of 

5 o/min. The final product obtained was light green, similar to other compositions obtained 

with different temperatures. The final step was the same for y = 0.5 and 1.5; however, the final 

step for y = 0 was 750oC for 12h, the product was pink colour, and y = 2 was 800oC for 15h, a 

green colour product obtained (Table 2.1). 

Table 2.1. Synthesis protocol of five different compositions  

Compositions Intermediate step Final step 

Temp. 

(oC) 

Time 

(hours) 

Ramp 

rate 

(oC/min) 

Temp. 

(oC) 

Time 

(hours) 

Ramp 

rate 

(oC/min) 

Na3Fe2(PO4)3 400 6 5 750 12 5 

Na3Cr0.5Fe1.5(PO4)3 400 6 5 750 15 5 

Na3CrFe(PO4)3 400 6 5 750 15 5 

Na3Cr1.5Fe0.5 PO4)3 400 6 5 750 15 5 
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2.2.3. Characterization  

Powder X-ray diffraction (PXRD) patterns of the as-synthesized products were measured using 

a Rigaku diffractometer (Cu Kα (λ = 1.54056 Å)). Le-Bail fitting was performed on the 

NASICON samples to obtain cell parameters.  

FESEM micrographs were obtained from the Field Emission Scanning Electron Microscopy 

(FESEM), Zeiss, Gemini SEM 500 with 20KV accelerating voltage. Differential scanning 

calorimetry (DSC) data was obtained from a METTLER TOLEDO, DSC3, STARe System.   

All the electrochemical tests were carried out in Swagelok cells with sodium metal (Sigma-

Aldrich, 99%) as the counter electrode. The working electrodes, i.e., NASICON cathodes, were 

prepared by ball-milling 65 wt% of active materials, 27 wt% of TIMICAL SUPER C-45 carbon 

(MTI.), and 8 wt% of poly (vinylidene fluoride) (PVDF, MTI.) for 5 minutes. These composites 

were mixed with N-methyl pyrrolidine (Sigma-Aldrich, 99%) solvent and subsequently the 

slurries were coated on a 0.025 mm thick carbon-coated aluminium foil current collector. The 

electrodes were dried under vacuum at 80oC overnight and punched into discs of 10 mm 

diameter with active materials mass loading of ~2.5 mg cm-2. The electrolytes made of 1.0 M 

NaClO4 in a mixture of propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate 

(DMC.) (45:45:10 by wt%) with 2 wt% fluorinated ethylene carbonates (FEC) were used.  The 

Swagelok cells were assembled in an argon-filled glove-box. Electrochemical measurements 

were performed using galvanostatic cycling with potential limitation (GCPL), in a battery 

cycler (BCS-805) using the voltage window 4.6-1.5V vs. Na+/Na0 and the current rate of C/10 

as well as 1C. 

Na3Cr2(PO4)3 400 6 5 800 15 5 
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2.3. Results and Discussion 

The chemical composition of NASICON-Na3CryFe(2-y) (PO4)3 was estimated using ICP-OES 

technique and the corresponding results are displayed in table 2.2. The obtained stoichiometries 

are in agreement with the target compositions. The crystal structure of five different 

stoichiometric compositions of Na3CryFe(2-y) (PO4)3, where y = 0, 0.5, 1, 1.5 and 2, was studied 

by PXRD. All the samples crystallize in monoclinic C2/c structure except the Na3Cr2(PO4)3 

which adopts rhombohedral R-3c structure (Figure 2.2a).  The refined lattice parameters are 

depicted in table 2.3. The calculated lattice parameter of Na3Fe2(PO4)3 and Na3Cr2(PO4)3 

cathodes are in agreement with the literature values.  

To study the phase transitions of NASICON-Na3CryFe(2-y) (PO4)3, DSC was carried out from -

50 to 250 oC at a rate of 5 o/min for two heating/cooling cycles and the corresponding results 

are displayed in Figure 2.2 (b). The first peak of Na3Fe2(PO4)3 at 79.5oC is attributed to the 

phase transition from α to β during heat flow, where β- phase is an intermediate and α- phase 

is a monoclinic.19 Another small and broad peak was observed at the temperature of 130oC, 

which corresponds to β- phase to γ-phase transition.20 The γ-phase crystalizes in rhombohedral 

R-3c structure.  However, hysteresis was observed during cooling and a slightly shifted in 

temperature from 130oC to 131oC. This series of phase transitions are attributed to (dis)ordering 

of sodium-ions in NASICON lattice.20, 21 The Na3Cr0.5Fe1.5(PO4)3 a single peak at 80 oC, which 

has a transition from α to β during heat flow. However, hysteresis was observed during cooling 

and a slightly shifted in temperature from 80 to 85 oC. 
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Table 2.2. Stoichiometric of five chemical compositions calculated and observed through ICP-

OES technique. 

 

Fig.2.2(b) shows a single peak for Na3CrFe(PO4)3 at 66.8oC, corresponding to the transition 

from α to β during heat flow. During cooling, hysteresis observed a slightly shifted temperature 

from 66.8oC to 71.9 oC. We could not spot any clear peak for phase transition of Na3Cr1.5Fe0.5 

(PO4)3. Finally, the Na3Cr2(PO4)3 show the first peak at 132.8oC, corresponding to the transition 

from α' to β during heat flow, where β- phase is an intermediate.20 Moreover, another peak was 

observed at 163oC corresponding to β- phase to γ-phase transition.22 Here, γ-phase is 

monoclinic with a C2/c space group, and α’-phase is rhombohedral with an R-3c space group.20 

These observations show that as we have increased the stoichiometric amount of Cr in 

Na3Fe2(PO4)3 to Na3Cr0.5Fe1.5(PO4)3, the peak position of phase transition from α to β remains 

almost the same. In contrast, the peak position of phase transition from α to β shift is observed, 

in case of Na3CrFe(PO4)3 (66.8oC) as compared to Na3Fe2(PO4)3 (79.5oC). Moreover, α ↔β 

phase transition leads to the most dynamic disorder of sodium-ions.19   

Compositions Na Cr Fe 

Obs. Cal. Obs. Cal. Obs. Cal. 

Na3Fe2(PO4)3 2.37 2.99 0.0 0.0 1.88 1.99 

Na3Cr0.5Fe1.5 (PO4)3 2.42 2.99 0.45 0.49 1.46 1.49 

Na3CrFe (PO4)3 2.44 2.99 0.97 1.0 1.0 1.0 

Na3Cr1.5Fe0.5 (PO4)3 2.32 2.99 1.44 1.49 0.46 0.49 

Na3Cr2(PO4)3 2.39 2.99 1.97 1.99 0.0 0.0 
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Figure 2.2. (a) XRD patterns and (b) DSC profiles of NASICON-Na3CryFe(2-y) (PO4)3. 

The morphologies of NASICON-Na3CryFe(2-y)(PO4)3 cathodes were studied using SEM 

technique (Figure 2.3). Irrespective of Cr3+ substitution, all the materials exhibit irregular 

interconnected primary particle of ~200 nm.  

The electrochemical Na (de)intercalation properties of the NASICON-Na3CryFe(2-y)(PO4)3 

cathodes were investigated in the potential window of 4.6-1.5V vs Na+/Na0 at C/10 rate. Their 

corresponding voltage-capacity and dQ/dV profiles are depicted in Fig. 2.4. During the first 

charge, the Na3Fe2(PO4)3 cathode shows a short voltage plateau at 4 V vs Na+/Na0, however, 

it is not reversible on the subsequent discharge. It exhibits reversible voltage plateaus at 2.5 V 

due to redox activity of Fe3+/Fe2+ couple with reversible capacities of ~78 mAh g-1. The y = 

0.5 cathode shows similar voltage-capacity and dQ/dV profiles (Figure 2.4) like the 

Na3Fe2(PO4)3 endmember. Interestingly, the Na3FeCr(PO4)3 cathode show slightly higher first 

R3c 
(a) 

Exo 

Exo 

Exo 

Exo 

Exo 

Heating 

Cooling 

(b) 
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charge capacity associated with the high voltage plateau (4.5 V) compared to those of previous 

members.  

Table 2.3. List of the calculated lattice parameters. 

 

  

System Space group Lattice Parameters Volume 

Å3 

Na3Fe2(PO4)3 C2/c a = 15.07780 

b = 8.82557 

c = 8.69579  

  

α = 90 

β =  125.01428 

γ =  90 

947.717 

Na3Cr0.5Fe1.5 (PO4)3 C2/c a = 15.06211 

b = 8.69419 

c =   8.77570 

  

α =  90 

β =  125.07651 

γ =  90 

940.491 

Na3CrFe (PO4)3 C2/c a = 15.14721 

b = 8.63767  

c = 8.80662 

  

α = 90 

β = 125.79242 

γ = 90  

934.620 

Na3Cr1.5Fe0.5 (PO4)3 C2/c a = 15.11567 

b = 8.64840 

c = 8.88916  

  

α = 90 

β =  125.47776 

γ =  90 

 946.303 

Na3Cr2(PO4)3 R-3c a = 8.64729 

b = 8.64729 

c = 21.63510  

  

α = 90 

β = 90 

γ = 120 

1401.036 
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Figure 2.3. SEM images of Na3CryFe(2-y) (PO4)3. 

Indeed, this high voltage plateau is noticed during the successive charging processes, but not 

reversible during the subsequent discharge processes. The low voltage plateau of Fe3+/Fe2+ 

shows reversible capacities of ~100 mAh g-1. As the Cr3+ -ion concentration in Na3CryFe(2-y) 

(PO4)3 increases further, the y = 1.5 and 2 cathodes show featureless voltage-capacity and 

dQ/dV profiles with lesser capacities of ~40 mAh g-1.  
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Figure 2.4. (a) voltage-capacity and (b) dQ/dV profiles of NASICON-Na3CryFe(2-y) (PO4)3 

cathodes.  

Further, we have attempted to improve the electrochemical performance of NASICON 

Na3CrFe(PO4)3 cathode by particle downsizing using high energy ball-milling. Figure 2.5 

shows the SEM images of ball-milled samples. It is clear that upon ball-milling for 30 mins the 

particle size is reduced below 100 nm. 
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 Figure 2.6 shows volage-capacity profiles and capacity retention of Na3CrFe(PO4)3 cathode 

ball-milled for 30 min at 1C rate. although, the electrode delivers higher reversible capacity 

~100 mAh g-1, it undergoes rapid capacity decay, reaching 24 mAh g-1 within 50 cycles.   

 

 

 

 

 

 

 

 

Figure 2.5. Scanning Electron Microscopy (SEM) images of Na3CrFe(PO4)3 ball-milled for 

(a) 5 and (b) 30 minutes, respectively. 

 

Figure 2.6. (a) Galvanostatic charge/discharge profile and (b) Cycling performance of a 30 

mins ball milled Na3CrFe(PO4)3 and with a current rate 1C. 
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2.4. Conclusion 

In this study, we prepared a series of NASICON- Na3CryFe(2-y)(PO4)3 cathodes. Except the 

Na3Cr2(PO4)3, all the cathodes crystallize in monoclinic unit cell (C2/c space group).  DSC 

studies reveal multiple phase transformations associated with Na order/disorder phenomena. 

The galvanostatic charge/discharge reveals higher reversible capacity of ~100 mAh g-1 for 

Na3CrFe(PO4)3 cathode, however, it fades quickly.  
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