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Abstract  

Our future is threatened by the cataclysmic effects of global warming. In addition, 

the energy supply problems linked to the Russo-Ukrainian War and the ever-

increasing demand for green and renewable energies are casting a shadow over 

our energy future. The energy transition will require using efficient, high-yield, 

low-cost energy storage systems with the least possible environmental impact to 

allow the durability and longevity of the used systems.  

Electrochemical batteries are one of the most promising technologies to store 

energy efficiently. Current commercial Li-ion batteries, with high energy density 

and long cycle life, are used in a wide range of applications such as mobile phones, 

electric vehicles, or household storage. Current batteries are based on critical raw 

materials such as lithium and cobalt. The electrode materials’ performance is 

highly impacted by their microstructure and composition, mainly dictated by the 

synthesis method. Also, developing a synthesis method that can be easily scaled 

up is a matter of importance to respond to future needs.  

In this work, we specifically focus on the use of the spray-drying synthesis method 

of low-critical raw materials cathode materials for Na-ion and K-ion batteries. The 

spray-drying is a highly versatile, easily up-scalable, and cost-effective method. 

This work is divided into two main parts. 

The first part of this work concerns the optimization of Na2FePO4F (NFPF) and 

Na2FePO4F/CNT materials by spray-drying method (Chapter 2). The influence of 

synthesis conditions on the structure and morphology was investigated. 

The particle size reduction has slightly enhanced the electrochemical 

performance. The in situ addition of carbon nanotubes in one step, using a spray-

drying process to prepare NFPF/CNT composites, leads to the formation of 

impurities. Therefore, the synthesis is optimized to prevent these impurities, and 

the pure NFPF-15CNT with enhanced performance as cathode in NIB was 
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obtained: discharge capacity of 123 mAh/g at C/15. The precharged NFPF-

15CNT (removing Na) also showed promising performance in KIB. The third 

chapter gives important insights on the electrochemical mechanisms of NFPF 

materials in both Na-ion batteries and K-ion batteries using operando 57Fe 

Mössbauer combined with operando X-Ray diffraction. The obtained datasets are 

treated using chemometrics and particularly principal component analysis and 

multivariate curve resolution – alternating least square. A double biphasic 

mechanism is evidenced in Na-ion batteries with a mixed valence intermediate, 

while in K-ion batteries the cycling mechanism shows clear differences such as 

the absence of an intermediate state leading to a single biphasic mechanism.  

The second part (Chapter 4 and 5) of this thesis present the development of three 

new cathode materials for KIB: K3V(PO4)2, K3Fe(PO4)2, and K3Fe2(PO4)3 for 

K-ion batteries. The spray-drying synthesis method was successfully optimized to 

prepare these materials with a heat treatment afterward. KVP with 20wt% of 

carbon nanotubes, with 20wt% graphene oxide, or with 10% of carbon nanotubes 

+ 10wt% of graphene oxide composites were also prepared in one step using 

spray-drying and then tested as cathode materials for K-ion batteries. Without 

grinding, composite with a mix of carbon nanotubes and graphene oxide 

demonstrated the best performance with a discharge capacity of 100mAh/g at 

C/40. An increase of the cycling-rate leads to a rapid decay of the capacity; thus, 

the grinding of the materials was studied. After grinding, carbon nanotubes -based 

composite exhibited enhanced electrochemical properties even at higher C-rate 

thanks to the great reduction of the particle size and good carbon nanotubes 

dispersion in KVP material. The fifth chapter presents the synthesis and 

characterization of KFPx cathode materials for K-ion batteries. Contrary to others, 

these materials have not been obtained under argon atmosphere, preventing us 

from obtaining composite materials with carbon. Despite that, new strategies to 

enhance the electrochemical performance were studied: diminution of particle 

size, change of iron precursors, and addition of ex situ carbon nanotubes.  
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Our approach allowed us to achieve promising performance in K-ion batteries, 

with good initial discharge capacities: 70mAh/g for KFP2 and 100mAh/g for 

KFP3.  
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Résumé 

Notre avenir est menacé par les effets cataclysmiques du réchauffement 

climatique. Les problèmes d'approvisionnement énergétique liés à la guerre 

russo-ukrainienne et la demande, sans cesse croissante, d'énergies vertes et 

renouvelables jettent un voile sur notre avenir énergétique. La transition 

énergétique se fera par l'utilisation de systèmes de stockage d'énergie efficaces, à 

haut rendement, à faible coût et avec le moins d'impact environnemental possible, 

pour permettre la pérennité et la longévité des systèmes utilisés. 

Les batteries rechargeables sont l'une des technologies les plus prometteuses pour 

stocker efficacement l'énergie. Les batteries Li-ion commerciales actuelles, ayant 

une densité d'énergie élevée et une longue durée de vie, sont utilisées dans un large 

éventail d'applications, telles que les téléphones portables, les voitures électriques 

ou le stockage domestique. Malgré cela, celles-ci sont basées sur des matières 

premières critiques telles que le cobalt ou le lithium. Les performances des 

matériaux d'électrode sont fortement influencées par leur microstructure et leur 

composition, qui sont principalement dictées par la méthode de synthèse. Dès lors, 

le développement d'une méthode de synthèse facilement industrialisable est un 

enjeu important pour répondre aux besoins futurs. 

Dans ce travail, nous nous concentrons spécifiquement sur l'utilisation de la 

méthode de synthèse de séchage par atomisation de matériaux de cathode, avec 

peu de matériaux critiques, pour les batteries Na-ion et K-ion. Le séchage par 

atomisation est une méthode très polyvalente, facilement industrialisable et peu 

coûteuse.  

Ce travail est divisé en deux parties principales :  

La première partie de ce travail concerne l'optimisation des matériaux Na2FePO4F 

(NFPF) et Na2FePO4F/NTC par la méthode de séchage par atomisation 
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(chapitre 2). L'influence des conditions de synthèse sur la structure et la 

morphologie a été étudiée. La réduction de la taille des particules a légèrement 

amélioré les performances électrochimiques. L'ajout in situ des nanotubes de 

carbone, en une seule étape, par le procédé de séchage par atomisation, pour 

préparer des composites NFPF/NTC conduit à la formation d'impuretés. Par 

conséquent, la synthèse est optimisée pour éviter ces impuretés et le NFPF-15NTC 

pur, avec des performances améliorées comme cathode pour batteries sodium-ion, 

a été obtenu avec une capacité de décharge de 123 mAh/g à C/15. Le 

NFPF-15NTC préchargé (pour enlever les ions de Na) a également montré des 

performances prometteuses dans les batteries K-ion. Le troisième chapitre 

présente des informations importantes sur le mécanisme réactionnel 

électrochimique des matériaux NFPF dans les batteries sodium-ion et 

potassium-ion en utilisant la technique de spectroscopie 57Fe Mössbauer combinée 

avec la diffraction de rayons-X, tous deux en mode operando. Les données 

obtenues sont traitées par chimiométrie et notamment l’analyse de composantes 

principales et résolution de courbes multivariées. Un mécanisme de double 

biphasage est mis en évidence dans les batteries sodium-ion avec un intermédiaire 

de valence mixte ; tandis que, dans les batteries potassium-ion, le mécanisme 

réactionnel au cours cyclage montre des différences claires, telles que l'absence 

d'un état intermédiaire conduisant à un mécanisme biphasique simple. 

La deuxième partie de cette thèse (chapitres 4 et 5) présente le développement de 

trois nouveaux matériaux cathodiques pour batteries potassium-ion : K3V(PO4)2, 

K3Fe(PO4)2 et K3Fe(PO4)3. La méthode de séchage par atomisation a été optimisée 

avec succès pour préparer ces matériaux après traitement thermique. Des 

composites de KVP avec 20 % de nanotubes de carbone, avec 20 % d'oxyde de 

graphène ou avec 10 % de nanotubes de carbone + 10 % d'oxyde de graphène en 

masse, ont également été préparés, en une seule étape, en utilisant le séchage par 

atomisation, puis testés comme matériaux de cathode pour les batteries potassium-

ion. Sans broyage, le composite avec un mélange de nanotubes de carbone et de 
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d'oxyde de graphène a démontré les meilleures performances électrochimiques 

avec une capacité de décharge de 100mAh/g à C/40. L'augmentation de la vitesse 

de cyclage conduit à une décroissance rapide de la capacité. Pour y remédier, le 

broyage des matériaux a été étudié. Après broyage, le composite à base de 

nanotubes de carbone présentait des propriétés électrochimiques améliorées, 

même à une plus grande vitesse de cyclage, grâce à la grande réduction de la taille 

des particules et à la bonne dispersion des nanotubes de carbone dans les particules 

de KVP. Le cinquième chapitre présente la synthèse et la caractérisation des 

matériaux cathodiques KFPx pour batterie K-ion. Contrairement aux autres, ces 

matériaux n'ont pas été obtenus sous atmosphère inerte, empêchant l’obtention de 

matériaux composites avec du carbone. Malgré cela, de nouvelles stratégies 

d’amélioration des performances électrochimiques ont été étudiées : diminution 

de la taille des particules, changement de précurseurs de fer et ajout de nanotubes 

de carbone ex situ. Cette approche a permis d'atteindre des performances 

prometteuses dans les batteries K-ion, avec de bonnes capacités initiales de 

décharge de l’ordre de 70mAh/g pour KFP2, et 100mAh/g pour KFP3. 
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1. General introduction  

Recent events have demonstrated the necessity of finding urgent and sustainable 

solutions to encounter energy needs. Whether it is the extreme climatic changes 

of these years, the pandemic supposedly linked to global warming, which 

promotes the appearance of new diseases [1], or the very recent war in Ukraine, 

which is undermining our entire economic system and the energy supply. Despite 

these evidences, in the coming years, the world’s annual energy consumption will 

double from 14TW in 2010 to 28TW in 2050 (see Figure I-1), leading to more 

energetic challenges [2]. 

 
Figure I-1: Evolution of the world’s energy consumption and prediction up to 

2050, TOE = ton of oil equivalent [2] 

In the past, the growing energy demand was met by exploiting fossil fuels such as 

coal, oil, and gas. These fossil sources are, by definition, non-renewable, therefore 

limited, and take an enormous amount of time to reconstitute, which does not 

make them a sustainable solution for future needs. In addition, tragic events linked 

to global warming and climate change continue to recur, raising public awareness 

of climate issues. It is our duty to change our habits and find a solution to these 

changes that our planet is facing. This is why the development of so-called 
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renewable energy is growing rapidly. The advantages of these energy sources are 

multiple: they are unlimited, do not cause greenhouse gas emissions, their 

production can be located almost anywhere, and they are clean. The best-known 

renewable energy sources are wind, solar, hydroelectric, and geothermal energy. 

Due to their intermittency, it is necessary to find a way to store them to respond 

to the demand whenever needed. These energy storage systems may be installed 

either at the power plant location or elsewhere in the grid distribution system, 

including the customer side.  

Different energy storage technologies already exist. These include batteries, fuel 

cells, or supercapacitors. These various technologies can be classified according 

to the energy density or the power density they can deliver. As the name indicates, 

capacitors use capacitive and electrostatic interactions to exchange electrical 

energy; they provide high power with low energy. The batteries and fuel cells, on 

the contrary, provide low power but high energy and store the energy under 

chemical forms and restore it through redox reaction.  

Among the various energy storage systems, the Li-ion battery is one of the most 

competitive and attractive technologies, since it has a high energy density, very 

good efficiency, and long cycle life. These batteries already have plenty of 

applications. Among them, it is transportation that has the fastest development. 

The electrification of transportation is not new as the trains, tram, and metro 

already use it for many years, but these transportation systems are always 

connected to the power source. The personal transport that uses diesel or petrol to 

operate, since their invention, is now moving toward a greener way using 

batteries. The rapid expansion of this market and other markets where everything 

has to be mobile puts increased pressure on battery requirements and 

development.  

In the years to come, Li-ion technology may find itself unable to meet the colossal 

demand for energy storage systems. The interest in new systems based on a more 

abundant element has emerged for a few years. Sodium has rapidly attracted much 
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interest as a candidate to replace lithium since it has similar physical and chemical 

properties. In addition, it is highly abundant in the earth's crust, and the ocean and 

seas are considered an infinite source of sodium [3]. More recently, for a similar 

reason, potassium has attracted increased interest in the scientific community. For 

both of them, the energy density cannot be, for now, as high as their lithium 

counterpart, but they could be used for stationary applications [4]. Although the 

idea of replacing Li with Na or K may seem simple, the effects on chemistry are 

complicated and still poorly understood. That’s why the future of electricity 

storage will not be solved using only one system. These systems must be 

complementary, and research on the three systems Li, Na, and K-ion batteries 

should continue to improve these systems.  
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2. Electrochemical energy: history and 

development 

Batteries’ story began with Alessandro Volta, who experimented the combination 

of different metal plates with liquid electrolytes and invented the first known pile. 

This battery and all the other stays on the same basic principle, which is converting 

chemical energy into electricity through a redox reaction. After this discovery, 

other systems were developed, such as manganese-based batteries, but all these 

systems are single-use. Indeed, primary batteries are characterized by their single 

discharge and, once there is no more active material, the battery cannot be 

recharged and reused. These systems are then not able to store electricity that is 

produced by another system. Secondary batteries were invented a little later and, 

contrary to the primary batteries, they can be reused and recharged by applying an 

electric current to reverse the redox reaction and regenerate the material 

reversibly.  

The four major commercial battery technologies: Lead-acid, Nickel-cadmium, 

Nickel-metal Hybrid, and Lithium-ion, can be classified according to their 

gravimetric and volumetric energy density. These two parameters have guided the 

development of batteries since the discovery of the lead-acid battery until the 

advent of Li-ion batteries. Figure I-2 presents the gravimetric and volumetric 

energy densities of the different battery technologies. The development of 

batteries has always tried to increase these two values. In 1859, Gaston Planté 

invented Lead-acid batteries. It is characterized by a low value of energy densities 

(⁓30 Wh/kg or 80 Wh/L). It is still widely used and particularly for starting 

thermal motors in cars because they can provide a high current intensity.  
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Figure I-2: Gravimetric and volumetric energy densities of common battery 

technologies [4].  

A few years later, in 1899, Waldemar Jungner invented the Nickel-Cadmium 

batteries that present higher power density with less weight than the lead-acid 

battery increasing their gravimetric and volumetric energy densities (⁓40 Wh/kg 

or 150 Wh/L). However, the toxicity of cadmium quickly led to their marketing 

being reserved for professional applications [5]. A 27 MW, 6.75 MWh battery 

energy storage system with Ni-Cd batteries, connected to the Golden Valley 

Electric Association's grid near Fairbanks, Alaska, illustrates the applications [6]. 

The Nickel-metal hydride batteries were invented in 1967 and present even higher 

energy densities (⁓60 Wh/kg or 220 Wh/L) and have rapidly been used to develop 

the first portable applications with its commercialization in 1990. But only a year 

later, the commercialization by Sony of the first Li-ion battery completely 

revolutionized the battery market. Indeed, with energy densities more than twice 

those of Ni-MH batteries, Li-ion batteries quickly flooded the market, reaching 

today more than 200 Wh/kg (Figure I-2). Li-ion batteries are considered the most 
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efficient system for now. It can provide high energy density as well as high power 

density. These performances can be attributed to the unique properties of lithium. 

Indeed, with a molar mass of 6.941 g/mol and an ionic radius of 0.76 Å, lithium 

allows to store a large amount of energy in a minimum volume and weight. The 

small ionic radius also induces a rapid diffusion of Li+ ions at the interfaces, which 

makes it possible to reach high powers. This technology is still unbeatable, but 

new technologies, based on sodium or potassium, so-called “beyond Li-ion 

batteries”, can reach properties interesting in other energy storage applications. In 

the present work, we strongly believe that no technology, for now, is sufficient to 

respond alone to all the electrical energy storage demand. That’s why we do not 

only focus on one kind of technology, as a combination of multiple energy storage 

systems for different applications may be the solution to fulfill the market growth 

and requirements.  
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3. The alkali-ion batteries: Fundamental concepts.  

All alkali-ion (A-ion) batteries work through the same principle, illustrated in 

Figure I-3. The batteries work through the movement of A-ion across the 

electrolyte from the cathode material, which is the source of A-ion, to the anode, 

which stores the ion during the charging process. To avoid short circuits, the two 

electrodes are separated by a porous membrane soaked with the electrolyte. 

During the charge, the A+ ions are extracted from the cathode and migrate through 

the electrolyte to be inserted into the anode material. To allow the A+ to be 

extracted from the positive electrode, the material is oxidized and produces one 

electron which flows, using the external circuit, to finish at the anode side and 

allow the reduction of the negative material during the insertion of the A+ ion.  

During the discharge, the exact reverse process is observed. The A+ ions migrate 

through the electrolyte from the anode to the cathode, and the electrons flow from 

the anode to the cathode using the external circuit. Pay attention that the term 

anode and cathode are only correct when talking about the discharge process, but 

as a convention, the term cathode is used for the positive electrode and anode for 

the negative electrode. 
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Figure I-3: Schematic representation of the functioning of an A-ion battery [7]. 

The battery performance depends mainly on the electrode material properties, but 

it is also strongly influenced by the electrolyte and the interface [8]. Before 

explaining these different components, it is important to remind some typical 

characteristic values. 

3.1. Characteristic values. 

The electrochemical performance of electrode material is evaluated and described 

using specific parameters detailed here below.  

The capacity represents the amount of charge stored in a battery. It is defined by 

the integration of the current intensity as a function of time.  

" 𝐼(𝑡)𝑑𝑡 = 𝑄(𝐴. ℎ) = 𝑛𝑧𝐹
!

"
 

Where I is the current intensity, n is the number of ions exchanged, z is the valence 

of the exchange ion, and F is the Faraday constant. 

To compare results, the capacity is usually normalized by the mass. In this case, 

the specific capacity (Ah/g) is used and represents the capacity normalized by the 
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active material mass. The capacity can also be normalized by the volume of active 

material to give the density of charge (Ah/L).  

The working potential of a battery represents the difference in potential between 

the two electrodes  

𝐸 =	𝐸#$!%&'(	 − 𝐸*+&'( 

It can be evaluated by the Nernst equation but generally, it is simply measured. It 

is the potential at which the material will undergo the redox process, and it is 

independent of the quantity of material.  

The energy (E) is obtained by multiplying the capacity and the potential (U) of the 

battery.  

𝐸 = 𝑄.𝑈 

When the energy is calculated with the specific capacity or density of charge, it is 

called energy density (Wh/g or Wh/L) 

The coulombic efficiency is the ratio of the capacities obtained during the charge 

and the discharge. It is a percentage that represents the irreversibility of a cycle. 

In other words, it represents the amount of capacity not recovered during a cycle. 

The industrial rule for battery commercialization is that after 1000 cycles, the 

obtained capacity should be at least 80% of the initial capacity which means that 

at each cycle, the coulombic efficiency should be at least 99.98%.  

The cycling rate represents the “speed” of cycling of a battery. To evaluate the 

corresponding current, the following formula is used:  

𝐼 = 	
𝐶!%(&,-. 5

𝐴ℎ
𝑔 7 .𝑚$.!-/(	0$!(,-$1(𝑔)	

𝑡!-0(	2&,	$	.&031(!(	('-5).%$,7(	(ℎ)
 

It is noted C/t, where t represents the theoretical number of hours necessary for a 

complete charge or discharge. If we note 1C, theoretically, one charge takes 1 hour 

as well as one discharge, 4C for 15 min, and C/4 for 4 h.  
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3.2. Materials for batteries 

If efficient, all battery materials should have a high capacity, good structural and 

thermal stability during cycling, and good electronic and ionic conductivity. The 

insertion/exertion of lithium into material causes changes in bond length, thus in 

the volume of the cell unit of the materials. The different materials can be 

classified regarding their insertion mechanisms: intercalation, alloying, and 

conversion [9,10]. These mechanisms are illustrated in Figure I-4. The properties 

of the main materials for LIB are reported in Table I-1. 
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3.2.1. Intercalation 

The term intercalation refers to a tunnel-like framework. The intercalation is a 

reversible insertion of the ion into the crystal site (1D), between layers (2D), or 

into tunnels (3D) of the electrode materials with low volume expansion. The 

structure of the host material is maintained in most cases, but a reversible phase 

change can occur during the intercalation process. It has been reported for 

LiFePO4 or Li4Ti5O12 materials [11].  

 
Figure I-4: Possible lithium insertion reaction [11]. 

3.2.2. Alloying  

The alloying insertion mechanism is based on the formation of a solid solution 

between the ion and a metal (M) or semimetal, leading to the formation of 

LixMy alloy. This kind of material has advantages such as a higher energy density, 

low cost, and safe operating conditions [12]. Therefore, intensive research is 

carried out on these materials to become the next generation batteries. However, 

this kind of reaction is linked with a huge volume expansion and structural change 

of the materials during cycling. The insertion of Li+ into Sn induces a volume 

expansion of 255% [13]. These drawbacks can result in a loss of contact between 

the material particles and the current collector and the formation of an unstable 

solid electrolyte interface (SEI), leading to excessive ion consumption and poor 

cycling performance. The volume expansion can be reduced using different 

strategies, such as carbon coating [14] or nano structuration [9].  
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3.2.3. Conversion materials  

Conversion electrodes have been widely used and are still commercialized for 

primary batteries. The main challenge of conversion materials is the reversibility 

of the reaction. Conversion electrodes have the general formula MaXb, where M 

is a transition metal (either Fe, Mn, Ni, Co, Cu,… ). These transition metals can 

be in the form of an oxide (X=O), a sulfide (X=S), a fluoride (X=F), a nitride 

(X=N), a phosphate (X=PO4), or a hydride (X=H). During the insertion of the 

alkali-ion, the metal is reduced to its metallic state and the lithium reacts with the 

X atoms. This result in a matrix of LiyX with nanoparticles of metallic 

nanoparticles dispersed in it. The problem of these materials is related to their 

volume expansion as for the alloying material and the unstable SEI. The higher 

the oxidation state of the starting material, the more ions can be inserted, thus the 

higher energy density. But the more ion insertion, the more volume changes and 

thus the less stability of the electrode during cycling [28].  
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Table I-1: Volume Strain and Potential versus Li+/Li of lithium-ion electrode materials 
reproduced from [11,27] 
 

 
  

Lithium Storage 
Compound Limiting Composition 

Volume 
strain 
∆V/V0 
(%) 

Insertion 
Reaction 

Potential vs.  
Li/Li+(V) Ref 

Cathode materials 
(Li-extraction)      

LiCoO2  
(LCO) Li0.5CoO2 +1.9 2D-intercalation 3.9 [17] 

LiNi0.8Co0.2O2 Li0.5Ni0.8Co0.2O2 -2.04 2D-intercalation 3.6 [18] 

LiNi0.8Co0.15Al0.05O2 
(NCA) 

Li0.5Ni0.8Co0.15Al0.05O2 
(NCA) -1.16 2D-intercalation 3.7 [19] 

LiNi1/3Mn1/3Co1/3O2 
(NMC) 

Li0.47Ni1/3Mn1/3Co1/3O2 
(NMC) 2.44 2D-intercalation 3.7 [20] 

LiFePO4  
(LFP) 

FePO4  
(LFP) -6.6 1D-intercalation 3.4 [21] 

LiMn2O4 
(LMO) 

Mn2O4 
(LMO) -7.3 3D-intercalation 4.0 [22] 

LiNi0.5Mn1.5O4 
(LNMO) 

Ni0.5Mn1.5O4 
(LNMO) -6.2 3D-intercalation 4.7 [23] 

S Li2S 80 Conversion 2.4 [24] 

Anode materials 
(Li Insertion)      

C6 (graphite) LiC6 12.8 2D-intercalation 0.1 [25] 

Li4Ti5O12 (LTO) Li7Ti5O12 (LTO) 0 3D-intercalation 1.5 [26] 

Si Li4.4Si 310 Alloying 0.3 [27] 

Sn Li4.4Sn 255 Alloying 0.58 [13] 

Li Li2O2 30 Conversion 2.96 [26] 
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3.3. Lithium-ion batteries: electrode materials 

3.3.1. Cathode materials  

Figure I-5a presents the most common developed intercalation electrode 

materials, and Figure I-5b shows a future perspective for the conversion type 

materials. Different intercalation materials have been developed, and some 

layered, spinel, and olivine type materials have already been commercialized.  

 

 
Figure I-5: Approximate range of average discharge potential of some of the 

most common a) intercalation type cathode material b) conversion type cathodes 

(theoretical) [29]. 

a. Layered oxide  
In 1991, Sony commercialized the first Li-ion battery, which uses lithium cobalt 

oxide (LiCoO2) at the cathode side. LCO was first introduced by Goodenough, 

which proved its interest [30–32]. Li-ions occupy free interlayer space. The main 

hexagonal structure is formed by CoO2. This specific layered structure allows the 

reversible extraction/insertion of Li+ at a high voltage of 3.8 V vs. Li+/Li. It also 

shows a high theoretical capacity of 274 mAh/g and good cycling performance. 

Despite these promising properties, the use of LCO tends to disappear for several 

reasons. Among them are the high toxicity of the Co and its high cost. It also 

suffers from poor structural stability, which avoids reaching this material's 

theoretical capacity. When more than 50% of the Li+ is extracted, there is an 
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irreversible structural change that induces a huge capacity fading. This 

phenomenon also occurs at high cycling rate [15].  

The partial substitution of Co by Ni, Mn, and/or Al has proven to be efficient in 

stabilizing the structure during Li-ions extraction/insertion. The obtained 

LiNixMnyCozO2 (NMC) or LiNixCoyAlzO2 (NCA) are already used in the market 

for many applications, including electric vehicles. The standard composition of 

NMC is a 6:2:2 ratio of each transition metal. Thanks to its enhanced thermal and 

structural stabilities, it has significantly increased the achievable specific capacity 

without changing the working potential. The cost and toxicity are also reduced 

due to the lower amount of cobalt. NCA, with an optimal composition of 

LiNi0.8Co0.15Al0.05O2 shows the same enhancement of its stability with a 

theoretical capacity of 280 mAh/g and a specific capacity that can reach 

225 mAh/g [9,29].  

In recent years, a new category of layered oxide has appeared with great interest. 

These are lithium-rich layered oxides (LLO), Li1+xM1−xO2 (M = Ni, Co, Mn). They 

are considered to be among the highest-capacity cathodes. Indeed, LLOs possess 

possible capacities in the range of ~280 to 310 mAh/g with a high working 

potential of ~3.7 V (vs. Li+/Li0) and an energy density of ~900 Wh/kg [33–35]. 

These promising cathodes have not yet been successfully commercialized due to 

low initial coulombic efficiency, as well as continuous structural changes during 

the cycling that induce capacity and voltage fading. 

b. Spinel compounds 
The spinel group combines the minerals with the gross formula AB2X4 in which 

the X anions form a compact face-centered cubic stack, and the A and B cations 

share part of the octahedral and tetrahedral sites provided by the stack of anions. 

LiMn2O4 (LMO) is part of the spinel compounds. It has retained attention and is 

used due to the abundance, low toxicity, and low cost of the manganese. Also, it 

has interesting theoretical properties with a capacity of 148 mAh/g and a high 

insertion potential of 3.9 V. However, its long-term stability is insufficient due to 
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irreversible side reactions with the electrolyte, oxygen loss when delithiated, 

dissolution of manganese, and structural change at the surface [36]. Among the 

strategies tested to solve these problems, the doping to stabilize the structure with 

Nickel, chrome, iron, or boron has proven its interest and led to enhancement of 

the electrochemical performance of the material [29,37,38]. 

c. Polyanionic compounds 
The polyanionic compounds have a structure with lattice positions occupied by 

large polyanions (AO4)3-(A=S, P, Si, As, Mo, W). These polyanions increase the 

cathode redox potential and stabilize the structure. The olivine LiFePO4 is the 

most representative of the polyanionic compound for LIBs. It demonstrates high 

thermal and structural stability with long cycle life. However, it shows a lower 

potential (3.5 V) and lowers electronic conductivity than other LIB cathode 

materials. The problem of conductivity can be solved either by nanosizing or by 

the carbon coating of the material [29,39,40].  

3.3.2. Anode materials  

The use of metallic lithium as anode material for LIBs is theoretically the most 

interesting choice. It has the lowest voltage and is, by nature, an unlimited source 

of Li-ions. However, lithium is very reactive, and during cycling, its deposition is 

not homogeneous forming aggregates called dendrites (Figure I-6), which can 

grow and create short circuits in the battery. In addition, the use of metallic lithium 

in commercialized batteries has obvious safety issues due to the high reactivity of 

the metal with air and humidity. For all these reasons, alternative anode materials 

are necessary to develop safe batteries. At lab scale, the metallic alkaline is still 

used as a reference. Figure I-7 presents the average operating potentials and 

specific capacities of the main anode materials for LIBs.  
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Figure I-6: Schematic representation of Li+ deposition and formation of 

dendrites [41]. 

 
Figure I-7: Average operating potentials and specific capacities of commonly 

used anode materials [42]. 

a. Carbonaceous material 
Since more than 30 years, carbon graphite is the most successful anode material 

of commercialized LIBs [4,43]. The carbon is abundant, safe, cheap, has a low 

insertion potential (0.1 V vs. Li+/Li), and has a high electronic and ionic 

conductivity. Theoretically, one Li+ can be stored by six carbon leading to a 

gravimetric capacity of 372 mAh/g. The lithium intercalates between the graphene 

inducing a volume expansion of about 10%. This volume expansion is one of the 

only drawbacks of this material for its current applications. The gravimetric 

capacity of graphite is still higher than any commercialized cathode material. 
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The development of new high-capacity cathode materials based on Li-rich 

materials or conversion materials like sulfur and also the technical demand for 

higher energy, such as electric vehicles, require new anodes with higher 

capacities.  

b. Oxide 
Lithium titanium oxide (LTO) is the only oxide anode material commercialized 

for now. Its commercialization is due to its high thermal, structural stability, and 

safe working potential of 1.5 V, which avoids the formation of SEI and thus the 

excessive consumption of Li during cycling. Li4Ti5O12 can intercalate up to 3 Li+ 

in its structure, leading to a gravimetric capacity of 172 mAh/g with no volume 

change [24,44]. This led to outstanding cycle life of more than 10,000 cycles with 

high stability. Due to its high voltage, it has a lower energy density. The 

conductivities of this material are also relatively low. This material is still 

interesting for lower energy applications but with high power and long cycle 

life [44].  

c. Alloying and conversion materials 
 The alloying or conversion materials are characterized by an important 

gravimetric and volumetric capacity.: 4200 mAh/g for silicon (Li4.4Si), 

1600 mAh/g for germanium (Li4.4Ge), 992 mAh/g for tin (Li4.4Sn), and 660 mAh/ 

for antimony (Li3Sb)[45]. The main drawback of all these materials is their 

volume expansion (up to 400%) during cycling. Alloying materials are also often 

associated with a low coulombic efficiency, mainly during the first lithiation 

attributed to the formation of SEI. Silicon has attracted more attention, Si is non-

toxic, has a low cost, is the second most abundant element in the earth's crust after 

oxygen, and has an incredibly high theoretical capacity. However, during cycling 

Si expands when alloying with lithium to more than 300% of its initial volume. 

The electrochemical cycle is associated with a swelling and shrinking cycle and 

an unstable SEI, which consumes all the electrolytes of the cell and leads to poor 

cycle life.  
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Conversion-type materials such as Fe2O3, CO2O3, and CuO exhibit high 

theoretical capacities but suffer from several problems, including volume 

expansions. Other drawbacks of these materials are the low kinetic of insertion of 

Li+ resulting in a huge hysteresis in their charge/discharge voltage profile and the 

presence of side reaction at low potential that can lead to the loss of contact 

between the particles in the active material [46–49].  

3.3.3. Electrolyte  

The battery performance doesn’t depend only on the electrode material. The 

electrolyte is an essential component of batteries. It ensures the ion's 

transportation between the two electrodes. There are different types of 

electrolytes: liquid, solid, polymeric, aqueous, ionic liquid, super-concentrated… 

The most common electrolyte in batteries is made of lithium salt dissolved in an 

organic solvent such as alkyl carbonate or ether-based solvent. The concentration 

of the electrolyte is an important factor: a too low concentration will induce a too 

low ionic conductivity, and a too high concentration will increase the viscosity 

and reduce the ion mobility. The commonly used electrolyte salt is LiPF6. It 

dissolves easily in different solvents and allows good ionic conductivity. Other 

salts also exist, like LiTFSI, LiClO4, LiFSI… having some drawbacks, including 

reaction with the aluminum at the cathode current collector [50]. The choice of 

solvent is also important regarding its anodic stability. Indeed, the used solvent 

should be stable in a potential window higher than the batteries' working potential 

window. It means that the solvent or the salt can be reduced at low potentials on 

the anode side and oxidized at the high potential on the cathode side. The 

decomposition of the electrolyte results in the formation of a passivation layer on 

the electrodes called the solid electrolyte interface (SEI). Ideally, this passivation 

layer should be stable, protect the electrode and should be an electronic insulator, 

insoluble in the electrolyte solvent, and a good ionic conductor [51]. 

Unfortunately, in some cases, the SEI is unstable and continuously degrades the 
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electrolyte, reducing the cycle life of the battery. As explained before, this SEI 

layer can also break during cycling due to volume expansion. The new electrode 

surface may be in direct contact with electrolyte forming a new SEI layer.  

The ideal electrolyte should have a high ionic conductivity (3.10-3 to 2.10-2 S/cm) 

at room temperature. This conductivity should be lowly affected by temperature 

variation, have high stability working potential window, be an electronic insulator, 

and have low toxicity and low cost [8,52,53].  
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4. Beyond lithium ions batteries 

The growing energy demand and the development of new technology systems 

have increased the need for battery production. Conventional LIBs seem to reach 

a limit in energy density[54,55]. The LIBs market is fully expanding due to the 

development of smartphones and electric vehicles [56,57]. Therefore, the need for 

cheap batteries with high energy density is more than ever a priority. The prices 

related to the transition metal composing the cathode, such as cobalt, are one of 

the issues in making affordable batteries[58]. But the costs of the lithium 

precursors also become critical. As shown in Figure I-8, the lithium resources are 

unevenly distributed, with almost 90% of lithium production coming from 

Australia and South America. The price of lithium precursor (Li2CO3) has 

increased significantly from $6,000 per ton in 2015 to $17,000 in 2021[59]. The 

search for cheaper, higher energy density, and longer-lasting battery technology 

has led to an explosion of research activities centered on new technologies such 

as Na-ion, K-ion, metal-air (Li, Na, Zn), Li–S, multivalent ions, and redox 

flux[60]. Research on Li-ion and Na-ion batteries started in the 1980s [4,31,61], 

NIBs have first been overlooked by LIB technologies due to their outstanding 

performance, and now there are commercialized by different companies such as 

Tiamat, Natron energy, Faradion or Hina Battery. More recently, K-ion batteries 

have attracted an increased interest of scientific communities [4,62]. 

The sodium-metal battery (SMB) is a new high-energy battery technology.[63,64] 

Due to its higher theoretical specific capacity (1160 mAh/g) and lowest redox 

potential (-2.714 V vs. standard hydrogen electrode), Na metal is used directly in 

this system as an exceptionally attractive anode. Due to their high theoretical 

energy densities, oxygen (O2), carbon dioxide (CO2), sulfur dioxide (SO2), or 

sulfur (S) show considerable promising performance as cathode candidates (See 

Figure I-9). Four SMBs share similar cell designs, including Na-O2, Na-CO2, 



Chapter I - Introduction 23 
 
Na-SO2, and room-temperature Na-S (RT-Na/S) batteries, which couple metallic 

Na anodes with gaseous O2, CO2, SO2, or solid S cathodes.  

These cathodes can only exhibit high electroactivity when housed in porous 

conductive cathode hosts, which act as charge-mass-transfer media and reservoirs 

for the active materials O2, CO2, SO2, and S but are not involved in 

electrochemical reactions. These SMBs are appealing because of their low price 

and extremely high theoretical specific energy [64]. 

Na + O8⟷NaO8 → (1108
Wh
Kg
) 

4Na + 3CO8⟷Na8CO9 → (1876
Wh
Kg
) 

2Na + 2SO8⟷Na8S8O: → (863
Wh
Kg
) 

2Na + S⟷Na8S → (1273
Wh
Kg
) 

However, because they are still in their early stage of development and rely on 

pure Na metal and liquid electrolytes, they suffer from major safety concerns as 

well as drawbacks like low reaction kinetics, high overpotential, poor cycle 

performance, and complex reaction mechanisms [63,64]. 
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Figure I-8: Distribution of lithium world primary reserves (dotted circles) and 

production (solid circles)[65]. 

 

Figure I-9: Schematic Representations of SMBs Cell configurations of Na-O2, 

Na-CO2, Na-SO2, and RT-Na/S batteries with cell chemistries and theoretical 

energy densities.[64] 
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4.1. Sodium-ion battery and potassium ion 

batteries 

Both sodium and potassium are evenly distributed on the earth's crust, with a 

proportion 10 to 1000 times higher than lithium (Figure I-10). Firstly, criticized 

for being larger, heavier, and more reactive than lithium, both sodium and 

potassium are proving to be attractive candidates for the next generation of 

alkaline ion batteries. Indeed, these two elements have chemistry close to lithium 

and specific properties that counterbalance their disadvantage compared to 

lithium. 

First, the energy density and the global cost of a battery cannot be calculated 

without counting all the elements that compose it. A major difference between Li 

and Na or K is that there is no electrochemical formation of alloy with aluminum 

for the two heavier ions. It is then possible to use aluminum foil as both cathode 

and anode current collector [4]. Therefore, cheaper and lighter batteries are 

expected for NIB and KIB technologies by avoiding the use of expensive elements 

such as Li, Co, and Cu.  

  
Figure I-10: Abundance of elements in Earth's crust [4]. 
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Because of their larger ionic radii, KIB and NIB can seem unattractive. Figure 

I-11 presents the physical properties of the three ions. The standard potential of 

lithium is the lowest standard potential for metals, and this is one of the reasons 

for the high energy density of LIB. As a reminder, the energy is then calculated 

by multiplying the working voltage by the capacity. This only stands in aqueous 

conditions. Indeed in battery conditions, in propylene carbonate solvent, the 

potassium has potential even lower than Li+. Studies also reported a potassium 

stripping/plating at -0.15V vs. Li+/Li for KPF6 in EC:DEC solution [4,66]. 

Therefore K-ion batteries have the potential to reach a high-voltage energy system 

as an alternative to LIB.  

 
Figure I-11: Comparison of physical properties for Li+, Na+, and K+ for 

secondary batteries [4]. 

Another important property of the battery system is the rate performance. This is 

linked to the ionic conductivity and transference number of the ion in the 

electrolyte. The transference number is defined as the ratio of the electric current 

derived from the cation to the total electric current. Na+ has been reported to have 

a higher transference number than Li+. This was evidenced in Na/Li 

hexafluorophosphate with EC:DEC solution [4,67]. Figure I-12 compares the 

ionic radius of the three alkali-metal ions. As expected, the Li+ shows a lower 
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ionic radius of 0.68Å while Na+ has 0.97Å and K+ has a radius about two times 

higher of 1.33Å [68]. Nevertheless, Na+ and K+ have a smaller Stokes’ radius in 

Propylene Carbonate (PC) due to their lower Lewis acidity. This tends to 

demonstrate higher ionic mobility of Na+ and K+ in electrolyte solution than 

Li+ [69]. Therefore, replacing Li+ with Na+ or K+ is expected to show superior 

transport properties than Li+, thus allowing a higher current rate and mass loading 

of electrodes.  

 
Figure I-12: Comparison of the ionic radius and Stokes radius in PC of Li, Na, 

and K ions [4]. 

For all these reasons, in addition to their lower cost and higher abundance, NIBs 

and KIBs are expected to reach the same performance or even higher than LIBS.  

4.1.1. Anode material for NIBs and KIBs 

To increase the energy density of future batteries, an optimum between high 

capacity and low insertion potential anode has to be found[70]. Different negative 

electrode materials have been developed for NIB and KIB technologies. Figure 

I-13 presents an overview of the recently reported materials. Among them, the 

carbon-based and the alloying materials show better and more promising 

prospects.  
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Figure I-13: Recent research of anode materials for (a) Potassium‐ion [71] and 

(b) Sodium-ion batteries [72]. 

a. Carbon-based materials 
Graphite is the reference anode material for LIB systems because of its low cost 

and good properties[73]. Unfortunately, non-modified graphite cannot intercalate 

sodium, contrary to potassium, which has shown great reversibility and good 

performance using graphite as anode material. Indeed, the capacity of 

273 mAh/g [74] has been reported, which represents 87.5% of the theoretical 

capacity. Recently, some articles presented the possibility of inserting Na into 

graphite through co-intercalation reactions [75,76]. The reaction of potassium 

with graphite leads to the formation of KC8, which induces a lower alkali to carbon 

ratio than in lithium, but enables the simple transfer of the anode material 

commercialized in LIBs to the future KIBs [66]. Unfortunately, the insertion of 

potassium in graphite is also associated with a huge volume expansion of 

1.61 times its initial volumes, which can lead to a poor cycle life [4].  

Hard carbon is electrochemically active for the three alkali-metal ions[74,77–83]. 

Figure I-14 shows the typical charges discharge profiles of Li, Na, and K insertion 

into hard carbon. The Li+ (i) and K+ (ii) show the same insertion profile, with a 

reversible capacity of 215 mAh/g. The Na+ (iii) shows, in its case, a different 

profile with a sloping curve until 0.15 V, followed by a long insertion plateau at 

around 0.1 V, leading to a reversible capacity of 262 mAh/g. By optimizing the 

hard carbon, for example, by heat treatment of activated carbon at 2100°C, 
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a reversible capacity of about 420 mAh/g is achievable[84]. Kano et al., reported 

a similar process with a reversible capacity of more than 435 mAh/g[85]. It is still 

believed that better capacity can be achieved by optimizing this hard carbon. It is 

to note that, in the case of NIB and KIB, the result can be obtained using either a 

copper foil as the current collector or aluminum foil. The substitution of copper 

for aluminum has the great advantage of reducing both the global weight and cost 

of batteries.  

 
Figure I-14: Charges/discharge profiles of commercial hard carbon 

(Carbotron) in (i) Li Cell, (ii) K cell, (iii) Na cell, (iv) Na-cell with Argan hard 

carbon, (v) Na-cell with cellulose hard carbon, and (vi) Na-cell with activated 

carbon heat-treated at 2100°C. 

b. Alloying and conversion materials  
As already mentioned, alloying materials are generally characterized by a huge 

capacity. Silicon is one of the most interesting alloying materials for LIBs and has 

also attracted attention for its uses in NIBs and KIBs. Reversible capacities of 

160 mAh/g and 510 mAh/g have been reported for the insertion of Na and K in 

silicon, respectively[4,86,87]. It is far more than 1300 mAh/g generally obtained 

for Li alloying with Si, but for the KIBs, it is already two times the obtained 

capacity with graphite. Another interesting alloying material is the antimony 
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which has proved its efficiency in both NIB and KIB, leading to capacities of 

655 mAh/g and 660 mAh/g, respectively [88]. The expected problem of huge 

volumetric expansion still has to be solved in both cases [88]. Some transition 

metal oxide (TMO) or transition metal sulfide have also been tested for NIB and 

KIB, for example, Co3O4 and Fe2O3. These materials are also associated with the 

different problems of volume expansion and nanosizing of metallic particles, as 

explained. However, the TMS compound benefits from a weaker metal-sulfur 

bond, and the reversibility is better than in TMO, leading to better cycle life [72]. 

4.1.2. Cathode  

The same aim of increasing the energy density of the battery has guided the 

research around the development of new cathode materials. Figure I-15 presents 

the recent cathode materials. These materials can be divided into four main 

categories: layered oxide compounds, organic compounds, Prussian blue analogs, 

and polyanionic compounds. This research of cathode materials has been hugely 

inspired by previous research on LIBs and also NIBs for the KIBs. 

 
Figure I-15: Recent research of anode materials for (a) Sodium-ion 

batteries [72] and (b) Potassium‐ion [89].  

a. Layered oxide compounds  
The typical structure of AXMO2 phases (A= Li, Na, K, and M= a transition metal, 

x ≤ 1) is described as stacked layers of MO6 sharing corners and with the alkali 

metal inserted between those layers. The alkali metal is on specific sites depending 
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on its nature, quantity, and synthesis method. A notation system was proposed by 

Delmas et al., in 1980, to define the different structures. A schematic presentation 

of the layered oxide structure is presented in Figure I-16. The notation P is given 

for a material in which the alkali is in a prismatic site, and the notation O for an 

octahedral site. The numbers after the letter define the number of sheets per unit 

cell. Among the layered oxide for the KIBs, KxCO2 [90] has a reported capacity of 

60 mAh/g with a potential window of 2-3.9 V, K0.3MnO2 [91] has a better capacity 

(110 mAh/g) but with really low capacity retention, and K0.7Fe0.5Mn0.5O2 gives a 

better capacity of 125 mAh/g, but the working potential is only 2.2 V [92]. In the 

case of NIB, some compounds, such as NaxCoO2[90] and NaMnO2 [93–95] are 

also reported, but all these materials suffer from the same drawbacks. Despite their 

promise, in theory, their experimental capacity is low, as is their operating voltage. 

Moreover, their sensitivity to air and humidity leads to manufacturing problems. 

Some A-rich materials have also been developed, but the problem of stability is 

still observed [96].  

 
Figure I-16: Schematic illustrations of an O3 and P2 type structure [4].  

b. Organic compound 
Organic compounds have a flexible structure with large crystallite holes suitable 

for receiving larger ions like K+ or Na+ [97]. Perylene-3,4,9,10-tetracarboxylic 

dianhydride (PTCDA) and Poly-Anthraquinone Sulfide (PAQS) can be 

mentioned here as a reversible capacity of 130 mAh/g and 200 mAh/g can be 

obtained in KIBs[98,99]. PAQIS has been reported for NIBs with a reversible 
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capacity of 190 mAh/g with a capacity retention of 93% after 150 cycles [100]. 

Recently, polydopamine stabilized by grafting sulfonate groups has been reported 

for both LIBs and KIBs, showing storage capacities of 206 mAh/g and 82 mAh/g, 

respectively, at high current density of 1000 mA/g [101]. The disadvantage of 

these materials is the low voltage which makes them poor candidates in terms of 

energy density despite their viability and high capacity. In addition, these 

materials do not contain native potassium or sodium, which implies a precycling 

of these materials, which is difficult to set up within an accumulator. 

c. Prussian blue analogs 
The Prussian blue is a hexacyanoferrate (Fe4[Fe(CN)6]3) compound that was at the 

origin used as a pigment. It is a non-toxic compound despite the presence of 

extremely stable cyanide groups. The Prussian blue analogs have a general 

formula AxM1[M2(CN)6]y .nH2O, where A is an alkali metal and M1 and M2 are 

transition metals. The typical open 3D cubic framework of Prussian blues analogs 

is presented in Figure I-17. The transition metals are coordinated octahedrally by 

the cyanide and have large diffusion tunnels suitable for the mobility of Na+ or K+ 

ions. The PBAs have attracted much interest as cathode materials for NIBs and 

KIBs [62,102–105].   

 
Figure I-17: Typical crystal structure of PBAs [89] 
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The influence of the transition metal [102], of the [Fe(CN)6] vacancies[106], the 

amount of Na [106–108], and water content in the interstitial site[109] has been 

widely investigated and are known to influence the electrochemical performance 

of the material.  

In 2004, the first report of KFeIII[FeII(CN)6] (Prussian blues analog) used in KIBs 

was done by Eftekhari[62] in a thin film configuration. It can either be oxidized 

in the Prussian green FeIII[FeIII(CN)6] or reduced in the Prussian white 

K2FeII[FeII(CN)6]. Since that, the use of PBAs has been reported many times. The 

PBAs (K2Fe[Fe(CN)6].2H2O [110], K1.89Mn[Fe(CN)6]0.92.0.75H2O [111], and 

K1.75Mn[Fe(CN)6]0.93 . 0.16H2O [112]) under powders forms have for example 

exhibit a reversible capacity of 120–140 mAh/g. Those results prove the interest 

of the PBAs as high energy density materials for KIBs and NIBs [111,112]. These 

materials are sensitive to synthesis, and a small change can significantly impact 

the electrochemical performance.  

The Altris company in Uppsala aims to build a cathode material factory with an 

annual production of 2000 tons of Prussian Blue/White analog and to take the 

following steps for commercial production of sodium-ion batteries. 

d.  Polyanionic compounds 
Polyanionic materials have been widely studied since the discovery by Padhi and 

Goodenough of Li insertion in LiFePO4[113]. This material is of great interest for 

the next generation batteries due to their high capacity, excellent thermal and 

chemical stability, and long cycle life. Plenty of different polyanionic compounds 

have been reported made of sulfate[114–116], pyrophosphate[117–120], silicate 

[121], and phosphate [122–125]. The thesis aims the development of phosphate-

based cathode materials thanks to their attractive performance and high stability. 

In the next section, we will present a quick overview of the polyanionic 

compounds made for NIBs and KIBs cathode materials, focusing on phosphate-

based materials as they are the most widely studied materials of this kind. 
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-  For NIBs Cathode 

Polyanionic compounds have attracted a lot of interest in the past decades for 

NIBs. Figure I-18 present an overview of the different compounds. One of the 

best-known materials is the Na3V2(PO4)2F3. It has attracted a lot of interest over 

the past years [122,124-128] due to its high theoretical capacity of 192 mAh/g, its 

high working potential of about 3.7 V and 4.2 V leading to a high theoretical 

energy density of 500 Wh/kg similar to LFP [131]. It has a Na+ Super Ionic 

CONductor structure (NASICON) and crystallizes in a tetragonal crystal shape. 

Its structure (Figure I-19) presents large interstitial spaces that allow the fast 

diffusion and mobility of Na+ ions inside the structure. The dioctahedral unit of 

VO4F2 is bridged with V2O8F3 by the fluorine atoms and the oxygens are 

connected through the phosphate group. The inductive effect of both phosphate 

and fluorine increases the working potential of this material, but the space between 

the vanadium atoms in the structure, due to the large phosphate group, induces a 

poor electronic conductivity of the material[132]. This material is already used in 

commercial or nearly commercialized batteries. For example, the French company 

Tiamat successfully uses this cathode material.  

  
Figure I-18: Overview of reported polyanionic compounds for Na-ions 

batteries [133].  
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Figure I-19: Crystallographic structure of Na3V2(PO4)2F3 material [134].  

Other fluorophosphate-based materials have been developed. For example, 

NaVPO4F/C made by hydrothermal synthesis shows 121 mAh/g at 3.7 V [135], 

Na2MnPO4F/C made by ball-milling shows 120.7 mAh/g[136], Na2CoPO4F 

shows 100 mAh/g at 4.3 V when made by solid-state reaction [137]. 

Despite these outstanding properties, problems of price and toxicity of the 

transition metal (except for the manganese) remain a major limitation. Another 

eco-friendly material has also been developed, which is Na2FePO4F(NFPF). 

First discovered in 2007 by Ellis et al. [138], its eco-friendliness due to the iron 

replacing cobalt or vanadium has rapidly made it attractive. It presents good 

electrochemical properties (124 mAh/g and 3 V) and excellent stability upon 

cycling, the volume expansion between the desodiated and pristine phase is 

only 4% [139].  

Figure I-20 shows the orthorhombic structure of the NFPF material. The space 

group is Pbcn, and the iron atoms are coordinated from 2 fluorine atoms and 4 

oxygen atoms, making an octahedral unit. These octahedra are connected by pairs 

sharing a face, and these dioctahedral units are connected to the others by corners 

along the a directions and to the tetrahedral phosphate by other corners along the 

c directions. These connections make the rigid structure of the NFPF materials. 

Between those layers are found two crystallite site of Na that shows a facile 
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diffusion in bidimensional pathways along the ac plane [140,141]. This material 

has been investigated for LIBs [142–146] and NIBs [138,145–148], 

demonstrating great performances. More details about the performance of this 

material are reported in chapter 2. In this dissertation, we present an optimized 

synthesis method of NFPF/C composite and its application as cathode material in 

NIBs and KIBs (chapter2). In chapter 3, the cycling mechanism of the reaction of 

this material both in NIBs and KIBs using operando X-ray diffraction combined 

with operando Mössbauer spectroscopy is presented.  

 
Figure I-20: Crystallographic structure of Na2FePO4F. 

-  For KIBs Cathode 

The promising results obtained with polyanionic compounds for LIBS and NIBs 

have motivated researchers to study these compounds for K-ion batteries. Figure 

I-21 presents an overview of the polyanionic compounds reported in the literature 

and compares the theoretical performance to the experimental one.  
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Figure I-21: Overview of polyanionic compounds developed for K-ion batteries 

cathode materials. The empty circles represent the theoretical performance, 

while the filled circles represent the reported experimental capacities [151].  

The first reported polyanionic material for KIBs was reported in 2012 by 

Recham et al. [114]. It was an iron fluorosulfate (KFeSO4F) obtained by 

electrochemical oxidation. A few years later, Lander et al. showed that this 

material has two distinct structures: one orthorhombic (Figure I-22a) and one 

monoclinic (Figure I-22b), and argued that the orthorhombic structure enhances 

the K+ mobility due to a less dense structure with larger diffusion channels [115]. 

This led to an enhancement of the initial discharge capacity reaching 110 mAh/g 

at the first cycle. Nevertheless, the stability upon cycling is quite low. 

 
Figure I-22: Polymorphs structure of a) orthorhombic KFeSO4F and 

b) monoclinic KFeSO4F [151]. 
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Another study shows that the K+ is reversibly inserted in amorphous FePO4 [152], 

but as the study of Recham et al., this study is more focused on crystal chemistry 

than on the development of cathode materials for KIBs. Other works focus on 

developing new cathode materials that emerged a few years later. Among them is 

the development of NASICON-type K3V2(PO4)3/C that can be used either as the 

anode, in the potential window of 1-2.5 V, but also as the cathode in 2.5 -4.0 V. 

This property has been used to make a full symmetric cell by Zhang et al., with a 

capacity of 70 mAh/g over 500 cycles and working potential of 2.3 V [153]. More 

recently, Lin et al., reported the electrochemical synthesis of K3V2(PO4)2F3 as a 

cathode material for KIB [154]. This synthesis was based on ion exchange of 

NVPF by potassium, as shown in Figure I-23. The obtained KVPF has shown 

competitive performance with a voltage of 3.7 V and a reversible capacity of 

100 mAh/g. This material was tested in a full cell against graphite and 

demonstrated good performance.   

  
Figure I-23: Charges/discharge curves of the potassiation of 

Na3V2(PO4)2F3 materials [154]. 

This work developed a new cathode material based on vanadium and phosphate 

(K3V(PO4)2). It has an increased K/V ratio that enhances the theoretical capacity 

of this kind of material (chapter 4). In chapter 5, the vanadium of the KVP 

materials is replaced by iron to make it eco-friendlier and cheaper.  
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5. The spray drying synthesis and shaping 

techniques  

The performance of the polyanionic compounds both for NIBs of KIBs make them 

materials of choice for the next generation batteries, but their complex structure 

and stoichiometry make their synthesis quite hard and challenging. All the 

materials present in this work have been synthesized by the spray-drying method. 

In this section, the advantage and issues of this technique, as well as the 

influencing parameters for the synthesis of our material will be discussed.  

Spray-drying is commonly found in food or pharmaceutical industry for powder 

production. It has recently expanded to synthesize or shape electrode materials for 

rechargeable batteries. One of its strengths, compared to other synthesis 

techniques, is the easy upscaling with the conservation of the microstructural 

properties [153]. This technique is based on the atomization of fluid into small 

droplets and the dehydration of these droplets with hot gas to obtain a powder. 

The size, shape, and agglomeration degree can be controlled by playing on the 

composition of the injected suspension (or solution) and the drying parameters 

such as pressure, temperature, nozzle type, and injection rate. It is an economical, 

continuous, and fast process with high versatility and control of the obtained 

particles. Furthermore, it is also suitable for heat-sensitive products as the 

exposure time is really short [154].  

The schematic functioning of the spray dryer is represented in Figure I-24. 

A liquid is injected into the drying chamber in the form of a spray. This liquid can 

be a solution or a suspension or an intermediate suspension into a solution. This 

spray enters in immediate contact with a hot gas stream (generally air). 

The solvent of each droplet is evaporated in the drying chamber leading to the 

formation of dry powder in hot wet gas. This powder is separated from the gas 

stream into a cyclone, and the dry powder can be recovered. In the case of the use 
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of another gas than air, the wet gas can be recycled after being dried in a 

condenser, filter, and reheated. This is illustrated in Figure I-30 a and b. The 

drying mechanism has three main stages: atomization, evaporation of the solvent, 

and separation of the dry powder from the gas stream. In this work, a GEA Niro 

Mobile Minor spray-dryer has been used. Figure I-25 shows a picture and the 

dimensions of the device used in this thesis.  

5.1. General principle 

 
Figure I-24: Schematic representation of a spray-dryer in co-current 

configuration [153].  
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Figure I-25: Picture of the GEA Niro Mobile minor spray-dryer used in this 

work and overall dimension of the equipment.  

5.2. The atomization 

This step is the transformation of the liquid into an aerosol. This step directly 

influences the final powder's physical properties (size, morphology, 

agglomerate…) [155]. The ideal aerosol is made of individual small identical 

droplets. In this perfect case, the drying time is the same for each drop, leading to 

the most homogeneous characteristics of the obtained particles. To form an 

aerosol from a liquid, an atomizer is necessary: it is the instrument that will give 

the energy to transform the liquid into droplets. Among the different atomizers, 
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three main technologies exist, the rotary atomizer uses centrifugal force to form 

droplets from a liquid, the bifluid atomizer, and the pressure atomizer uses a 

pressured gas to form an aerosol. The difference between these last two is that in 

the case of bifluid, the two fluid are separated and joined at the outlet of the 

nozzles, where the pressure atomizer use the same tube for both the liquid and the 

pressured gas.  

5.2.1. Rotary atomizers 

This type of atomizer uses centrifuge energy to form droplets from a liquid. It is 

made of a rotating disk that turns at high speed using compressed air. It is to note 

that the air used in this case never enters in contact with the fluid. The fluid is 

injected at the center of the disc, immediately accelerated to high speed, and passes 

through the channel to be disintegrated into droplets at the nozzle outlet in the 

drying chamber [154]. The droplets' size depends on the nozzle's peripheral speed 

(or the rotational speed), the flow of the injected liquid, and the properties of the 

fluid (viscosity, for example). This type of nozzle can only be used in a co-current 

configuration, meaning that the liquid and the drying gas are injected in the same 

way. The main drawback of this nozzle is that the aerosol is formed 

perpendicularly to the drying chamber leading to more waste as the drops can stick 

to the surface of the chamber. Figure I-26 shows a rotary nozzle and illustrates its 

functioning.  

 
Figure I-26: Rotary nozzles atomizer and illustration of its functioning [156].  
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5.2.2. Two-fluid nozzle or bifluid nozzle.  

The bifluid nozzle uses kinetic energy to form the droplet. The liquid and the 

drying gas follow two separate trajectories. The aerosol is formed by the contact 

of the liquid phase with the high speed and pressured gas, so the shear forces 

exerted by the gas on this liquid. This gas is not the same as the drying gas. Its 

only duty is to form the droplets. This type of atomizer generates smaller particles 

than the rotary nozzle and is more suitable for a heat-sensitive compound. 

The droplet size depends on the pressure injection (up to 7 bars), the size of the 

nozzle hole, the flow of the injected liquid, and the properties of the liquid. It can 

be used in the co-current configuration, as explained before, or in the counter-

current configuration. In this case, the liquid is injected at the opposite side of the 

drying gas stream. It is called the fountain mode, and it is used for highly charged 

suspension with high viscosity, which often leads to larger particle sizes. 

The residence time in the drying chamber is much longer, so the product spray-

dried must not be sensitive to heat. The two-fluid nozzles are illustrated in Figure 

I-27 showing both the co-current configuration and the fountain mode. 

 
Figure I-27: Two-fluid nozzle in co-current configuration(top) and counter-

current configuration (bottom) [157]. 
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5.2.3. Pressure nozzle.  

The principle of this nozzle is the same as the bifluid nozzle: it uses kinetic energy 

to form the droplets. In this case, the liquid is pressurized with compressed gas in 

the same pipe. The fluid is accelerated due to the high pressure (20-200 bars) and 

is immediately disintegrated to form droplets at the ejection point of the nozzle. 

The influencing parameters are the same as for the bifluid nozzle. It requires a 

bigger drying chamber and is limited to the drying of non-viscous liquid without 

big particles in it. Furthermore, the installation requires a high-pressure pump and 

other equipment and is therefore not often used at the lab scale. The main 

advantage of this injection mode is that the obtained particles have a narrower size 

distribution.  

Figure I-28 shows the particle size distribution obtained under comparable 

conditions with different injection modes. The Combi-Nozzle® is described as a 

mix between the pressure nozzle and the two-fluid nozzle. It leads to a smaller 

particle size with a narrow distribution. The two-fluid nozzle leads to the largest 

particle size distribution, but the mean diameter is the smallest in co-current 

configuration. On the contrary, the pressure nozzle has a narrower distribution of 

size but a larger mean diameter. The rotary nozzle has an intermediate result 

between these two extremes. Also, the fountain mode or counter-current leads to 

a larger mean diameter.  
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Figure I-28: Particle size distribution with different atomization systems [159].  

In this work, we have compared the synthesis of NFPF using a rotary nozzle and 

bifluid nozzle in chapter 2. The synthesis of KVP and KFP materials is made using 

the bifluid nozzle. All the syntheses are made in a co-current configuration.  

5.3. Drying mechanisms 

When the droplets are formed, they will contact the drying gas. The drying 

mechanism is illustrated in Figure I-29. The first drying step is the increase of 

concentration of the solid particles inside the droplets due to solvent evaporation 

and a diminution of the droplet size for the same reason. When the droplet has 

reached the saturated concentration, a precipitation phenomenon occurs, 

beginning from the outside, due to the speed of drying that overcomes the gradient 

force. At this step, the particles are like a core-shell with a wet core made of the 

solution highly concentrated and the shell made of already precipitated particles. 

A second step of the drying process begins. The temperature of the particles 

increases because the evaporation, which consumes the energy, is limited due to 

the presence of the shell. If the surface is porous, the pressure inside the particles 

decreases, and the morphology and size are now fixed. If the shell is not porous 

or not porous enough, the pressure inside the particles increases rapidly, leading 
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to an inflation of the droplet or, in the worst case, destruction of the shell of the 

particles[160]. The particles are now dried, and the only remaining solvent is 

linked chemically to the crystal and is not removable by drying[161–163]. 

 
Figure I-29: Drying step during the spray-drying [161]. 

5.4. Powder recovery 

The particles can be recovered at different points, depending on their mass and 

morphology, as shown in Figure I-30a. For now, the powder is in suspension in 

the gas stream. The first collection point is at the bottom of the drying chamber 

and is used to recover particles not carried in the gas flow due to their size and 

mass. Then the flow of charged gas is conducted to a cyclone (Figure I-30b). The 

cyclone is a separator of particles that uses centrifugal forces. The powders and 

the air goes into it tangentially, with equal speed. The particles are exposed to 
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centrifugal force due to a vortex movement of the flow and push on the walls of 

the cyclones. This phenomenon induces a reduction in the speed of the particles 

that are not in the flow of gas anymore. The particles fall into a pot at the base of 

the cyclone, and the airflow rises along the same axis to continue towards the next 

recovery. Indeed, if the cyclone is powerful and widely used due to its ease of 

functioning, it cannot recover all the particles. The recovery in the cyclone 

depends on the residence time of the gas in the cyclone and the particles' size, 

weight, shape, and density. The final recovery step is a filter that can recover the 

nanosized and light particles. The gas is completely discharged of particles after 

this step. 

 
Figure I-30: A) Dry powder recovery in open cycle design, B) in closed-cycle 

design, C) Schematic representation of a cyclone used to separate particles from 

gas [157,162].  
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5.5. Morphology and shape of the particles 

Spray-drying is a highly versatile method that can be tuned to obtain different 

sizes and shapes of particles, as shown in Figure I-31. It is well established that 

the morphology of the particles has a significant influence on the properties of the 

materials, including the secondary batteries field [155]. The first parameter that 

can influence the morphology is, for sure, the injected liquid properties. Indeed, 

different morphologies will be obtained using a solution or suspension and even 

with a mixed suspension in a solution. The type of solvent, the presence of additive 

or structuring agent, and the viscosity of the fluid, all these parameters strongly 

influence the formation of the droplet and so the final morphology. Regarding the 

spray-drying, the parameters such as injection flow, air pressure, type of nozzle, 

and temperature can give a good control to obtain the desired morphology and 

properties of the powders. All these parameters mainly influence the droplet size. 

For example, the higher injection pressure leads to smaller droplet size, and the 

higher viscosity of the injected liquid leads to bigger droplet size. At the formation 

of the droplet, the particle shape is a sphere cause it is the most stable form. 

This spherical form can generally be conserved, and it is the most encountered 

morphology. In the case of the injection of a suspension of the solid particle in a 

solution of precursor, different morphologies can be obtained, depending on the 

size of the component. If the component size is almost the same: a well-mixed 

component can be obtained. If the size is different, encapsulated particles can be 

obtained. If the solid particle can be removed by thermal or chemical treatment, 

porous particles are obtained. In the case of the addition of carbon nanotubes, the 

spherical shape is not recovered, and the obtained morphology looks like a 

deflated balloon due to the reticulating effect of the CNT [124,165]. Also, this 

shape is hairy because the CNTs are linked to the surface. To conclude, spray-

drying allows the preparation of well-controlled particles with high 

reproducibility. The morphology can be tuned to respond to the desired properties 
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of the final product by playing either on the spray-drying parameters or the 

injected fluid. 

 
Figure I-31: Different morphology of particles obtained through the spray-

drying process [164].  

The spray-drying has been used in this work thanks to its versatility and 

advantages mentioned above, as it allows the simple, continuous, and rapid 

production of our material. In contrast, conventional solid-state synthesis often 

uses multistep for the synthesis of polyanionic compounds. 
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6. Thesis Overview and Aims 

This thesis aims to develop new, eco-friendly, cheap, and performant cobalt-free 

phosphate-based cathode materials for Na-ion and K-ion batteries. Spray-drying 

technique was mainly used to prepare the materials by taking advantage of its 

great versatility, to propose an enhancement of the properties of existing materials, 

and synthesize new cathode materials at a pilot scale. After the general 

introduction (chapter I), the work carried out in this thesis is mainly divided into 

two main parts: 

The first part (Chapters II and III) concerns the enhancement of the 

electrochemical performance of Na2FePO4F cathode materials in Na-ion and K-

ion batteries. The second chapter presents the optimization of the synthesis of 

NFPF by playing on the spray-drying synthesis parameters and preparing a 

composite with carbon nanotubes (CNT). Several developments were done to 

avoid the reduction of iron during the annealing step, to finally obtained pure and 

well-crystalized material with optimized morphology. The performance of this 

material has been greatly enhanced, and the theoretical capacity has been obtained 

in NIB. The performance in KIB is also presented, and a precycling of the material 

has allowed it to reach more than 110 mAh/g in KIB half cells.  

Chapter III focuses on the study of the cycling mechanism of NFPF in 

both NIB and KIB and the comparison of both reactions mechanism during 

cycling. Operando Mössbauer spectroscopy and operando XRD analyses were 

performed and combined to have more insights on the evolution of the structural 

properties of the materials during charge/discharge processes.  

The second part focuses on the synthesis and development of new cathode 

materials for K-ion batteries using spray drying method. Indeed, the preparation 

of three new electrode materials for cathode for K-ion batteries was carried: 

K3V(PO4)2, K3Fe(PO4)2, and K3Fe2(PO4)3.  
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 Chapter IV presents the development of K3V(PO4)2 materials as a new 

cathode for KIB. The optimization of the synthesis and, therefore, of the 

morphology of the materials is discussed. Also, several composite materials were 

prepared with carbon nanotubes, graphene oxide, or a mix of both. The influence 

of the carbon addition on the structural and morphological properties of the 

composite materials was investigated. Finally, the influence on the 

electrochemical properties is analyzed for each material: the impact on the 

conductivity of the cathode materials was investigated using electrochemical 

impedance spectroscopy, and the effect of the energy storage was studied using 

galvanostatic cycling. 

 Chapter V presents a preliminary study of both K3Fe(PO4)2 and 

K3Fe2(PO4)3 as new potential active cathode materials for KIB. The development 

of an easy synthesis process by spray-drying is presented for both materials. For 

both materials, the influence of complexing agent addition on the synthesis, 

structure, and morphology, as well as on the electrochemical performance, is 

deeply analyzed. The strategies used to prepare composite material with CNT are 

also presented, but the synthesis of the materials needs calcination under air, 

which complicates the addition of carbon to enhance the conductivity of the 

phosphate. Also, for KFP3 materials, several iron precursors were tested and 

compared to obtain a better electrochemical performance.  

 Finally, I would like to attract your attention to the annexed chapter, 

Appendix 1, which concerns an entirely different subject linked to the pandemic 

that began almost two years ago (at the time of this thesis writing) and is such a 

big part of my Ph.D. formation. Indeed, using the spray-drying techniques, we 

have successfully synthesized the reactive materials that extract the SARS-

COV2 RNA from the sample before the RT-PCR test, which lead to the 

production of about 10 million tests for Belgium. Moreover, we will see that this 

synthesis method may also be useful to stabilize this material as an anode material 

in LIB.   
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Abstract 
 In this chapter, we report an optimized and easily scalable spray-drying process 

for the synthesis of Na2FePO4F/Carbon nanotubes composite with controlled 

morphology and good electrochemical performance. The synthesis conditions 

have been optimized to avoid the formation of Fe-based impurities (Fe(0), Fe3C, 

Fe2O3). Particular attention has been given to the spray-drying process to optimize 

both the morphology and composition of the composite material. Several 

synthesis parameters were modified and adjusted including changing the injection 

nozzle and the drying atmosphere. The structural and morphological properties of 

the materials were investigated combining X-ray diffraction, scanning electron 

microscopy, surface area analysis, and 57Fe Mössbauer spectroscopy 

characterization techniques. The electrochemical properties were first evaluated 

in sodium-ion batteries showing excellent performance with an initial discharge 

specific capacity of 123 mAh/g at C/15 (99% of the theoretical capacity). Also, 

NFPF-15CNT demonstrated promising electrochemical performance as cathode 

material for K-ion with a good specific capacity of 80 mAh/g at C/15. 

The electrochemical desodiation revealed to be the key strategy behind the 

outstanding performance of NaKFePO4F/CNT cathode material in K-ion batteries 

with a stable capacity of 114 mAh/g at C/15 which is one of the highest reported 

capacity as cathode for K-ion batteries. 
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1. Introduction 

The environmental problem that our century is enduring has led to extensive 

efforts to develop new eco-friendly and efficient energy storage and conversion 

technologies to ensure the energy transition. Among these, electrochemical 

storage based on Li-ion technology is expected to be one major solution to energy 

storage [1] Nevertheless, the demand for large-scale battery systems, to store the 

energy from wind turbines or solar panels, is rapidly growing. Lithium-ion 

technology suffers from the uneven distribution and low abundance of lithium in 

the earth's crust resulting in raising the cost of the technology. The abundance of 

material is the fundamental factor to consider for the development of electrode 

materials for large-scale applications. LiFePO4 is considered one of the most 

promising eco-friendly cathode materials to develop larger-scale production of 

lithium technology [2]. However, the limited resource of lithium strongly 

increases the material cost and inhibits the possibility of the development of this 

technology for large-scale applications.  

Sodium is the second lightest and smallest alkali metal after lithium and is widely 

distributed and highly abundant in the earth’s crust. This indicates that finding 

suitable high-performance electrode materials will place sodium-ion batteries 

(SIBs) among the promising candidates for the large-scale development of green 

energy storage technologies [3]. However, the poor diffusion kinetic of Na+-ions 

and the volume expansion of the host material upon cycling limit the practical 

applications of the Na-ion batteries (NIB) technology. Different cathode materials 

have been reported in the effort to find high-performance electrode materials 

including metal oxides [4,5], polyanionic systems[6,7], Prussian blue [8,9], and 

metal fluoride [10]. One of the promising cathode material families is the 

polyanionic materials and more precisely phosphate compounds. Among these, 

fluorinated iron-based phosphate, Na2FePO4F (NFPF) is reported as one of the 
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most promising candidates thanks to its strong crystal structure with facile 2D Na+ 

pathways and low volume change as well as a relatively high theoretical capacity 

of 124 mAh/g [11,12]. The presence of fluorine with a strong ionicity leads to the 

increase of the operating voltage (3 V) and thus the energy density of the material 

(375 Wh/kg) [11,13]. NFPF material was presented for the first time by Ellis et al., 

in 2007 and proved to be electrochemically active [14]. It crystallizes in the 

orthorhombic crystal lattice with Pbcn space group. The FeO4Fe octahedra are 

bridged by F- ions and form dioctahedral units. These units are connected by 

PO4
3- anions and form the layered structure promoting good Na+ diffusions. This 

framework offers great structural stability during cycling as confirmed by NMR 

study [15]. The challenge linked to this material lies in its poor intrinsic electronic 

conductivity due to both: the phosphate group and the fluorine ionicity that 

disturbed the electron localization [11,13].  

Despite this drawback, the eco-friendliness and the promising electrochemical 

performance of NFPF have attracted the interest of the scientific community. 

Table II-1 presents a non-exhaustive list of investigated synthesis processes and 

strategies to enhance the electrochemical performance of NFPF material in Na-

ion batteries. There are mainly three synthesis processes that have been studied: 

solid state [11–13,16–20], hydrothermal/solvothermal[21–24], and 

sol gel [25-28]. More exotic synthesis processes were also reported such as soft 

templating [29], electrospinning [30], or ultrasonic spray pyrolysis [31]. All these 

works present pioneering strategies to enhance the electrochemical performance 

of the material. Particle size reduction and carbon encapsulation are considered 

effective and simpler approaches to increase both the ionic and electronic 

conductivity of the NFPF material. Kawabe et al., [11] reported a carbon-coated 

NFPF solid-state method inspired by a similar method used for LiFePO4 by adding 

ascorbic acid as a carbon source. The developed NFPF cathode material delivered 

an initial discharge capacity of 110 mAh/g at C/20. This approach of adding 

carbon precursors that are reduced during the heat treatment steps to form 
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conductive carbons seems to be efficient for enhancing electrochemical 

performance. Indeed, several carbon precursors were tested such as sucrose, citric 

acid, ascorbic acid, and biocarbon from yeast. Other methods rely on the addition 

of carbon after the synthesis of the NFPF material such as conductive polymer, 

mesoporous carbon, graphene nanosheet, and carbon nanotube. Ko et al., [17] 

present NFPF composite with a coating of poly(3,4-ethylene dioxythiophene) 

(PEDOT) as a conductive polymer. The prepared material exhibits a discharge 

capacity of 123.1 mAh/g at C/5 and 76 mAh/g at a high C-rate of 10 C showing 

one of the best electrochemical performances for this material reported in the 

literature but with a complicated, multi-step, and expensive synthesis method. 

Particle nanosizing by grinding or by controlling the particle size evolution during 

the synthesis was also presented in recent works [16,22,29,30]. Different 

morphologies have been tested to enhance the electrochemical performance like a 

hollow sphere [23], nanorod [22], nanofibers [30]. Recent works also presented 

the combination of both nanosizing and carbon composite formation. 

For example, Xun et al., reported a one-step synthesis of NFPF nanorods with a 

ball mixing addition of carbon nanotubes (CNT) and graphene oxide (GO) [22]. 

They obtained a specific capacity of 118 mAh/g at C/10 and 67.5 mAh/g at a 

10 C rate with a capacity retention of 80% after 1200 cycles. 
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Table II-1: A non-exhaustive list of investigated synthesis processes and strategies to 
enhance the electrochemical performance of NFPF material in Na-ion batteries. 

Synthesis Process Reported discharge 
Capacity 

Strategy to enhance the 
electrochemical performance 

Reference 

Solid-state  110 mAh/g at C/20 Carbon coating with ascorbic 
acid 

[11] 

Solid-state 108.6 mAh/g at 
C/10 

Nanosizing with polyfurfuryl 
alcohol as size reducing agent + 
carbon coating from glucose 
reduction 

[12] 

Solid-state 100-110 mAh/g at 
C/10 

Coating with ascorbic acid and 
partial substitution of iron with 
Mn 

[13] 

Multistep Solid-state  110 mAh/g at C/10 Polyol coating + Nanosizing [16] 
Multistep Solid-state  
 

123.1 mAh/g at C/5 Coating with conductive polymer 
PEDOT 

[17] 

Multistep Solid-state 115 mAh/g at C/10 Metal-organic framework + 
mesoporous carbon network 

[18] 

Ball milling combined 
with solid-state  

114 mAh/g at C/10 Mesoporous composite  [19] 

Solid-state  117 mAh/g at C/10 Green carbon coating with 
ascorbic acid 

[20] 

Solvothermal 114.3 mAh/g at 
C/10 

Carbon coating with glucose [21] 

Hydrothermal 118 mAh/g at C/10 Nanoshaping into nanorod and 
carbon composite by ball mixing 
with CNT and GN 

[22] 

Solvothermal 120.1 mAh/g at 
C/10 

Double shelled hollow 
microsphere composite with 
carbon  

[23] 

Hydrothermal 80 mAh/g at C/10 Crystalline transformation to 
alpha-NFPF 

[24] 

Sol-gel 100 mAh/g at C/10 Carbon composite by reduction 
of citric acid or ascorbic acid or 
urea during synthesis 

[25] 

Sol-gel 114.3 mAh/g at 
C/10 

Biocarbon nanocomposite 
hollow sphere from yeast cell  

[26] 

Ultra-rapid 
combustion  

70 mAh/g at C/10 Carbon composite from citric 
acid 

[27] 

Sol-gel  115.5 mAh/g at 
C/10 

Porous sponge-like morphology 
and composite with carbon from 
oxalic acid  

[28] 

Soft templating 116 mAh/g at C/10 Nanosizing by high energy ball 
milling  

[29] 

Electrospinning 117.8 mAh/g at 
C/10 

Nanosizing and composite 
structuration with carbon fibers 

[30] 
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In previous works, we presented the synthesis protocol of NFPF by spray-drying 

method [32–34] This technique is easily up-scalable and offers a high 

homogeneity of the precursors. This synthesis method leads to the formation of 

spherical particles using the rotary nozzle (particle size around 10 µm). The dense 

structure of the spheres and limitation of ion diffusion in these large particles in 

the previous work [33–35] showed limitations of the electronic conductivity of 

the pristine material. Two strategies could overcome these limitations. The first 

one consists of grinding the particles and the second one is the carbon addition 

during synthesis. Our previous works evidenced that the grinding leads to the 

oxidation of iron in the structure [35]. It also evidenced the effect of carbon 

addition (carbon nanotubes or carbon black) to NFPF on structural, 

morphological, and electrochemical properties in lithium-ion batteries [33–35]. 

This work aims to enhance the electrochemical performance of NFPF cathode 

material for Na-ion batteries using different and innovative strategies. Particular 

attention is paid to the control of the morphology of the NFPF particles to reduce 

the size of the obtained particles after spray drying. The use of an alternative 

injection mode will be discussed. This work also presents the effect of the drying 

gas on the structural and electrochemical properties of the materials with special 

attention to avoid the partial oxidation of the iron during each step of the synthesis 

process. Finally, the optimized NFPF is used as cathode material in K-ion batteries 

for the first time. The structural and morphological properties were systematically 

investigated by combining X-ray diffraction, Mössbauer spectroscopy, scanning 

electron microscopy, and BET measurement. The electrochemical performance of 

the materials were investigated using galvanostatic cycling, impedance 

spectroscopy, and cyclic voltammetry. 

Ultrasonic spray 
pyrolysis 

89 mAh/g at C/10 Carbon coating by sucrose 
reduction + hollow sphere 
structuration 

[31] 

Spray-drying 
assisted solid-state 

123.8 mAh/g at 
C/15 

Carbon nanotubes network 
inside particles 

This 
work 
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2. Experimental 

2.1. Materials synthesis  

NFPF and NFPF_xCNT powders were prepared by spray-drying method followed 

by calcination under a controlled atmosphere. 100 mmol of Fe0 (99.9%, 

abcr GmbH) is attacked in 100 mL of milliQ water (18.2 MΩ/cm) by 200 mmol 

of acetic acid at 90°C under argon. 75 mmol of citric acid (Alfa Aesar) is directly 

added to complex and to stabilize Fe2+. After 24 h, 100 mmol of NH4H2PO4 

(Sigma Aldrich), 100 mmol of NaF(Sigma Aldrich), and 100 mmol of NaOH 

(Sigma Aldrich) were added to the solution with 900 mL of milliQ water 

(18.2 MΩ/cm). The solution was then homogenized under argon at room 

temperature by magnetic stirring for one hour. In the case of the NFPF_xCNT 

composite powders, 5 to 15wt% of carbon nanotube (1.07 to 3.23g) (AQ30X 

Nanocyl) were added at the same time as the other precursors. The 

solution/suspension (with CNT) is then spray-dried in a Niro mobile minor spray 

dryer at an inlet temperature of 150°C and outlet temperature of about 90°C with 

25 mL/min feed rate and 3 bars of air pressure using a rotating or a bi-fluid 

injector. The obtained powders were then heat-treated at 600°C under Ar flow for 

different durations with a heating rate of 150°C/h.  

2.2. Structural and morphological characterization 

of NFPF and NFPF_xCNT 

The crystallographic structure of powders was studied by the X-ray powder 

diffraction (XRD) technique using a Bruker D8 diffractometer (Cu K⍺ radiation). 

The diffraction data were recorded in the 2Theta range of 10-60° with a step size 

of 0.02. The morphology of the obtained materials was investigated with scanning 

electron microscopy (XL30 FEG-ESEM, FEI). Measurements of specific surface 
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area and texture properties, including analysis of porosity for all the samples 

(NFPF and NFPF_xCNT), were determined through measuring nitrogen (N2) 

adsorption-desorption isotherms with a Micromeritics ASAP 2020 Plus system. 

Samples were degassed at 150°C for 6 h before analysis. 
57Fe transmission Mӧssbauer spectroscopy spectra were recorded at room 

temperature with a constant-acceleration spectrometer with a 57Co(Rh) source. 

The Mössbauer spectral absorbers were prepared with 40 mg/cm2 of materials 

mixed with boron nitride. The spectrometer was calibrated at room temperature 

with the magnetically split sextet spectrum of a high-purity α-Fe foil as the 

reference absorber. The measurements were carried out in the [± 4 mm/s] and 

[± 12 mm/s] velocity ranges. Fitting the experimental data, the spectral parameters 

such as isomer shift (d), quadrupole splitting (D), linewidth (G), and relative 

resonance areas of the different spectral components were determined. 

The validity of fits was judged based on minimizing the number of parameters and 

c2 values. 

2.3. Electrochemical characterization 

The electrochemical measurements were performed at room temperature in 

CR2032 coin cell configuration. The positive electrode was prepared by mixing 

the active material, carbon black as a conductive agent, and polyvinylidene 

fluoride (PVDF) as a binder with a ratio of 7:2:1. In the case of the composite 

NFPF/CNT with 15% of CNT, the amount of carbon black was adjusted to obtain 

20wt% of carbon in the electrode. The electrode was mixed in 

N-methyl-2-pyrrolidone (NMP) with zirconia balls (5mm of diameter) for 1 h 

using a planetary mill (Retsch PM400/2, 150 rpm, alternate rotation mode). 

The slurry was then tape cast on aluminum foil by doctor blade method and then 

dried at 110°C for 12 h under vacuum. The electrodes were then cut to obtain an 

electrode disc of 15 mm in diameter with about 1 mg/cm2. The coin cells were 
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assembled in an argon-filled glove box using a Whatman® filter separator and 1 M 

NaPF6 dissolved in propylene carbonate as an electrolyte. Sodium foil was used 

as the counter and the reference electrode. K-ion button cells were assembled with 

the same protocol as for sodium, the electrolytes used were 0.8 M KPF6 in 

different solvents like propylene carbonate or ethylene carbonate and propylene 

carbonate 1:1 volume ratio, with our without 10wt% fluoroethylene carbonate as 

a stabilizing agent leading to these three compositions: i) 0.8 M KPF6 in PC with 

10wt.% of FEC, ii) 0.8 M KPF6 in EC:PC (1:1 v:v) and iii) 0.8 M KPF6 in EC:PC 

(1:1 v:v) with 10wt.% of FEC. Metallic potassium was used as a counter and 

reference electrode. Galvanostatic cycling tests were carried out in the voltage 

ranges of 2.2-4.5 V and 2-4.3 V vs. Na+/Na and 2-4.2 V vs. K+/K at different 

cycling rates using a Neware BTS4000 potentiostat. Electrochemical impedance 

spectroscopy (EIS) with 5 mV amplitude in the frequency range from 1 MHz to 

10 mHz and cyclic voltammetry between 1 and 5 V vs. Na+/Na at a speed rate of 

0.05 to 1 mV/s were measured using a VMP3 Bio-logic potentiostat. The obtained 

EIS data were fitted with Aftermath software from Pine Research Instrumentation. 

All electrochemical tests were carried out at room temperature.  
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3. Results and discussion 

3.1. Influence of the nozzle type on 
microstructure.  

Spray drying is a highly versatile process and can be adapted to tune the particle's 

size and morphology. The size of spray-dried particles is influenced by feedstock 

properties, spray drying geometry, spraying conditions, and drying conditions. 

Our previous works show that electrode materials (phosphates, oxides, titanate…) 

with a particle size of 5-20 µm were obtained using a conventional rotary nozzle 

by spray drying method [33–36]. Two injections are compared in this work: the 

rotary and bi-fluid nozzles. In the spray drying process, all injection modes result 

in the formation of droplets from a feedstock (solution or suspension). For the 

rotary nozzle, these droplets are formed due to centrifugal force and the particle 

size is inversely proportional to the rotation velocity. In the case of the bi-fluid 

nozzle, this is the mixing of two fluid (solution and gas) that forms the droplet, 

the droplet size can be greatly reduced by an increase of the gas injection pressure.  
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Figure II-1: SEM micrographs of spray-dried precursors of NFPF materials 

obtained before and after calcination at 600°C for 12h under Ar flow: left) 

bi-fluid nozzle (BN) and right) rotary nozzle (RN). 

Figure II-1 compares the scanning electron micrographs of NFPF materials 

prepared using two nozzle modes, rotary nozzle (NFPF_RN) and bi-fluid nozzle 

(NFPF_BN) before and after heat treatment. Both nozzle modes lead to the 

formation of spherical particles when applying the same pressure of injection. 

However, a clear difference in particle size is observed with about 8-10 µm 

(for NFPF_RN) and 1.5 µm to 3 µm for NFPF_BN. The smaller particle size 

would result in a better electrode active material-electrolyte contact and promote 

shorter electron diffusion pathways leading to enhanced electrochemical 

performances.  

Previous works have shown that the crystalline NFPF phase is obtained at 600°C 

for 12 h by spray drying method with the rotary nozzle (NFPF_RN). The influence 

of the reduction of particle size on the duration and temperature of crystallization 
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was investigated by X-ray diffraction at varied heat treatment durations. Figure 

II-2 illustrates the XRD patterns of obtained NFPF_BN powders at different heat 

treatment durations ranging from 1 h to 12 h at 600°C. First of all, the temperature 

of crystallization has to remain at 600°C despite the diminution of the size of the 

primary particles. In Figure II-2, the sample after 2 h presents a better crystallinity, 

but it has not been registered on the same sample and this difference cannot be 

explained in another way. However, a heat treatment duration of 1 h is inadequate 

to fully crystallize the NFPF material. 

 
Figure II-2: XRD patterns of NFPF_BN powders obtained by spray drying at 

different temperatures of 550°C and 600°C for a duration ranging from 1 h to 

12 h under argon. 
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Figure II-3: 57Fe Mössbauer spectra recorded at room temperature of NFPF 

material obtained by spray-drying (a) before and (b) after calcination at 600°C 

(under Ar flow) for 2 hours. 

 
Table II-2: 57Fe Mössbauer hyperfine parameters for NFPF prepared by spray drying 
with a bi-fluid nozzle before and after calcination at 600°C for 2 hours. 

Samples  𝛿 (mm/s) ∆Eq 
(mm/s) 

𝛤 (mm/s) Area (%) 

NFPF_BN 
Before 
calcination 

Fe(II) 1.23 (1) 1.78(4) 0.52(4) 26 
Fe(II) 1.23(2) 2.30(6) 0.42(3) 41 

Fe(III) 0.27 (4) 0.71(9) 0.38(8) 33 
NFPF_BN 
After 
calcination 

Fe(II) 1.23 (3) 2.266(6) 0.369(1) 72 
Fe(II) 1.23(2) 1.754(2) 0.526(7) 16 
Fe(III) 0.34(1) 0.719(3) 0.467(1) 12 
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The room temperature 57Fe Mössbauer spectra of NFPF_BN before and after 

calcination at 600°C for 2 h under argon are presented in Figure II-3, and their 

corresponding Mössbauer hyperfine parameters are summarized in Table II-2. The 

spectrum before the calcination consists of an asymmetric doublet. This confirms 

the presence of only paramagnetic iron at room temperature, which indicates that 

no magnetic iron is found in the sample like Fe2O3 or alpha-Fe0. A good fit has 

been obtained using three components: two components correspond to Fe(II) 

(26% and 41% surface area) with a close isomer shift but a slightly different 

quadrupole splitting showing two different local environments. The third 

component corresponds to Fe(III) which indicates that partial oxidation of the iron 

precursors during the spray drying step occurred due to the use of hot air as drying 

gas. In addition, the high value of full width at half maximum (FWMH) confirms 

the amorphous state of the material. After calcination, the 57Fe Mössbauer 

spectrum consists of a sharp asymmetric doublet. A good fit has been obtained 

using three components corresponding to two Fe(II) sites and one Fe(III) site. The 

total area of the Fe(II) site is 88 % showing a great carbothermal reduction during 

the calcination step. These two sites have the same isomer shift with a slightly 

different quadrupole splitting, corresponding to octahedral sites in the NFPF 

structure [33–35]. The presence of Fe(III) site in the NFPF material is not harmful 

to the electrochemical performance as it was shown in our previous work using 

in situ Mössbauer studies [33] that this Fe(III), corresponding to oxidized NFPF, 

is completely reduced to Fe(II) after the first discharge (sodiation process). Also, 

the change of nozzle has another influence on the impurities found in the NFPF 

samples. Indeed, the use of the rotary nozzle leads to the presence of γ-Fe2O3 

impurities in the NFPF_RN sample which is no more the case in the NFPF_BN 

sample [33–35]. 

A galvanostatic charge-discharge cycling test was used to evaluate the 

electrochemical performance of the NFPF material as cathode material for Na-ion 

batteries. The obtained electrochemical performance at different current densities 
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within the voltage range of 2.2-4.5 V vs. Na+/Na for NFPF_BN and NFPF_RN 

were compared. The charge-discharge profiles are presented in Figure II-4. The 

NFPF_RN sample in Na-ion cell delivered discharge capacities of 17, 13, 7, and 

6 mAh/g at cycling rates of C/15, C/10, C/5, and 1C respectively. The capacity of 

17 mAh/g at C/15 corresponds to only 14% of the theoretical capacity 

(124 mAh/g), which decreases with the increase of the C-rate. The plateau can 

only be seen in the discharge profile at C/15 at around 3 V which is consistent 

with the results reported in the literature and is not visible in the other C-rates[11]. 

The NFPF_BN-based cathode in Na-ion cell delivered discharge capacities of 

55, 35, 21, and 10 mAh/g at cycling rates of C/15, C/10, C/5, and 1C respectively. 

The discharge capacity at C/15 of 55 mAh/g represents 44% of the theoretical 

capacity. In comparison, NFPF_BN delivered higher capacities compared to 

NFPF_RN at all C-rates. The charges-discharge profiles are similar at current 

densities of C/5, C/10, and C/15. The two plateaus are observed at C/15 at 3 and 

2.8 V in the discharge curve. A polarization phenomenon is observed at all C-rates 

and the insertion/disinsertion plateau is no more visible at 1C current densities. 

The comparison of the NFPF_BN and NFPF_RN demonstrates that the decrease 

of the particle size leads to improved electrochemical performance thanks to the 

smaller ionic and electronic pathway during the insertion/disinsertion of sodium 

ions. However, both samples show a huge polarization phenomenon with a 

decrease of the insertion potential leading to a decrease of the performance during 

cycling. This is the consequence of the low electrical conductivity of the NFPF 

material and low electrode/electrolyte contact area, leading to an insufficient 

electron diffusion during Na-insertion/deinsertion into/from NFPF material. 

The advantage of the spray-drying technique is its versatility which enables the 

formation of carbon-based composite electrode materials in one step to enhance 

the electrical conductivity. Indeed, the addition of CNT in the solution of the 

precursors leads to the formation of a carbon network inside the cathode materials 

particles [32]. As it is stated that the bi-fluid nozzle allows the preparation of 
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a smaller particle size with enhanced electrochemical performance, the composite 

materials will be prepared with this nozzle to maximize the electronic conductivity 

and reduce the ion diffusion lengths in particles.  

 

Figure II-4: Charge/discharge curves of the first cycle of NFPF prepared by (a) 

a bi-fluid nozzle, (b) a rotary nozzle, and (c) Evolution of discharge capacity vs. 

cycle number of both materials cycled at C/15, C/10, C/5, 1C rates 

(2.2-4.5 V vs. Na+/Na) at room temperature. 

Figure II-5 illustrates the XRD patterns of NFPF with different carbon nanotubes 

(CNTs) ratios of 0, 5, 10 and 15% (NFPF_xCNT, with x= 5, 10, 15wt%) after heat 

treatment. The addition of both 5% and 10% has a quite low influence on the 

structural properties of the NFPF as illustrated by XRD analysis. Indeed, each 

peak in the diffractograms can be indexed in the NFPF (Pbcn space group) 
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structure. The crystallite size remains small of about 6 to 8 nm as calculated by 

Scherrer formula: CS = 0.9 λ/(β.cos(θ)), where λ is the wavelength, β is the full 

width at half maximum of the peak, and θ is the Bragg angle of diffraction. 

The addition of 15% of CNTs leads mainly to the formation of Fe0. Indeed, the 

most intense peak at about 45° (2Theta) corresponds to the Fe0. The crystallite 

size of the NFPF remains small of about 9 nm.  

 
Figure II-5: XRD patterns of NFPF_BN materials obtained by spray drying at 

600°C for 2 h without CNT (red) with 5wt% of CNT (green), 

with 10wt% of CNT (blue) and 15wt% of CNT (black). 

To deeply investigate the influence of the addition of CNT on NFPF materials, 
57Fe Mössbauer analysis was performed. The Mössbauer spectra are presented in 
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Figure II-6 and fitted parameters are summarized in Table II-3. The obtained results 

evidenced the presence of Fe0 in NFPF_10CNT and NFPF_5CNT materials. 

Indeed, the 57Fe Mössbauer spectrum of NFPF_10CNT has mainly a doublet form 

with a small intensity sextet component. This spectrum was fitted using 

4 components: 2 sites of Fe(II) and one site of Fe(III) that can be attributed to the 

octahedral environment of Fe site in NFPF. The last component is magnetically 

ordered at room temperature with an isomer shift of 0.12 mm/s that is consistent 

with the presence of Fe0. The concentration of the Fe0 impurity is about 7%. 

The same conclusion can be done for NFPF_5CNT with a percentage of Fe0 of 

9%. As the Fe0 was not visible through XRD analysis, it means that it has an 

amorphous structure or that it is mainly nanoparticles. Regarding the 

NFPF_15CNT, the 57Fe Mössbauer analysis shows a presence of sextet with a 

high concentration (30%) corresponding to Fe0. The NFPF_15CNT spectrum was 

fitted also with 4 components: 2 Fe(II) sites, one Fe(III) site in NFPF, and the Fe0. 

The addition of CNTs leads to a higher carbothermal reduction of the iron.  
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Figure II-6: 57Fe Mössbauer spectra recorded at room temperature of NFPF_BN, 

NFPF-5CNT, NFPF_10CNT, and NFPF_15CNT prepared by spray drying method after 
calcination at 600°C for 2 h. 

Table II-3: Hyperfine Mössbauer parameters for NFPF_BN, NFPF_5CNT, 
NFPF_10CNT, and NFPF_15CNT prepared by spray drying method with a bi-fluid 
nozzle after calcination at 600°C for 2 h. 
  ∂ (mm/s) ∆Eq (mm/s) 𝛤 (mm/s) Field Area (%) 
NFPF_BN Fe(II)-NFPF 1.23(3) 2.26(6) 0.36(9) - 72(1) 
 Fe(II)-NFPF 1.23(2) 1.75(4) 0.52(7) - 16(1) 
 Fe(III)-NFPF 0.34(1) 0.71(9) 0.46(7) - 12(1) 
NFPF _5CNT Fe3C 0.10(1) 0.092(1) 0.559(5)) 22.4(3) 6(1) 
 Fe(II)-NFPF 1.26(1) 2,18(3) 0.424(4) - 45(1) 
 Fe(II)-NFPF 1.26(1) 1.556(3) 0.471(4) - 3(1) 
 Fe(III)-NFPF 0.36(1) 0.725(4) 0.509(4) - 45(1) 
NFPF_10CNT Fe3C 0.27(2) 0.01(5) 0.66 23.1(2) 9(1) 
 Fe(II)-NFPF 1.218(1) 2.19(2) 0.62 - 41(1) 
 Fe(II)-NFPF 1.268(1) 2.27(2) 0.62 - 41(1) 
 Fe(III)-NFPF 0.377(1) 0.76(2) 0.54 - 10(1) 
NFPF_15CNT Fe(0) 0.001(5) 0.00 32(2) 33.12(4) 31(1) 
 Fe(II)-NFPF 1.235(5) 2.19(1) 0.43(2) - 49(1) 
 Fe(II)-NFPF 1.203(3) 1.50(5) 0.48(2) - 11(1) 
 Fe(III)-NFPF 0.36(2) 0.82(4) 0.41(2) - 10(1) 
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The effect of carbon nanotubes addition on the morphological features of NFPF 

material was investigated by scanning electron microscopy. Figure II-7 displays 

the SEM images of the NFPF_xCNT (with x=0, 5, 10, 15 wt.% of CNT) materials 

prepared by the bi-fluid nozzle. NFPF_xCNT materials consisted of collapsed 

particles with an average diameter from 1.5 to 5 µm, the average particle size 

increases with the increase of the percentage of CNT, which is in good agreement 

with literature that explained this particular morphology result from the formation 

of a viscoelastic shell during the drying step [35,38]. This microstructure is 

attractive for an electrode material as the major limitation of fluorophosphate 

compounds is their low electronic conductivity. Indeed, the homogeneous 

network of CNTs should ensure and increase the electronic conductivity and 

circumvent the kinetic limitations during cycling [38–40]. Also, the specific 

surface area of the powders, measured by BET technique, greatly increases with 

the increase of the amount of carbon nanotube (Table II-4). As it can be seen, the 

surface area of NFPF_BN is low (less than 2 m2/g), with the addition of 5wt% of 

CNT, the BET values are already 8 times higher. This value increases even more 

with the addition of 10% or 15wt% of CNT. In this last case, the specific surface 

area reaches 100 m2/g. This high surface area facilitates the percolation of 

electrolyte and ensures improved contact with the cathode material.  
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Figure II-7: Scanning electron micrographs of (a)-(b)NFPF_5CNT, (c)-(d) 

NFPF_10CNT,(e)-(f) NFPF_15CNT before (left) and after (right) calcination at 

600°C for 2h under argon. 

 

Table II-4: Specific surface area of NFPF_xCNT samples measured by BET. 
 

Sample Specific surface area (m2/g) 
NFPF_BN 1.75 
NFPF_5CNT 13.83 
NFPF_10CNT 75.85 
NFPF_15CNT 100.09 
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The evolution of the charge/discharge curves recorded at different C-rates of C/15, 

C/10, C/5, and C are presented in Figure II-8a, b, and c for NFPF_5CNT, 

NFPF_10CNT, and NFPF_15CNT, respectively. All the first charge curves for 

different electrodes (NFPF_XCNT) illustrate a similar voltage profile. 

The difference between each sample can be observed at the first discharge. Indeed, 

for NFPF_5CNT, the discharge plateau is almost not visible while with 10 and 

15wt% of CNT, the two discharge plateaus are observed. From the C/10 rate, the 

plateaus are only visible for NFPF_15CNT. In addition, the sample with only 

5wt% of CNT demonstrates really low capacity at C/15, C/10, C/5, and 1C rate. 

Figure II-8d presents the evolution of the capacity with cycle number at different 

cycle rates of NFPF_xCNT (with x=0, 5, 10, and 15wt%). As shown the presence 

of CNT greatly influences the electrochemical performance of the NFPF material. 

The initial discharge capacity at C/15 of NFPF_xCNT with 0, 5, 10, and 15wt% 

of CNT are 71, 66, 79, and 94 mAh/g, respectively. The addition of only 5wt% 

of CNT leads to slightly higher specific capacity in the first cycle at C/15 rates. 

After three cycles, the capacity fades in both cases but NFPF_5CNT shows a 

slower decrease and the capacity obtained is slightly higher than NFPF_BN. At 

the 5th cycle and the capacity of NFPF_5CNT is 57 mAh/g and only 42 mAh/g 

for NFPF_BN. The addition of 5wt% of CNT leads to the increase of the specific 

at each cycling rate compared to NFPF_BN. The addition of 10wt% leads even to 

higher capacity at C/15 rate of 72 mAh/g but the difference is no more visible with 

the increase of the cycling rate to C/5 or C and also at C/15 after cycling at high 

speed. This concludes that 10wt% is not sufficient to improve the electrochemical 

performance. A clear difference is observed for 15wt% of CNT with improved 

specific capacity at all cycling rates. Discharge capacities of 94, 79, 55, 30, and 

72 mAh/g are delivered at C/15, C/10, C/5, C, and then at C/15 respectively. 

Nevertheless, 75% of the theoretical capacity was delivered at the first cycle at 

C/15 which decreases to 56% after the rate capability test. This low specific 
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capacity is caused by the presence of Fe0 impurity. To solve this issue, we studied 

different synthesis parameters to obtain a pure phase with 15wt% of CNT. 

 
Figure II-8:Charge/discharge curves of the first cycles at C/15, C/10, C/5, 1C of 

a) NFPF_5CNT, b) NFPF_10CNT and c) NFPF_15CNT materials. d) Evolution 

of discharge capacity vs. cycle number of NFPF, NFPF_5CNT, NFPF_10CNT, 

and NFPF_15CNT materials cycled at C/15, C/10, C/5, 1C rates 

(2.2-4.5 V vs. Na+/Na) at room temperature. 
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3.2. Influence of the synthesis process on the 

purity and electrochemical performance of the 

material.  

To avoid the partial oxidation of Fe(II) in NFPF material, an ATEX spray-dryer 

(O2 < 50 ppm) with argon as drying inert gas was used. The spray-dried powder 

was transferred to an argon-filled glovebox to avoid contact with Air. In addition, 

degassed water was used in the preparation of the precursors' solution as described 

in the synthesis protocol of NFPF material.  

Figure II-9 illustrates the 57Fe Mössbauer spectra of the NFPF_BN_ATEX 

powders and the corresponding fitted parameters are presented in Table II-5. The 

first sample studies the precursors just after spray drying under Ar. The Mössbauer 

spectrum has a symmetric doublet shape. The fit of the spectrum reveals the 

presence of only Fe(II) sites. As expected, the change of drying gas prevents the 

partial oxidation of iron during the drying step. After calcination 

(NFPF_BN_ATEX) (Figure II-9b), the Mössbauer spectrum consists of an 

asymmetric doublet that can be fitted using only three components corresponding 

to 2 Fe(II) sites and one Fe(III) site. This result shows the same tendency as the 

previous experiment and it does not prevent oxidation. The major difference is 

that the amount of Fe(III) present in the sample after annealing is divided by a 

factor 2. 

The Mössbauer spectrum of NFPF_15CNT_ATEX is presented in Figure II-9. 

Good quality fits of the data were obtained using a distribution of doublets 

(66 Fe-at%) with average isomer shift and quadrupole splitting values typical of 

Fe(II) in Na2FePO4F [33], another doublet (27 Fe-at%), typical of Fe(III), which 

is associated to some oxidized NFPF material and a sextet (6 Fe-at%) with an 

isomer shift, δ = 0.01 mm/s, and magnetic hyperfine field Bhf = μ0Hhf =33 T, which 

is attributed to Fe0. Even if the use of ATEX conditions does not prevent the 
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formation of Fe0, it greatly reduces the amount of this impurity. Indeed, only 

6 Fe-at% is detected after synthesis under Ar whereas more than 30 Fe-at% was 

found in the NFPF_15CNT sample prepared in Air. In addition, the amount of 

Fe(III) corresponding to oxidized NFPF materials has been dramatically increased 

denoting the benefits of preparation under a controlled atmosphere. 

The NFPF_15CNT_ATEX powder has over a quarter of its iron content as Fe(III) 

where NFPF_15CNT has only 11 Fe-at%. Even if the Fe(III) is completely 

reduced after the first discharge, this high proportion of Fe(III) is harmful for its 

possible application. As the reduction of Fe(III) occurs, it also consumes Na-ion 

which makes it unsuitable for full battery application, or a pre-cycling against 

sodium should be performed to prevent depletion of Na. 

 
Figure II-9: 57Fe Mössbauer spectra recorded at room temperature of 

NFPF_BN_ATEX before calcination, NFPF_BN_ATEX, and 

NFPF_15CNT_ATEX after calcination at 600°C for 2 h under argon. 
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Table II-5: Fitted Mössbauer parameters of NFPF_BN_ATEX before calcination, 
NFPF_BN_ATEX calcinated NFPF_15CNT_ATEX after calcination at 600°C for 2 h 
under argon. 

 
  ∂ (mm/s) ∆Eq(mm/s) 𝛤 (mm/s) Bhf(T) Area 

(%) 
NFPF- 
ATEX-before 
calcination 

Fe(II)-NFPF 1.16(1) 1.82(3) 0.43(3) - 30(1) 

 Fe(II)-NFPF 1.24(1) 2.45(2) 0.32(2) - 34(1) 
 Fe(II)-NFPF 1.23(1) 2.83(2) 0.26(2) - 22(1) 
 Fe(II)-NFPF 1.39(2) 1.80(3) 0.30(4) - 14(1) 
NFPF-ATEX-
after 
calcination 

Fe(II)-NFPF 
 

1.25(1) 1.92(1) 0.41(1) - 10 

 Fe(II)-NFPF 
 

1.23(1) 2.30(1) 0.34(1) - 73 

 Fe(III)-NFPF 0.46(1) 0.56(1) 0.45(1) - 17 
NFPF-
15CNT- 
ATEX-after 
calcination 

Fe(II)-NFPF 
 

1.22(1) 2.20(2) 0.47(1) - 42 

 Fe(II)-NFPF 
 

1.14(2) 2.35(3) 0.49(1) - 24 

 Fe(III)-NFPF 0.50(1) 0.53(2) 0.49(1) - 27 
 Fe(0) 0.01 0.16(9) 0.42(1) 33.7(3) 6 

The rate capability test presented in Figure II-10 gives the evolution of discharge 

capacity on cycling at increasing rates from C/15 to 1C of NFPF_BN_ATEX and 

NFPF_15CNT_ATEX. NFPF_BN_ATEX shows no improvement in capacity 

retention despite the lower percentage of Fe(III) contained in the NFPF material. 

Nevertheless, the lower amount of Fe(III) has the advantage of consuming less 

sodium during the first discharge, which is necessary for further developments in 

full cell configuration. The significant reduction of Fe0 content in the 

NFPF_15CNT_ATEX composite material induced an increase of specific 

capacity mainly at low cycling rate. Indeed, a discharge capacity of 104 mAh/g is 

delivered at the first cycles at C/15. These results tend to denote that a composite 

material without any Fe0 impurities should lead to much better performance even 

if the NFPF is partially oxidized. To reduce the amount of Fe0 and Fe3C, a 
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combination of both approaches has been tested. The NFPF_15CNT_NF was 

obtained by an acidic attack in degassed water by avoiding the presence of the 

oxygen but using spray drying with air as drying gas. This approach should 

prevent the reduction of NFPF caused by the carbothermal reaction during 

calcination. 

 
Figure II-10:Evolution of discharge capacity vs. cycle number of 

NFPF_BN_ATEX and NFPF_15CNT_ATEX materials cycled at C/15, C/10, 

C/5, 1C rates (2.2-4.5 V vs. Na+/Na) at room temperature. 

The Mössbauer analysis of NFPF_15CNT_NF sample is presented in Figure II-11 

and the associated fitted parameters are presented in Table II-6. The spectrum has 

an asymmetric doublet shape. This spectrum can be fit using: two doublets 

(75 Fe-at%) with average isomer shift and quadrupole splitting typical of Fe(II) 
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and one doublet (25 Fe-at%) with parameters corresponding to Fe(III) in NFPF. 

No other iron species with magnetic ordering or other oxidation states like Fe0 are 

detected. Also, no other impurities like γ-Fe2O3 are found. These results were 

confirmed by XRD analysis (see Figure II-12) as all peaks can be indexed in the 

NFPF crystal lattice with no impurity present in the powder. The crystallite size 

determined by Scherrer formula is about 27 nm. The SEM analysis reveals the 

same typical morphology for NFPF_15CNT composite materials.  

 
Figure II-11: 57Fe Mössbauer spectra recorded at room temperature of 

NFPF_15CNT_NF prepared with degas water and air spray-dryer after 

calcination at 600°C 2 h under argon. 

Table II-6: Fitted Mössbauer parameters for NFPF_15CNT_NF made with degas water 
and air spray-dryer. 

  ∂ (mm/s) ∆Eq (mm/s) 𝛤 (mm/s) Area (%) 
NFPF-
15CNT-degas 
water-
annealed 

Fe(II)-NFPF 1.237(2) 2.218(4) 0.540(3) 65(1) 

 Fe(II)-NFPF 1.21(2) 2.27(4) 0.543(3) 7(1) 
 Fe(III)-NFPF 0.446(6) 0.80(1) 0.659(4) 28(1) 
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Figure II-12: XRD patterns of NFPF_15CNT_NF prepared with degassed water 

and spray drying under airflow, after calcination at 600°C 2 h. 

 This material was cycled in Na-half cells at room temperature at different cycling 

rates from C/15 to 1C in the voltage range of 2.2-4.5 V. The evolution of the 

discharge capacity as a function of the cycling rate is presented in Figure II-13a 

and the associated charge-discharge profiles are illustrated in Figure II-13b. 

The initial discharge capacity at C/15 is 123 mAh/g which corresponds to 99% of 

the theoretical capacity. Discharge capacities of 123, 111, 86, and 56 mAh/g are 

obtained at C/15, C/10, C/5, and 1C cycling rates, respectively. Also, after the rate 

capability test, the electrode delivers a discharge capacity of 110 mAh/g at C/15.  
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Figure II-13: (a) Evolution of charge and discharge capacity vs. cycle number of 

NFPF_15CNT_NF and NFPF_15CNT_NF_ground materials cycled at C/15, 

C/10, C/5, 1C rates at room temperature. The voltage window explored was 

2.2-4.5 V vs. Na+/Na. (b) Charge/discharge curves of the first cycles at C/15, 

C/10, C/5, 1C of NFPF_15CNT_NF materials. (c) Evolution of charge and 

discharge capacity vs. cycle number of the pure NFPF_15CNT_NF materials 

cycled at C/15 rates at room temperature and coulombic efficiency at each 

cycle. (d) Charge/discharge curves of 1st, 21st, 41st, 61st, 81st, and 100thcycles at 

C/15 of NFPF_15CNT_NF materials.  

As the obtained particles still exhibit a large size, a powder grinding was 

performed to prove the efficiency of the carbon addition to improve 

electrochemical performance. If the carbon is well dispersed inside and the surface 
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of the particles, there should be no difference after a grinding step because the 

electronic conductivity is sufficient, and the diminution of size will not enhance 

an already optimized conductivity. The powder was ground in anhydrous 

isopropanol for 60 min with zirconia balls of 5 mm in diameter. This sample is 

compared in Figure II-13a (in blue). The grinding step is now useless and even 

harmful to the capacity retention at high cycling rates as lower capacities are 

obtained after the grinding process. No difference in specific capacity is observed 

at low cycling rates which proves that the well-distributed carbon network inside 

and at the surface of the NFPF particle is sufficient to ensure the good 

electrochemical performance of the material. The charge-discharge profile in 

Figure II-13b demonstrates the presence of 2 distinct discharge plateaus at C/15 

and C/10 around 2.75 to 3 V which is consistent with literature [11,13]. However, 

only one plateau is observable at C/5 and no plateau at 1C.  

A long cycling term test for 100 cycles was performed and shows relatively high 

irreversibility at the first cycle which can be explained by the degradation of 

electrolyte at high voltage. After this, the material presents 91% of the capacity 

retention after 100 cycles. The corresponding charge-discharge profiles are 

illustrated in Figure II-13d. A similar charge-discharge profile is observed as 

before with the presence of 2 discharge plateaus at the first cycle. The fluctuation 

is associated with variations of the temperature during the long cycling test. 

Despite the good capacity retention, our material is characterized by poor 

coulombic efficiency lower than 90%. 
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Figure II-14: (a) Evolution of charge and discharge capacity vs. cycle number of 

NFPF_15CNT_NF cycled at C/15, C/10, C/5, 1C rates at room temperature. 

The voltage window explored was 2–4.2 V. (b) Charge/discharge curves at C/15, 

C/10, C/5, 1C of NFPF_15CNT_NF pure materials in Na half cells. (c) 

Evolution of charge and discharge capacity vs. cycle number of the 

NFPF_15CNT_NF materials cycled at C/15 rates at room temperature. 

A degradation phenomenon seems to occur from 4.3 V which can explain the poor 

coulombic efficiency during the cycling in the voltage range of 2-4.5 V. To 

confirm the hypothesis of partial electrolyte degradation at high voltage during 

cycling leading to poor coulombic efficiency (<90%), galvanostatic cycling tests 

were performed in the voltage window of 2-4.2 V (Figure II-14) The difference in 

capacity retention is not significant as the theoretical capacity is achieved at low 

cycling rate using the new potential window. However, the difference of capacity 
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of charge and discharge is now almost negligible. A coulombic efficiency of more 

than 98.5% is obtained at each cycling rate. Besides, the theoretical capacity at 

C/15 is still obtained during the first cycles and after increasing the rate of cycling 

during the rate capability test, more than 92% of the initial capacity is still 

recovered. Regarding the cycling performance, the capacity is still fading at high 

cycling rates to reach a loss of 5% of the initial discharge capacity after 50 cycles. 

The reduction of voltage windows does not reduce the obtained values of specific 

capacity of our material but greatly enhances the coulombic efficiency of the 

material during cycling. 

 
Figure II-15: Nyquist plots of NFPF_0CNT, NFPF_5CNT, NFPF_10CNT, and 

NFPF_15CNT_NF with their corresponding fitted curves.  

Table II-7: Calculated resistances by fitting using the equivalent circuit for both 
electrolyte resistance (Re) and charge transfer resistance (RCT) of NFPF_xCNT 
electrode materials.  
 Electrode Re (Ω) RCT (Ω) 

NFPF_0CNT 2.379±0.5 227.3±21 
NFPF_5CNT 3.557±0.5 189±17 
NFPF_10CNT 3.63±0.5 141±10 
NFPF_15CNT_NF 2.095±0.2 63.59±4 
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Electrochemical impedance spectroscopy (EIS) measurements were performed to 

analyze the influence of carbon addition on the electrochemical performance of 

NFPF materials. The Nyquist plots of NFPF and NFPF_xCNT electrodes recorded 

at open-circuit voltage are presented in Figure II-15. The data were fitted and 

resistances were extracted by the Aftermath Electrochemical studio software 

developed by Pine Research instrumentation and using Re(RCT. Q)/Q as the 

equivalent circuit where Re (intercept of the curve on the x-axis in the high-

frequency region), the resistance of charge transfer (RCT) and Q is a constant phase 

element (CPE) replacing the double-layer capacitance. The obtained parameters 

are summarized in Table II-7. All impedance spectra are similar and formed by a 

semicircle at high frequencies and a line at low frequencies. 

First, all electrodes show a similar and low electrolyte resistance (Re=±3 Ω). 

This is expected as the same electrolyte was used for all electrodes. Regarding the 

RCT, different resistances were obtained for the different electrodes. RCT greatly 

depends on the percentage of the added CNTs in the composite electrode 

materials, the high CNT ratio leads to lower resistance. The NFPF_BN material 

exhibits a RCT that is 4 times higher than for NFPF_15CNT_NF. However, the 

resistance diminution is not linear, indeed, for the addition of 5 and 10% of CNT 

a diminution of about 40 Ω while the addition of 15wt% of CNT reduces by more 

than 2 times the RCT compared to the composite with 10wt% of CNT. In 

conclusion, the EIS measurements confirm a high electronic conductivity of the 

NCPF_xCNT materials which leads to better electrochemical performance.  
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3.3. Na2FePO4F-15CNT cycled against potassium 

 

Figure II-16: NFPF_15CNT_NF in K-half cell (room temperature): 

(a) Evolution of discharge capacity vs. cycle number for cycling at C/15, C/10, 

C/5, and C rates, with different electrolytes: 0.8 M KPF6 in PC with 10 wt% of 

FEC (black circles), 0.8 M KPF6 in EC and PC (1:1) (red circles), and 0.8 M 

KPF6 in EC and PC (1:1) with 10 wt% of FEC (green circles). (b) Evolution of 

discharge capacity vs. cycle number over 50 cycles at C/10 (red circles), with 

0.8 M KPF6 in EC and PC (1:1). (c) Charge/discharge curves extracted from the 

rate capability experiment at C/15, C/10, C/5, and 1C rates 

using 0.8 M KPF6 in EC and PC. 

Figure II-16 presents preliminary cycling tests that were performed on K half-cells 

in order to assess whether the NFPF phase is able to act as a cathode material for 
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K-ion batteries (KIBs). Figure II-16a illustrates the rate performance at different 

current densities for NFPF_15CNT_NF in K half-cells in the voltage window of 

2-4.2 V. Three different electrolyte compositions were evaluated: (i) 0.8 M KPF6 

in PC with 10wt% of FEC (PC-FEC), (ii) 0.8 M KPF6 in EC:PC (1:1 v:v) (EC-

PC) and (iii) 0.8 M KPF6 in EC:PC (1:1 v:v) with 10 wt% of FEC (EC-PC-FEC). 

The first cycles at C/15 show that the PC-FEC and EC-PC electrolytes lead to a 

strong decrease of the specific capacity from 120 to 75 mAh/g, suggesting a 

secondary reaction. In the case of the EC-PC-FEC electrolyte, the capacity is 

about 70 mAh/g from the beginning. Using the additive-free 0.8 M KPF6 in 

EC:PC electrolyte leads to higher capacity retentions during further cycles in the 

rate capability tests. The cells using this electrolyte exhibit discharge capacities of 

75, 82, 68, 45, and 80 mAh/g at C/15, C/10, C/5, 1C, and C/15 after high C-rate 

measurements, respectively (red circles in Figure II-16a). This represents 71% of 

the theoretical capacity of NaKFePO4F (115 mAh/g). The lower capacity retention 

observed at higher cycling rates is expected for such materials and is associated 

with kinetic limitations. The specific capacity of 79 mAh/g (69% of theoretical 

capacity) observed after the rate capability testing suggests stable structure and 

insertion properties of the material after going through a kinetically limiting 

cycling procedure. The obtained capacity using the other two electrolytes is 

similar except at the highest rate (1C), where the capacity obtained with the EC-

PC electrolyte is almost two times higher than the others. A cycling test was 

performed at C/10 rate for 50 cycles (Figure II-16b). This slower rate should favor 

the adaptation of the structure to the bigger K+ ion. After a strong irreversibility 

in the first cycle, the observed reversible capacity is about 70 mAh/g for the 

second cycle, decreases slightly over the next 10 cycles and stabilizes at 

60 mAh/g, with a good coulombic efficiency. Figure II-16c shows the charge and 

discharge curves obtained at different C-rates; only one plateau can be observed 

at each cycling rate.  
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To enhance the electrochemical performance of NFPF_15CNT_NF as cathode 

material for KIBs, NFPF_15CNT_NF electrodes were first fully charged in Na 

half-cells to ensure the removal of one Na ion following the protocol described in 

the experimental section. These precharged electrodes were then tested in K half-

cells, using 0.8 M KPF6 in EC:PC (1:1 v:v) as electrolyte. Figure II-17 shows the 

results for three cells, in order to estimate the reproducibility of the observed 

electrochemical behavior. After the first few cycles suffering from irreversibility 

(probably enhanced due to the transfer of the electrode from the Na half-cell to 

the K half-cell), the specific capacity stabilizes at higher values than in the non-

pre-charged cells, with 114, 104, 88, 60, and 105 mAh/g at C/15, C/10, C/5, 1C, 

and back to C/15, respectively. The formation cycle to prepare NaFePO4F 

electrochemically allows to reach over 99% of the theoretical capacity at C/15. 

However, the charge/discharge profiles in Figure II-17 reveal the presence of an 

additional plateau at 3 V in the first charge (C/15), suggesting that Na ions are still 

extracted during the first cycle in K half-cell. After a few cycles, only one plateau 

is visible. A similar behavior was observed by Lin et al. in 2019, when replacing 

progressively the Na+ ions by K+ ions in Na3V2(PO4)2F3 [41]. These authors 

obtained a decent capacity of 100 mAh/g at 3.4 V, positioning this work among 

the best performance reported for a KIB cathode. The reversible capacity of 

114 mAh/g at 3 V obtained here for NFPF cathode material confirms the huge 

interest of using Na+ or Li+ analog materials for the development of high capacity 

cathode materials for KIBs [41]. 
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Figure II-17: Pre-charged NFPF_15CNT_NF in K-half cell 

(room temperature): (a) Evolution of discharge capacity vs. cycle number for 3 

similarly-prepared electrodes with 0.8 M KPF6 in EC:PC (1:1) as electrolyte 

and C/15, C/10, C/5, 1C rates. (b) Charge/discharge curves extracted from the 

rate capability test of precycled NFPF_15CNT_NF in K half-cells at C/15, C/10, 

C/5, and 1C rates. 

The comparison between the behaviors when cycling vs. Na and vs. K was further 

studied by cyclic voltammetry (CV). Figure II-18a presents the cyclic 

voltammograms vs. Na for scan rates between 0.05 mV/s and 1 mV/s. In 

agreement with the cycling curves, two peaks of oxidation (A: 3 V, B: 3.2 V) and 

two peaks of reduction (C: 2.75 V and D: 3 V) are observed at all scan rates. 

The maximum current intensity of the redox peaks is plotted in Figure II-18b 

versus the square root of the scan rate. The observed linearity for both the 

oxidation and reduction peaks indicates that the diffusion process is limited by the 

diffusion of the sodium ions in the electrode material [42–44]. 
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Figure II-18: (a,b) Cyclic voltammograms at scan rates between 0.05 and 

1 mV/s and evolution of the peak current versus the square root of the scan rate 

for NFPF_15CNT_NF in Na-half cell. (c,d) Cyclic voltammograms at scan rates 

between 0.05 and 1 mV/s and evolution of the peak current versus the square 

root of the scan rate in K-ion half-cell after a precharge in Na-half cell. 

Figure II-18c presents the results of a similar cyclic voltammetry experiment 

performed vs. K with a pre-charged electrode. By comparison with the 

corresponding results against Na, only one peak can be observed in oxidation and 

in reduction. There is also a displacement of the voltage peak depending on the 

scan rate: at 0.05 mV/s the oxidation peak (E) appears at 3.04 V, and at a higher 
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scan rate (1 mV/s) the maximum intensity of the oxidation peak shifts to 3.40 V. 

The same phenomenon is observed for the reduction peak (F) shifting from 2.16 V 

at 0.05 mV/s to 1.89 V at 1 mV/s. Figure II-18d shows that the maximum current 

intensity is linearly dependent on the square root of the scan rate. This linearity 

indicates that the diffusion process is limited by the potassium ion movement in 

the electrode material.  

This linear relationship observed for both Na+ and K+ is described by 

Randles-Sevcik equation [43–45]:  

Ip = (2.69E+5) n3/2 S (DA
+)1⁄2 CA

+ v1⁄2  

where Ip is the peak intensity current, n is the number of electrons, S is the effective 

surface area, DA
+ is the diffusion coefficient of sodium/potassium ions and CA

+ is 

the maximum concentration of A+ ions (either Na+ or K+) in the electrode during 

the electrochemical analysis. Since the number of electrons and the surface area 

are the same, the two parameters that can influence the slope are the diffusion 

coefficient and the concentration of the alkali ions. The slope for the evolution of 

the oxidation peaks is 0.29 for the K half-cell and 0.40 for the Na half-cell, 

revealing a difference between the two experiments. Assuming that the 

concentrations of the alkali ions are similar, this difference in slope can be 

attributed to a slightly more difficult diffusion of the K+ ions in the NFPF 

structure, since the ionic radius of the K+ is 1.33 Å where Na+ radius is only 

0.97 Å [46]. The decrease of the diffusion coefficient by only 25% proves the 

electrochemical activity and potential applications of the NFPF phase as a cathode 

material for KIBs. 
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4. Conclusions 

The use of the bifluid nozzle greatly reduces the particle size of the NFPF 

materials made by spray-drying. This reduction of size enhanced the performance 

compared to the rotary nozzle synthesis but is insufficient to compensate the poor 

electronic conductivity of the material. The addition of carbon nanotubes to make 

composite leads to the formation of metallic iron and iron carbide during the 

annealing step. This drawback can be prevented by tuning the acidic attack of the 

Fe and the atmosphere during the spray drying step. A too low percentage of Fe3+ 

after the spray-drying lead to a huge amount of Fe0 and a too high level of Fe3+ 

leads to oxidation of the NFPF before cycling or in the worst case the presence of 

Fe2O3 impurity. The pure phase was successfully obtained by using degas water 

during the acidic attack and by spray-drying with hot airflow.  

The NFPF_15CNT_NF exhibits the best electrochemical performance with a 

specific capacity of 123 mAh/g at C/15 which corresponds to 99% of the 

theoretical capacity. The discharge capacity retention is 91% after 100 cycles. 

The addition of CNT and the reduction of size induced by the use of a bifluid 

nozzle shows that the grinding can be avoided even if particles of about 3 µm are 

obtained due to a homogeneous distribution of carbon inside the NFPF particles. 

The best performance is obtained on the voltage window of 2.0-4.2 V with a 

coulombic efficiency of more than 99% and a specific capacity of 123 mAh/g. 

For the first time, cycling tests were performed to investigate the electrochemical 

performance of NFPF/CNT as cathode material for K-ion batteries. A discharge 

capacity of 80 mAh/g is obtained, which represents 71% of the theoretical 

capacity of NaKFePO4F with 0.8 M KPF6 in EC:PC as the best-tested electrolyte. 

Initial cycles present irreversibility that can be associated with the replacement of 

sodium with potassium in the crystal lattice. The pre-cycling of the material in a 

Na half-cell to remove Na before cycling in K half-cells led to improved 
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performance with a specific capacity of 114 mAh/g at C/15, i.e., 99% of the 

theoretical capacity. These results highlight the potential of NFPF_15CNT_NF 

prepared by spray-drying as a promising cathode material for both NIBs and KIBs.  
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Abstract:  
In the previous chapter, Na2FePO4F/Carbon nanotubes (NFPF-15CNT) material 

was optimized through its synthesis and shaping by spray-drying. NFPF was used 

as cathode material for both Na-ion and K-ion batteries. In this chapter, insights 

into the cycling mechanism of NFPF cathode material are presented. This chapter 

summarizes the electrochemical reaction mechanism of NFPF-15CNT material 

during cycling analyzed by combining operando X-ray diffraction (with Cobalt 

anticathode) and operando 57Fe Mössbauer spectroscopy techniques. 

The obtained data sets are analyzed using a statistical approach using Principal 

Component Analysis and Multivariate Curve Resolution-Alternating least square 

. This method allows the extraction of the main varying features of the materials 

during electrochemical cycling. This method determines first the number of the 

mathematical components that allows the descriptions of all the experimental data. 

Then, Multivariate Curve Resolution is used to the construction of the spectral 

components that describe the best the electrochemical reactions and thus could 

improve the understanding of the cycling mechanism of NFPF In Na-ion batteries 

and K-ion batteries. Using these techniques, the cycling mechanism in Na-ion 

batteries has been determined as a double biphasic reaction with a clear 

intermediate Na1.5FePO4F phase. For the cycling in K-ion batteries, although the 

amorphization of the materials has limited the data obtained by X-ray diffraction, 
57Fe Mössbauer proves the variation of the iron oxidation state. In this case there 

is no evidence of an intermediate formation as for Na-ion batteries.  
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1. Introduction:  

Understanding the electrochemical reaction mechanism of the electrode materials 

for rechargeable batteries reveals now to be an essential step in designing 

advanced electrodes and to enhance their electrochemical performance [1–8]. 

Among the different advanced characterization techniques used to deeply 

investigate the electrode material behavior during cycling, Mössbauer 

spectroscopy is a particularly powerful characterization technique to follow the 

oxidation state and the local environment of the iron [9–11]. Indeed, Mössbauer 

spectroscopy is a nuclear technique, which allows one to study the electronic 

properties via the nuclear probe. This makes it a suitable and convenient method 

for the analysis of the Na2FePO4F material mechanism during charge and 

discharge processes [7]. When the cathode materials are well crystalized, 

X-ray diffraction (XRD) technique allows an accurate monitoring of the structural 

evolution and change during cycling [8]. Operando analysis requires a special 

electrochemical cell to be fully compatible with the conditions of the testing 

method (Mössbauer or XRD) to obtain reliable results. This cell (See Figure III-1) 

is sealed and from top to bottom, we find in the center, beryllium foil that is 

protected by a thin aluminum foil to avoid oxidation on which our electrode is 

deposited, then a separator is placed with electrolyte. Finally, the metallic counter 

electrode is placed on a cylindrical plunger that maintained the pressure with a 

spring. In transmission geometry Mössbauer spectroscopy measurements, this 

plunger is hollow, and a second beryllium window closes the system. In the case 

of XRD analysis, the cylinder is full because the measurement is performed in 

reflection geometry.  
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Figure III-1: Electrochemical cell for operando measurement. a) Photo and (b) 

detailed schematic of the cell with the incoming (1) and outcoming (2) paths of 

the 𝛾-beams in transmission (for Mössbauer spectroscopy) and (3) incoming and 

(4) outcoming path of the X-ray beams in reflection geometry 

(X-ray diffractometry). Reproduced from [12] 

Such measurements provide a large experimental dataset that contains tens of 

spectra or patterns. A successful technique can rely on chemometrics to manage 

such complex datasets without missing crucial information in a fair amount of 

time. A variety of multivariate tools, aiming at the decomposition of a data matrix 

into a linear model of dyads (the bilinear model), have been developed in this 

interdisciplinary field between analytical chemistry and statistics, which owes its 

origin to the rise of the use of computer and automated data acquisition in the 

1970s [13,14]. The most popular techniques are Principal Component 

Analysis (PCA), Independent Component Analysis (ICA), and Multivariate 
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Curve Resolution (MCR), all of which aim to resolve complex mixtures into 

pure-component contributions using little information. By computing orthogonal 

components aligned to the directions that explain the majority of the variance in 

the data matrix, the first of these approaches, PCA, provides a completely blind 

abstract decomposition of a matrix of experimental data [14]. However, PCA does 

not generate matrices with chemical or physical meanings. Contrarily, MCR seeks 

to decompose the data matrix into a product of two matrices with physical or 

chemical meanings and achieves this decomposition by imposing particular 

restrictions [15,16]. MCR has the significant advantage of producing "pure" 

spectral components and concentration profiles which can be analyzed as real 

spectra/patterns and compared with raw data, even though this strategy makes the 

solution of MCR dependent upon the chosen constraints. Due to this benefit, MCR 

has become the method of choice for the analysis of large data sets. Since its initial 

application in 1971, a wide variety of algorithms have been created in a variety of 

research fields, all of which share the presumption that the data should be bilinear 

or multilinear [16]. Today, Multivariate Curve Resolution by Alternating Least 

Squares (MCR-ALS), which Tauler first presented in 1995 [17] and which is 

easily implementable using Matlab® Graphical User Interface [18], is without a 

doubt the most well-liked and adaptable MCR technique [14]. This technique has 

already been used in the battery field to handle such a large dataset. The first report 

used was made by Rodriguez et al. in 2007 which use MCR-ALS to extract the 

main information from an in situ X-ray diffraction analysis of 

(CFx)n batteries [19]. In the case of Mössbauer spectroscopy, several reports have 

been carried out and prove its successful use [5,20,21]. 

Previous studies have already been reported on the investigation of the cycling 

mechanism of NFPF cathode material for Li-ion and Na-ion batteries. The first 

work on the study of a potential mechanism of the NFPF material was reported by 

Ellis et al., [22]. Indeed, the authors suggested the formation of an intermediate 

phase with a composition of Na1.5FePO4F through a “quasi-solid-solution” 
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mechanism, however, this mechanism was not established in a battery by 

electrochemical cycling but by chemical oxidation of NFPF with NOBF4. At this 

time, the electrochemical performance was evaluated in Li-ion cell. Brisbois et al. 

in 2016, performed operando 57Fe Mössbauer spectroscopy to analyze the 

evolution of the oxidation state and local environment of iron in NFPF cathode 

material in Li-ion batteries [7]. In this study, a systematic spectrum by spectrum 

analysis was performed and the intermediate state was not evidenced. For Na-ion 

batteries, Li et al. in 2018 [23], and Smiley et al. in 2016 [24], reported an ex situ 

nuclear magnetic resonance (NMR) study of the evolution of Na site in NFPF 

material combined with DFT calculation. The obtained results established an 

intermediate phase with one of the two Na sites being inert during electrochemical 

cycling, Li et al., are the first to report a double biphasic reaction without any 

solid-solution mechanism based on sodium environments evolution since nuclear 

magnetic resonance (NMR) is not suitable for the investigation of the oxidation 

state and local environment of the iron. 

In this work, we mainly focused on the evolution of the iron local environment 

and oxidation state in NFPF material to deeply investigate the reaction mechanism 

to complement the previously obtained results. Our study will also be based on 

the evolution of the structural properties of the NFPF materials followed by 

operando XRD. Finally, we will give a first insight into the mechanism of NFPF 

in K-ion using the same operando techniques (XRD and Mössbauer) and compare 

it with the mechanism in NIB.  
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2. Experimental:  

Materials synthesis is explained in the previous chapter (II 2.1). The sample used 

is the NFPF with 15wt% of CNT.  

2.1. Structural characterization 

Operando 57Fe transmission Mössbauer spectroscopy spectra were recorded at 

room temperature with a constant-acceleration spectrometer with a 57Co(Rh) 

source. The spectrometer was calibrated at room temperature with the 

magnetically split sextet spectrum of a high-purity α-Fe foil as the reference 

absorber. The measurements were carried out in the [± 4 mm/s] velocity ranges. 

Each spectrum is recorded for 4 h. The sample was in a specifically designed 

in situ cell with two Be windows (the amount of Fe contamination is negligible), 

allowing experiments in the transmission mode. The cell was assembled in an 

argon-filled glove box with a mix of powders of NFPF-15CNT (with a controlled 

ratio of active material 60% and total carbon 40%, including CNT and addition of 

carbon black) as the positive electrode, a Whatman quartz fiber separator, and 

sodium or potassium disc as the counter electrode. The electrolyte used was NaPF6 

1 M +10wt% FEC in PC for the sodium cell and KPF6 0.8 M in EC:PC for the 

potassium cell. The cycling rate is C/40 assuming a full theoretical charge or 

discharge in 40 h in the voltage window of 2.0 V-4.2 V.  

Operando X-ray diffraction analysis was performed using a Malvern PANalytical 

Empyrean M with Co K⍺ radiation. The diffraction data were recorded in the 

2Theta range of 14-45° with a step size of 0.02. The step time is adjusted to obtain 

a recording time of 1 h for each diffractogram. The cell used is presented in Figure 

III-1 and is mounted in the same conditions as for Mössbauer spectroscopy 

analysis. The cycling rate is C/20 assuming a full theoretical charge or discharge 

in 20 h between 2.0 V and 4.2 V. 
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2.2. Data analysis  

The complete operando Mössbauer spectroscopy and XRD data were analyzed by 

combining Principal Component Analysis (PCA) and Multivariate Curve 

Resolution by Alternating Least Square (MCR-ALS). The MCR-ALS analysis 

was carried out with the following constraints: non-negativity of the concentration 

of the components and closure (sum of the concentrations of the component equal 

to 100%). The components deriving from the analysis of the Mössbauer spectra 

were fitted with appropriate combinations of Lorentzian lines. The hyperfine 

parameters such as isomer shift (d), quadrupole splitting (DEq), linewidth (G), 

hyperfine field (H) and relative resonance areas of the different spectral 

components were determined using the Fullham program. The validity of fits was 

judged based on minimizing the number of parameters and c2 values. The 

component derived from XRD experiments were analyzed using TOPAS 

software [25] to extract lattice parameters.  
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3. Results and discussions:  

3.1. Pristine compound analysis 

The initial state (pristine) of the materials has been first analyzed to establish the 

basement of the operando experiments. Figure III-2 shows the 57Fe Mössbauer 

spectrum of the NFPF-15CNT material, and Table III-1 presents the 

corresponding hyperfine parameters. The spectrum is mainly composed of an 

asymmetric doublet and a sextet with low intensity. The spectrum can be fitted 

using 5 contributions. Two contributions correspond to Fe(II) (66% and 7% of 

surface area) with close isomer shifts of 1.18 mm/s and 1.23 mm/s and different 

quadrupole splitting of 2.19 mm/s and 1.61 mm/s showing two local environments 

of iron that correspond to the octahedral sites in NFPF [7,26,27]. The third 

contribution is characterized by an isomer shift of 0.33 mm/s and quadrupole 

splitting of 0.74 mm/s and can be attributed to Fe(III) in oxidized NFPF. The two 

minor last contributions are magnetic and correspond to Fe3C and Fe(0) with 4% 

and 3% of surface area respectively. Figure III-3 presents the XRD pattern of the 

pristine material registered in the operando cell at OCV. As it can be seen, a huge 

bump is observed between 15 and 35° 2Theta which corresponds to added carbon 

(40%) and experimental conditions. Despite that, the main diffraction peaks are 

attributed to the NFPF material. The other peaks which are not attributed to the 

NFPF material correspond to the e-cell. This has been determined by measuring 

an empty e-cell with all the constituents except the cathode material. This means 

that despite the impurities detected by the Mössbauer spectrum (Fe3C and metallic 

Fe), the XRD analysis cannot evidence the presence of secondary phases and thus 

these contaminations should not interfere with the operando XRD analysis. Based 

on the full scale (+/- 12 mm/s) the total amount of impurities is about 7%. The 

main intense peaks are out of the range +/- 4 mm/s to be used in the operando 
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experiment in order to reduce the needed time to collect reasonable quality 

Mössbauer spectra in a short time (4 h) by spectrum compared to more than 24 h 

in the case of the pristine material (see Figure III-2). Therefore, the peaks located 

between -4 and 4 mm/s are less resolved on the operando dataset. 

 
Figure III-2: Room temperature 57Fe Mössbauer spectrum of pristine 

Na2FePO4F-15CNT  

Table III-1: 57Fe Mössbauer hyperfine parameters of the pristine Na2FePO4F-15CNT 
material 

Pristine  d (mm/s) ∆Eq (mm/s) 𝛤 (mm/s) Field (Tesla) Area (%) 
 Fe(II) 1.184(6) 2.19(2) 0.43(3) - 68(1) 

Fe(II) 1.23(4) 1.6(1) 0.43(3) - 8(1) 
Fe(III) 0.33(3) 0.75(6) 0.50(8) - 16(1) 
Fe3C 0.3(1) 0 0.50(9) 23.2(1) 4(1) 

 Fe(0) 0.05(1) 0 0.36* 33.2(1) 3(1) 



Chapter III - Insights into Na2FePO4F 
electrochemical reaction mechanism 127 

 

 
Figure III-3: XRD pattern of pristine Na2FePO4F-15CNT in operando 

electrochemical cell at OCV. 

3.2. Operando Mössbauer Spectroscopy of NFPF 

cathode material vs. Na. 

Evolution of operando 57Fe Mössbauer spectra recorded during the first 

desodiation up to 4.2 V, sodiation down to 2.0 V, and subsequent desodiation up 

to 4.2 V of Na2FePO4F/CNT and corresponding voltage profile is presented in 

Figure III-4. The evolution of the Mössbauer spectra - i.e. the diminution of the 

intensity of the doublets corresponding to the Fe(II) and the simultaneous 

apparition of a doublet with an isomer shift of around 0.5 mm/s that corresponds 

to Fe(III) which- indicates the oxidation of the Fe(II) to Fe(III) during the first 
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charge. The reverse phenomenon is observed during the discharge. At the end of 

the second charge, the obtained spectrum is similar to the end of the first charge. 

This already shows that the process is completely reversible. It can be noticed that 

the first galvanostatic charge-discharge curves contain two distinct plateaus, each 

of which typically denotes a two-phase transformation process, during the sodium 

extraction and insertion processes.  

To deeply analyze and investigate the phenomena occurring during the charge and 

discharge processes, the PCA analysis was performed and reveals that the entire 

operando dataset can be reproduced by 3 orthogonal vectors. This excludes 

biphasic reactions and also a solid solution mechanism hypothesis. Indeed, in the 

case of the biphasic reactions, only two components would have been found and 

in the case of solid solution, the number of distinct components would have been 

equal to the number of the registered spectra. The MCR-ALS should then 

reconstruct three spectral components. The concentration profile obtained after 

the MCR-ALS analysis is presented in Figure III-5 with the corresponding cycling 

curve at the bottom. The concentration profile reveals that the first component 

(OCV) is dominant at the initial state and then diminishes rapidly in favor of the 

intermediate component. This intermediate component has its highest 

concentration in the middle of the charge corresponding to the change of the 

plateau in the electrochemical curve. Then, the concentration of this intermediate 

component decreases, and a third component appears with a highest concentration 

at the end of the charge. The following discharge shows a similar reverse profile 

to recover the pristine component at the end of discharge showing the good 

reversibility during cycling of the NFPF-15CNT cathode material. 

The concentration at the end of discharge of the OCV component is slightly higher 

than at the initial state in line with a slightly oxidized pristine material.  
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The three components obtained by MCR-ALS analysis are fitted conventionally. 

The obtained fits are presented in Figure III-6 and Table III-2 summarizes the 

corresponding hyperfine parameters.  

 
Figure III-4: Evolution of the operando 57Fe Mössbauer spectra with the 

corresponding electrochemical cycling curve vs. Na+/Na on left. 

The intensity color scale is given on the right. 

The initial Mössbauer spectrum component has a similar shape to the pristine 

material and can be fitted using three doublets: two Fe(II) (62% and 19% of 

surface area) and one Fe(III) (12% of surface area) the hyperfine parameters of 

the two Fe(II) are similar to the ones obtained in the pristine materials with almost 

the same isomer shift for both Fe(II) sites: 1.21 and 1.28 mm/s but a slightly 

different quadrupole splitting of 2.25 mm/s and 1.97 mm/s respectively. The 

Fe(III) is also similar to the one in the pristine material. The observed impurities 

contributions in the pristine materials are also added to the fitting model of all the 

spectral components. The second spectral component is fitted also using three 

constituents but this times two Fe(III) and only one Fe(II). The new Fe(III) doublet 

has hyperfine parameters that are different compared to the Fe(III) observed in the 

pristine material. Indeed, the isomer shift is slightly higher (0.43 mm/s compared 

to 0.33 mm/s) and the quadrupole splitting is two times lower (0.34 compared to 
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0.75 mm/s) suggesting that the local iron environment is more symmetric in the 

oxidized state. Also, the Fe(II) contribution is slightly different from the previous 

one with an isomer shift a bit lower (1.19 mm/s) and a quadrupole splitting 

(1.97 mm/s) in the middle of the two previous ones for the pristine component. It 

is interesting to note that the concentration ratio of Fe(II) to Fe(III) in this second 

component is almost 50:50. This component is a mixed valence component with 

half of Fe(II) and half Fe(III). The third spectral component is a symmetric doublet 

that was fitted using three doublets corresponding to Fe(III) (d=0.39 mm/s and 

ΔEq=0.54 mm/s) with 77% of surface area, a second contribution similar to the 

Fe(III) found in the pristine material and a third doublet corresponding to non-

oxidized Fe(II) (d=1.22 mm/s and ΔEq=2.25 mm/s) also similar to the one found 

in the pristine component with 12% of surface area confirming that Fe(II) is still 

found in this cathode material at the end of charge.  

It is interesting to note that the amount of Fe(II) is slightly higher at the end of 

discharge than in its initial state. Indeed, the relative concentration of the pristine 

component at the initial state is about 85% while at the end of discharge it is almost 

95%. This means that the oxidized iron Fe(III) in the initial pristine material is 

partially recovered after a first cycle. This phenomenon was already evidenced in 

LIB by Brisbois et al. [7]. 
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Figure III-5: Concentration profile of the components from 57Fe Mössbauer 

MCR-ALS and the corresponding electrochemical curve vs. Na+/Na.  
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Figure III-6: Mössbauer fit of components obtained via MCR-ALS for initial 

component (pristine), intermediate component, and end of charge component in 

the top, center, and bottom respectively for NFPF vs. Na+/Na cycling. 
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Table III-2: 57Fe Mössbauer hyperfine parameters of the MCR-ALS components for 
NFPF vs. Na+/Na cycling. 

Na-ion  ∂ (mm/s) ∆Eq 
(mm/s) 

𝛤 
(mm/s) 

Field 
(Tesla) 

Area (%) 

Initial MCR 
component 

Fe(II) 1.223(4) 2.251(6) 0.356(9) - 62(1) 
Fe(II) 1.29(4) 1.97(5) 0.43* - 19(1) 
Fe(III) 0.33(3) 0.75(6) 0.50(8) - 12(1) 
Fe3C 0.3* 0* 0.50* 23.2* 4* 
Fe(0) 0.05* 0* 0.36* 33.2* 3* 

       

Intermediate 
MCR component 

Fe(III) 0.430(5)  0.343(8) 0.34(1) - 36(1) 
Fe(II) 1.191(6) 2.12(1) 0.48(2) - 45(1) 
Fe(III) 0.33(3) 0.75(6) 0.50(8) - 12(1) 
Fe3C 0.3* 0* 0.50* 23.2* 4* 
Fe(0) 0.05* 0* 0.36* 33.2* 3* 

       

End-of-charge  
MCR component 

Fe(III) 0.398(2)  0.543(4) 0.389(6) - 77(1) 
Fe(II) 1.22(4) 2.251(6) 0.35* - 4(1) 
Fe(III) 0.33(3) 0.75(6) 0.50(8) - 12(1) 
Fe3C 0.3* 0* 0.50* 23.2* 4* 
Fe(0) 0.05* 0* 0.36* 33.2* 3* 
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3.3. Operando X-ray diffraction of NFPF in Na-ion 

batteries  

To follow the structural evolution of NFPF during cycling, an operando XRD 

analysis was performed in vs. Na. The evolution of the diffractograms is presented 

in Figure III-7 as well as the corresponding electrochemical curve. The initial 

XRD pattern fully corresponds to the pristine material. As the pristine diffraction 

peaks disappear; a small peak appears around 36° at about the middle of the charge 

then disappear and a higher intensity peak appears around 36.5°. The same reverse 

phenomenon is observed during the discharge. To fully handle this dataset, we 

have performed a PCA and then MCR-ALS analysis in the same way. 

This analysis also leads to three spectral components. The evolution of their 

concentration is presented in Figure III-8 and looks very similar to that obtained 

in operando Mössbauer analysis. In total agreement with Mössbauer data, the 

initial predominant state is rapidly decreasing when the intensity of an 

intermediate component is increasing. Then this second component is decreasing 

with the appearance of a third component that becomes predominant at the end of 

discharge.  
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Figure III-7: The evolution of the operando X-ray diffraction patterns of the 

Na2FePO4F-15CNT during the first charge and discharge against Na+/Na, (a) 

corresponding electrochemical curves, (b) topographic view with corresponding 

intensity color scale, (c) 2D view evolution of the XRD patterns.  
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Figure III-8: Concentration profile of XRD MCR-ALS components during the 

first cycle of Na2FePO4F vs. Na. 

 
Figure III-9: XRD components obtained via MCR-ALS and their corresponding 
ex situ measured diffractograms for (a) Pristine in red, (b) Intermediate in blue, 

and (c) End of Charge in green for NFPF cycling against Na+/Na.  
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The obtained component patterns are presented in Figure III-9. In order to confirm 

the physical meaning of these component patterns, an experimental diffractogram 

has been associated with all three components. For the pristine component, the 

profile is identical to the measured initial diffractogram at OCV in the e-cell. 

As for the pristine material, all diffraction peaks can be indexed in the Pbcn space 

group (NFPF). Starting from the published structural models for the different 

phases [22,28], approximate cell parameters, for the powder studied here, were 

extracted by progressive modification of the cell parameters to achieve the best 

visual match between the experimental and calculated peak positions in the 

diffractograms (using TOPAS software). The obtained cell parameters are: 

a=5.222 Å, b=13.854 Å, and c=11.772 Å leading to a cell volume of 851.65 Å3. 

The third component peaks can be indexed in the Pbcn space group (Na1FePO4F) 

corresponding to the fully charged electrode material with the calculated cell 

parameters of a=5.112 Å, b= 14.121 Å, and c= 11.375 Å thus a volume of 

cell= 821.12 Å3. Finally, the second component cannot be indexed in Pbcn space 

group, which is consistent with the results reported in the literature obtained by 

DFT calculations that indicate that this intermediate phase crystallizes in a 

monoclinic crystal system of P21/c space group [22,23,29]. The calculated cell 

parameters are a=11.513 Å, b=5.200 Å, c=13.907 Å, and β=91.36° leading to a 

cell volume of 832.58 Å3. The volume decreases progressively from 851 Å at the 

initial pristine component to 832 Å at the intermediate state component and finally 

reached 821 Å at the EOC component. The volume cell decreases simultaneously 

with the decrease of concentration of Na amount in the material. 

All these results prove the double biphasic electrochemical mechanism of NFPF 

in NIBs. Indeed, the components are sufficiently different to confirm two biphasic 

components. According to the amount of Fe(II) and Fe(III) in the three 

components, the intermediate state of Na1.5FePO4F is also found, leading to:  

𝑁𝑎8𝐹𝑒𝑃𝑂:𝐹	
;-5/.%$,7(
U⎯⎯⎯⎯⎯⎯⎯W 𝑁𝑎=.?𝐹𝑒𝑃𝑂:𝐹

;-5/.%$,7(
U⎯⎯⎯⎯⎯⎯⎯W 𝑁𝑎=𝐹𝑒𝑃𝑂:𝐹 
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To conclude this part, the proposed mechanism passing through an intermediate 

state has been evidenced by MCR-ALS analysis of operando XRD and operando 

Mössbauer spectroscopy analysis. The mechanism is a clear double biphasic 

reaction. The identified intermediate state has a mixed valence Fe(III)/Fe(II) 

confirming the extraction of only half of the sodium. The NFPF-15CNT cathode 

material also exhibits excellent reversibility during cycling. 

3.4. Operando Mössbauer Spectroscopy of NFPF 

in vs. K.  

The evolution of operando 57Fe Mössbauer spectra during the first charge, first 

discharge, and second discharge in K-ion batteries between 1.5 V and 4.2 V is 

presented in Figure III-10 with the corresponding voltage profiles. First of all, the 

quality of the data is lower than in the case of the Na-ion, due to a higher 

absorption of 14.4 keV radiation by potassium (note that the thinnest potassium 

foil that can be hand made in glovebox is still few millimeters thick). This issue 

makes the data analysis and interpretation more difficult. 

At the beginning of the charge, there are two main peaks of intensity at open-

circuit voltage. The first charge has the only objective to remove Na from the 

material. Gradually during the first charge, the doublet situated around 2 mm/s 

disappears and a new one appears around 0.5 mm/s. This new doublet appears to 

be at its max intensity after a full charge. The reverse observations can be done 

during the first discharge but the concentration of the new Mössbauer spectra is 

not fully recovered meaning that some irreversibility may occur and that the K+ 

ions cannot intercalate as well as in the case of Na+ ions.  

The great advantage of the PCA and MCR-ALS analysis is even more convincing 

when the dataset has a low resolution. Indeed, as these techniques use all data sets 

at the same time, the spectral component resolution will be higher than the 

individual spectrum [14].  
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Figure III-10: Evolution of operando 57Fe Mössbauer spectra with 

corresponding electrochemical cycling curve vs. K+/K on left. 

In this case, the PCA analysis concludes that all the datasets can be reproduced by 

2 orthogonal vectors. The MCR-ALS should reconstruct two spectral components 

still inducing a biphasic mechanism but not a double biphasic mechanism. 

The concentration profile obtained after the MCR-ALS analysis is presented in 

Figure III-11 with the corresponding voltage profile. The concentration profile 

shows as expected that a first component is predominant at the OCV and 

beginning of the charge, its concentration gradually decreases to reach 50% at 

about the middle of the charge desodiation plateau. In this case, the material has 

not been precycled and the first charge corresponds to the desodiation process. 

The first component continue to decrease and finally reached 0% at the end of the 

charge. During the decrease of the first component, the second spectral component 

has a reverse slope of concentration to reach a maximum at the end of the charge.  

During the first discharge corresponding to the potassiation process of the 

NFPF-15CNT material, the second component concentration decreases and the 

first component increases at the same time. Contrary to the cycling in NIB, at the 
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end of the discharge, the first component concentration is only 70% and about 

30% of the second component is still present. Meaning that the insertion of the 

potassium is not complete and that some oxidized Fe(III) is still present at the end 

of the discharge. This is likely due to a low kinetic for potassium intercalation. 

After the second charge, the second component has a concentration of 

100% similar to the first charge.  

The two components obtained by MCR-ALS are fitted and the results are 

presented in Figure III-12. Table III-3 presented the associated hyperfine 

parameters. The initial component is a doublet with the main peak around 1 mm/s. 

This spectrum can be fitted using three doublets. The two first doublets are 

associated with Fe(II) (29% and 52% of the surface area) with similar isomer 

shifts (d1=1.22 mm/s and d2=1.25 mm/s) but slightly different quadrupole splitting 

(∆Eq1=2.33 mm/s and ∆Eq2=1.96 mm/s) as for the pristine material. The third 

constituent is associated with Fe(III) and represents 12% of the surface area and 

is similar to the one in pristine component. Finally, the two sextets corresponding 

to Fe3C and Fe(0) are also added to the fit even though the low quality of the 

operando data doesn’t allow clear observation of any magnetic constituent in the 

spectrum.  

The second MCR spectral component is an asymmetric doublet that can be fitted 

with three main contributions. In this case, there is two Fe(III) contributions 

((d1=0.41 mm/s and d2=0.33 mm/s (∆Eq1=0.55 mm/s and ∆Eq2=0.75 mm/s) and 

one Fe(II) contribution. The hyperfine parameters are close to the ones found for 

the third component of the operando Mössbauer spectroscopy in NIB. This means 

that iron is in the same state at the EOC in both NIB and KIB. The two Fe(III) 

doublet represents 81% (69% for the first doublet and 12% for the second) of the 

surface area and the Fe(II) doublet represents 12%. The later has a lower isomer 

shift than other Fe(II) of 1.08 mm/s but a similar quadrupole splitting of 

2.35 mm/s to the first doublet of the initial component in KIB. 
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This result confirms the incomplete insertion of potassium in the NFPF material 

in this case. Indeed, the concentration profile proves that some oxidized material 

is still present at the end of the discharge but also the second component still has 

about 12% of Fe(II) meaning that at the end of charge the material is not fully 

oxidized and that a part of the sodium is not correctly extracted. 

These observations are different from the one obtained in NIB where the 

reversibility was clearly established and the oxidation at the end of charge was 

considered as complete as the Fe(II) doublet was only representing 4% of the 

surface area. This may be explained by interference in the electrolyte between K+ 

and Na+ ions leading to lower performance of the material or by a problem in the 

cell mounting that has led to lower electrochemical performance. 

 
Figure III-11: Concentration profile of 57Fe Mössbauer MCR-ALS components 

and corresponding electrochemical curve vs. K+/K. 
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Figure III-12: Fittings of MCR Mössbauer components for initial component 

(pristine), and end of charge component in the top and bottom respectively for 
NFPF vs. K+/K. 

Table III-3: 57Fe Mössbauer hyperfine parameters of the MCR-ALS components for NFPF vs. 
K+/K cycling. 

K-ion  d (mm/s) ∆Eq (mm/s) 𝛤 (mm/s) Field (Tesla) Area (%) 

Initial  
MCR 
component 

Fe(II) 1.223(4) 2.33(2) 0.28(3) - 29(1) 
Fe(II) 1.252(5) 1.96(3) 0.44(2) - 52(1) 
Fe(III) 0.33(3) 0.75(6) 0.50(8) - 12(1) 
Fe3C 0.3* 0* 0.50* 23.2* 4* 
Fe(0) 0.05* 0* 0.36* 33.2* 3* 

End of 
Charge  
MCR 
Component 

Fe(III) 0.414(4) 0.551(6) 0.42(1) - 69(1) 
Fe(II) 1.08(3) 2.35(6) 0.5(1) - 12(1) 
Fe(III) 0.33(3) 0.75(6) 0.50(8) - 12(1) 
Fe3C 0.3* 0* 0.50* 23.2* 4* 
Fe(0) 0.05* 0* 0.36* 33.2* 3* 
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3.5. Operando X-ray diffraction of NFPF in Na-ion 

batteries 

 

Figure III-13: Operando X-ray diffraction of the Na2FePO4F cycling against 

K+/K, (a) corresponding electrochemical curves, (b) topographic view with 

corresponding intensity color scale, (c) 2D view evolution of the XRD patterns. 

The evolution of the X-ray diffractograms recorded during the first 

charge-discharge NFPF cathode material in KIB is presented in Figure III-13 with 

its associated voltage profile. The initial XRD pattern corresponds as expected to 
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the pristine material. At the end of the first charge, only a few peaks can be 

detected at around 26.5°, 31°, and 41° that are located at higher 2Theta values. 

Also, the peaks around 37° are split in two at the end of charge. The three peaks 

around 41° merged and displace to the right and only two are visible at the EOC. 

These observations can be explained by the formation of the desodiated 

Na1FePO4F phase. Despite, the lower intensity these observations are similar to 

the one done in operando XRD vs. Na+/Na, this is expected as the first charge in 

both only results in the removal of the Na from the material. During the discharge, 

the peaks seem to return to their initial position but with a clear decrease in 

intensity indicating partial amorphization of the electrode material during the first 

discharge.  

The PCA analysis has provided that three orthogonal vectors are sufficient to 

analyze all the dataset of the two first cycles. MCR-ALS analysis reconstructed 

the three components diffractograms. The concentration profile and the associated 

voltage profiles are presented in Figure III-14.  

In this case regarding only the first charge, a similar profile is observed with an 

intermediate that doesn’t reach as high intensity as in NIB but that is present and 

its low intensity can be explained by the lower quality of the data due to the 

amorphization of the electrode material. At the end of the first charge, the initial 

pristine component fully disappears, and the 100% concentration is attributed to 

the third component. After this point, the potassiation of the material begins to 

occur with the first discharge and simultaneously the third component disappears 

with the appearance of the intermediate component that increases in 

concentration. After the full discharge, the next cycle shows poor reversibility 

with almost no change in the concentration profile of the intermediate component 

and an increase of the EOC component. This proves that the reversibility is not 

achieved in this cell but also that better data are required to deeply understand the 

change induced by the replacement of Na by K in the NFPF material. Indeed, we 
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expected 4 components to be determined by PCA and MCR-ALS analysis the 

three first ones are already discussed but the fourth component should have been 

attributed to NaKFePO4 at the end of the first discharge. The MCR diffractograms 

are presented in Figure III-15. As expected the first component corresponds to the 

pristine material, the third component is associated with the desodiated 

Na1FePO4F and the intermediate component cannot be associated with any known 

phase and no conclusive information can be extracted from this third component. 

Also, the intensity is erroneously high compared to the other component as the 

patterns are normalized. 

 
Figure III-14: Concentration profile of XRD MCR-ALS components during the 

first cycle of Na2FePO4F vs. K+/K.  
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Figure III-15: XRD components obtained via MCR-ALS and (a) for the initial 

state in red,(b) for intermediate in blue, and (c) for End of Charge in green for 

NFPF vs. K+/K. 
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4. Conclusion 

The operando 57Fe Mössbauer spectroscopy combined with operando X-ray 

diffraction has been successfully used to analyze the electrochemical mechanism 

of NFPF vs. Na+/Na batteries during cycling. The double biphasic mechanism has 

been clearly established by using PCA and MCR-ALS chemometric tools. 

The intermediate state Na1.5FePO4F appears directly when charging refuting the 

idea of a quasi-solid-solution mechanism. Regarding the cycling mechanism of 

the same materials in K-ions mat vs. K+/K, our preliminary results show that the 

EOC component is similar to that of NIB, and that the iron oxidation state follows 

a reversible variation along cycling. Some clear differences have been evidenced 

and in particular, the lower reversibility that is observed in the case of K-ion 

batteries, but also the absence of an intermediate during the first potassiation. 

To get more insights, a better quality dataset should be obtained and one way to 

enhance the quality of the cycling is to perform a precycling preparation as 

presented at the end of chapter 2 because it leads to enhanced electrochemical 

performance.  
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ABSTRACT:  
Intensive efforts are needed to find an alternative to replace Li-ion batteries. 

Among the potential candidates, K-ions batteries have received a lot of interest 

thanks to the low reduction potential and low cost of potassium due to the high 

abundance and broad distribution of potassium sources. In this regard, the 

development of high performance cathode materials has raised some challenges. 

Phosphate-based materials are considered as the most promising cathode materials 

for KIBs owing to their high structural stability upon cycling, high ionic 

conductivity and high insertion potential. Here, K3V(PO4)2 and K3V(PO4)2/C 

composites are reported as new cathode materials for KIBs with a high theoretical 

capacity (150 mAh/g) and a high working potential (3.5-4 V). The pristine 

K3V(PO4)2 and K3V(PO4)2/C composite materials are obtained by spray-drying 

process. The influence of grinding process on the structural, morphological and 

the electrochemical properties is investigated. The composite with carbon 

nanotubes (KVP/20CNT) demonstrates the best reversible capacity of 101 mAh/g 

at C/40 using 0.8 M KPF6 in PC +10wt% FEC as electrolyte. Different 

characterization techniques are combined to investigate the structural and 

morphological properties of the materials such as X-ray driffraction, scanning 

electron microscopy, transmission electron microscopy and Laser granulometry. 
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1. Introduction 

Our planet faces major sustainability challenges, demanding innovative research 

in various disciplines which include, among others, the field of energy storage 

technologies. Indeed, large-scale energy storage systems with long cycle life, high 

efficiency, low cost and excellent safety characteristics are urgently required to 

ensure the rapid shift from fossil-fuel-powered to clean energy sources.  

Li-ion batteries (LIBs), which display the highest energy density compared to 

other technologies, have conquered the electronics field and are regarded as the 

best technology for powering mobile devices and electric vehicles. However, 

Li-ion batteries face many difficulties and limitations: in addition to safety 

concerns, the relative abundance of lithium is limited to 20 ppm in the Earth’s 

crust and lithium resources are unevenly distributed leading to high extraction 

cost [1,2]. These issues are raising doubts regarding the security of supply and 

cost of lithium in the future. For these reasons, intensive efforts are ongoing to 

find alternatives to replace Li-ion battery technology. Sodium, as one of the most 

abundant elements in the earth crust with only slightly higher reduction potential 

compared to lithium (+0.3 V vs. Li), is an obvious candidate and research on 

Na-ion batteries (NIBs) has been a very active field for years [2]. Along with 

NIBs, potassium-ion batteries (KIBs) have recently been receiving a lot of 

interest: geographically well distributed, 880 times more abundant and 

90% cheaper than lithium[2–4], potassium offers a reduction potential similar to 

lithium so that, for an equivalent specific capacity, KIBs should deliver higher 

energy density than NIBs. Besides, graphite (the commercial anode for LIBs since 

1990) presents good performance for KIBs [2,5,6]. Thus, KIBs theoretically 

combine the advantages of LIBs and NIBs and are currently considered as strong 

candidates to replace LIBs for many applications including transportation and 

stationary applications [1,2,4].  
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In order to fulfill the promise of KIBs with high energy densities, the key issue is 

now the development of long life, high voltage and high capacity cathode 

materials. Breakthroughs in materials design/processing are essential, by 

addressing the synthesis of new nanostructured composite positive electrode 

materials. Only a few cathode materials have been reported to date for KIBs and 

mainly four classes of electrode material families have attracted the attention of 

researchers in the recent years: i) organic compounds [7], ii) layered oxides [8], 

iii) Prussian blue analogues (PBAs) [9] or Prussian white analogues (PWAs) [10], 

and iv) polyanionic materials [5]. Among these materials, polyanionic materials 

are of high interest due to their high structural stability upon cycling, high 

insertion potential and good ionic conductivity. Only a few polyanionic materials 

such as KFeSO4F, K3V2(PO4)3/C and K3V2(PO4)2F3/C [5] have been investigated 

so far and the reported results suggest that the diffusion coefficient of K+ ions is 

higher than those of Li+ and Na+ ions [11]. The crystallographic structure of 

polyanionic materials is characterized by a highly covalent three-dimensional 

framework generating large interstitial spaces and providing three-dimensional 

tunnels for fast ion diffusion. This is combined with a high theoretical specific 

capacity due to the multiple oxidation states of vanadium and iron ions, leading to 

good structural stability upon cycling [12-14]. However, their poor electronic 

conductivity needs to be addressed to remedy the low discharge/charge capacity 

and poor cycling performance especially at high cycling rates [15]. 
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Table IV-1: A non-exhaustive list of recently investigated polyanionic compounds 
as cathode materials for K-ion batteries 

Materials Structure 
Theoretical 
capacity  
(mAh/g) 

Reported 
capacity  
(mAh/g) 

Discharge 
potential 
V vs. K+/K 

Ref 

Amorphous FePO4 - 178 156 2.64 [16] 

Fe2(MoO4)3 Monoclinic anti-
NASICON type (P21) 

91 (1e-/Fe) 78 2.6 [17] 

K2[(VO)2(HPO4)2 

(C2O4)] 
Triclinic P ̄ı 109 (1e-/V) 81 3.5-4.1 [18] 

K3-xRbxV2(PO4)3/C NASICON-type structure 
tetragonal (P42/mnm) 97 55.70 3.75 [19] 

K3V2(PO4)2F3 
NASICON-type structure 
tetragonal (P42/mnm) 115 (1e-/V) 100 3.7 [20] 

K3V2(PO4)3/C NASICON-type structure 
tetragonal (P42/mnm) 106 (1e-/V) 90 3.7 [21] 

   54 3.6-3.9 [22] 

KFePO4/C Triphylite-type structure 
Orthorhombic (Pnma) 141 25 3 [23] 

KFeSO4F Layered Monoclinic (C2/c) 128 50 (vs. Li) 3.5 (vs. Li) [24] 
   100 4 [25] 

KMnPO4/C Triphylite-type structure 
Orthorhombic (Pnma) 141 30 3 [23] 

KMoP2O7 KAlP2O7-type monoclinic 
(P21/c) 87 25 2.9 [26] 

KTi2(PO4)3/C NASICON-type structure 
tetragonal (P42/mnm) 128 80 1.6 [22] 

KTiP2O7 
KAlP2O7-type monoclinic 
(P21/c) 102 9.2 2.5 [26] 

KVOPO4 
KTiOPO4-type structure 
(Pna21) 133 54 4 [27] 

   115 4 [18] 
   84 4 [28] 

KVP2O7 
KAlP2O7-type monoclinic 
(P21/c) 102 61 4.2 [26] 

KVPO4F KTiOPO4-type structure 
(Pna21) 

131 92 4 [28] 

   111 (vs. Li) 4.2 (vs. Li) [29] 
   125 (vs. Li) 4.05 (vs. Li) [30] 
   105 4.3 [31] 
   80 3.5-4 [32] 

K3V(PO4)2/C Monoclinic (P21/c) 150 (2e-/V) 101 3.5 This 
Work  
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Table IV-1 presents a non-exhaustive list of polyanionic compounds, mostly 

phosphates and pyrophosphates, recently investigated as cathode materials for 

K-ion batteries. The redox metal couples Ti3+/Ti4+, Fe2+/Fe3+ and V3+/V4+/V5+ are 

characterized by working potentials of 1.5-2.5 V, 2.5-3.5 V and 3.5-4.5 V, 

respectively. These working potentials can be enhanced with the incorporation of 

fluorides in the structure [23]. The highest energy density is thus expected for 

vanadium-based compounds. However, most of the compounds in Table IV-1 are 

characterized by a relatively low theoretical capacity. One way to increase the 

theoretical capacity is to investigate candidates with lower molar mass or with a 

transition metal with multiple oxidation states (like vanadium). In this work, we 

propose K3V(PO4)2 (KVP) as cathode material. Compared to K3V2(PO4)3 which 

has a theoretical capacity of 106 mAh/g for the extraction of one potassium for 

one vanadium, KVP has a higher K/V ratio leading to a higher theoretical specific 

capacity of 150 mAh/g for the extraction of two potassium for one vanadium. 

As such, KVP combines a high working potential of 3.5-4.0 V and a high 

theoretical capacity. KVP was first synthesized by Benhamada et al. in 1991 and 

the crystallographic structure was reported as monoclinic type in P21/c space 

group [33], but it has never been investigated as a possible cathode material for 

K-ion batteries. The monoclinic structure is shown in Figure IV-1. The potassium 

ions are positioned within the network formed by slightly distorted VO6 octahedra 

sharing corners with phosphate tetrahedra.  
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Figure IV-1: Representation of the monoclinic crystalline structure of potassium 

vanadium phosphate, K3V(PO4)2 (P21/c space group) with VO6 octahedra 

(in green), PO4 tetrahedra (in violet), oxygen atoms (as red spheres) and 

potassium atoms (as grey spheres). 

 In the present work, K3V(PO4)2 and K3V(PO4)2/C cathode materials were 

prepared using spray-drying route. This synthesis method is easy, inexpensive and 

suitable for obtaining complex multi-component powders with a high degree of 

homogeneity required for very good electrochemical properties [34]. 

To synthesize the pure K3V(PO4)2 material, different temperatures and durations 

for the heat treatment were tested. To ensure adequate electronic conductivity 

especially when the electrode was cycled at high rate, the precursors were mixed 

with different carbon allotropes (graphene oxide (GO) and carbon nanotubes 

(CNT)) during the material synthesis, leading to carbon/active material composite 

blends at the nanometric level for K3V(PO4)2/C composite cathodes. The good 

mixture of the electrode material and carbon would increase the electronic 

conductivity and induce a positive impact on the electrochemical properties as it 

has already been shown for Na-ion batteries [13,15]. The particle size and 

morphology of the electrode materials have also significant influence on the 

electrochemical properties [13,15]; thus, the prepared materials were then 

subjected to ball-milling to decrease the particle size and enhance K+ ion diffusion 
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in the electrode during charge/discharge process. The thermal behavior and 

decomposition of the spray-dried precursor were analyzed using 

Thermogravimetric analysis technique. The structural and morphological 

properties of the prepared materials were systematically investigated by 

combining X-ray diffraction (XRD), Scanning electron microscopy (SEM), 

Transmission Electron microscopy (TEM), Brunauer-Emmett-Teller surface 

measurement (BET) and laser granulometry characterization techniques. The 

electrochemical performances were evaluated in half-cells by galvanostatic 

techniques and electrochemical impedance spectroscopy. 
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2. Experimental Section  

2.1. Materials and chemicals 

V2O5 powder (98% purity) was purchased from Sigma Aldrich. NH4H2PO4 

(99% purity) and KOH (99.95% purity) were purchased from Acros Organics. 

Ascorbic acid (99% purity) and citric acid (99.5% purity) were obtained from 

Alfa Aesar and used as received. The suspension of carbon nanotubes 

(Aquacyl AQ0302-nanocyl 3 wt% in water, NC7000 multiwall carbon nanotubes 

waterborne dispersion) was purchased from Nanocyl and the graphene oxide 

suspension (0.4 wt% in water) was obtained from Graphenea.  

2.2. Synthesis of K3V(PO4)2 (KVP) and 

K3V(PO4)2/C (KVP/C) materials. 

K3V(PO4)2 and K3V(PO4)2/C materials were prepared by the spray-drying method. 

Firstly, V2O5, NH4H2PO4, citric acid (C6H8O7) and ascorbic acid (C6H8O6) in 

molar ratio 0.5/2/1/1 were dissolved and stirred in milliQ water (18.2 MΩ/cm) at 

80°C under argon atmosphere for 1 hour to obtain a 0.1 M solution of precursors. 

Then, KOH was added to the solution in stoichiometric ratio followed by 1 hour 

stirring at 80°C. In the case of composite materials with carbon (KVP/C), 

suspensions were prepared with 20wt% (vs. total mass of KVP) of either CNT or 

GO (for KVP/20CNT and KVP/20rGO) or a mix of 10wt% of CNT + 10wt% of 

GO (for KVP/10CNT+10rGO) added to the KVP precursor solution. After 

cooling down to room temperature, the solution or suspensions were injected in a 

semi industrial spray-dryer (GEA-Niro Mobile Minor) using a bi-fluid nozzle 

injection mode. Spray-drying was carried out under an air pressure of 3 bars with 

a 25 ml/min feed rate, an inlet temperature of 240°C and an outlet temperature of 

120 ± 1°C. The collected powders were immediately stored at 60°C to minimize 

the contact with humidity. The effect of the heat treatment temperature and 
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duration on crystalline phase formation was investigated to determine the 

optimized conditions to obtain pure materials. The spray-dried powders were 

submitted to heat treatment at different temperatures and durations under argon 

atmosphere with a heating rate of 150°C/h. The powders (2.5 g) were then placed 

with 0.5 mm diameter zirconia balls (50 g) and 25 ml isopropanol in zirconia 

grinding jars and were ground at 375 rpm during different durations from 30 to 

120 minutes (by steps of 30 min) using a planetary mill (Retsch PM400/2, 

alternate rotation mode) followed by drying at 70°C for 24 h.  

2.3. Thermal, structural and morphological 

characterizations 

In order to optimize the synthesis process of the KVP material, the thermal 

behavior of the spray-dried KVP powder was analyzed by thermogravimetric 

analysis (TGA) using a Q100 system from TA instruments. About 10 mg of each 

sample was placed in an alumina crucible and heated under argon from room 

temperature to 800°C at a heating rate of 20 K/min to yield the onset 

decomposition temperature.  

X-ray diffraction (XRD) was carried out to identify the obtained phases over the 

2Theta range from 9° to 50° with a Bruker D8 Twin-Twin powder diffractometer 

using Cu Kα radiation. The cell parameters were refined with TOPAS 

software [35], using the P21/c space group and atomic positions proposed by 

Benhamada et al.[33]. Crystallite size (CS) was evaluated using the Scherrer 

formula CS = 0.9 λ / (β cos θ),where λ is the wavelength, β is the full width at half 

maximum of the (123) peak and θ is the Bragg angle of diffraction. 

The microstructures of the KVP and KVP/C materials were examined using a 

scanning electron microscope FEG-SEM (XL 30, FEI) operated at 15 kV and a 

transmission electron microscope TECNAI G2 TWIN (FEI) operating at 200 kV. 

Measurements of specific surface area and texture properties, including analysis 

of porosity for all the samples (KVP and KVP/C), were determined through 
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measuring nitrogen (N2) adsorption–desorption isotherms with a Micromeritics 

ASAP 2020 Plus system. Samples were degassed at 150°C for 6 h prior to 

analysis. 

The evolution of the particle size distribution of the powders during ball-milling 

was followed by laser granulometry using a Mastersizer 2000 Malvern system. 

2.4. Electrochemical characterizations 

Electrochemical measurements of KVP and KVP/C as cathode materials for K-ion 

batteries were conducted in two-electrode coin cells. The composite electrodes 

were prepared by mixing 70wt% of KVP powder as active material with 

20wt% carbon black as electronic conductor and 10wt% polyvinylidene fluoride 

(PVDF) as binder dissolved in n-methyl pyrrolidinone (NMP). In the case of 

KVP/C samples, the carbon content was first measured with a carbon analyzer 

(Multi EA 4000, Analytik Jena) at 1200°C with an oxygen flow in order to 

determine the exact quantity of CNT and/or rGO in the composite material. 

The quantity of KVP and carbon was then adapted to reach the ratio 70/20/10 

(KVP/C/PVDF). Each suspension was mixed in a 50 ml volume jar with 5 mm 

diameter zirconia balls at 250 rpm during 1 h. The resulting slurry was then coated 

on a 25 µm thick aluminum foil as current collector by the Doctor blade method 

followed by drying at 110°C under vacuum for 12 h. Electrodes were cut into 

15 mm diameter discs with active mass loading of approximately 1-2 mg. 

Coin cells were assembled in an argon-filled glove box using a glass microfiber 

paper (Whatman GF/A) as separator, 0.8 M KPF6 +10wt% of fluoroethylene 

carbonate (FEC) dissolved in propylene carbonate (PC) as electrolyte, and 

potassium foil as the counter and reference electrodes. All cells were tested within 

a fixed voltage window, between 2.0-4.5 V vs. K+/K, under galvanostatic 

conditions at different current density rates: C/40-1C (1C corresponds to the 

extraction/insertion current of 1 K/KVP in 1 h). All electrochemical tests were 
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carried out at room temperature using a Neware BTS4000 Electrochemical Test 

System. 

Electrochemical Impedance Spectroscopy (EIS) experiments were performed in 

3 electrodes Swagelok-type cells, the electrodes were prepared as mentioned 

before for working electrode, metallic potassium was used both as counter and 

reference electrode. The electrolyte and separators were the same as for cycling 

experiments. The EIS analyses were performed at room temperature at open 

circuit voltage (OCV) (EOCV= ∼2.9 V) in the frequency range from 1 MHz to 

10 mHz with 5 mV amplitude using a VMP3 Bio-Logic potentiostat. EIS data 

were analyzed by a non-linear least-square (NLLSQ) fit software developed by 

B.A. Boukamp [36]. The equivalent circuit used to fit the data was Re+(RCT.Q)/Q 

where Re is the electrolyte resistance, RCT is the charge transfer resistance and Q 

is a constant phase element (CPE) replacing the double layer capacity. 

The cyclic voltammetry tests were performed in two-electrode coin cells (with the 

same electrode preparation method as explained before) at different scan rates 

from 0.1 to 0.5 mV/s. The tests were realized using a VMP3 Bio-Logic 

potentiostat.  

 



K3V(PO4)2/C composites as novel cathode materials 165 
 
3. Results and discussion 

3.1. Synthesis and characterization of KVP 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

are widely used characterization techniques to evaluate the thermal behavior and 

the effects of heat treatment on the material degradation and crystallization [37]. 

Here, we used TGA/DSC analyses to optimize the synthesis conditions 

(temperature of formation) of the KVP material, by following the variation of the 

sample mass when heating up the spray-dried powder from room temperature to 

800°C under argon. 

 
Figure IV-2: (a) TGA profile and its derivative curve, (b) DSC curve of the 

spray-dried precursor of the KVP powder. 
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The TGA and derivative thermogravimetric (DTG) curves are presented in Figure 

IV-2a. The data show a continuous mass loss between 25°C and 600°C. The 

powder undergoes a mass loss (0.31wt%) up to 100°C (corresponding to a small 

peak observed in the DTG curve) which is due to the elimination of the water in 

the powder. Then, two significant weight losses are detected at 180°C and 400°C 

associated with the degradation of the precursors used for the preparation of the 

material. Indeed, the degradation of NH4H2PO4 and potassium citrate/ascorbate 

have been reported to start at 160°C and at 225°C, respectively [38,39]. The 

complete degradation of the precursors occurs at 600°C leading to a total mass 

loss of 31%. At 600°C, the TGA curve stabilizes with no further decrease denoting 

the formation of KVP. Consequently, 600°C is the lowest temperature to 

synthesize the KVP phase. 

The DSC profile obtained in the temperature range of 25 to 800°C under the 

dynamic atmosphere of argon is shown in Figure IV-2b. 

The DSC curve displays mainly 3 peaks at 180, 650 and 758°C corresponding to 

the endothermic/exothermic processes during the heat treatment. The endothermic 

peak observed at 180°C corresponds to the degradation of NH4H2PO4 precursor, 

in good agreement with TGA results. The two exothermic peaks detected at 650°C 

and 758°C are related to the crystallization and/or degradation of KVP.   

3.2. Crystal structure of synthesized KVP 

The spray-dried KVP powder was subjected to different heat treatments at 550, 

600, 650, 700 and 750°C during 1, 8 and 16 h under argon, in order to investigate 

the KVP formation in relation with the key temperatures detected by TGA/DSC 

analyses. The X-ray diffraction patterns of the KVP samples are shown in Figure 

IV-3a. 
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Figure IV-3: (a) XRD patterns of K3V(PO4)2 samples prepared at different 

pyrolysis temperatures during 8 h under argon and (b) at different durations at 

650°C under argon. 

The XRD pattern of the sample prepared at 550°C during 8 h displays an 

amorphous phase which confirms that 550°C is not sufficient to obtain pure 

crystallized KVP. On the contrary, temperatures of 600°C or 650°C are high 

enough to obtain the pure and crystalline KVP material. All the XRD peaks of the 

powder prepared at 650°C during 8 h can be indexed in the monoclinic structure 

with space group P21/c (04-011-3486-PDF) proposed by Benhamada et al. [33]. 

The cell parameters were refined to values of a=9.573±0.002 Å, b= 11.146±0.002 
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Å, c=18.129±0.004 Å and β=121.75±0.02°, in good agreement (i.e., difference 

below 0.5%) with the originally reported values. The atomic positions and 

occupation factors were not refined since the structure model includes 

28 independent atoms, all on general positions, so that a reliable refinement was 

not possible for our datasets obtained with a laboratory powder diffractometer. 

However, the atomic positions and occupation factors taken from the published 

structure [33] provide a decent fit with the experimental data (see Figure IV-4). 

This confirms that 650°C is high enough to obtain the KVP-material with high 

purity and good crystallinity. The KVP material was pyrolyzed at 650°C (highest 

temperature) in order to maximize the crystallinity of the material. Further 

increase of the pyrolysis temperature from 650 to 700°C or 750°C leads to the 

degradation of KVP and the formation of pyrophosphates as secondary phase. The 

evolution of the XRD patterns of KVP prepared at 650 °C with the pyrolysis time 

is illustrated in Figure IV-3b. The XRD patterns display lower crystallinity after 

1 h of pyrolysis as compared to 8 and 16 h. The increase of the pyrolysis duration 

from 8 to 16 h has no obvious effect on the KVP structure and shows the good 

thermal stability of the synthesized KVP samples. To summarize, the optimal 

conditions to obtain high purity and well crystalized KVP powder are 650°C 

during 8 h. These conditions were applied to KVP and KVP/C powders studied in 

terms of microstructure and electrochemical properties.  

 
Figure IV-4: Refinement of the cell parameters of the KVP powder prepared at 650°C 

during 8 h, based on the structural model proposed by Benhamada et al. [33],  
[PDF 04-011-3486 in ICDD database]. Experimental data in blue, calculated pattern in 
red, difference curve in grey, blue ticks show authorized hkl positions in the P21/c space 

group. 
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3.3. Morphological characterization of KVP 

The SEM micrographs of the spray-dried KVP powders before and after pyrolysis 

at 650°C during 8 h under argon atmosphere are presented in Figure IV-5a and 5b. 

Before pyrolysis, the spray-dried particles are constituted of a homogeneous 

mixture of precursor nanoparticles forming dense spherical particles with a 

smooth surface and an average particle size of 2 µm. 

After pyrolysis, the particles remain spherical with the same size but with a rough 

surface. The surface roughness is mainly due to the decomposition of precursors 

at the surface in favor of formation of the crystalized phase (in good agreement 

with XRD result). The BET technique was used to measure the specific surface 

area of the heat-treated material. The KVP powder exhibits a small specific 

surface area of 1.7 m2/g due to the large size and low porosity of spherical 

particles. 

 
Figure IV-5: (a) SEM micrographs of K3V(PO4)2 prepared by spray-drying 

method before and (b) after pyrolysis at 650°C during 8 h. 

3.4. Electrochemical performance of KVP 

microparticles 

In this section, electrochemical performance of spray-dried KVP was assessed by 

galvanostatic charge-discharge cycling in half-cell configuration in the voltage 

range 2-4.5 V vs. K+/K0. Indeed, the spray-dried KVP is evaluated as a candidate 

material for cathode in KIBs, since phosphate-based materials demonstrate high 
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mobility of the K+ ions during the extraction/intercalation process in 3D 

open-framework structures [23]. Figure IV-6a presents the charge/discharge 

voltage profiles of the first 3 cycles of KVP electrode at C/40. During charge, the 

voltage profile between 2 and 3.5 V has a steep slope with no clear plateau 

followed by a pseudo plateau between 3.5 and 4 V, and finally a continuous 

increase in voltage with K+ ion extraction is observed. Reversible phenomena are 

observed during the discharge process. A comparable reaction mechanism was 

reported for KVPO4F material when used as cathode material for K-ion 

battery [31]. The cell delivers low initial charge and discharge capacities of 

45 and 30 mAh/g corresponding to 30% and 20% of the theoretical capacity 

(150 mAh/g), respectively. Then, the capacity decays after the first cycle which is 

accompanied by the decrease of the operating voltage due to polarization. Figure 

IV-6b presents the evolution of the discharge and charge capacity vs. cycle 

number at C/40 rate for KVP cathode. The discharge capacities decrease during 

the first 4 cycles and reach around 25 mAh/g, then stabilizes for the 20 subsequent 

cycles. This low electrochemical performance is associated with the low specific 

surface area of the microspheres and a low intrinsic electronic conductivity of the 

KVP phase. To improve the electrochemical performances of the material, it is 

therefore necessary to increase the electronic conductivity of the KVP particles 

and/or reduce the particle size [13,15]. 
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Figure IV-6: (a) Discharge/charge voltage profiles of the first 3 cycles. 

(b) Cycling stability of KVP at C/40 in the voltage window of 2-4.5 V vs. K+/K. 

Data collected at room temperature. 

(a)

(b)

Cycle number
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3.5. Effect of the addition of conductive carbon on 
the structural, microstructural and electrochemical 

properties of KVP/C composite  

In order to enhance the electrochemical performance of the KVP material, two 

solutions were considered. The first one is to grind the materials to decrease the 

size of the particles and thereby to reduce the electron diffusion path during the 

charge/discharge process. Another solution is to incorporate conductive carbon in 

the structure to prepare composite materials. This carbon addition should enhance 

the electrochemical performance by helping to solve the issue of the low electronic 

conductivity of the phosphate-based material. The addition of carbon to the 

precursor solution was chosen as the first approach to study in this work since 

spray-drying process is highly compatible to fabrication of multicomponent 

mixtures. Three KVP/C composite materials were prepared by addition of  

20wt% of CNT (KVP/20CNT), 20wt% of GO (KVP/20rGO) and  

10wt% of CNT + 10wt% of GO (KVP/10CNT+10rGO) to the KVP precursor 

solution. The GO is reduced during the heat treatment leading to reduced graphene 

oxide (rGO). The XRD patterns of KVP, KVP/20CNT, KVP/20rGO and 

KVP/10CNT+10rGO are shown in Figure IV-7a.  

All the peaks can be indexed in the monoclinic structure with space group P21/c 

with no crystalline impurity in the synthesized KVP/C composite materials. 

Carbon addition does not affect the purity of the KVP phase, however, small 

differences in XRD pattern upon carbon addition are observed. A broad bump 

appears between 25° and 35° in the background of the XRD pattern and the 

diffraction peaks become broader. The bump between 25° and 35° can be 

attributed to the carbon [40-42]. The broader peak shape of the KVP reflections is 

attributed to a smaller crystallite size. Table IV-2 presents the crystallite size of 

KVP and KVP/C materials as calculated using the Scherrer formula. 

The crystallites size decreases with carbon addition from 39 nm for KVP to 31 nm 
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for KVP/20rGO, 26 nm for KVP/10CNT and 23 nm for KVP/10CNT+10rGO. 

This phenomenon has already been observed and suggests difference in crystallite 

growth mechanism for KVP material with the presence of the carbon nanotubes 

and graphene oxide [43]. Two possible reasons are a higher number of nucleation 

sites and the geometric constraints due to the rigidity of carbon [13,44,45]. 

Table IV-2: Crystallite size of KVP, KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO 
samples before and after grinding. 

Samples 
Average crystallite size (nm) 

before grinding after grinding 

KVP 39±3 13 ±4 

KVP/20CNT 26±1 16 ±6 

KVP/20rGO  31±2 30±2 

KVP/10CNT+10rGO 23±1 19 ±8 

The effect of carbon addition on the microstructure of KVP was studied by 

combining scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). Figure IV-7b, c, d, e present the SEM micrographs of KVP, 

KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO powders respectively and 

Figure IV-7f, g, h, i present the corresponding TEM images. The addition of CNT 

leads to the formation of collapsed particles with flattened morphology 

characterized by high particle size of 2.5 µm. The addition of carbon nanotubes 

and their high mechanical strength leads to the buckling of the particles. The first 

step during the drying process by spray-drying is the formation of a viscoelastic 

shell due to the aggregation induced by the solvent flow [46]. During the drying 

of the droplets multiple depressions are formed leading to wrinkled shape. 

With the reduction of volume these wrinkles overlap leading to highly deformed 

shapes [15]. The CNT are well dispersed at the surface and inside of the 

KVP particles, forming a strong CNT network as shown in Figure IV-7g. 

In comparison with KVP (Figure IV-7b), KVP/20rGO and KVP/10CNT+10rGO 

show particles with semi-spherical shape and slight deformation at the surface of 

the secondary particles (Figure IV-7e, 7f). The quasi-spherical shape of the 
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particles was not deteriorated due to the good dispersion of the graphene layer at 

the surface of the KVP materials. As observed in TEM images (Figure IV-7h, 7i), 

KVP was successfully covered by reduced graphene oxide flakes for KVP/20rGO 

and rGO and CNT for KVP/10CNT+10rGO. It turns out that, for all KVP/C 

materials, carbon is uniformly distributed amongst and at the surface of the KVP 

particles for the CNT (Figure IV-7g and 7i) and surrounding the surface of the 

particles for the rGO (Figure IV-7h, 7i and Figure IV-8). 
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Figure IV-7: (a) XRD patterns of pure KVP, KVP/20CNT, KVP/20rGO and 

KVP/10CNT+10rGO samples prepared by spray-drying method and pyrolyzed 
at 650°C during 8h under argon. SEM micrographs of (b) KVP, (c) 

KVP/20CNT, (d) KVP/20rGO and (e) KVP/10CNT+10rGO prepared by spray-
drying with carbon allotropes added in solution and pyrolyzed at 650°C during 

8 h under argon (higher magnification in the inset). TEM micrographs of (f) 
KVP, (g) KVP/20CNT, (h) KVP/20rGO and (i) KVP/10CNT+10rGO prepared 

by spray-drying and pyrolyzed at 650°C during 8 h under argon. 
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Figure IV-8: TEM micrographs of KVP/20rGO prepared by spray-drying and 

pyrolyzed at 650°C during 8 h under argon. 

Table IV-3: Specific surface area measured by BET method for KVP and KVP/C 
samples. 

Samples Specific surface area (m2/g) 
KVP 1.8 
KVP/20CNT 36.8 
KVP/20rGO 6.6 
KVP/10CNT+10rGO 11.2 

The specific surface area increased hugely with addition of 20wt% CNT to 

36.8 m2/g as compared to 1.8 m2/g in pristine KVP (Table IV-3). This is attributed 

to a combination of the large specific surface area of the CNT themselves with the 

increase of specific surface area of KVP reflected in the smaller crystallite size 

detected by XRD. The electron microscopy results show that the CNTs are well 

deagglomerated and well dispersed at the surfaces of the KVP particles (Figure 

IV-7c, 7g). This increase in specific surface area is favorable for K+ ions diffusion 

by the increase of the active surface of the material that contributes in the 

electrochemical reaction. In the case of the GO addition, the specific surface of 

6.6 m2/g is only moderately higher than the carbon free KVP, probably because 

the rGO sheets wrap around the KVP particles. This should increase the 
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conductivity at the surface of the particle and also improve the electrochemical 

performance due to the easier movement of electrons. In the case of the mixed 

composite, we obtain a value of 11.2 m2/g intermediate between KVP/20CNT and 

KVP/20rGO. These results suggest that the most promising electrochemical 

performance should be displayed by KVP/10CNT+10rGO thanks to combining 

the positive effects of the two carbon allotropes in terms of surface area and 

electronic conductivity. 

 
Figure IV-9: Charge/discharge curves of the first 3 cycles of (a) KVP, (b) 

KVP/20CNT, (c) KVP/20rGO and (d) KVP/10CNT+10rGO and (e) Cycling 

performance of KVP and KVP/C electrodes at room temperature at C/40. The 

voltage window explored was 2.0-4.5 V, (f) Nyquist plots of KVP, KVP/20CNT, 

KVP/20GO and KVP/10CNT+10GO and their corresponding fitted curve. 
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The effect of the carbon addition on the electrochemical properties of KVP and 

KVP/C cathode materials for K-ion batteries were studied by galvanostatic 

measurements at C/40 in the voltage range of 2-4.5 V. Figure IV-9a-d present the 

charge/discharge profiles of KVP and KVP/C in the first 3 cycles. The cycling 

performance for 10 cycles is presented in Figure IV-9e, indicating clearly that the 

addition of conductive carbon improves the electrochemical performance of 

KVP/C cathodes and allowed to enhance the discharge capacities in comparison 

with the KVP material. Indeed, KVP/20CNT, KVP/20rGO and 

KVP/10CNT+10rGO present higher initial discharge capacities compared to 

30 mAh/g for KVP with delivering 45, 60 and 101 mAh/g, respectively. 

This result is due to the uniform distribution of KVP particles in the carbon matrix 

(CNT and rGO) and high surface area of KVP/C materials that reduce the 

electronic diffusion lengths during the charge/discharge process and increase the 

electrochemical performance. It is also important to indicate that the type of 

carbon allotrope plays a key role in enhancing the electrochemical properties in 

KVP/C. 

This is in good agreement with previous results reported in the literature [13,15], 

highlighting the interest of the carbon addition to the phosphate-based electrode 

materials for rechargeable batteries. KVP/10CNT+10rGO demonstrates the 

highest capacity over 10 cycles which is associated with lower polarization 

between the charge and discharge curves during cycling. This is due to the 

combined positive effect of the CNT and rGO on electronic conductivity. This is 

also due to the open framework of the KVP structure that permits a rapid transport 

of K+ ions and leads to a high ionic conductivity [23]. 

This observation confirms that improvement in electron transport is achieved by 

carbon addition during the spray-drying preparation of the KVP/C composite 

material. Electrochemical impedance spectroscopy (EIS) tests were performed to 

investigate the influence of carbon addition on electrochemical performance of 

KVP material [47,48]. The Nyquist plots of KVP and KVP/C electrodes recorded 
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at OCV before galvanostatic cycling are presented in Figure IV-9f. The equivalent 

circuit model used for the analysis of the impedance spectra is presented in the 

Figure IV-10. EIS data were analyzed by the non-linear least-square (NLLSQ) fit 

software developed by B.A. Boukamp [36]. All electrodes show similar 

impedance spectra formed by a semicircle at high frequency and a line at low 

frequency. Re(RCTQ)Q equivalent circuit was used to analyze the different spectra 

and extract the resistance of the electrolyte Re (intercept of the curve on the Re(Z) 

axis in the high frequency region) and the resistance of charge transfer RCT. The 

different values are summarized in Table IV-4. 

 
Figure IV-10 : Equivalent circuit model used to analyze the impedance spectra 

and Nyquist plot.  

The different elements are explained in the experimental section. 

  

Re RCT W

f



180  
 
Table IV-4: Calculated resistances by fitting using equivalent circuit for both electrolyte 
resistance Re and charge transfer resistance RCT of KVP and KVP/C electrodes 
materials 

Samples Re (Ω) RCT(Ω) 

KVP 3.7±2 187.6 ±5 

KVP/20CNT 3.1±2 92.9±8 

KVP/20rGO 2.5±3 99.3±10 

KVP/10CNT+10rGO 5.5±3 113.8±26 

KVP/20rGO - Ground 5.6±3 189.2±19 

The resistance of the electrolyte is relatively low and in the same range for all 

electrodes (Re= ± 3.5 Ω) because the same electrolyte was used in the cell 

configuration. Regarding the charge transfer resistance, it can be observed that 

RCT is different for all electrodes which is due to the addition of the different 

carbon allotropes during the synthesis of the KVP/C materials. Indeed, the RCT of 

pristine KVP electrode is almost two times higher than of KVP/20CNT composite 

electrode. Similar results are observed with the two other composite electrodes 

(KVP/20rGO and KVP/10CNT+10rGO) illustrating resistance values that are 

clearly lower than the RCT of KVP electrode. In summary, the EIS results suggest 

that the addition of carbon allotrope enhances the electronic conductivity which 

improved charge transfer reaction kinetics and leads to better cycling performance 

for KVP/C electrode materials with lower charge transfer resistance and optimized 

electrode-electrolyte interface in terms of ionic conduction.  
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Figure IV-11: (a) XRD patterns of KVP, KVP/20CNT, KVP/20rGO and 

KVP/10CNT+10rGO prepared by spray-drying with carbon allotropes, pyrolyzed at 
650°C for 8 h under argon, after grinding in isopropanol. Particle-size distribution 

during ball-milling process of (b) KVP, (c) KVP/20CNT, (d) KVP/20rGO and  
(e) KVP/10CNT+10rGO. (f) Evolution of the specific surface area of the KVP and 

KVP/C sample before and after ball-milling. SEM micrographs of (g) KVP,  
(h) KVP/20CNT, (i) KVP/20rGO and (j) KVP/10CNT+10rGO prepared by 

spray-drying with addition of carbon, after grinding in isopropanol. 
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3.6. Influence of a ball milling process on the 
structural and microstructural properties of KVP 

and KVP/C 

With the aim to further enhance the electrochemical performance of the KVP and 

KVP/C materials, the powders were ground to decrease their particle size to about 

100 nm and thus increase the surface area. The XRD patterns of the ground 

materials are indexed as pure KVP phase and reveal no crystallized impurity peaks 

(see Figure IV-11a). However, peaks become broader and the peak area decreases 

after the milling process due to the amorphization. The decrease in average 

crystallite size after ball-milling process for KVP, KVP/20CNT and 

KVP/10CNT+10rGO is shown in Table IV-2 that is expected to be favorable for 

the electrochemical applications because in general, smaller crystallite size 

enhance the discharge/charge process during electrochemical cycling [13]. 

The crystallite size of KVP/20rGO is an exception and remains unchanged which 

suggests that the graphene layer formed on the surface of the KVP particles 

inhibited the decrease of the crystallite size by being itself broken during grinding. 

It is known that smaller and homogeneous active material particles are suitable 

for battery applications. In this section, the effect of the milling time on the particle 

size in KVP and KVP/C powders is investigated. The evolution of particle size 

with time was probed by laser granulometry. Figure IV-11b-e present the particle-

size distribution and SEM images of KVP and KVP/C after ball milling during 

90 and 120 min (Figure IV-11g-j). The powders have initially particles larger than 

2.9 µm for KVP, KVP/20rGO and KVP/10CNT+10rGO and 6.5 µm for 

KVP/20CNT. A clear shift of the particle-size distribution toward lower values is 

observed after ball milling. The primary particle size for the ball-milled samples 

is reduced to about 100 nm after 90 min for KVP, KVP/20rGO and 

KVP/10CNT+10rGO. However, after 120 min the particles agglomerate and the 

apparent size increases to 2.9 µm for KVP/20rGO and KVP/10CNT+10rGO while 
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the size distribution does not change much for KVP. After ball-milling during 

90 min the compact rigid particles were crushed and transformed into small 

particles with pronounced reduction of the particle size; the boundaries between 

different particles are more distinguishable which leads to maximizing the surface 

area and formation of nano-sized powder particles. It is clear that KVP/20CNT 

required longer time of ball-milling (120 min) to decrease the particle size to 100 

nm, which is due to the higher mechanical strength imparted by the homogeneous 

distribution of the carbon nanotubes inside and at the surface of KVP particles, 

which makes the milling process harder.  

Figure IV-11c shows that after 90min of grinding the KVP/20CNT sample has a 

particle-size distribution with two major peaks at 0.15 µm and 6.5 µm of 

equivalent volume proportion. After 120 min the KVP/20CNT sample is mainly 

composed of 100 nm particles. Relatively symmetric and narrow distribution 

curves were obtained for KVP, KVP/20rGO and KVP/20CNT after ball-milling 

which confirms a more homogeneous particle size distribution after grinding. 

A poly-dispersed distribution is obtained for KVP/10CNT+10rGO indicating 

inhomogeneous particle size distribution since the sample contains both large and 

small particles which could be due to the presence of two carbon types which leads 

to flattened 2D CNT/GO giving higher size. This result was confirmed by SEM 

micrographs (Figure IV-11g-j). The composite materials with rGO (KVP/20rGO 

and KVP/10CNT+10rGO) are constituted by two sorts of particles; small particles 

with rough sand irregular surface and shape and the second sort with higher 

particle size made of blocks with regular flat surface.  

The grinding process has a strong influence on the specific surface of the samples 

as shown in Figure IV-11f. All ground samples demonstrated a significant increase 

in the specific surface area. The KVP/20CNT sample shows the highest specific 

surface area of 127.9 m2/g, thanks to the presence of CNT and the marked decrease 

in the particle size. The carbon-free KVP sample shows the lowest specific surface 

area (21.4 m2/g) amongst the ground samples, which is still 10 times higher than 



184  
 
before grinding. The KVP/20rGO sample revealed also a tenfold increase of the 

specific surface after grinding (68.8 m2/g) and the mixed composite shows a 

specific surface area value between KVP/20CNT and KVP/20rGO with 98.5 m2/g. 

3.7. Influence of the ball milling process on the 

electrochemical properties of KVP and KVP/C 

The KVP material should deliver higher specific capacities after grinding thanks 

to smaller and homogeneous particle size of KVP. Galvanostatic tests were 

performed with a cycling rate of C/40 for the positive electrodes prepared from 

ground KVP and KVP/C within the voltage range 2.0-4.5 V as shown in Figure 

IV-12a. The ground KVP, KVP/20rGO, KVP/20CNT and KVP/10CNT+10rGO 

delivered reversible capacities of around 60, 50, 101 and 60 mAh/g, respectively. 

KVP and KVP/20CNT exhibited higher discharge capacities after grinding thanks 

to the decrease of their particle size and the increase of the specific surface area. 

However, the electrochemical performance of KVP/20rGO and 

KVP/10CNT+10rGO were lower than before grinding. Figure IV-12b presents 

rate performance and Figure IV-12c-f presents the galvanostatic charge–discharge 

voltage curves of the ground KVP and KVP/C positive electrodes obtained at 

various current densities from C/20 to 1C. The initial discharge capacities 

delivered by KVP, KVP/20rGO, KVP/20CNT and KVP/10CNT+10rGO are 53, 

21, 73 and 64 mAh/g, respectively. Similar to the result obtained at C/40, the 

sample with reduced graphene oxide after ball-milling shows the lowest capacity. 

In the case of KVP/20rGO the graphene layer breaks during the milling process 

resulting in heterogeneous carbon mixing with the KVP material; sluggish K+ ion 

diffusion and high charge-transfer resistance leading to low discharge capacities 

at different current densities. This effect has been evidenced by EIS analysis. The 

Nyquist plots of KVP/20rGO before and after grinding from 1 MHz to 10 mHz 

are displayed in Figure IV-13a. We can clearly see that the grinding step has 

deteriorated the rGO layer thus leading to a huge increase in the transfer charge 



K3V(PO4)2/C composites as novel cathode materials 185 
 
resistance. The RCT almost doubled from 99 Ω before grinding to 189 Ω after 

grinding, which is almost the same value compared to the pristine KVP electrode 

(Table IV-4). This result confirms that rGO layer on KVP particles was destroyed 

during the grinding step, which leads to inferior electrochemical performance of 

the KVP/GO composite material.  

 
Figure IV-12: (a) Evolution of charge and discharge capacity vs. cycle number 

of the ground KVP, KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO 
materials at room temperature at C/40. The voltage window explored was 

2.0-4.5 V. (b) Evolution of charge and discharge capacity vs. cycle number of 
the ground KVP, KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO materials 

cycled at C/20, C/10, C/5, 1C rates at room temperature. Charge/discharge 
curves of the first 3 cycles of (c) KVP, (d) KVP/20CNT, (e) KVP/20rGO and (f) 

KVP/10CNT+10rGO. 
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As the current density increases, the discharge capacity of the four electrodes 

decreases due to polarization and kinetic limitations (Figure IV-13b). The original 

delivered capacity of all samples is however restored when the cycling rate is 

reduced back to C/20, confirming the high structural stability of the KVP during 

the cycling even at high C-rate (1C). This result indicates that the capacity decay 

with increasing current density is induced by kinetic limitation. Indeed, the 

discharge capacity of KVP electrode decreases much faster than that of the other 

electrodes due to its low electronic conductivity resulting in the rapid decrease of 

the discharge and charge voltage plateaus with increase of the current density. 

The ground KVP/20CNT material exhibits the best discharge capacities and rate 

capability compared to ground KVP, KVP/10CNT+10rGO and KVP/20rGO. 

The ground KVP/20CNT electrode exhibits the best electrochemical performance 

which is due to the homogeneous particle-size distribution with small particles of 

about 100 nm. 

This induced an increase of the specific surface area (127.9 m2/g) as confirmed by 

BET measurements. Consequently, first the contact between the particle’s surface 

and the electrolyte is increased which creates more active surface material and 

leads to fast ion diffusion pathways. Secondly the conductive carbon nanotube 

network facilitates rapid electron transport during charge/discharge process which 

leads to improved electrochemical performance during cycling. Figure IV-13b 

presents the cycling performance of ground KVP/20CNT electrode at a cycling 

rate of C/10 over 70 cycles. The initial specific discharge capacity was 80 mAh/g 

with a capacity retention of 82% and a corresponding coulombic efficiency of 

96%. The galvanostatic results clearly showed that the ground KVP/20CNT 

positive electrode material exhibited good cyclability.  

Cyclic voltammetry (CV) can be used to study the kinetics of the electrochemical 

reactions in the electrode material and the diffusion of K+ ions. The CV tests were 

performed at different scan rates (0.1 to 0.5 mV/s) for KVP, KVP-ground, 

KVP/20CNT and KVP/20CNT-ground (Figure IV-13c). For pure KVP, no redox 
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peaks are observed which is in agreement with the poor electrochemical 

performance obtained for this cathode material. For the KVP-ground and 

KVP/CNT, low intensity oxidation and reduction peaks are observed. When the 

addition of carbon and the grinding of the material are combined, intense redox 

peaks are observed. This result confirms the superior performance achieved for 

the KVP/20CNT-ground sample. To study and compare the reaction kinetics of 

these materials, we plotted the current of the redox peaks versus the square root 

of the scan rate (v1/2), these parameters have a linear relationship (Figure IV-13d). 

This indicates that the diffusion process is controlled by insertion/disinsertion of 

potassium for each electrode material. This relationship can be described by 

Randles-Sevcik equation [49-51]: 

Ip = (2.69E+5) n3/2 A (DK+)½ CK+ v½ 

where Ip is the peak current, n is the number of electrons, A is the effective surface 

area, DK+ is the diffusion coefficient of potassium ion and CK+ is the maximum 

concentration of K+ ion in the electrode during electrochemical analysis.  

Table IV-5: Slope of the linear fit curve from the graph of the evolution of current peaks 
intensity versus the square root of the scan rate. 

Samples Ox(Ω) Red(Ω) 

KVP-Ground 0.00101 / 

KVP/20CNT 0.00098 -0.00056 

KVP/20CNT-Ground 0.00202 -0.0051 

The slope of the curves is reported in Table IV-5. As it can be observed the slope 

of oxidation current for both KVP-ground and KVP/20CNT electrodes are similar, 

contrary to the slope of the oxidation current in KVP/20CNT-ground electrode 

which is twice higher. As the number of electrons and the concentration are 

equivalent for these electrode materials, and that the diffusion of K+ takes place 

through the same crystallographic structure for each sample (similar for each 

electrode), the difference between the current values is mainly related to the 

effective surface area between electrode and electrolyte. For KVP-ground and 
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KVP-20CNT, as almost the same slope is obtained for the evolution of Ip current, 

we can assume that the effect of the grinding of KVP and the presence of CNT in 

the spherical particles lead to almost the same active surface area between 

electrode and electrolyte. In the case of KVP/20CNT-ground, the grinding step 

and the addition of CNT have a cumulative effect on the increase of active surface 

area since the slope is twice higher for cathodic current and even ten times higher 

for the anodic current. This increase of active surface area is the main reason 

behind the superior electrochemical performance confirmed by the galvanostatic 

cycling results.  

 
Figure IV-13: (a) Nyquist plot for impedance measurements of KVP/20rGO and 

KVP/20rGO-ground electrodes materials at Open Circuit Voltage (OCV).  
(b) Evolution of discharge capacity and the coulombic efficiency vs. cycle 
number of the grinded KVP/20CNT material cycled at C/10 rate at room 

temperature, the explored voltage window was 2.0–4.5 V.  
(c) Cyclic voltammogram of KVP/20CNT-ground recorded at scan rate between 
0.1 and 0.5 mV/s. (d) Evolution of the peak current versus the square root of the 

scan rate for KVP/20CNT-ground. 
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4. Conclusions 

K3V(PO4)2 (KVP) and K3V(PO4)2/C (KVP/C) pure materials have been 

successfully prepared by spray-drying followed by a heat treatment at 650°C 

during 8 h under argon atmosphere. The as-obtained KVP compound exhibits low 

electrochemical performance due to low electronic conductivity associated to the 

anionic structure and also due to the large particle size and low specific surface of 

the spherical KVP particles, which limit the K+ ions insertion reaction kinetics 

during cycling.  

The in situ addition of conductive carbon during spray-drying synthesis of KVP/C 

composite particles results in a large improvement of the specific capacity and 

enhanced capacity retention upon cycling. Indeed, the specific capacity obtained 

for KVP/20CNT and KVP/20rGO are doubled and tripled at C/40 compared to 

the original KVP electrode material. Grinding of the KVP and KVP/C particles 

induces an amorphization of the phase with significant reduction of the particle 

size and a homogeneous particle size distribution except for KVP/20rGO. 

The grinding step was actually found to be harmful for the two composites with 

rGO because the graphene layers that surround the KVP particles are broken. 

On the contrary, the KVP/20CNT composite electrode shows excellent 

electrochemical performance after ball-milling leading to high discharge capacity 

(101 mAh/g at C/40) and excellent capacity retention even at higher C-rates 

(C/20 to 1C). 
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Abstract:  
Polyanionic compounds have proven their promise as efficient battery materials 

thanks to their structural and thermal stability and outstanding electrochemical 

performance. As previously mentioned, phosphate-based compounds are the most 

promising materials in this category. In the previous chapter, we presented the 

synthesis of K3V(PO4)2 compound and its electrochemical performance as new 

active cathode material for K-ion batteries. Despite its promising performance, 

another concern has been raised: developing new materials that avoid the use of 

lithium is one issue, but developing materials based on either toxic or expensive 

transition metals is also not ideal. In this regard, using vanadium should be 

reconsidered due to its criticality (price and toxicity). In this chapter, we are 

aiming to investigate the substitution of vanadium by iron to prepare new 

eco-friendly and low-critical raw material cathode materials. A simple 

replacement of V by Fe leads to the K3Fe(PO4)2 material. In addition, we will 

investigate another material with different stoichiometry, namely K3Fe2(PO4)3 to 

maximize the theoretical capacity and thus the energy density. In this chapter, we 

present a preliminary study of both cathode materials for K-ion batteries mainly 

focused on the optimization of their synthesis to enhance the electrochemical 

performance. Both materials are obtained successfully after spray-drying and 

calcination at 600°C for 10 h. The materials cannot be obtained under argon 

preventing us from forming composite materials with carbon. Different strategies 

have been tried to improve the electrochemical performance such as: diminution 

of particle size, change of iron precursors, and addition of ex situ carbon 

nanotubes. These strategies allowed us to obtain good initial discharge capacities 

of 70 mAh/g for KFP2 and 100 mAh/g for KFP3.  
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1. Introduction 

Currently, there are only four known compounds that belong to the pseudo-ternary 

systems K2O-Fe2O3-P2O5, which are phosphates K3Fe2(PO4)3 [1], K3Fe(PO4)2 [2], 

K3Fe5(PO4)6 [3] and the oxy-phosphates K11Fe15(PO4)18O [4]. Those compounds 

have been synthesized using the solid-state reaction [1] or flux method [2–4]. 

Here, we propose an aqueous method to synthesize two of these compounds using 

spray-drying technique.  

K3Fe(PO4)2 has been reported for the first time by Lajmi et al., in 2008 [2]. 

It crystallizes in the monoclinic system with space group P21/n (a = 9.598(3) Å, 

b = 11.086(2) Å, c = 15.462(3) Å, β = 90.30(2)°). Figure V-1 presents the crystal 

lattice of this compound. It consists of isolated FeO6 octahedra connected to each 

other by the phosphate tetrahedra units by sharing corners and edges. The structure 

can be simply described using [Fe2P4O17] chains. Each Fe octahedron is connected 

to five phosphate tetrahedra sharing apices with four of them and one edge with 

the last one. These chains are connected via common corners, each tetrahedron of 

a first chain is associated with one octahedron of the neighboring chains. This led 

to the formation of the three-dimensional skeleton and the appearance of crossing 

tunnels where the K-ions are located. This means that there is a possibility for 

movement of these ions in the 3D frameworks and as a result illustrate the 

potential for electrochemical reactivity. Although this material has never been 

reported as cathode for batteries, it has a theoretical capacity of 74 mAh/g as 

cathode material for K-ion batteries.  
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Figure V-1: Crystal structure of K3Fe(PO4)2 projection along a axis(left),  

b axis (middle), and c axis (right). 

The second compound that attracted our attention that we explore in this chapter 

is K3Fe2(PO4)3 (KFP3), Indeed, this material has the advantage of having 2 iron 

atoms per formula leading to a higher theoretical capacity of 104 mAh/g as 

cathode material for K-ion batteries. KFP3 has been first reported in 1983 by 

Pintard-Screpel and D’Yvoire, as a monocrystal prepared using a 

grinding-assisted solid-state method [1]. The 3D structure of the crystal lattice is 

presented in Figure V-2a. This compound also crystallizes in a monoclinic system 

with a space group C2/c (a =16.303 (2) Å, b=9.463(1) Å, c= 16.691(2) Å, 

β = 118.39(1)°). KFP3 structure is constituted of PO4 tetrahedra, FeO6 octahedra, 

and FeO5 polyhedra. This skeleton can be described as a succession of planes 

made of the polyhedra FeO5 sharing apex with PO4 tetrahedra. These blocks are 

connected to each other by FeO6 octahedra. PO4 tetrahedra and FeO6 octahedra 

create layers with a high density of oxygen and potassium ions are intercalated 

between those layers.  

The rigid structure made by the atoms of P, Fe and O have then an interstitial 

space that can be described as a three-dimensional channel network where 

potassium ions are located and can move during the electrochemical reaction. 

Figure V-2b presents two possible displacement channels of the potassium ion 

inside the structure.  
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Figure V-2: (a) Crystal structure of K3Fe2(PO4)3 (projection along b axis on 

left). (b) Possible displacement of the K+ ions inside the KFP3 structure 

projection on (010) reproduced from [1].  

Even if these compounds have, for now, never been reported in the literature as 

active electrode material for rechargeable batteries, the good electrochemical 

performance of their equivalents with Na or Li as electrode material for Li-ion and 

Na-ion batteries has already been reported [5–8]. For example, Li3Fe2(PO4)3 has 

a NASICON (sodium (Na) Super Ionic CONductor) type structure, and 

Li3+xFe2(PO4)3 demonstrates excellent electrochemical performance in the voltage 

window 2.0 V-3.5 V for 0<x<1.8 with a specific capacity of about 115 mAh/g at 

C/10 and thus an energy density of more than 320 Wh/kg in Li-ion batteries [5]. 

In Na-ion batteries, similar result has been obtained for the Na equivalent by 
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delivering a specific capacity of 100 mAh/g and excellent stability upon cycling 

with more than 60 mAh/g after 1100 cycles at high current density [6]. In the case 

of KFP2 no analogy with Na has been found but a similar compound Na3V(PO4)2 

has already been reported by Kim et al., in 2018 that delivers a capacity of 

90 mAh/g at C/5 (99% of the theoretical capacity) [9]. All the previous studies 

prove the interest in investigating these compounds as cathode for K-ion batteries. 

For all the materials, the same approach is followed: first start with a discharge 

process to insert extra Na or Li in the material, this is due to the initial oxidation 

state of the iron in the compounds which is in Fe3+ state. In fact, there are two 

possibilities: first possibility is to start by a charge that leads to the oxidation of 

Fe3+ to Fe4+ [8], however, this is not facilitated using a conventional electrolyte, 

or second approach to start by a discharge process and insert additional alkali-ion 

inside the structure which leads to reduction of Fe3+ to Fe2+. This second approach 

has been chosen and explored in our work. The limitations of phosphate-based 

compounds as electrode materials have been already explained in previous 

chapters. Indeed, they exhibit poor conductivity, thus the same strategies reported 

in the previous chapters were used to enhance the performance of the investigated 

materials in this chapter i.e. diminution of particle size and addition of conductive 

carbon. The thermal behavior and decomposition of the spray-dried precursors 

were analyzed using TGA/DSC technique. The structural and morphological 

properties of the prepared materials were systematically investigated by 

combining XRD, 57Fe Mössbauer spectroscopy, SEM, BET, and laser 

granulometry characterization techniques. The electrochemical performances 

were evaluated in half-cells by galvanostatic techniques and cyclic voltammetry.  
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2. Experimental 

2.1. Synthesis of K3Fe(PO4)2 and K3Fe2(PO4)3 

materials 

K3Fe(PO4)2 (KFP2) and K3Fe2(PO4)3 (KFP3) materials were prepared by spray–

drying process.  

For KFP2, iron(III) citrate, ammonium dihydrogen phosphate, (without and with 

citric acid, and ascorbic acid) in molar ratio 1/3/1/1 were dissolved in milliQ water 

(18.2 MΩ.cm-1) at room temperature by magnetic stirring. The stoichiometric 

amount of potassium hydroxide is then added, and the solution is heated to 90°C 

for 1 h. The influence of the addition of the complexing agents (citric acid and 

ascorbic acid) has been investigated. The same strategy is used for the synthesis 

of KFP3 using the stoichiometric amounts of the same precursors used for KFP2. 

In addition, different iron precursors have been used for the synthesis of KFP3. 

In this case, iron (III) citrate has been used instead of iron (III) nitrate or iron (III) 

acetylacetonate respecting the same ratio and following the same synthesis 

protocol. 

In both compositions, after cooling down to room temperature, the obtained 

solutions are injected in a semi-industrial spray-dryer (GEA-Niro Mobile Minor) 

using a bi-fluid nozzle injection mode. Spray drying was carried out under an air 

pressure of 1 bar with a 25 ml/min feed rate, an inlet temperature of 170°C, and 

an outlet temperature of 100 ± 1°C. The collected powder was then heat treated to 

obtain the crystallized compound. The spray-dried powders were submitted to 

heat treatment at different temperatures and durations under argon or air 

atmosphere with a heating rate of 150°C/h. The obtained powders have been 

ball-milled at 375 rpm using a planetary mill (Retsch PM400/2, alternate rotation 

mode) with zirconia grinding jars containing 0.5 mm diameter zirconia balls 
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(50 g of balls for 2 g of powders) and 25 ml isopropanol during different durations 

from 30 to 90 minutes (intervals of 30 min) followed by drying at 70°C for 24 h. 

2.2. Thermal, structural, and morphological 

characterizations 

To optimize the synthesis process of the KFP3 material, the thermal behavior of 

the spray-dried KFP3 powders was analyzed by thermogravimetric analysis 

(TGA) using a Q100 system from TA instruments. About 10 mg of each sample 

was placed in an alumina crucible and heated under argon from room temperature 

to 1000°C at a heating rate of 20 K/min to yield the onset decomposition 

temperature.  

X-ray diffraction (XRD) was carried out to identify and verify the purity of the 

obtained phases over the 2Theta range from 9° to 50° with a Bruker D8 

Twin-Twin powder diffractometer using Cu Kα radiation. 57Fe transmission 

Mӧssbauer spectra were recorded at room temperature in the ± 4 mm/s and ± 12 

mm/s velocity range with a constant-acceleration spectrometer and a 57Co(Rh) 

source. The Mössbauer absorbers were prepared with 40 mg/cm2 of KFP3 mixed 

with boron nitride. The spectrometer was calibrated at room temperature with the 

magnetically split sextet spectrum of a high-purity α-Fe foil as the reference for 

isomer shifts. The spectral parameters such as isomer shift (δ), quadrupole 

splitting (ΔEq), hyperfine field, linewidth (Γ), and relative resonance areas (A) of 

the different spectral components were determined with Lorentzian curves using 

the Fullham program. The validity of fits was judged based on minimizing the 

number of parameters and 𝜒2 values.  

The microstructures of the KFPx materials were examined using a scanning 

electron microscope FEG-SEM (XL 30, FEI) operated at 15 kV. Specific surface 

area and texture properties, including analysis of porosity for all the samples 

(KFPx), were determined by measuring nitrogen (N2) adsorption-desorption 
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isotherms with a Micromeritics ASAP 2020 Plus system. Samples were degassed 

at 150°C for 6 h before analysis. 

The evolution of the particle size distribution of the powders during ball-milling 

was followed by laser granulometry using a Mastersizer 2000 Malvern system. 

2.3. Electrochemical characterizations 

KFPx powders were tested as cathode materials for K-ions batteries in 

two-electrode coin cells. The electrodes were prepared by mixing KFPx powders 

as active materials with carbon black as an electronic conductor, carbon nanotube 

suspension in n-methyl pyrrolidinone (NMP) to enhance the electronic 

conductivity, and polyvinylidene fluoride (PVDF) as the binder in weight ratio 

6/1/2/1 in NMP. The resulting slurry is mixed in 50 mL zirconia jars with 

10 zirconia balls (5 mm) at 200 rpm for 1 h. The slurry is then tape-casted on a 

25 µm thick aluminum foil as the current collector by Doctor blade method and 

then dried at 110°C under vacuum for 12 h. Electrodes were cut into 15 mm 

diameter discs with active mass loading of approximately 1-2 mg. Coin cells were 

assembled in an argon-filled glove box using a glass microfiber paper (Whatman 

GF/A) as separator, 0.8 M KPF6 +10wt% of fluoroethylene carbonate (FEC) 

dissolved in propylene carbonate (PC) as the electrolyte, and potassium foil as the 

counter and reference electrodes. All cells were tested within a fixed voltage 

window, between 1.0 and 4.5 V vs. K+/K, under galvanostatic conditions at 

different current density rates: C/40-1C (1C corresponds to the 

extraction/insertion current of 1 K/KFPx in 1 h). All electrochemical tests were 

carried out at room temperature using a Neware BTS4000 Electrochemical Test 

System. The cyclic voltammetry tests were performed in two-electrode coin cells 

(with the same electrode preparation method as explained before) at scan rates of 

0.1 mV/s. The test was conducted using a VMP3 Bio-Logic potentiostat. 
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3. Results and discussions:  

3.1. Synthesis and characterization of K3Fe(PO4)2 

The obtained powders after the spray drying and calcination steps were 

characterized by X-ray diffraction technique to analyze the composition and 

crystallinity. Two different compositions are prepared during the synthesis of 

spray-dried KFP2. The first one has no complexing agent (KFP2) and the other one 

has citric acid and ascorbic acid mixed in the precursors' powders (KFP2a). 

The calcination of these two powders has been performed at 600°C for 10 h with 

a heating ramp of 150°C/h under air. To transform the acid additive into 

conductive carbon, heat treatment under argon was performed by applying the 

same calcination parameters. XRD patterns of the obtained powders are illustrated 

in Figure V-3.  

 
Figure V-3: XRD patterns of spray-dried K3Fe(PO4)2 after calcination at 600°C 

for 10 h under argon or in air. 
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The calcination of both KFP2 and KFP2a under air at 600°C for 10 h leads to the 

formation of the pure and crystalline K3Fe(PO4)2 phase. It means that the 

complexing agents are not essential to stabilize the solution before the spray 

drying step and to obtain the targeted material. There is no noticeable difference 

between the two diffractograms as the complexing agents are completely 

transformed into CO2 in the calcination step. Regarding the heat treatment under 

argon, a significant amorphous phase was detected for KFP2 phase, as well as for 

KFP2a with lower crystallinity. Unfortunately, the crystalline phase mainly 

corresponds to KPO3 and K4P2O7. There is no peak that can be attributed to an 

iron-containing phase. This result suggests that the formation of crystalline and 

pure KFP2 material requires calcination under an oxygen atmosphere meaning that 

the addition of carbon in the precursors solution before spray drying will not lead 

to the formation of the desired composite material (calcination under argon) or 

will be eliminated during the annealing step (calcination under oxygen). However, 

we should highlight that this is the first time that this phase is obtained with a 

simple method (spray drying), and the only reported method up until now, is a 

flux method [2].  

Knowing that the main drawback of phosphate compounds is related to their poor 

electronic conductivity, the synthesis of composite material has been tried by 

spray drying with addition of carbon nanotubes (CNT) in the precursors' solution. 

The obtained spray-dried powders have been annealed in different conditions. For 

each sample, the calcination at 600°C under air was conducted for only 60 min to 

avoid a complete degradation of the CNT, as well as a heat treatment carried out 

under argon at 600°C for 10 h. The XRD patterns of the calcined powders are 

presented in Figure V-4.  
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Figure V-4: XRD patterns of KFP2/CNT with or without complexing agent 

samples obtained after calcination under air at 600°C for 1 h or under argon 

at 600°C for 10 h. 

As evidenced in Figure V-4, the treatment for 1 h at 600°C is insufficient to 

crystallize the powders as no peak is observed except a bump between 25° and 

35° 2Theta that can be attributed to the carbon. Regarding the heat treatment under 

argon, the obtained phase cannot be attributed to the KFP2 phase and the XRD 

peaks are mainly attributed to iron pyrophosphate Fe2(P2O7) meaning that the iron 

is reduced by the carbothermal reaction from Fe3+ to Fe2+. This confirms the 

previous observation that the KFP2 phase can only be obtained under oxygen 

containing atmosphere with a long heat treatment (10 h). Additionally, this result 

confirms that the KFP2/Carbon composite material was not obtained. Thus, the 

prepared KFP2 powder under air at 600°C 10 h with high purity and good 
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crystallinity is further investigated by scanning electron microscopy (See Figure 

V-5). 

 

Figure V-5: Scanning electron micrographs of KFP2 and KFP2a before and 

after calcination at 600°C-10 h under air. 

After the spray drying step, spherical particles were obtained which is a common 

shape of spray-dried powders. No difference is observed between the two samples 

with or without complexing agents. After the calcination step of 600°C for 10 h 

under air, the spherical morphology is completely modified. The primary particles 

are no more distinguishable and only large agglomerates are formed after the 

calcination. This result may be explained by a partial fusion of the sample at this 

temperature that induces the noticed modification in the morphology. To solve 

this issue, a grinding step of 90 min is performed for both samples, the evolution 

of the particle size distribution after the grinding was analyzed by laser 

granulometry particle size analyzer and the corresponding curves registered 

before and after the grinding process are presented in Figure V-6.  
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Figure V-6: Comparison of particle size of KFP2 powders with or without 

complexing agent before and after grinding. 

Before grinding, both materials present a huge average particle size (D50) of about 

130 μm. Indeed, KFP2 and KFP2a powders have a broad and multimodal particle 

size distribution from 10 to 1000 μm that is not influenced by the addition of the 

complexing agent. After grinding, the particle size is greatly reduced, and the 

average particle size is now 0.4 μm. Nevertheless, the particle size distribution is 

not narrow and monomodal. In this case, the addition of complexing agents has a 

small influence as the average particle size with complexing agents after grinding 

is lower. This may be explained by the decomposition of the complexing agent 

during the calcination which creates more porosity and leads to a more friable 

powder. The high reduction of particle size after the grinding process leads to an 

increase in the specific surface area which allows better contact with the 
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electrolyte in the battery. All these features are very suitable to enhance the 

electrochemical performance, especially at high current densities. Indeed, the 

reduction in particle size leads to a faster K+ ions transport thanks to a shorter 

diffusion pathways. 

To check the influence of different preparations of KFP2 powders, without and 

with complexing agents and ground powders, a series of electrochemical 

characterizations were performed. The electrodes were tested by galvanostatic 

cycling at C/10 in the voltage window of 1.5-4.0 V vs. K+/K for K-ion batteries. 

The evolution of the discharge capacity with cycle number of these KFP2 powders 

is presented in Figure V-7.  

 
Figure V-7: Evolution of the specific capacity with cycle number at C/10 in the 

voltage window of 1.5-4.0 V vs. K+/K for of KFP2 cathode material for K-ion 

batteries. 
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As shown in Figure V-7, a significant difference is observed when the complexing 

agents are added during the synthesis. The specific capacity of powders in the 

presence of acids is almost three times (70 mAh/g, almost the theoretical capacity: 

74 mAh/g) higher than those without acids (20 mAh/g).  

A rather surprising result is the absence of marked enhancement between the 

ground and unground powders. As seen in the previous chapter, electrochemical 

performance improvement was expected after grinding. However, the ground 

powder has lower electrochemical performance. This can be related to the high 

irreversibility occurring during the first cycle. The irreversibility of the unground 

powder is much lower. This irreversibility may be due to electrolyte degradation 

or secondary reactions taking place in the cell. The improvement of the electronic 

conductivity of this cathode material would lead to the enhancement of its 

electrochemical performance. However, the low theoretical capacity of the KFP2 

material (74 mAh/g) does not make it a candidate of choice for commercial 

batteries. To conclude this section, the K3Fe(PO4)2 phase is obtained for the first 

time by spray drying followed by calcination and additionally its application as 

cathode material for K-ion batteries is tested and presented for the first time. 

In the next section, we mainly focus on K3Fe2(PO4)3 cathode material which has 

a higher theoretical capacity of (104 mAh/g) thanks to the presence of two iron 

atoms allowing the insertion/extraction of 2 K+ while keeping the advantages of 

being an eco-friendly and low-cost electrode material.  

3.2. Synthesis and characterization of K3Fe2(PO4)3 

The synthesis protocol of this compound is the same as for KFP2. A precursor 

solution with iron citrate, potassium hydroxide, ammonium dihydrogen 

phosphate, ascorbic acid, and citric acid in 2/3/3/1/1 molar ratio is made in milliQ 

water. Similar to KFP2, two samples have been prepared with or without 

complexing agents for KFP3. The same spray drying parameters were used.  
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Thermogravimetric analysis has been used to evaluate the thermal behavior and 

the effects of heat treatment on material degradation and crystallization. 

The variation of the sample mass when heating up from room temperature to 

1000°C has been followed to find the optimal synthesis temperature to form the 

KFP3 phase.  

 
Figure V-8: TGA profile and its derivative curve for the spray-dried precursor 

of the KFP3-cit powders (a) without or (b) with complexing agents. 

TGA and derivative curves for the spray-dried precursors powders are presented 

in Figure V-8. The first mass loss observed for both samples is around 90°C and 

can be attributed to the loss of residual water. The main loss occurs between 200°C 

and 550°C, corresponding to the degradation of the different precursors. For the 

sample with complexing agents, an additional phenomenon is observed at 730°C 

that could be linked to partial degradation of the KFP3 phase or degradation of the 

complexing agents. Nevertheless, this last assumption has a low probability as the 

measurement has been performed under air and both citric acid and ascorbic acid 

are completely degraded at this temperature. For this reason, the temperature of 
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600°C is conserved for the calcination of both powders. To verify the composition 

of the calcined powders, XRD measurements were conducted and the XRD 

patterns of these powders are presented in Figure V-9. 

 
Figure V-9: XRD diffractograms of the KFP3-cit powders with or without 

complexing agent obtained after heat treatment at 600°C 10 h under air. 

The XRD patterns confirm that the desired pure phases in both cases were 

obtained. The KFP3-cit sample seems to be slightly less crystalline than the 

KFP3a-cit samples as the peaks are broader. Nevertheless, all the peaks can be 

attributed to the KFP3 phase meaning that no crystallized impurities are detected 

in the sample. To further investigated the purity, oxidation state and local 

environment of iron in these samples, 57Fe Mossbauer analysis has been 

performed on both samples.  
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Figure V-10: 57Fe Mössbauer spectrum of the (a) KFP3-cit and (b) KFP3a-cit 

samples after calcination at 600°C for 10 h in air. (c),(d) corresponding 
57Fe Mössbauer hyperfine parameters for KFP3-cit and KFP3a-cit. 

The room temperature 57Fe Mössbauer spectra of both KFP3-cit and KFP3a-cit 

materials after calcination at 600°C under air are presented in Figure V-10, and 

their corresponding hyperfine parameters are summarized in the tables in Figure 

V-10c, d. Mössbauer spectroscopy measurements at room temperature show the 

paramagnetic behavior of the prepared compounds. The spectra have a similar 

profile and consist of two asymmetric doublets. These spectra are quite different 

from their Li and Na analogous materials Li3Fe2(PO4)3 and Na3Fe2(PO4)3 where 

only a single doublet is observed [10,11]. This is due a high symmetry of 

NASICON-type rhombohedral structure compared to KFP3 that crystalizes in 

monoclinic type structure. For KFP3-cit materials a good fit has been obtained 

using three components; Fe(III)a, Fe(III)b and Fe(III)c. The three components 

have an isomer shift typical of Fe(III) high spin of 0.29, 0.42 and 0.37 mm/s, 

respectively. The quadrupole splitting of the two first components is slightly 
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different showing the two different environments of the iron in the octahedral site 

(0.61 mm/s and 0.48 mm/s). The last component has a huge quadrupole splitting 

(1.16 mm/s) meaning a highly distorted local environment of the iron. This is in 

good agreement with the crystal structure of the KFP3-cit material as some iron 

octahedra are described as highly distorted and also not all the iron sites are 

octahedral since the structure is also formed with FeO5 site [1]. The value of full 

width at half maximum (FWMH) confirms the good crystallinity state of the 

material. Regarding the KFP3a-cit samples, Mössbauer spectra was fitted using 

the same components used in the case of KFP3-cit with three Fe(III) component 

with an isomer shift of 0.26, 0.43 and 0.36 mm/s and a quadrupole splitting of 

0.62, 0.38, and 1.14 mm/s respectively showing the same iron environment than 

the KFP3-cit sample. A last magnetic component has also been detected 

corresponding to only 6% of surface area. This component exhibits an isomer shift 

of 0.36 mm/s and magnetic hyperfine field Bhf = μ0Hhf =51 T and thus can be 

attributed to 𝛾-Fe2O3. This low impurity can be attributed to partial oxidation of 

the iron during the calcination step. 

Figure V-11 presents the SEM images of the obtained KFP3-cit and KFP3a-cit 

particles before and after calcination. Similar to KFP2 material, a spherical 

morphology is obtained after spray drying which was expected. After calcination, 

the morphology is completely different but contrary to the KFP2, the observed 

morphology change seems to result from a breaking of the spheres more than a 

fusion of the sample. With the addition of complexing agents, the particles after 

calcination are no longer spherical and the obtained agglomerate seems to be less 

dense and agglomerated than for KFP2 samples.  
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Figure V-11: SEM micrographs of spray-dried KFP3-cit and KFP3a-cit with 

complexing agents before and after calcination. 

To determine the electrochemical properties of KFP3-cit and KFP3a-cit, 

K half-cells were assembled and tested at 25°C. Figure V-12a shows a cyclic 

voltammetry curve with a scan rate of 0.1 mV/s of the KFP3-cit cathode material 

and Figure V-12b shows the evolution of the specific capacity upon cycling of the 

KFP3-cit and KFP3a-cit cathode material after calcination under air at 600C° for 

10 h. 
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Figure V-12: (a) Cyclic voltammogram of KFP3-cit materials with a scan rate of 

0.1 mV/s between 1.0V and 4.5 V vs. K+/K. (b) Evolution of the discharge 

capacity with cycle number of the KFP3-cit and KFP3a-cit cathode material at 

C/20 cycling rate between 1 V and 4 V.  

As shown in Figure V-12a, only one broad peak of oxidation is observed around 

2.75 V. On the reduction side, there are no well-defined peaks observed but a 

bump can be distinguished around 1.75 V. Figure V-12b presents the evolution of 

the discharge capacity with cycle number at C/20. Regarding the cycling 

performance (Figure V-12b), similar behavior is observed for both compounds. 

The initial obtained discharge capacities are: 95 mAh/g for KFP3a-cit and 

60 mAh/g for KFP3-cit that decreases upon subsequent cycling. After 6 cycles, the 

obtained capacity stabilizes at around 35-40 mAh/g for both samples which is still 

far from the theoretical capacity of 104 mAh/g. This low capacity can be 

explained by a low conductivity of the active material and also by large 

agglomerated particles after calcination as observed by SEM (Figure V-11).  

To enhance the electrochemical performance through improving the electronic 

conductivity of the cathode material, KFP3a-cit/CNT composite materials were 

synthesized. The same synthesis protocol is used except that 20wt% of CNT is 

added to the precursor solution before the spray drying step. As mentioned earlier, 

we encounter some issues when calcination under argon is performed. This has 
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been evidenced in the KFP2 sample, as such a TGA analysis was first performed 

under an argon atmosphere to analyze the thermal behavior of our samples.  

 
Figure V-13: TGA profile and its derivative curve for the spray-dried precursor 

of the KFP3-cit powders (a) without or (b)with the complexing agent under 

argon atmosphere.  

As shown in Figure V-13, both samples have a similar profile for mass loss. 

The first loss is due to water loss at around 100°C. The main loss is situated 

between 175°C and 400°C and corresponds to the degradation of the precursors, 

an additional loss that can be attributed to the same phenomenon occurring around 

450°C [12]. The mass loss is negligible till 850°C and the final loss is present is 

attributed to partial degradation of CNT. According to the TGA analysis, also the 

temperature of 600°C should be suitable to obtain the desired phase under argon. 

The profile of thermal behavior is the same for both materials, the presence of a 

complexing agent should not induce any difference between the samples. 

Several temperatures have been tried from 600°C to 900°C and the XRD patterns 
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for the KFP3-cit without complexing agents are presented and compared in Figure 

V-14.  

 
Figure V-14: XRD patterns of KFP3-cit annealed under argon for 10 h at 

different temperatures. 

Unfortunately, none of the annealing steps under argon has led to the formation 

of the desired phase. At 600°C, the obtained sample is completely amorphous, and 

no information can be extracted from the XRD analysis. At 700°C and 800°C, 

the same XRD patterns are observed where we observe the formation of FePO4 

and KPO3, while the KFP3 phase is absent. The sample annealed at 900°C is well 

crystallized, however, the obtained phase is Fe2P and not KFP3. As such, 

calcination under air is required also in the case of KFP3.  

The best strategy to enhance the electrochemical performance of the sample is to 

reduce the particle size by grinding and the ex situ addition of conductive carbon. 
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Thus, ball-milling has been performed on the calcinated sample with an addition 

of 20wt% of CNT during this grinding step.  

As expected from the SEM micrographs, the particle size is quite large before the 

grinding (Figure V-15a). Both samples are mainly composed of secondary 

particles of more than 100 µm in size. The particle size for the KFP3a-cit sample 

is higher as almost all the particles have a size of more than 10 µm while the 

KFP3-cit sample has particles below 10 µm and a higher intensity of submicronic 

peak. The observations for the ground samples are completely different, indeed 

grinding during 90min seems to be quite efficient to reduce the particle size. 

For the KFP3a-cit -ground sample, all the particles now have a size below 5 µm 

and the mean particle size of 250 nm is achieved. Regarding the sample, without 

complexing agent addition, the distribution of particle size is a bit different. 

Two peaks of equivalent intensity are observed one that is centered around particle 

size of 250 nm and the other one that has a mean size of 3 µm. This means that 

the ball-milling would have benefited from a longer duration to reduce the size of 

the particles more homogeneously. This also means, as already observed for the 

KFP2 powder that the grinding is more efficient on the samples with complexing 

agent addition and so that these samples are more friable. As the grinding can also 

affect the crystallinity of the sample, the duration has been limited to 90 min. 

The SEM images related to the grinding of KFP3a-cit are presented in Figure 

V-15c and confirm that the grinding has effectively reduced the size of the 

secondary particles but that some larger particles still remain. 

The influence of the grinding step on the electrochemical performance of the 

material was investigated. The evolution of the discharge capacity with the cycle 

number is presented in Figure V-16.  

The diminution of the particle size leads to an enhancement of the delivered 

capacity for both materials. KFP3a-cit and KFP3a-cit -ground cathode materials 

deliver nearly identical capacities of 90 and 95 mAh/g, respectively. However, a 

capacity fading is observed, and the capacity value stabilizes at 56 mAh/g after 
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10 cycles while the capacity without grinding is only 30 mAh/g for KFP3a-cit and 

25 mAh/g for KFP3-cit. The capacity fading is still too important as the initial 

capacity of KFP3a and KFP3a-ground is about 90 mAh/g (90% of the theoretical 

capacity). This also means that the grinding is not efficient enough and that the 

conductivity of the material is still too low to allow a good electrochemical 

performance. Additionally, since the addition of CNT inside the particle before 

spray drying has not led to the formation of the desired phase, the electronic 

conductivity must be enhanced by exploring other strategies. 

 

Figure V-15: (a) Particle size distribution of KFP3-cit and KFP3a-cit samples 

before and after grinding (90 min). SEM micrographies of ground powders of 

(a) KFP3-cit and (b) KFP3a-cit. 
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Figure V-16: Evolution of the discharge capacity with cycle number of KFP3-cit 

and KFP3a-cit materials before and after grinding at C/20 in 

the window voltage of 1.0-4.0 V vs. K+/K. 

3.3. Influence of the iron precursor on the 
synthesis and electrochemical performance of 

KFP3 material.  

To enhance the capacity and avoid the capacity fading observed in the last section, 

another strategy has been developed. New iron precursors have been used to form 

the solution of precursor before the spray drying step. We have tested 2 new 

precursors: iron(III) acetylacetonate and iron (III) nitrate with the same synthesis 

process as before. In addition, the influence of complexing agents on the synthesis 
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is studied. All the spray-dried materials were calcinated at 600°C for 10 h in air. 

XRD patterns of the different obtained materials are presented in Figure V-17.  

 
Figure V-17: XRD patterns of KFP3 with different iron precursors (a) without 

and (b) with complexing agents. 

As shown in Figure V-17, all of the obtained powders of KFP3-cit, KFP3-acac 

(with iron(III) acetylacetonate) and KFP3-nit (with iron (III) nitrate) contain the 
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desired K3Fe2(PO4)3 phase as the main phase with the diffraction pattern 

corresponds to this material. This result proves the robustness of the synthesis 

method. In addition, the crystallite size calculated by the Scherrer formula reveals 

a similar value for all the samples which is around 66 nm based on the isolate 

(-2,2,2) peak. No significant difference is found between the samples with and 

without complexing agents, but the crystallite size is slightly higher for the KFP3a 

sample with a mean value of 70 nm. The morphology of the obtained materials 

(Figure V-18) are investigated by SEM. After spray drying, the particles are 

spherical and have an average particle size of 5 µm, similar to the results with 

other iron precursors. KFP3-nit seems to have slightly lower particle sizes, 

especially with the addition of complexing agents. KFP3-acac has a more peculiar 

morphology, the obtained spheres seem to be an agglomeration of smaller 

particles. This particular shape is not conserved after the calcination step as for 

the citrate-based KFP3 material, the spherical morphology of the particles is 

completely lost after calcination. Large agglomerates are formed, probably due to 

a partial melting during the calcination step. The only material with different 

morphology is the KFP3-acac, in this case, we do not observe large agglomerated 

and the morphology is not spherical. The decomposition of the precursors leads 

to the formation of small irregular particles and some broken spheres are still 

visible. These results imply that a grinding step will probably be necessary to 

obtain good electrochemical performance. As for the KFP3-cit sample, a grinding 

step is performed in anhydrous isopropanol for 90 min. The particle size 

distribution is presented in Figure V-19a. The obtained results are comparable to 

the obtained result from the KFP3-cit sample. Before the grinding step, particles 

have a large and broad size distribution. KFP3-nit has a mean particle size of 

90 µm and KFP3-acac has a mean particle size of 15 µm. These results are 

consistent with the observations made in SEM images (Figure V-18). After the 

grinding step, the KFP3-nit sample exhibits the main peaks for size distribution 

which are centered around 200 nm and 1.5 µm, and in case of the KFP3-acac 

sample, the mean diameter is 200 nm. The same results are obtained with addition 
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of complexing agents. This reduction of size should have an important influence 

on the specific surface area. To confirm this, specific surface area was measured 

by BET (Figure V-19b). First, as expected the surface area of the materials before 

grinding are low and all materials have a specific surface area below 4 m2/g, and 

KFP3-Nit has the lowest surface area with 0.39 m2/g. This result is explained by 

both the larger particle size of the sample but also by the apparent density of the 

different materials. Indeed, only dense particles are observed by SEM. 

After grinding, the surface area is greatly enhanced with values from 12 to 

20 m2/g. The highest surface area is obtained for KFP3-Acac material with a value 

of 20.5 m2/g. This result is related to the reduction of particle size in the powder. 

Citrate-based KFP3 has a slightly lower surface area of 15 m2/g. The KFP3-a-Nit 

material has the lowest surface area among the samples with 12.8 m2/g, however, 

this specific surface area is still almost 10 times higher compared to before 

grinding. A SEM analysis (Figure V-20 a and c) confirms the great reduction of 

size after grinding. Additionally, the electrodes prepared with the powders before 

and after grinding are compared. No more agglomerates are visible after grinding, 

and the homogeneity of the obtained (electrode film see Figure V-20d) is greatly 

enhanced. Before grinding, the particle of the phosphate compounds is clearly 

distinguished in the electrochemical film which is no more the case after grinding 

(Figure V-20b and 20d) 
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Figure V-18: SEM micrographs of KFP3-acac, KFP3a-acac, KFP3-nit, and 

KFP3a-nit materials obtained after spray drying and calcination. 
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Figure V-19: (a) Particle size distribution of the KFP3-acac and KFP3-nit 

materials before and after grinding step. (b) Specific surface area of the 

KFP3-cit, KFP3-acac and KFP3-nit materials before and after grinding process. 

 

Figure V-20: SEM micrographs of KFP3-a-Acac powders and their 

corresponding electrodes before (a,b) and after grinding (c,d). 
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Figure V-21: Evolution of the capacity over the number of cycles for KFP3's 

materials with different iron precursors (a) after calcination and 

(b) after grinding. 

The influence of the precursor types on electrochemical performance was also 

studied. The evolution of the discharge capacity with cycle number of different 

prepared materials after calcination and after grinding is presented in Figure 

V-21a and Figure V-21b, respectively. The KFP3-nit sample presented poor 

performance. which could be related to its huge particle size and low surface area; 

thus, it is not presented before grinding. Despite that, KFP3a-Nit presents better 

performance compared to KFP3a-cit and has a first discharge capacity of 

95 mAh/g. However, like KFP3a-cit a significant capacity fading behavior is 

observed after the first 10 cycles for KFP3a-Nit, and then the capacity stabilizes at 

around 45 mAh/g. For the KFP3-acac, both with and without complexing agents 

addition, improved performance with higher initial discharge capacity of 

130 mAh/g was observed. KFP3-acac material presents the best capacity among 

all other electrode materials. Although the issue of capacity fading is not resolved, 

but the obtained discharge capacity is still about 80 mAh/g before grinding for 

KFP3-acac which represents about 77% of the theoretical capacity. There is no 

significant difference after the addition of complexing agents. Figure V-21b 

shows the same electrochemical test but for materials after the grinding step. 

The grinding step influences the specific capacity of the materials. Looking at the 
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capacity values after 10 cycles for the nitrate-based and acetylacetonate-based 

materials, the obtained capacity is higher than before grinding except for the 

KFP3-Acac sample (without complexing agents) that has similar performance to 

the nitrate compounds. Despite this improvement, the capacity still fades quite 

rapidly to about 40mAh/g after 20 cycles. Regarding the KFP3a-Acac materials, 

the conclusions are quite different. The initial discharge capacity is 145 mAh/g 

meaning that some side reactions occur during the first cycle. This is also 

confirmed by the first charge capacity which is more than 500 mAh/g. Despite this 

huge irreversibility in the first cycle, the capacity seems to stabilize after a few 

cycles to about 85 mAh/g which still represents 82% of the theoretical capacity 

and makes it the highest obtained capacity for this material. 

 
Figure V-22: Charge/discharge curves of the first cycle of (a) KFP3 and (b) 

KFP3a materials prepared by spray-drying with different iron precursors 

(nitrate in blue, citrate in black, acetylacetonate in red) after calcination and 

grinding step, cycled at C/20 rates (1.0-4.0 V vs. K+/K) at room temperature. 

The dotted line presents the second discharge and the full line represents the 

first cycle of each sample. 

Figure V-22a and b present the charge/discharge curves of the KFP3 and KFP3a 

materials after grinding. The full line represents the first cycle. As the initial 

oxidation state of the iron is +3, we first start with a discharge process to insert 

more potassium inside the structure which leads to the reduction of the iron. 
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The KFP3 materials without acid all present a first discharge without any 

well-defined plateau. The insertion of the potassium ions seems to be continuous 

and could be explained by a solid solution mechanism. Regarding the first charge, 

the oxidation phenomenon begins around 2.5 V which is consistent with the cyclic 

voltammetry analysis presented in the Figure V-12a. All of the materials present 

a higher charge capacity than the first discharge capacity, meaning that there are 

side reactions that can occur at high voltage such as electrolyte degradation. 

This phenomenon is much more pronounced for the citrate-based materials where 

an initial charge capacity of 530 mAh/g is obtained. The KFP3-acac seems to have 

lower irreversibility than other materials. The nitrate-based material is in between 

with an initial charge capacity two times higher than its initial discharge. 

The second discharge of the material leads to slightly higher capacity except for 

the citrate-based materials, this can be linked to the huge irreversibility of the first 

charge.  

Regarding the materials with complexing agent addition, the same phenomena are 

occurring except that the discharge curve is flatter. The same phenomenon in the 

charge curve around 3.25 V is observed and it is now the nitrate sample that shows 

the highest irreversibility. The second discharge of the KFP3a-Acac materials 

shows the best reproducibility compared to the first discharge. This can explain 

the better capacity retention of this material compared to the others presented in 

Figure V-21.  

To avoid the presence of carbon in our synthesis process, another approach has 

been explored using this time Fe(PO4) and K3PO4 in a 2/1 ratio to respect the 

stoichiometric ratios. The same protocol for spray drying and calcination has been 

performed. The addition of CNT has also been performed and calcination under 

argon leads to the same problem as mentioned before. The result of the calcination 

in the air is presented in Figure V-23.  
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Figure V-23: (a) XRD diffractograms of the KFP3-phosp materials after 

calcination at 600°C 10 h. (b) Evolution of the capacity over the number of 

cycles for KFP3-phosp materials in K-ion half-cell. (c) 57Fe Mössbauer spectrum 

of the KFP3-phosp materials after calcination at 600°C for 10 h in air. 

(d)Associated 57Fe Mössbauer hyperfine parameters for KFP3-phosp. 

All the peaks of the XRD diffractograms are attributed to the KFP3 materials. 

The background is relatively high and the peak intensity is quite low meaning that 

the material is not completely crystallized and that amorphous contributions can 

also be present. To further analyze KFP3-Phosp, 57Fe Mössbauer spectroscopy 

analysis was performed and the obtained spectrum and associated fitted 

parameters are summarized in Figure V-23c,d. The spectrum has a similar profile 

to the previously obtained spectrum with two asymmetric doublets without any 

magnetic impurities. A good fit has been obtained with three components all with 

an isomer shift corresponding to high spin Fe(III) in octahedral site. 
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The quadrupole splitting is slightly higher than in KFP3-cit materials showing a 

higher distortion of the local environment of the iron.  

For the electrochemical performance investigations of the material a rate 

capability test has been performed and the result is presented in Figure V-23b. 

Significant irreversibility is observed at the first charge with over 1350 mAh/g. 

We currently have no other hypothesis for this phenomenon except that a 

formation cycle is necessary to allow the insertion and extraction of the potassium 

ions inside the materials and that this formation cycle consumes a huge amount of 

energy maybe due to a degradation of the electrolyte. The initial discharge 

capacity is 120 mAh/g at C/20. The loss of the capacity is still observed after 10 

cycles with a discharge capacity of 74 mAh/g. This capacity decay can also be 

related to intrinsic properties of the materials, including its relatively low 

conductivity of 3 x 10-7 S/cm to 10-5 S/cm (from 573K to 673K) [1].  The change 

in cycling rate from C/20 to C/10 doesn’t seem to have an impact on the obtained 

capacity. After 100 cycles the discharge capacity is still around 45 mAh/g which 

proves that this material is promising for future KIBs stationary applications when 

the problem of capacity fade and initial irreversibility will be solved. This 

confirms that we still face a challenging perspective to make a composite with 

carbon materials at the spray drying step.  
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4.  Conclusions  

The K3Fe(PO4)2 has been successfully synthesized by a simple spray drying 

method. The pure and well crystalized compounds with and without acid addition 

are obtained after a calcination step at 600°C for 10 h in air. The two materials 

have been successfully tested as active cathode materials in K-ions half-cells for 

the first time in this work. KFP2a with the addition of complexing agents shows 

the best discharge capacity of 70 mAh/g but the capacity rapidly decreased to 

40 mAh/g after a few cycles. To enhance the performance a carbon nanotube 

addition has been tried, however, the crystalline and pure materials were not 

obtained under argon atmosphere.  

K3Fe2(PO4)3 pure material has also been obtained by spray drying after calcination 

in air. Despite many trials, none of the materials can be obtained under argon 

atmosphere making the addition of in situ CNT very challenging and not feasible 

in the tested conditions. Different strategies have been explored to enhance the 

capacity of the different materials. Among them, the grinding step after 

calcination and addition of CNT during the grinding have led to an average 

capacity of 60 mAh/g. To further enhance the discharge capacity, four different 

iron precursors have been used in the synthesis (citrate, nitrate, acetylacetonate, 

and phosphate). For all materials, important irreversibility is observed during the 

first cycles. KFP3a-Acac after grinding presents the best discharge capacity after 

20 cycles with 80 mAh/g representing 77% of the theoretical capacity. 

The KFP3-phosphate materials that removed all carbon sources from the synthesis 

method also led to the same phase formation problem under argon. However, the 

synthesis under air and with the addition of CNT during the grinding step has 

enabled us to prepare materials with long cycling performance (100 cycles) with 

an average discharge capacity of 52 mAh/g at the 95th cycle. This preliminary 

study evidenced the interest in iron-based phosphate for K-ion batteries and shows 

promising performance. Further tests are still needed to enhance the 
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electrochemical performance of these materials and the most promising one is to 

successfully synthesize a composite material with carbon.  
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Global warming casts an apocalyptic shadow over our future. Facing these serious 

problems has become now the main emergency and priority for our generation. 

The solutions exist and are already in place to begin and ensure the energy 

transition. However, problems persist and in particular the storage of the new 

renewable energies and their mobility. Batteries are among the most advanced and 

promising solutions in tackling global warming and energy security. They have a 

wide range of applications, from mobile phones to mass storage, including electric 

vehicles, there is no shortage of applications. However, current commercial 

batteries are mainly based on the use of critical raw materials elements (CRM) 

such as lithium or cobalt. 

In this work, we specifically focus on the development of the next generation 

cathode materials for Na-ion and K-ion batteries by spray-drying process, and the 

replacement of the CRM with abundant, cheap and eco-friendly elements and 

compounds such as phosphate and iron. The microstructure and the chemical 

composition of the electrode materials have a great impact on the electrochemical 

performance. Spray-drying as a synthesis and shaping method allows us to control 

both the morphology and composition of the desired materials at a pilot-scale in 

GREEnMat Laboratory. This work also proves its high versatility and its high 

ability to control and tune the electrode material morphology and composition.  
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1. Optimization of the synthesis of 

Na2FePO4F/CNT material and investigation 

of its electrochemical mechanism in 
Na-ion and K-ion batteries  

In the first part of this work, we were interested in the investigation and 

improvement of the electrochemical performance of the Na2FePO4F as cathode 

for Na-ion batteries (NIB) and K-ion batteries (KIB). We successfully optimized 

its synthesis by the spray-drying process. By playing on the nozzle type, the 

particle size was reduced from 10 µm to 3 µm. Despite this reduction in particle 

size, the electronic conductivity of this phosphate-based materials was still 

insufficient to achieve decent capacities. Composite synthesis was made by in situ 

addition of 5, 10 or 15wt% of CNT in the precursors' solution before the 

spray-drying step. However, the addition of this carbon leads to the formation of 

metallic iron and iron carbide during the heat treatment at 600°C for 2 h under 

argon as clearly evidenced by 57Fe Mössbauer spectroscopy analysis. The 

synthesis protocol was then investigated deeply to avoid the Fe0 formation. The 

first hypothesis behind the metallic iron Fe0 formation was that the oxidized iron 

during the spray-drying step does not lead to the formation of the desired phase 

and then was more susceptible to reduction during the annealing step. A fully 

controlled atmosphere synthesis process was tested using an ATEX spray-dryer 

under argon (less than 50 ppm of O2) for two material compositions: without CNT 

and with 15wt% of CNT. However, the metallic iron in the composite material 

with CNT is still detected. The control of the Fe3+/Fe2+ ratio in the precursors 

seems to be the key parameter to obtaining the desired phase without impurities. 

Indeed, a low Fe3+/Fe2+ ratio after the spray-drying step leads to a huge amount of 

Fe0 and a high Fe3+/Fe2+ ratio leads to oxidation of the NFPF or in the worst case 

to the presence of Fe2O3 impurity. The pure phase was successfully obtained by 
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using degassed water during the acidic attack step and by spray-drying with hot 

airflow.  

The optimized NFPF/CNT material delivers excellent specific capacity of 

123 mAh/g at C/15 in the voltage window 2.2-4.5 V vs. Na+/Na (99% of the 

theoretical capacity) as cathode in Na-ion batteries. The discharge capacity 

retention was 91% after 100 cycles. This shows that the grinding can be avoided 

by combining the addition of CNT and the reduction of the particle size induced 

by the use of a bifluid nozzle even if particles of about 3 µm are obtained due to 

a homogeneous distribution of carbon inside and at the surface of the NFPF 

particles. Despite this excellent performance, the coulombic efficiency was quite 

low of only 90%. The reduction of the potential window from 2.2-4.5 V to 

2.0-4.2 V leads to a great enhancement of the coulombic efficiency to 99% with 

an excellent discharge capacity of 123 mAh/g.  

The excellent performance of NFPF/CNT material in Na-ion batteries prompted 

us to test it in a K-ion batteries. For the first time, NFPF/CNT material was used 

as cathode materials in K-ion batteries. The first performed tests were carried out 

by simply replacing the metallic sodium with metallic potassium and the 

associated electrolyte in the half-cell. A discharge capacity of 80 mAh/g was 

obtained at C/15 in the voltage window 2.0-4.2 V vs. Na+/Na which represents 

71% of the theoretical capacity of NaKFePO4F with 0.8 M KPF6 in EC:PC as the 

best-tested electrolyte. To further enhance the obtained capacity, a pre-charged 

Na1FePO4F material in a Na half-cell was tested in K half-cell. This leads to better 

electrochemical performance with a specific capacity of 114 mAh/g at C/15, i.e., 

99% of the theoretical capacity. These results highlight the potential of 

NFPF/CNT prepared by spray-drying as a promising cathode material for both 

NIBs and KIBs and the robustness of this material.  

The electrochemical reaction during charge and discharge processes of 

NFPF/CNT cathode material in Na-ion and K-ion batteries was deeply 

investigated using operando 57Fe Mössbauer spectroscopy combined with 
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operando XRD techniques (using Co K⍺ radiation). The huge quantity of data 

obtained with these two techniques was treated using chemometric and more 

specifically Principal Component Analysis and Multivariate Curve Resolution-

Alternating Least Square. In Na-ion batteries, a clear double biphasic mechanism 

was evidenced by both operando techniques as follows:  

𝑁𝑎8𝐹𝑒𝑃𝑂:𝐹	
;-5/.%$,7(
U⎯⎯⎯⎯⎯⎯⎯W 𝑁𝑎=.?𝐹𝑒𝑃𝑂:𝐹

;-5/.%$,7(
U⎯⎯⎯⎯⎯⎯⎯W 𝑁𝑎=𝐹𝑒𝑃𝑂:𝐹 

The three components determined by the chemometrics analysis evidenced a great 

variation and reversibility of the iron oxidation state upon cycling. Also, the 

intermediate phase presents a mixed valence of iron between Fe2+ and Fe3+. 

The XRD calculated components were also refined and show in this case a 

variation of the cell volume upon cycling from 851 Å3 for the pristine material to 

821 Å3 for the end of charge electrode material, passing by the intermediate state 

with a cell volume of 832 Å3. Both the pristine and EOC materials crystallize in 

Pbcn space group, however, the intermediate phase crystallizes in a primitive 

monoclinic P21/c space group. This allows us to refute the idea of a 

“quasi-solid-solution” mechanism reported in the literature. In K-ion batteries, the 

operando 57Fe Mössbauer spectroscopy analysis shows that the oxidation state of 

the iron follows a variation upon cycling. The PCA and MCR-ALS analysis only 

found two spectral components, one for the pristine and one for the EOC 

component. We were expecting four components for this material: the same three 

found in the case of cycling NFPF/CNT in NIB and one corresponding to the new 

NaKFePO4F. Unfortunately, the XRD data have low resolution to evidence the 

mechanism. Indeed, the insertion of potassium to replace sodium in NFPF 

materials leads to the amorphization of the material during the charge process. 

Despite that, the pristine and EOC components are similar to the NIB mechanism 

and some clear differences have been evidenced, in particular the lower 

reversibility that is observed in the case of K-ion batteries, but also the absence of 

an intermediate phase during the first potassiation.  
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2. Development of new phosphate-based 

cathode materials for K-ions batteries. 

In the second part of this work, three new cathode materials for KIB were 

developed: K3V(PO4)2, K3Fe(PO4)2 and K3Fe2(PO4)3. None of these materials 

were previously reported as cathode material in K-ion batteries. Also, these three 

materials were previously synthesized using a complex method or not easily 

up-scalable method. Here, we reported an easy and rapid synthesis method of 

the three materials using the spray-drying process.  

K3V(PO4)2 has been successfully obtained using spray-drying after annealing at 

650°C for 8 h under an argon atmosphere. The cycling performance of this 

material was low due to the inherent low electronic conductivity of phosphate-

based material. To improve the conductivity, we performed the synthesis of the 

three composite materials with 20wt% of CNT, 20% of GO, and a mix of 10wt% 

of CNT+10wt% of GO. The influence of the carbon addition was analyzed, and 

the results show a remarkable improvement in the electrochemical properties. 

Indeed, the obtained discharge capacity for the carbon-free material was only 

25 mAh/g and the obtained capacity with CNT, GO or CNT+GO are around 60, 

80 and 90 mAh/g respectively at C/40 in the voltage window of 

2.0-4.5 V vs. K+/K. Furthermore, the electrochemical impedance spectroscopy 

shows a great decrease of the charge-transfer resistance passing from 187 Ω in the 

carbon free material to 92 Ω for the CNT composite material. Despite this great 

enhancement, the increase of cycling-rate directly leads to a huge reduction of the 

obtained capacity. To solve this problem, a grinding step was performed and the 

ground KVP, KVP/20rGO, KVP/20CNT and KVP/10CNT+10rGO delivered 

reversible capacities of around 60, 50, 101 and 60 mAh/g, respectively (at C/40 in 

the voltage window of 2.0-4.5 V vs. K+/K). KVP and KVP/20CNT exhibited 

higher discharge capacities after grinding thanks to the decrease of their particle 

size and the increase of the specific surface area. KVP/20CNT has a surface area 
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of 127 m2/g after grinding and only 36 m2/g before grinding with a decrease in 

particle size from 7 µm to 0.1 µm. The grinding of composite with graphene oxide 

leads to lower capacity retention and higher charge transfer resistance which is 

attributed to the destruction of the reduced-GO sheet that surrounds KVP particles. 

Finally, KVP/20CNT demonstrated excellent rate capacity which confirms its 

good electrochemical properties as cathode material in KIB.  

In order to fulfill our objective of making low-CRM material, the use of vanadium 

has to be avoided. Two new materials were then developed as cathodes for KIB 

based on iron instead of vanadium. K3Fe(PO4)2 and K3Fe2(PO4)3 have been 

successfully obtained using the spray-drying process followed by a heat treatment 

of 600°C under air, and both materials have been successfully used as active 

cathode materials in KIB. KFP2 with the addition of complexing agents shows the 

best discharge capacity of 70 mAh/g but the capacity rapidly decays to 40 mAh/g 

after a few cycles. To enhance the performance a carbon nanotube addition has 

been tested, however the crystalline and pure material was not obtained under 

argon atmosphere. 

KFP3 material also requires calcination under oxygen atmosphere to obtain pure 

and crystalline phase. Other enhancement strategies have been tried and for 

example the change of iron precursor in the solution before spray-drying. Four 

different precursors were tested and compared: iron citrate, iron acetylacetonate, 

iron nitrate and iron phosphate. All investigated materials suffer from important 

irreversibility during the first cycles. Acac-based KFP3 exhibits a more spongious 

morphology than the other electrodes and delivered the highest discharge capacity 

of 80 mAh/g after 20 cycles C/40 in the voltage window of 2.0-4.5 V vs. K+/K. 

To remove all the carbon inside the precursors’ solution in the hope of forming 

the KFP3 phase under argon, a new synthesis using iron phosphate and potassium 

phosphate was investigated, however the heat treatment under argon does not lead 

to the formation of the desired phase. This phosphate-based KFP3 material 

calcined under air still delivers a discharge capacity of 52 mAh/g after 100 cycles. 
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This preliminary study evidenced the interest of KFP2 and KFP3 as cathode 

materials in K-ion batteries. 
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3. Outlooks for Future Works 

This PhD thesis is rich in perspectives and more efforts are still required to 

improve the electrochemical performance or to understand the formation and 

electrochemical mechanisms of the electrode materials investigated in this work. 

Here we present a non-exhaustive list of the possible strategies to enhance or 

complete the obtained results: 

3.1. General outlooks  

The first and main outlook for all the materials developed in this thesis is to test 

these materials in full cell configuration. For the K-ion materials, hard carbon or 

graphite can be used as the counter electrode. We have already performed some 

preliminary tests to use commercial graphite in KIB, the capacity obtained are still 

quite low and some optimization still need to be done (Figure VI-1). 

 
Figure VI-1: First charge and discharge curve of graphite in K-ion half-cell 

using KPF6 0.8M in EC:DMC electrolyte. 

For NFPF/CNT material hard carbon can be used as anode material. 

Another possibility is to use an alloying anode material such as Sb which has 
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already been reported as advanced anode material for NIB batteries[1,2]. 

The Sb active anode material was given by ICGM of Montpellier that has made 

plenty of works on it as anode material for NIB [1,3–6]. This approach has been 

investigated and some preliminary tests have been performed in pouch cell 

configuration. Figure VI-2a, b presents the evolution of the charge and discharge 

capacities with cycle number and their corresponding voltage profiles. Figure 

VI-2c shows a photo of the tested pouch cell in this work. Promising results have 

been obtained. Despite an important irreversibility during the first cycles which is 

probably due to the formation of the SEI layer, a good initial discharge capacity 

of about 95 mAh/g was obtained.  

 
Figure VI-2: Charge and Discharge capacities along cycles of Na2FePO4F vs. 

Sb materials in pouch cell configuration. (b) Associated charge and discharge 

profiles. (c) Photography of a typical pouch cell assembly used for this 

experiment.  
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Another strategy regarding all the material is related to the reduction of the amount 

of in situ added carbon that leads to enhancement of the electrochemical 

performance. Indeed, the less added carbon, the more the mass of active material 

and the more energy density can be achieved.  

3.2. More specific outlooks  

- For NFPF materials, some complementary tests regarding the 

influence of the carbon addition on the presence of iron should be carried out to 

fully understand this phenomenon. Also, some improvement on the carbon 

addition content should be performed to further improve the capacity obtained at 

high cycling rate and the capacity retention for the long cycle term. Regarding its 

use in K-ion batteries, some long cycling tests should be performed to study the 

stability and life cycle of this material.  

- Regarding the electrochemical mechanism analysis during 

cycling of this material in KIB, a pre-charge to remove the Na of the materials 

prior to the analysis should be performed in order to enhance the performance. 

Also some more powerful techniques should be used to better follow the evolution 

of the structure of the material such as performing the operando synchrotron based 

XRD measurements. Also regarding the operando 57Fe Mössbauer spectroscopy, 

a longer acquisition time should be implemented to obtain better quality of dataset.  

- For KVP materials, the capacity can be further enhanced to reach 

the theoretical capacity of this material of 150 mAh/g. Indeed, the best obtained 

capacity in this work is about 101 mAh/g meaning that there is still a lot of effort 

that is required to enhance the achieved electrochemical performance. 

The strategies can rely on a better crystallinity of the material after grinding but 

also to investigate new electrolyte compositions as it can have a huge influence 

on the obtained performance. Also, cycling these materials against carbon (either 

graphite or hard carbon) can help to obtain better performance due to the high 

reactivity of the potassium as anode material.  
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- For KFP2, and KFP3 materials, the first and main outlook is to 

succeed in forming a composite material, by in situ or ex situ addition of the 

carbon, to enhance the electronic conductivity and the electrochemical 

performance. 

- Regarding KFP2 itself, the low theoretical capacity of this 

material has led us to focus on KFP3 material, but the obtained capacity is finally 

in the same range for both materials and the development with new precursors 

etc., should be done for KFP2 material also.  

- For KVP, KFP2, and KFP3 materials, the intrinsic properties of the 

materials should also be investigated, such as their ionic conductivity. Also, post-

Mortem analyses should be performed to  deeply investigate the capacity decay 

causes. Also, playing on the materials' porosities could improve the ionic 

conductivity, as shown by Orikasa et al.,.[7] 

- Finally, the electrochemical mechanism of the new three cathode 

materials KVP, KFP2 and KFP3 should be investigated to understand their 

electrochemical mechanisms as for NFPF with other techniques such as solid-state 

nuclear magnetic resonance. This can help us understand the limitation of these 

materials and maybe how to enhance their performance.  
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Abstract  
In this chapter, we briefly present the work that has been carried out to help during 

the SARS-CoV-2 pandemic. This chapter is presented in the appendix because it 

represents a large part of my work during my Ph.D. thesis. During the first 

lockdown in March 2020, we developed a new synthetic technique for the reagents 

for extracting the RNA of the SARS-CoV-2 virus, which was sorely lacking for 

effective testing of any symptomatic person. Between March 2020 and December 

2021, i.e. 21 months, we provided more than 10,000,000 reagents for carrying out 

the Reverse Transcription Polymerase Chain Reaction (RT-PCR) test for virus 

detection. We briefly present the patented synthetic technique, achievement and 

main results.  
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1. Introduction 

In February 2020, the Covid-19 pandemic finally reached Belgian territory with 

its first detected case, and a few weeks later, Europe was confined to limit the 

explosion of cases. Quickly, the various equipment to manage this crisis ran out. 

Whether it was the masks, the protective suits for caregivers, the protective visors, 

and finally the detection test kits, equipment shortages were everywhere. 

The technique used for the detection of SARS-CoV-2 is the Reverse 

Transcription-Polymerase Chain Reaction commonly called the PCR test. If you 

have ever experienced a PCR test, an explanation of the different steps of this 

analysis, and an illustration of the procedure is presented in Figure A -VI-1.  

The Covid-19 virus tends to congregate in the nose and throat of an individual, 

thus a sample is taken from those areas of the body. The sample is subjected to a 

series of chemical treatments that extract the sample's RNA from other 

components including proteins and lipids. If the virus is present, its RNA is mixed 

with the person's genetic material. 

A certain enzyme is used to reverse-transcribe the RNA into DNA. Then, 

scientists incorporate other small DNA probes that complement particular regions 

of the transcribed viral DNA. These fragments bind to certain regions of the viral 

DNA if the virus is present in the sample. Some of the additional DNA probes are 

used to create DNA strands during amplification, while others are used to create 

label DNA with marker information that is used to identify the virus. 
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Figure A -VI-1: Real-time-RT-PCR-analysis. Typical steps required for the 

detection of SARS-CoV-2 reproduced from [1]. 

The RT-PCR apparatus is filled with the mixture. The device alternately heats and 

cools the sample to start precise chemical reactions that duplicate the targeted viral 

DNA segments in fresh, identical copies. To keep duplicating the targeted viral 

DNA regions, the cycle is constantly repeated. The previous number is doubled 

with each cycle: two copies become four, four copies become eight, and so forth. 

By the time a typical real-time RT-PCR setup has completed 35 cycles, each 

strand of the virus present in the sample has produced approximately 35 billion 

additional copies of the viral DNA segments. 
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The marker labels bind to the DNA strands as fresh copies of the viral DNA 

sections are created, releasing a fluorescent dye that is monitored by the machine's 

computer and displayed in real-time on the screen. After each cycle, the computer 

keeps track of the sample's fluorescence levels. Fluorescence above a specific 

threshold indicates the presence of the virus. To judge the intensity of the 

infection, researchers also keep track of how many cycles are required to reach 

this threshold. The fewer cycles required, the more serious the viral infection is. 

In this context, we have worked on the critical component for testing which was 

reagent to extract the RNA from the sample and purified it from other 

contaminants.  

The use of core-shell particles containing Fe3O4 as the core for DNA or RNA 

extraction or purification has received a lot of attention in recent years [2–4]. 

Fe3O4 particles make excellent candidates in biotechnology for RNA extraction 

from viruses due to their low toxicity and magnetic features. These magnetite 

particles must, however, be functionalized in this type of application using certain 

coatings like glass or silica. To generate core-shell particles with regulated surface 

properties, several synthesis methods have been explored. Colloid silica particles 

can be prepared using the Stober method: tetraethyl orthosilicate (TEOS) is used 

as a reagent. Ammonia can be used as a catalyst to hydrolyze and condense TEOS 

in an alcohol-water system. If this procedure is used with nanometric particles 

suspended in solution, a silica coating is created on the particles [5–7]. 

Using this method, core-shell Fe3O4 particles covered in SiO2 can be prepared. 

However, there are several issues with this wet procedure. First, it calls for using 

a huge quantity of solvents. Second, depending on the required shell thickness, it 

takes a long time to react: between 4 and 24 hours. Thirdly, several variables, 

including reactant concentration, stirring speed, stirring style, and reaction 

temperature, can have an impact on the process' ability to produce a high-quality 

coating and prevent particle aggregation. As a result, process control is never easy, 
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and the process needs to be closely controlled to prevent any variations in the end 

product. After the reaction, the fresh core-shell particles must also be thoroughly 

washed with an organic solvent to get rid of the TEOS that hasn't been hydrolyzed 

and with lots of water to get rid of any excess colloidal silica particles in the 

suspension and/or TEOS that wasn't used to coat the particles. To prevent 

oxidation, pure core-shell particles must be dried by lyophilization following the 

drying stage. Consequently, the wet process is a time and reactant-consuming 

procedure with many steps. Core-shell particle manufacturing on a pilot scale is 

not practical. To create magnetic glass particles, Roche Diagnostics described a 

spray drying procedure in WO 01/37291 A1. However, to produce such particles, 

a sintering process is required. The document states that the sintering temperature 

is around 750°C. This energy-intensive procedure prevents the synthesis of 

significant amount of core-shell particles quickly and effectively.  

The objective of our work was to resolve previously described issues. Here, we 

present a method for preparing core-shell particles without washing, purification, 

or sintering steps at a pilot scale .  
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2. Results and discussion:  

The developed procedure is summarized in Figure A -I-2. The procedure can be 

described briefly as follow: 

- The first step consists in grinding Fe3O4 particles to obtain 

nanoparticle materials of about 100 nm or less. The magnetite powder is 

suspended in dry ethanol to perform ball-milling between 60-120 minutes this step 

is done under an inert atmosphere to prevent the oxidation of the iron. 

Another possibility that has also been tried is to synthesize the Fe3O4 by 

coprecipitation from iron (II) sulfate and iron (III) chloride by a sodium hydroxide 

solution. This second approach led to a lower production rate and was therefore 

set aside in favor of grinding strategy. 

- The second step is to suspend the Fe3O4 nanoparticles in a solution 

of SiO2 precursors. To do this, Fe3O4 particles obtained at the first were suspended 

in isopropanol with an ultrasonic probe. The precursors of SiO2 are then added to 

the suspension and thoroughly stir. The amount is fixed to obtain a ratio in the 

final product of Fe:Si 1:1.16 after spray-drying. 

- A hydrolyzing agent is then added, and the solution/suspension is 

directly injected into the spray dryer. 

- The core-shell Fe3O4@SiO2 particles are recovered at the cyclone 

using special magnet mounting developed for this specific application. 
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Figure A -I-2: Schematic representation of the synthesis process of Fe3O4@SiO2 

nanobeads. 
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The obtained particles can then be used to extract the RNA from the matrix sample 

and purify it. Briefly, the nanobeads are suspended in the sample where the virus 

is deactivated. The RNA of the virus is linked to the nanobeads by hydrogen 

interactions. The beads are recovered magnetically, and the rest of the sample is 

dismissed. After careful cleaning of the beads, the RNA strands are unhooked 

from the nanobeads using elution solvent as in conventional chromatography. 

The obtained sample can then be used in conventional RT-PCR as explained 

before.  

The purpose of this chapter is not to go into detail into scientific details but to 

illustrate our work, and to briefly show the developed method and present our 

contribution in limiting SARS-CoV-2 cases.  

Figure A -I-3 shows a macrophotography, TEM and SEM micrographies of the 

obtained nanobeads.  

As we can see the core-shell is well defined on the TEM micrography with the 

Fe3O4 core darker and surrounded by SiO2 which is slightly transparent. The SEM 

micrography reveals like a spongious grain of rice with a lot of porosity, which is 

counter intuitive to what is expected when speaking about beads. This porosity 

was confirmed by BET measurement and shows a relatively high porosity of more 

than 50 m2/g.  

 

Figure A -I-3: (a) Macrophotography (b) TEM micrography, and 

(c) SEM micrography of the obtained nanobeads. 
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2.1. Some numbers 

Using this technique, we have been able to develop an independent technology 

from other industries (for reactant supply) and an automated method of extraction 

of the viral RNA with the help of GIGA, FARAH, and University Hospital. 

We have provided the nanobeads that were the most critical materials, but we also 

provided the inactivation material (Guanidine isothiocyanate). This allowed the 

university to perform on April 2020 more than 3000 tests per day. At the beginning 

of the new academic year in September 2020, the GIGA developed a salivary test 

using our reagent to both deactivated the virus and extract the viral RNA. 

This monitoring allows us to prevent any cluster in the University and in total, 

more than 400,000 tests have been performed during 18 months until June 2022.  

The crisis reactant doesn’t only affect us but the whole Belgium and other 

countries. As so, we have provided multiple other countries such as Sweden, 

Canada, Luxembourg, Romania, and Senegal. The new strategy of the federal 

government was to create a federal platform of testing. For this platform, we have 

provided more than 8,000,000 tests reagents for the second, third, and fourth wave 

of Covid cases until January 2022 with the help of a local company Diagenode 

that provides the quality assurance of our products. 

2.2. What about batteries? 

 Fe3O4 is known to be used as anode material for alkali-ions batteries [8,9]. 

This material suffers from volume expansion as all conversion active electrode 

materials, Among the solutions to reduce the destructive effect of the volume 

expansion and thus enhancing the electrochemical performance is the realization 

of a coating [10,11]. This material has been used in Li-ion batteries and the result 

is presented in Figure A -I-4. All materials present a quick decrease in capacity 

during the first cycle. The capacity of Fe3O4 materials without coating decay 
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rapidly after 40 cycles. For the core-shell materials, different Fe:Si ratio were tried 

1:1, 1:0.5, and 1:0.1. As can be seen, material with 10% of Si shows the best 

performance, and the capacity obtained is increasing along the cycle reaching 

450 mAh/g after 500 cycles. This is not the main purpose of this material, but 

enhancement can be done to stabilize this material. Also, it should be interesting 

to test it in K-ion batteries.  

 

Figure A -I-4: Evolution of discharge capacity of Fe3O4@SiO2 materials with 

cycle number in Li-ion half-cell using LP30 electrolyte. 
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3. Conclusions  

To conclude this brief chapter about the implication of the GREEnMat in the 

Covid-19 crisis, we have shown of our reactivity and contribution against a health 

crisis and this is also the role of a chemist. Within only one month we have 

established, optimize, validate and provide a new technology to synthesize 

core-shell Fe3O4@SiO2 particles for medical applications of viral-RNA detection. 

During one year and a half, we have produced more than 10,000,000 reagents of 

which more than 8,000,000 were used by the Belgian federal platforms for 

Covid-19 detection. In some ways, we have allowed the testing to pass from a few 

hundred per day at the beginning of the crisis to more than 150,000 at the peaks 

of January 2022. Systematic testing has always been evidenced as the main 

strategy to control of the Covid-19 crisis. Nowadays, antigenic testing is widely 

spread, and the PCR test is not the only testing strategy. Nevertheless, our 

nanobeads reagents are not exclusive to Covid-19 and can be used for the 

extraction of any type of DNA or RNA, or other applications such as pollutant 

removal or battery.  
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1. Mössbauer spectroscopy 

1.1. Principle 

Mössbauer spectroscopy is a technique based on a nucleus's recoil-free emission 

and absorption of γ-rays. It makes it possible to obtain information on the local 

environment of the atom (degrees of oxidation, magnetic state, nature of the 

ligands, etc.). γ rays are emitted by metastable nuclei (source), which pass from 

an excited state to a ground state. They can only be absorbed by nuclei of the same 

isotope in an energetically lower state. Thus, only part of the elements of the 

periodic table can be analyzed by this technique (the most studied elements are 

iron and tin). Mössbauer spectroscopy depends on the lattice's vibrational state 

since only a fraction of the nuclei will likely undergo a nuclear transition without 

recoil effect. This fraction is called the Lamb Mössbauer factor (f). It is, therefore, 

possible to play on factor f by decreasing the temperature to freeze the network. 

Mössbauer spectroscopy consists of exposing a solid sample to a beam of γ rays 

and detecting the intensity transmitted through the sample. The source, which 

emits radiation of constant energy, is placed on an oscillating support to modulate 

its energy (Doppler effect). The Mössbauer spectrum represents the energy 

transmitted as a function of the speed of the source (figure B-1). 

The spectrum is characterized by four hyperfine parameters, which make it 

possible to obtain information on the structure of the material: 

The isomeric shift δ. 

The quadrupole splitting Δ. 

The width at half height Γ. 

The magnetic interaction H (only for the magnetic component). 
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Figure B-1:Example of Mössbauer spectrum and associated hyperfine 

parameters. [1] 

 
 

1.2. Spectrometer  

A schematic of a typical spectrometer is shown in Figure B-2. It is composed of a 

source mounted on a Doppler vibrator which emits a radiation beam 𝛾, a sample, 

and a detector. 
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Figure B-2: Scheme of a Mössbauer spectrometer.[2] 

57Co (source diffused in a rhodium matrix) decays by electron capture to an 

excited state of 57Fe, part of which transits from the excited state with spin 3/2 at 

an energy of 14.4 keV above the ground state. This 14.4 keV transition gives rise 

to the emission of a 𝛾 Mössbauer photon, which is absorbed by the 57Fe nuclei in 

the sample. 

 

As the 57Fe nuclei presents in the source and the absorber are in different electrical 

and magnetic environments, the energy of the emitted radiation differs from that 

required for absorption. It is, therefore, necessary to vary the emission 

wavelength. The energy variation is obtained by moving the source at a relative 

speed v with respect to the absorber (Doppler effect). Most spectrometers operate 

in constant acceleration mode: the speed varies linearly with time between –vmax 

and +vmax and reverse. The energies are, for Mössbauer spectroscopy, expressed 

in units of velocity. A detector finally counts the radiation 𝛾 transmitted through 

the absorber. The latter records the spectrum (intensity transmitted by the sample 

as a function of the wavelength emitted by the source). 

The spectrometer used in this thesis is a constant acceleration spectrometer. 

Samples are prepared with ~40 mg/cm2 of powder mixed with boron nitride. The 

acquisition time is generally 24 hours. The spectrometer was calibrated at room 

temperature with the magnetically split sextet spectrum of a high-purity α-Fe foil 

as the reference absorber.. Fitting the experimental data, the spectral parameters 

such as isomer shift (d), quadrupole splitting (D), linewidth (G), magnetic field 

(Bhf) and relative resonance areas of the different spectral components were 
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determined. The validity of fits was judged on the basis of minimizing the number 

of parameters and c2 values (c2 =~1). 
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2. X-ray diffraction technique 

The principle is to expose a sample with X-rays and measure the diffracted 

intensity as a function of orientation in space. When X-rays irradiate a crystalline 

sample, constructive interferences are observed in specific orientations. Bragg's 

law dictates this phenomenon:  

nλ = 2dsinθ 

Where n is an integer called the "diffraction order", λ is the wavelength of the X-

rays, d is the distance between the planes, and θ is half the angle of deviation. The 

diffractometer used is a D8 Discover Twin-twin from BrükerTM. The X-ray 

source is the K⍺ line of copper with a wavelength of 1.54Å. This diffractometer 

is of the Bragg-Brentano type. The sample, a cup filled with perfectly flat powder 

or a wafer, is horizontal. The tube and the X-ray detector move symmetrically. 

The sample can also rotate on itself to increase the sampling area. The Bragg-

Brentano assembly is shown in Figure B-3. Using this assembly, it is possible to 

scan the angles 𝛉 with the source and the detector and to measure the intensity of 

diffraction at certain angular positions characteristic of the sample analyzed.  

 
Figure B-3: Left: Scheme of the Bragg Brentano geometry for XRD analysis. 

Right: Visualization of the Bragg equation 
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3. Scanning electron microscopy 

This apparatus allows the direct observation of the samples and, therefore, the 

determination of the synthesized powders' morphology, particle size, composition 

and thickness. This microscope operates based on the emission of electrons and 

the detection of signals due to the interaction of these electrons with the sample. 

The microscope has three detectors: a secondary electron detector, a backscattered 

electron detector, and an X-ray detector. A schematic representation of a scanning 

microscope is shown in Figure B-4. 

 
Figure B-4: Schematic representation of a scanning electron microscope. [3] 

 
Secondary electrons are generated when an electron passes near an atom. The 

latter transmits part of its energy to an electron in the conduction band, which 

implies an ejection of this electron from the atom. These electrons cannot have a 
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kinetic energy greater than 50eV. Because of this low energy, only electrons close 

to the surface will be detected. This provides information on the sample's 

topography since topographic variations imply a change in the number of 

secondary electrons detected. 

The backscattered electrons are due to the collision between an electron of the 

incident beam and an atom. The incident electrons have much higher energy and 

can penetrate deeper into the sample. The backscattered electrons have no 

topographic information. The information provided by these electrons is 

composition information. The number of backscattered electrons is directly 

proportional to the atomic number of the atoms in the sample. 

A phenomenon of relaxation creates X-rays. Indeed, when a beam of electrons 

bombards an atom, an internal electron of the atom can be ejected. To reduce its 

energy, the atom will fill this loss with a more external electron, which generates 

an X-ray. These have a wavelength specific to the element that emitted them, 

providing information on the sample's composition. 

Due to the use of electrons, the analyzed film or powder must be conductive. The 

sample is therefore metalized with gold. The microscope is a Phillips ESEM-FEG 

XL30. 
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4. Electrochemical characterization 

4.1. Cell assembly protocol 

Electrochemical measurements were performed on the electrodes in Swagelok or 

coin cell (2032 type) configurations (Figure B-5). Both settings were used to 

assemble the Na- and K-ion batteries.  

 
Figure B-5: Schematic representation of (a) Swagelok battery and (b) Coin-cell 

battery. [4] 

4.2. Electrochemical measurement 

4.2.1. Chronopotentiometry 

This technique is also called galvanic cycling, galvanostatic cycling, or even 

charge/discharge technique. It consists in applying a constant current to the 

terminals of the accumulator and monitoring the evolution of the potential as a 
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function of time. Depending on the sign of the applied current, a phenomenon of 

deintercalation of A+ ions (charge) or intercalation of A+ ions (discharge) will 

occur for a positive and negative current, respectively. The direction of the current 

is reversed when the potential reaches a value set by the user. 

Chronopotentiometry is regularly used in electrochemical tests because it makes 

it possible to approach conditions close to reality. The battery completes a cycle 

when it undergoes a charge and a discharge. The performance of the accumulator 

is deduced from the analysis of the potential curves as a function of time for a 

fixed value of current. The properties that can be extracted are essentially the 

specific capacity and the cycle life, i.e., the resistance of the accumulator to a high 

number of charge/discharge cycles. 

Two kinds of tests can be carried out. The first is a rate capacity test, which applies 

the accumulator to increasingly intense currents to analyze the capacity that can 

be extracted at different speeds. To be more precise, it is necessary to explain the 

cycling speed: depending on the intensity of the current applied, the time required 

for a complete (dis)charge will be different. Therefore, the higher the current, the 

higher the speed will be. The current intensity to be applied also depends on the 

quantity of active material in the accumulator. The intensity of the current can be 

calculated as follows: 

I(A) = 	C@ABCDEDC
FGBHIBJDCKL 5

Ah
g 7

.mKCJDMB(g). v(
cycles
h

) 

Where v represents the desired cycling speed. We will speak of rate C/10 when it 

takes 10 hours to perform a complete (dis)charge. This thesis performed 

throughput capacity tests at speeds between C/40 and 1C. 

The second type of test is used to assess cycling resistance. It consists of carrying 

out a high number of cycles at a constant current and monitoring the evolution of 

the experimental specific capacity as a function of the number of cycles. The 

specific capacity is calculated using the following formula: 
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C@ABCDEDC
FGBHIBJDCKL 5

Ah
g 7

= 	
I(A). t(h)
mKCJDMB(g)

 

The time, in hours, corresponds to the time required to perform a full (dis)charge 

(set by the user-defined potential limit values) according to the applied current. 

The cycling life is considered good if the capacity does not fade along the cycle's 

number.  

 

4.2.2. Cyclic voltammetry 

Potential with a linear variation is applied in a predetermined voltage window 

during a cyclic voltammetry experiment, and the resulting current is monitored. 

Redox peaks can be seen by plotting the current vs. the potential. Positive current 

(increasing potential) causes oxidation phenomena, whereas negative current 

causes reduction phenomena (decreasing potential). 

 
Figure B-6: (a) Evolution of the potential with the time (5 cycles). v is the 

scanning rate in mV/s, and t is the time in s. (b) Voltammogram: evolution of the 

measured current as a function of the applied potential.[5]  
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4.2.3. Electrochemical impedance 
spectroscopy 

In a typical electrochemical cell, in addition to the resistance of the electrolyte, 

interactions between matter (redox species) and the electrode also involve the 

concentration of electroactive species, charge transfer, and mass transfer from the 

bulk solution to the electrode surface.  

 
Figure B-7: Simplified scheme describing an EIS circuit and the redox reaction 

at the surface of working electrodes in a conventional-electrochemical cell (i.e., 

three-electrode system). [6] 

As illustrated in Figure B-7, each of these characteristics is represented by an 

electrical circuit consisting of resistances, capacitors, or constant phase elements 

coupled in parallel or series to create an equivalent circuit. Therefore, processes 

including mass transfer, charge transfer, and diffusion could be studied using the 

EIS. As a result, the EIS can research intrinsic material characteristics or particular 

processes that may affect an electrochemical system's conductance, resistance, or 

capacitance. The difference between impedance and resistance is that the 
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resistance in DC circuits directly follows Ohm's Law. The impedance response is 

measured using a modest signal stimulation. The current response to a sinusoidal 

potential is a sinusoid at the applied frequency, whereas the electrochemical cell 

response is pseudo-linear in that a phase shift is acquired. Thus, the excitation 

signal is presented as a function of time :  

EJ = E". sin(ωt) 

where Et is the potential at time t, E0 is the signal's amplitude, and ω is the radial 

frequency. 

The following equation links the radial frequency ω and the applied frequency (f):  

ω = 2	π	f 

In a linear system, there is a shift of the signal in phase (Φ) with a different 

amplitude than I0 that can be expressed as :  

IJ = I". sin(ωt	 + Φ) 

The whole system impedance is then expressed as :  

Z =
E
I
= Z". exp(iΦ) = Z". (cosΦ + i sin(Φ)) 

Where Z is the impedance, E is the potential, I is the current, ω is the frequency, 

and Φ is the phase shift between E and I.  

Impedance is measured by applying a potential wave to the working electrode and 

observing the current wave that results. Z, Φ, Zreal, and Zimag are extracted from 

these two waves and sketched. These parameters are measured for potential waves 

of various frequencies to produce the spectrum. An EIS experiment is carried out 

in a three-electrode system by setting the applied voltage perturbation. The 

generated Warburg impedance (W), charge transfer resistance (Rct), and solution 

resistance (Rs) are gathered and shown in the Nyquist plots (figure B-8).  

To extract the targeted value, the electrochemical process associated with the 

electrolyte, redox reaction, interface, are simulated using an equivalent electric 

circuit using the resistance of the electrolyte (Rs), double layer capacitance at the 
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surface of the electrode (Cdl), charge transfer resistance (Rct), and Warburg 

resistance (Zw), this last is the result of a diffusion process occurring at the 

electrode-electrolyte interface. As the experiment is never a perfect capacitor, a 

constant phase element is generally added to solve the non-ideal capacitance of 

the real system.  

 
Figure B-8: Experimental and simulated impedance spectra of a simplified 

Randles equivalent circuit for an electrochemical system. [6] 
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