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ABSTRACT 

The present thesis work is focused on the study of cathode materials and the related cell 

manufacturing to obtain Li-ion and Na-ion batteries for possible practical applications. In particular, 

the use of a Fe/Mn-based mixed olivine cathode in both systems, the scalability of electrode 

processing and manufacturing in Li-ion cells, and the proof-of-concept evaluation of full-cell 

balancing, coupling layered oxide cathodes and Sn- or Si-based alloying anodes, are herein studied 

in this thesis. 

Energy production has been worldwide moving toward renewable sources to overcome the several 

drawbacks presently attributed to the massive use of fossil fuels. In these regards, electrochemical 

energy storage (EES) systems, in particular rechargeable batteries, play the most relevant role in 

storing green energy. Relevantly, to achieve the goals of sustainability, good management, and safety, 

non-toxic, cheap, and stable polyanionic phospho-olivines have been promoted and largely used in 

commercial batteries, despite low ionic and electronic conductivity and relatively low working 

potential (i.e. 3.45 V vs. Li+/Li for LiFePO4), which could be increased using other transition metals, 

such as Mn. Additionally, the possible implementation of Na-ion batteries for stationary storage could 

also increase the sustainability of EES systems, due to the abundancy of sodium with respect to 

lithium, while the alkali metal substitution requires notable and dedicated studies. Furthermore, the 

optimization of other practical aspects regarding electrodes and cell manufacturing (i.e. slurry 

properties, coating procedure, electrode balancing etc.) is another key parameter to obtain 

improvement on battery performances, especially on industrial scale. On the other hand, the high 

energy density of layered oxide cathodes is required in different applications, making relevant the 

study of these materials, particularly when combined with anodes with high theoretical capacity (i.e. 

alloying-based anodes). 

In the first chapter a mixed LiFe0.6Mn0.4PO4 (LFMP) olivine cathode was synthesized and 

characterized in terms of structure, morphology and electrochemical features in lithium metal cell. 

Therefore, due to the positive results in conventional electrolyte, LFMP was studied in a lithium metal 

polymer battery with a solid configuration, using a polyethylene glycol dimethyl ether-based 

electrolyte, showing promising outcomes in terms of capacity, efficiency, and retention. 

Subsequently, LFMP was electrochemically converted to NaFe0.6Mn0.4PO4 (NFMP) with triphylite 

structure for application in Na-ion battery. The NFMP cathode was deeply characterized in terms of 

structure, morphology and electrochemical features in sodium metal cell with encouraging findings, 

and afterwards compared with the lithium analogue LFMP in terms of ion transport and interfacial 

characteristics using various electrochemical techniques, combined with the calculation of the 
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distribution of relaxation times (DRT) functions. Furthermore, the electrochemical reaction 

mechanism and structure of NFMP cathode were additionally investigated by means of ex-situ and 

in-situ (operando) XAS experiments.  

In the second chapter the role of conductive carbon additives and the refining of electrode 

manufacturing using commercial LiMn0.7Fe0.3PO4 (LMFP73) as active material have been studied. 

The optimization of additive content, mixing protocol, solid content, coating speed, and electrode 

loading was carried out to produce electrodes suitable for industrial use, subsequently coupled with 

graphite anode to achieve lab-scale coin-type full-cells and upscaled single-layer pouch cell, 

presenting promising stable capacity retained for over 100 cycles and good energy density at the 

electrodes level.  

The last chapter is focused on full-cell balancing using layered oxide cathodes and alloying-based 

anodes. LiNi0.2Co0.2Al0.1Mn0.45O2 (LNCAM) was synthetized and deeply characterized in Li-cell. 

Particularly, its relevant irreversibility during first charge is advantageously exploited for 

compensating the pristine inefficiency of a Li-alloying silicon oxide composite without any 

preliminary treatment in proof-of-concept full-cells with different N/P ratios. Moreover, a sodiated 

version of a tin-carbon (Sn-C) alloying material was obtained exploiting a versatile chemical strategy, 

and the NaxSn-C anode was combined with sodium-deficient layered oxide cathode 

(NaNi0.2Co0.2Al0.1Mn0.45O2, NCAM) for application in proof-of-concept Na-ion full-cell investigated 

by electrochemical impedance spectroscopy and ex-situ measurements. For both studied systems the 

applicability of the proposed balancing methods is evidenced, despite further optimization is required 

to enhance the efficiency of the batteries. 
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1. Introduction  

Global climate change is one of the most important problems that society is currently facing, with a 

great impact for the environment and ecosystems all over the world, as well as to economic losses 

and fatalities, as reported in Figure 1.1 (taken from the European Environment Agency (EEA) 

website).[1] Several effects could be already observed because of this phenomenon, such as 

progressively dissolution of Artic glaciers, rising of sea levels, expansion of deserts, extinction of 

many animals’ species, and extreme weather phenomena, that are related to the decreasing of food 

and water for human beings.[1,2] 

 

Figure 1.1: Economic losses and fatalities caused by weather and climate, and related extreme events in EU 

Member States (1980-2023) per hazard type. Image taken from EEA website.[1] 

As reported by the National Centers for Environmental Information (NCEI), in 2023 the annual global 

surface temperature was from 0.55 to 0.6 °C higher than the average of the 1991 – 2020, making 2023 

the warmest years since records began in the mid to late 1800s (Figure 1.2), following the trend of 

the previous eight years.[3] This trend of increasing temperature could lead to alarming consequences, 

as described above, such as the risk of tipping the ocean circulation in the Atlantic, which could lead 

to extreme weather conditions in the northern countries in the next few decades.[2,4]  
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Figure 1.2: Yearly global surface temperature compared to the 1991-2020 average from 1850 to 2023, based 

on data from four different sources. Image taken from the NCEI website.[3] 

The observed changes in the climate, especially related to the increase of the global temperature, 

which is expected to continue to rise for many decades, have the main causes in the emission into the 

atmosphere of greenhouse gases (GHGs) such as methane and CO2, that are a directly connected to 

human activities, especially after the XVIII century. Indeed, the concentration of CO2 in the 

atmosphere constantly increasing since pre-industrial revolution levels, with an increment of 46% 

during the last decades (Figure 1.3).[2,3,5] 

 

Figure 1.3: Trend of CO2 emissions from fossil fuels and industry worldwide measured in CO2eq. Image taken 

from ourworldindata.org website.[5] 
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To meet the goals stated in the Paris Agreement, a fast reduction in CO2 emissions to reach the Net 

Zero Scenario by 2050 is mandatory, requiring several policy approaches and correctives, particularly 

related to key factors such as energy efficiency, renewable energies, electrification, and carbon 

capture/storage.[6,7] In these regards, over 50 billion tons of CO2 are produced every year due to fossil 

fuels consumption.[2] Therefore, the global power sector (electricity and heat production) and the 

transport sector are those where an action is required to break down the total emissions, which account 

for ~ 73% of the total worldwide.[2,8] 

The data presented clearly show the necessity to improve energy production, with a transition from 

limited and polluting fossil fuels (i.e. oil, coal and natural gas) to more sustainable, renewable, and 

environmentally friendly sources such as solar, wind, hydroelectric or geothermal. For this purpose, 

building sustainable infrastructure to produce electricity from renewable sources on a large scale is 

imperative, due to the intrinsic intermittent nature of the latter. Indeed, resources like sun or wind are 

unsuitable for widespread adoption and integration in the energy grid and don’t match the increasing 

energy demand.[9,10] Nevertheless, decarbonization will be achieved by moving forward from fossil 

fuels, which implies that continuous supply of renewable energy is necessary, and it can only be 

reached by the presence and the implementation of appropriate energy storage systems (ESS).[9] 

 

1.1 Electrochemical Energy Storage Systems (EESSs) 

Electrochemical energy storage systems (EESSs) have a relevant importance for the transition to a 

low-carbon energy consumption, because electricity is the preferential way for storing energy. All 

the devices able to store and release electrical energy by taking advantage of redox reactions are 

included in the EESSs. These are divided into several classes, as shown in Figure 1.4:  

• Capacitors and supercapacitors are devices which mainly exploit capacitive surface charge 

process to store electrical energy. 

• Batteries exploit bulk reactions within the electrode structure occurring through charge 

transfer process as the main drivers for energy storage. 

• Fuel cells possess the highest energy density but still require continuous input of reactant 

and a backup system to store and produce energy. 
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Figure 1.4: Ragone plot showing different EESSs in comparison to internal combustion engines, with emphasis 

on the different types of batteries. 

For energy demanding applications, secondary rechargeable batteries represent the most promising 

devices to substitute the internal combustion engines in the electrical grid, due to their high energy 

density coupled with acceptable power density. Nevertheless, many key parameters including 

nominal voltage, cycle life, energy and power densities, and stability mostly depend on the cell 

chemistry of the battery.[11–13] 

Considering all different types of batteries, two technologies seem to be the most applicable and are 

expected to dominate the market in the future: 

- Already established Li-ion battery technology, that is the most used one since its 

commercialization by SONY Corporation in 1991.[14] Li-ion batteries predominate the market 

of portable electronic devices and large-scale stationary storage due to their prevailing 

volumetric and gravimetric energy densities in comparison with other battery systems (i.e. Ni-

Cd, Ni-MH, and Lead Acid), thus arising in better output despite maintaining a small size and 

weight of devices. 

- Recently or near to be commercialized Na-ion battery technology (i.e. by CATL, Faradion, 

Natron).[15–18] Na-ion batteries were initially studied in parallel research lines with respect to 

the lithium ones, gaining in last year’s more attention as alternative to Li-ion batteries in 

particular applications, owing to their environmental and economical sustainability. 
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1.2 Lithium-ion Batteries (LIBs) 

Lithium-ion batteries (LIBs) currently are the most exploited power source systems used in portable 

electronic devices and large-scale applications, like electric (EVs), hybrid (HEVs), or plug-in hybrid 

(PHEVs) vehicles and stationary energy storage, thanks to the characteristic above described and 

have been constantly improved over the last 30 years.[11] Li metal has always represented an attractive 

choice as possible anode material in batteries, thanks to its properties such as low atomic mass (6.941 

a.m.u.), low standard electrode potential (-3.04 V vs. SHE), and high theoretical specific capacity 

(3860 mAh g-1), making its possible use in primary batteries a deeply studied topic in combination 

with different cathodes, until their commercialization in the 1960’s.[19–22] Subsequently, in the 1970’s 

M. Armand conceptualized the first prototype of lithium-ion battery based on Li-ion intercalation into 

two different materials for both anode and cathode.[20,23] The intercalation into host materials and the 

lithium transfer into the electrodes during charge/discharge processes was later demonstrated by 

Scrosati and Lazzari in 1980,[24] and they called it “rocking-chair” mechanism referred to the peculiar 

shuttling of Li+ ions. Particularly, Wittingham demonstrated in the previous years (around 1975) Li+ 

intercalation in the layered structure of several dichalcogenides,[25] and among them TiS2 appeared a 

valuable choice for its peculiarities (i.e. low cost, low molecular weight, good electronic 

conductivity). Indeed, TiS2 presented the ability to intercalate lithium with a potential of 2 V vs. 

Li+/Li and a theoretical capacity of about 240 mAh g-1.[26] The results discovered for this material 

encouraged EXXON to attempt to produce secondary Li-ion batteries by using Li metal as the counter 

electrode and nonaqueous liquid electrolytes.[27] On the other hand, the use of TiS2 presented severe 

problems in terms of synthesis and storage of the material, caused by its high moisture sensitivity, 

with consequential decomposition in TiO2 and H2S.[28] Furthermore, the formation of the so-called 

Solid Electrolyte Interphase (SEI) surface layer when alkali metals were combined with the 

mentioned electrolytes was observed.[29] SEI is ionic conductive but electrically insulating, 

suggesting beneficial effects thanks to the passivation of lithium surface and its related stability in 

the electrolyte; nevertheless, the instability of the SEI layer upon prolonged cycles was observed, 

resulting in possible cracks and lithium exposure to the electrolyte.[30] This behavior leads to 

electrolyte and active lithium consumption due to the repeated formation/dissolution of the 

passivation layer, coupled with the necessity to design secondary batteries with metal Li excess to 

achieve suitable coulombic efficiencies.[31] Furthermore, the deposition and availability of lithium on 

the unstable SEI surface conducts to safety issues, related to the formation of highly reactive dendrites 

and “dead lithium” spots, which could cause a decrease of thermal stability of the batteries (undesired 

exothermic reactions), derived from internal short-circuit and sparks (Figure 1.5).[32] 
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Figure 1.5: Schematic internal representation of a secondary cell highlighting the difference between the 

formation of a suitable passivation layer and the parasitic formation of dendrites. Adapted from [32]. 

First attempts to lower the dendritic growth were conducted by employing Li/Al or Li/Mg alloys at 

the anode side,[33,34] while accompanied by capacity and electrode potential losses, making the 

combination with TiS2 less appealing for commercialization. The necessity to overcome safety issues 

related to the use of lithium metal brought Besenhard and Eichinger to conduct in 1976 first studies 

of Li+ intercalation into graphite, with related potential close to the thermodynamic one of Li metal 

and reversible intercalation up to LiC6.
[31,35,36] Anyway, the lack of suitable electrolytes which 

prevented solvent co-intercalation with consequent exfoliation of lithiated lamellar graphite and fast 

capacity fading, limited its use in cell as cathode material,[37,38] while in 1978 Armand demonstrated 

its suitability as negative electrode by using a polymer electrolyte.[39] The promising results obtained 

for graphite as a feasible substitute of metal Li had lead Basu in 1979 to develop a synthesis of LiC6 

by using molten lithium,[40] according to the results obtained by Bell labs,[38] while its use was limited 

by the high operating temperatures (375 – 500 °C). Furthermore, in 1985 Yoshino developed a battery 

with an anode of petroleum coke, which could host Li+ ions.[41,42] 

In concomitance with the discovery of the “rocking-chair” mechanism, Goodenough developed in 

1980 a high-voltage layered LiCoO2 (LCO) cathode, from which lithium is reversibly de-intercalated 

to an upper cut-off voltage of 4.2 V vs. Li+/Li.[43] Subsequently, Dahn demonstrated in 1990 the 

stability of graphite in nonaqueous electrolyte solutions, established by a combination of ethylene 

carbonate (EC) and propylene carbonate (PC) as solvents, with little capacity fading, thanks to the 

formation of a stable SEI layer at 0.8 V vs. Li+/Li.[44] As a direct consequence, solvent mixtures of 

cyclic (EC or PC) and linear (dimethyl carbonate, DMC, or diethyl carbonate, DEC) esters with 

lithium hexafluorophosphate (LiPF6) as salt, are the commonly adopted electrolytes in LIBs.[45] The 

conducted research brought to the commercialization of the first Li-ion battery, proposed by Sony 

Corporation in 1991, with the related worldwide success until nowadays.[14] Furthermore, M. S. 

Whittingham, J. B. Goodenough, and A. Yoshino were awarded in 2019 the Nobel Prize in Chemistry, 

for their contribution to the development of Li-ion technology.[46] 
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Despite a progressive optimization of the various components that compose LIBs over the years, they 

still hinge on the same basic design of 35 years ago; indeed, Li-ion batteries main components are the 

cathode, anode, electrolyte solution, separator, and the current collectors, as displayed in Figure 

1.6.[47] 

 

Figure 1.6: Schematic illustration of a Li-ion battery, with related discharge and charge processes.[47] 

As illustrated in the figure above, the cathode is the electrode at the higher potential, which is oxidized 

during the charge of the cell, while the anode is the lower potential electrode, which is reduced during 

the same process. During discharge, the anode and cathode processes are reversed. Upon subsequent 

charge/discharge, electrons flow from one side to the other by an external circuit connected to the 

two electrodes, whereas Li+ ions migrate from one electrode to the other through the electrolyte 

solution to guarantee the charge balance and to provide the rush of ionic current. The electrodes are 

divided by a microporous polymeric separator, made of polyethylene or polypropylene, immersed in 

the electrolyte to ensure its permeability, which prevents short circuit from direct contact. Moreover, 

anodic and cathodic active materials are cast onto current collectors (Cu for the former and Al for the 

latter) which behave as rigid and electronically conductive supports. The active materials are attached 

to Al or Cu by means of a polymeric binder able to guarantee adhesion and flexibility of the coatings. 

The reversible charge/discharge mechanism for the illustrated state of the art Li-ion battery based on 

a graphite anode and a LCO cathode is summarized by following equations (Equation 1.1 – 1.3): 
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Cathode 𝐿𝑖𝐶𝑜𝑂2 ⇄ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−      (1.1) 

Anode  6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) + 𝑥𝐿𝑖+ + 𝑥𝑒− ⇄ 𝐿𝑖𝑥𝐶6      (1.2) 

Overall 𝐿𝑖𝐶𝑜𝑂2 + 6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) ⇄ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥𝐶6    (1.3) 

Upon charge, Co is oxidized from Co+3 to Co+4, releasing Li+ ions which migrate to the anode through 

the electrolyte solution, and electrons which move to the same direction via the external circuit. On 

the anode side, graphite is gradually reduced with Li+ insertion within the graphene layers. The 

discharge of the cell follows the opposite process. The overall theoretical energy density is about 250 

Wh Kg-1 

As above mentioned, during the 1st cycle of the cell the anode (in lower measure also the cathode) 

could react with the electrolyte to form a passivation layer on the electrode/electrolyte interface, 

called SEI. Figure 1.7 depicts a schematic representation of SEI and Cathode Electrolyte Interphase 

(CEI) formation.[48] SEI layer is generated from the electrolyte decomposition at the lower (or higher 

for CEI) potential cut-off, where it is unstable, and it generally act as an ionic conductor and an 

electronic insulator, protecting the electrodes from additional reactions with the electrolyte. 

Nevertheless, SEI formation is an irreversible reaction and causes an initial efficiency loss. The 

stability of the passivation layer is determined by the nature of the electrolyte, particularly its solvents, 

while some compositions are favorable, and some may not.[49,50] 

 

Figure 1.7: Schematic illustration of the functions of SEI and CEI.[48] 

Although the constant optimization performed in the last three decades, LIBs still present some 

drawbacks, such as the possibility of permanent damage of the cell outside indicated temperature 
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range, high costs in comparison to other batteries, and irreversible degradation due to overcharge or 

excessive lowering of the potential of the cell. Furthermore, currently used chemistries have problems 

reaching the optimal energy density for uninterrupted powering EVs for very long ranges, despite 

permitting an adequate driving range per single charge.[51,52]  

 

1.3 Sodium-ion Batteries (SIBs) 

The research on sodium-ion batteries (SIBs) is correlated with that on the Li-ion counterpart, but it 

was delayed as a consequence of commercialization and rapid growth of LIBs. In the early 1980s 

Delmas discovered layered metal oxides of the NaMO2 family, while in the meantime Goodenough 

proposed to employ LiMO2 as cathodes in Li-ion batteries;[53,54] however, Li-based materials had 

resulted more attractive thanks to their higher electrochemical features. Furthermore, carbonaceous 

materials that intercalate lithium at low potential (soft carbons or graphite) presented a capacity 

almost tenfold lower in SIBs compared to LIBs, hindering the research on Na-ion systems.[55–57] 

Significant developments were performed only in high-temperatures Na-ion batteries like ZEBRA 

cell or sodium-sulfur (Na-S) system, working in the 250 – 350 °C range,[58] which were adopted for 

stationary energy storage and space missions.[59] Subsequently, a renewed interest in room-

temperature SIBs derived from the discovery of Na intercalation into hard carbons (HC) by Stevens 

and Dahn in 2000, with similar performance with respect to graphite in LIBs.[60,61] From this 

achievement, research on Na-ion batteries started to increase, with an exponential rise of publication 

after 2010. 

The development of EVs requires higher gravimetric and volumetric energy densities, accordingly a 

greater number of battery factories is needed to satisfy the demand for Li-ion batteries production, 

and their optimization in terms of capacity, lifetime, safety, and price to meet the car producers’ 

requests. Furthermore, Li is limitedly available and geolocalized in few areas worldwide, a fact that 

is becoming alarming due to the price increase of raw materials,[62] resulting in possible supply 

shortage or geopolitical problems with exporting countries.[63] These issues, also related to the critical 

role played by LIBs in the transition towards climate neutrality, especially considering the stationary 

energy storage for renewable sources already under development,[9,64] could be mitigated by means 

of employing of SIBs. Indeed, while energy density is a key parameter in portable electronics and 

EVs, the main features considered for stationary storage are price and power, suggesting the 

application of Na-ion technology an equally viable one compared to LIBs.  
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Figure 1.8 summarizes the characteristic of Na as compared to Li.[65] Indeed, SIBs research and 

investments are rapidly growing, since they are the devices that have the higher possibilities to match 

the LIBs performances.[66] 

 

Figure 1.8: Schematic representation of a Na-ion cell and comparison of LIBs and SIBs in terms of cation 

properties and cost of materials.[65] 

Lithium and sodium are both alkali metals, sharing most of their chemistry. Indeed, the working 

principles of SIBs are basically the same as LIBs, with Na+ ions reversibly migrating from one 

electrode to another through the electrolyte solution upon charge/discharge of the cell. Nevertheless, 

Li+ and Na+ ions present important electrochemical differences, which have to be considered for 

practical applications. As illustrated in Figure 1.8, sodium has higher atomic weight, larger ionic 

radius, and a slightly higher redox potential vs. SHE compared to lithium, resulting in slower ion 

transport, less stable interphase formation, larger volume variations, and an inevitably lower energy 

and capacity density.[65] Howbeit, the advantages of SIBs count in the higher availability, less 

geolocalization of raw materials, and lower costs of the whole battery production, even including the 

possibility to use cheaper Al current collector at the anode, while Li alloys with Al at low 

potentials.[66] 

As already described for LIBs, the formation of a passivation layer at the electrodes interfaces during 

the first cycle is present in SIBs. Furthermore, this is a most complex phenomenon compared to Li-
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ion systems due to the high reactivity of sodiated materials, whereas the electrolyte decomposes into 

oxygen-rich compounds (i.e. sodium carbonates). Moreover, the passivation layer is partially soluble 

in carbonate-based electrolytes, leading to a dynamic formation/dissolution process, which 

progressively consumes active Na from the electrolyte.[67] For these reasons, the characteristics of the 

SEI in SIBs is a key parameter, possessing a fundamental role for the implementation of this 

technology. 

Na-ion rechargeable batteries are very promising EES systems and could create a bridge between 

renewable energy generation and storage and related energy supply.[66,68,69] Indeed, companies like 

CATL, Natron or Faradion are pushing this technology to commercialization for large scale 

applications: CATL announced the launch of a second-generation Na-ion battery with an energy 

density of 200 Wh Kg-1, while Natron achieves first-ever commercial-scale production of SIBs in the 

U.S.[15,16,70] 

 

1.4 Cell Materials and Components 

All the main components described above which compose the final cell have an influence on the 

battery performance, especially when considering anode and cathode materials. In these regards, 

many compound families have already been investigated as proper electrode materials along with 

strategies to enhance their performance, but the interest is also focused on the development of new 

materials possessing encouraging peculiarities (i.e. organic cathodes, host materials for anode-less 

batteries).[71,72] Another key component is the electrolyte solution, because of its crucial role in the 

SEI/CEI formation and stability, along with its role in the ionic conductivity of the system. For these 

reasons, research on possible salts-solvents combinations is conducted, also considering the 

possibility of using additives that could improve the stability of the passivation layer or enlarge the 

electrochemical stability window (ESW) of the electrolyte solution. 

In the following Subsections 1.4.1, 1.4.2, and 1.4.3 an overview of the abovementioned components 

in Li-ion and Na-ion batteries is provided, with particular emphasis for the ones adopted in this work. 

1.4.1 Cathode Materials 

Cathodes can accept alkali ions during discharge (reduction) and release them during charge 

(oxidation), granting the cyclic working of the cell. In commercial batteries, the cathode is the 

component limiting their performance, and it is also generally the most expensive part, due to the 

presence of transition metals in the structure. In the last decades, the research was focused on 
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transition metals compounds with suitable stable structures permitting high Li+ ion mobility without 

significant volume changes. Additionally, optimal cathodes should possess high capacity, chemical 

stability, low toxicity and safety, and high working potential vs. Li+/Li or Na+/Na redox couples. 

Transition metal oxides and phosphates are currently the most used cathodes in commercial Li-ion 

batteries, with high oxidation states despite a neutral charge upon ion release, and they could be 

divided in three main classes according to their crystal structure: olivine phosphates, layered oxides, 

and spinel oxides.[73] In SIBs, due to the greater Na+ dimensions with respect to Li+, volume changes 

are more significant, reducing the ion diffusion and mobility into materials. Therefore, ad hoc studies 

on cathodes structures presenting small volume changes are necessary, to exploit faster ion exchange. 

The most used compounds in Na-ion batteries are Prussian blue analogues, layered oxides, and 

polyanionic compounds.[74]  

Olivine Phosphates 

Olivine cathodes presented the general formula LiMPO4 with M is a transition metal (M = Fe, Mn, 

Co, Ni), with their crystal structure extensively studied over the last years.[75] Particularly, LiFePO4 

(LFP) generated a lot of attention by the scientific community since its demonstrated ability to (de-

)insert lithium discovered in 1997,[76] leading to the practical application of LFP in commercial 

batteries since the early 2000.[77] LFP, and generally all olivine compounds, is formed by an 

orthorhombic system with punctual group 𝐷2ℎ
16 and space group Pnma, consisting in distorted hcp 

oxygen array with Li and Fe in half of the octahedral sites and P in one-eight of the tetrahedral sites, 

generating FeO6 octahedra with a distorted geometry (Figure 1.9).[78] Furthermore, the tetrahedral 

PO4 groups have a common edge with one FeO6 octahedron and two edges with LiO6 octahedra, with 

Fe2+ ions which occupy the center of the octahedron units and are also distributed to form FeO6 

octahedra isolated from each other. In summary, LFP olivine is built by layers of FeO6 octahedra 

sharing corners and mixed layers of LiO6/PO4 octahedra, possessing a lattice with a strong two-

dimensional character, and where Li+ ions can be inserted and removed in the 1D tunnel-like 

structure, as evidenced in Figure 1.9.[78] 
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Figure 1.9: The crystal structure of olivine LiFePO4 evidencing separation point of FeO6 network and Li+ 

ions moving through the 1D framework.[78] 

This class of compounds presented a high theoretical capacity of about 170 mAh g-1 and a working 

potential depending on the transition metal employed,[79] which remains constant during the whole 

redox processes associated with Li+ (de-)insertion.[80,81] During the reversible redox reaction of 

LiMPO4 one mole of Li+ ions per unit formula is released following the above reaction (Equation 

1.4): 

𝐿𝑖𝑀𝑒𝑃𝑂4 ⇄ 𝐿𝑖+ + 𝑒− + 𝑀𝑒𝑃𝑂4        (1.4) 

Moreover, the M3+/M2+ redox couple potential for every considered transition metal is higher in the 

olivine lattice with respect in the conventional layered lattice, due to the inductive effect of the 

phosphate group (PO4)
3-.[82] 

Generally, olivine cathodes display advantageous characteristics such as low toxicity and 

environmental impact, average low costs, and high structural and thermal stability, as illustrated in 

the Arrhenius plot of LFP in Figure 1.10.[83,84] Furthermore, the dangerous oxygen release at high 

temperatures and voltage in layered oxide cathodes is suppressed in olivine compounds, since oxygen 

can form strong covalent bonds with phosphorous (P5+) in the (PO4)
3- tetrahedra.[85] Despite their 

good properties, the main disadvantages of olivine cathodes are the low electronic and ionic 

conductivity, and the presence of channels in the olivine structure where Li+ ions can accumulate, 

limiting their one-dimensional (1D) diffusion.[76,84] These problems could be overcome by adopting 

thin carbon coatings on the surface of active material particles, or by the addition of different 

conductive additives at the electrode formulation level (i.e. carbon nanotubes, carbon nanowires, 

graphene).[86–89] 
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Figure 1.10: Arrhenius plot of electronic conductivity as a function of temperature of LFP.[83] 

The commercial success of LFP has driven researchers to study other olivine materials with different 

transition metals, also because they have higher energy densities and operating voltages than LFP, 

maintaining comparable specific capacities and thermal stabilities.[90–94] Table 1.1 resume the 

described characteristic. 

Table 1.1: Summary of working potential, theoretical specific capacity, and theoretical energy density for 

several LiMPO4 (M = Fe, Mn, Co, Ni). [90–94] 

Metal Olivine Working potential 

vs. Li+/Li 

Theoretical specific 

capacity 

Theoretical energy 

density 

Fe LiFePO4 3.4 V 170 mAh g-1 578 Wh kg-1 

Mn LiMnPO4 4.1 V 168 mAh g-1 689 Wh kg-1 

Co LiCoPO4 4.8 V 167 mAh g-1 802 Wh kg-1 

Ni LiNiPO4 5.1 V 166 mAh g-1 847 Wh kg-1 

Despite higher theoretical energy densities compared to LFP, other olivine systems present some 

problems that hinder their commercialization beside the iron counterpart. LiMnPO4 (LMP) undergoes 

local pseudo Jahn-Teller distortion of the lattice around Mn3+ ion (Figure 1.11) during cycling, which 

limits the practical capacity delivered by the cell,[95] while their performance could be increased by 

adopting particular synthetic strategies.[96] LiCoPO4 (LCP) has a relatively high working potential 

(4.8 V vs. Li+/Li), very promising for application in LIBs, but the electrochemical performances 

reveal a significant capacity loss upon cycling with capacity values lower than the theoretical ones.[92] 
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LiNiPO4 (LNP) presents the highest working potential around 5.1 V vs. Li+/Li, which is outside of 

the ESW of conventional electrolytes, requiring an ad hoc study of alternative electrolyte solutions, 

strongly limiting material application.[91] 

 

Figure 1.11: Schematic views of atomic structure of LMP and representations of pseudo Jahn-Teller distortion 

of the MnO6 octahedron around Mn2.[95] 

A good strategy to improve the performance of olivine cathodes is the combination of different 

transition metals in a mixed LiM’M”PO4 compounds.[79,97] Furthermore, the use of this multi-metal 

concept could provide a better comprehension of electrochemical behavior of the single redox couples 

in the olivine structure, helping to a further improvement of these materials.[97] Moreover, the redox 

couple potential in a mixed-olivine cathode slightly vary with respect to the bare reference material, 

because of an initial solid-solution-like behavior coexisting with the typical two-phase mechanism[98–

101] Among mixed-olivine cathodes, LiFe1-xMnxPO4 compounds are the most attractive due to the low 

cost and environmental impact of the transition metals utilized.[102,103] Indeed, the presence of iron in 

the olivine lattice increases electronic and ionic conductivity, and reduces Jah-Teller deformation, 

earning in higher working potential compared to LFP.[95,102,104] The maximum charge is obtained 

when x = 0.5, while when x > 0.8 the instability of the crystalline lattice deriving from Jahn-Teller 

distortion leads to an abrupt capacity loss and material deterioration.[76,95] Moreover, with 0.6 < x < 

0.8 the coexistence of the two-phase region is achieved (i.e. 3.5 V for Fe2+/Fe3+ and 4.1 V for 

Mn2+/Mn3+), with high-capacity values following optimized synthetic routes.[82] These properties 

brought LiFe1-xMnxPO4 mixed-olivines to be commercialized in the last years, and they are currently 

used in the market as Li-ion systems delivering higher energy densities compared to the LFP ones.[105] 

Regarding Na-ion batteries, the most developed olivine-type material is NaFePO4, (NFP) exploiting 

a theoretical capacity of 154 mAh g-1, suggesting its possible application as the sodium counterpart 

of LFP, presenting similar structural, electrochemical, and chemical-physical features.[106–108] 

Nevertheless, the application of sodium-based olivines have not been deeply studied due to 

challenging synthesis conditions. Indeed, considering the various polymorphs, the electrochemically 

active triphylite NFP, which have the same structure with one dimensional Na+ diffusion channel as 
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LFP, cannot be obtained by direct synthesis, as it would produce the more thermodynamically stable, 

but electrochemical inactive, maricite NFP, which does not have cationic channels for Na+ diffusion 

(Figure 1.12). [106,109,110] 

 

Figure 1.12: Crystal structures of (a) olivine NaFePO4 and (b) maricite NaFePO4.
[109] 

Electrochemically active triphylite has been achieved through conversion strategies involving 

electrochemical or chemical de-lithiation of LFP and subsequent sodiation of heterosite FePO4, which 

is considered a reasonable method to obtain Na-based olivine cathode, while electrochemical alkali 

exchange is difficult to perform at an industrial scale.[111–113] On the other hand, the lithium extracted 

from the precursor during the de-lithiation step can be recovered from the electrolyte by simple 

evaporation (electrochemical conversion) or from the precursor solution by precipitation (chemical 

conversion) and reused for olivine precursor into a green loop which limits the overall impact of the 

process.[111,114] 

The need for alternatives to lithium materials at the large scale has triggered research for developing 

sodium-based olivine electrodes with increased capacity and energy density.[113,115,116] Analogously 

to LFP, a suitable strategy to improve the performance of NFP is the partial substitution of iron with 

other transition metals to achieve a mixed olivine NaFe1-xMxPO4 (M = Ni, Co, Mn),[115,116] that was 

first developed in 2011 by Nazar.[117] As above described, the manganese-to-iron substitution to 

achieve the NaFe1-xMnxPO4 triphylite appeared to be one of the most promising pathways to achieve 

efficient Na+ (de-)insertion electrochemical process into the olivine structure.[115] However, sodium 

olivines based on Mn can suffered by the presence of the electrochemically inactive natrophilite 
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phase, in which Na and Mn exchange their positions leading to antisite mixing where half of the Na+ 

ions occupies M1 sites, and the other half occupies M2 sites.[118] Indeed, the research interest was 

hindered in this class on materials, with few works reported in the last years, despite promising 

features for possible application in stationary electrochemical storage. 

Layered Oxides 

Layered oxide cathodes hold in their family the mainly used material during LIBs development, i.e. 

LiCoO2 (LCO). Therefore, all oxides with general formula LiMO2 (M = Co, Mn, Ni, Al or a mixture 

of them) possess a layered structure. From a structural perspective, these compounds are isostructural 

to α-NaFeO2, natural salt which have a distorted structure, and own a distribution of Li and metal ions 

in octahedral sites separated by layers of cubic close-packed (ccp) oxygen array, with an ABCABC 

stacking sequence, which defines the O3-type structure (Figure 1.13).[119–121] The described ionic 

disposal in the crystal lattice corresponds to a 𝑅3̅𝑚 trigonal structure, allowing reversible (de-

)insertion of the alkali metal through a two-dimensional (2D) framework.[122] Indeed, during cycling 

Li+ ions are reversibly (de-)intercalated into the framework, generating or wiping out vacancies 

within the planes.  

 

Figure 1.13: Crystal structure (left) and schematic electronic structure (right) for LixCoO2.
[119] 

Nevertheless, the vacancies forming upon lithium removal from LCO (theoretical capacity 274 mAh 

g-1), as illustrated in Figure 1.13, can promote structural change or electronic transitions. Indeed, in 

LixCoO2, for 1 ≥ x > 0.5 the charge compensation upon Li extraction succeeds via removal of d-

electrons with oxidation of Co from +3 to +4, maintaining valence band mainly unchanged.[123] At x 

= 0.5, the structure preferred to rearrange as an interplanar stacking leading to an equivalent chemical 

makeup for all Co ions, with consequent intermediate oxidation state of +3.5, with eventual associated 

transition to a monoclinic structure.[124] Upon further Li removal, for x < 0.5 the (CoO6)-layer 
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distances tend to decrease, with charge compensation for de-lithiation leading to partial oxidation of 

O2- ions and subsequent oxygen release, resulting in poor capacity retention of the material and also 

limiting the practical specific capacity in the range of 130 – 150 mAh g-1.[125,126] 

In current battery technologies, the typical LCO cathode has been almost fully replaced by multi-

metal oxides possessing the same structure, such as Li(NixCoyMn1-x-y)O2 (NMC), in which the 

expensive and toxic cobalt is partially substituted with other transition metals, thus achieving further 

bonuses including adequate operating voltage, specific capacity, sustainability, and thermal stability 

of the de-lithiated phase.[127–129] Despite the remarkable performance and wide use of 

LiNi1/3Co1/3Mn1/3O2 (NMC333) and LiNi0.8Co0.1Mn0.1O2 (NMC811) cathodes,[130,131] they still suffer 

from capacity decay upon prolonged cycling and possible safety issues due to the already described 

phase changes, involving material delamination and oxygen loss at de-lithiated state.[132] Furthermore, 

side reaction at the first cycle has been reported as one of the main issues of voltage hysteresis during 

the subsequent cycles, particularly in Li-rich compounds, causing instability of material structure.[133] 

Moreover, layered oxides could be affected by possible cation mixing between Ni2+ and Li+ because 

of their similar ionic radii (0.69 Å and 0.76 Å, respectively), which may lead to deterioration of 

electrochemical performance.[134] 

Several strategies have been employed to avoid the progressive breakdown of the cathode and related 

instability and safety issues, such as metal doping,[135–137] acid treatments,[138] partial substitution of 

Co with Al,[139–141] and surface modification by metal oxides coating (i.e. ZrO2, Al2O3, TiO2),
[142,143] 

have proven to be effective, particularly in the stabilization of the structure.  

Similarly to LIBs, layered oxides could be employed in Na-ion systems, presenting a general formula 

NaxMO2 (with M transition metal) containing stacked layers of edge-sharing MO6 octahedra with Na+ 

inserted in between. Sodium layered oxides can be classified in two different categories depending 

on the number of unique oxide layer packings and the site where Na+ ions are located: O3-phase, with 

Na+ ions in octahedral sites and 3 unique interlayers, and P2-phase, with Na+ ions in prismatic sites 

and 2 unique interlayers (Figure 1.14). Additionally, when is present a distorted phase is added the 

notation (’) after the letter (e.g. O’3 or P’2).[144,145] Sodium stoichiometry has a large influence on the 

formation of a preferred structure for NaxMO2, as described below: 

- O3-phase belongs to 𝑅3̅𝑚 space group and is favored when 1.0 ≥ x > 0.7, composed by edge-

sharing NaO6 and MO6 octahedra ordered into alternated layers, establishing NaO2 and MO2 

sheets with an ABCABC pattern. Na+ ions are located in octahedral sites between MO2 layers 

(Figure 1.14).[144] 

- P2-phase belongs to P63/mmc space group and is favored when 0.7 > x > 0.6, with Na+ ions 

accommodated in prismatic sites. Despite consisted of MO2 layers, P2-phase has a different 
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Na environment due to the larger ionic radius of Na+ compared to Li+, resulting in oxide layers 

stacked in an ABBA pattern, which stabilize the structure (Figure 1.14).[144] 

The mechanism of sodium de-insertion from both structures may induce phase transitions (Figure 

1.14). Particularly, from the O3-phase a P3-type phase could be obtained, with oxide layers stacked 

in an ABBCCA pattern, which can also be synthetically achieved.[146] However, from P2-phase the 

O2-type phase is gained, with oxide layers stacked in an ABACAB fashion, which often induces the 

formation of stacking faults after Na extraction.[145] 

 

Figure 1.14: Classification of NaxMO2 layered structures with related phase transition processes upon Na de-

insertion.[144] 

NaxMO2 systems, similarly to LiCoO2, are studied as starting point to implementation of more 

complex binary systems, whereas each transition metal displays distinctive electrochemical 

performance in terms of working potential, delivered capacity, and capacity retention. It is underlined 

that the kinetics for electrochemical processes are widely influenced by crystal phase and structural 

stability of the materials. For these reasons, the combined effect of binary NaxM’M”O2 systems (M’, 

M" = Ni, Fe, Mn, Co) is expected to obtain higher performance like high operating voltage and 

reversible capacity, and quite flat potential profiles.[147,148]  

From a structural perspective, P2-phase shows better overall electrochemical behavior and stability 

than O3-phase, as a consequence of low diffusion barrier and high ionic conductivity of the 

former.[145] Nevertheless, the sodium deficiency makes difficult the application of these materials in 

full-cell, especially for P2-type, because the cathode is unable to provide its full capacity. Therefore, 
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activation of the cathode by using different strategies like chemical or electrochemical sodiation, or 

use of sacrificial agents, is required to exploit its full capacity in SIBs,[149,150] while other approaches, 

as anode activation, have also been considered.[151] 

Na-based layered oxides have attracted a lot of attention at the industrial level, due to their high 

energy density compared to other cathode chemistries,[148] and the application of O3-type and mixed 

O3/P2-type has already been patented by Faradion.[18] 

Other Cathodes Chemistries 

Spinel Oxides: Spinel oxides represent a safer and cheaper alternative to layered oxides, and LiMn2O4 

(LMO) is one of the most employed cathodes for LIBs, firstly proposed by Thackeray.[152] It presents 

a cubic structure with a 𝐹𝑑3̅𝑚 space group, where Mn and Li occupy octahedral and tetrahedral sites, 

respectively, permitting a 3D network for Li+ ions diffusion during (de-)insertion.[153] Despite LMO 

is cheaper than LCO and showing an excellent rate capability, it suffers capacity decay upon cycling, 

with an irreversible loss of capacity becoming rapid at high temperatures.[154] This phenomenon is 

related to two causes: (i) Mn2+ dissolution, and (ii) Jahn-Teller effect. In the first case, Mn2+ is the 

result of the disproportion of Mn3+, and it is soluble in the electrolyte, leading to loss of the redox 

center and capacity. In the second case, increasing the concentration of Mn3+, there is a change of 

symmetry from cubic to tetragonal, which will lead to poor performances.[152] The partial substitution 

of Mn with Ni in the LiNi0.5Mn1.5O4 (LNMO) provides an effective composition for Mn to stay in the 

+4 state, thus reducing Jahn-Teller distortion, while still possessing high capacity associated with the 

high-voltage plateau at 4.7 V.[155] LNMO possesses a specific capacity of 147 mAh g-1, making it an 

attractive cathode material for next generation batteries.[156] it can also crystallize in two different 

structures according to the annealing temperature: (i) face-centered cubic phase (𝐹𝑑3̅𝑚 space group), 

also called “disordered” phase, and (ii) the primitive cubic phase (P4332 space group), also called 

“ordered” phase.[157,158] However, LNMO presents issues such as electrode/electrolyte interphase and 

instability given by Li-rich and Li-poor domains.[157] 

Polyanionic compounds (NASICON-type): In contrast with olivine compounds for SIBs, NASICON-

type (Na Super Ionic CONductor) materials present a typical robust structure for sodium migration 

channels and higher ionic conductivity. They have the general formula NaxM2(YO4)3, with 4 ≤ x ≤ 1 

(M = V, Fe, Ni, Mn, Ti, Cr, Zr; Y = P, S, Si, Se, Mo), and suitable characteristic as cathodes for SIBs, 

as relatively high working potential, remarkable Na+ conductivity, and thermal stability.[159] Among 

them, Na3V2(PO4)3 (NVP) has displayed promising features for practical applications,[160] since, 

thanks to V3+ ions, it can act as both anode and cathode. When used as a cathode, two Na+ ions can 

be extracted at about 3.4 V vs. Na+/Na, with a theoretical capacity of 117 mAh g-1, thanks to oxidation 
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of V from +3 to +4. However, the main issue for NVP is the poor electronic conductivity leading to 

low specific capacities.[160] To increase the energy density of NASICON-type cathodes a suitable 

strategy is the introduction of highly electronegative anions (i.e. F-), able to increase their redox 

potential. Particularly, the fluorinated Na3V2(PO4)3F3 (NVPF) has proven to be able to deliver a 

theoretical capacity up to 130 mAh g-1 with a suitable high operating voltage of 3.9 V.[161]  

Prussian blue analogues: Prussian blue analogues (PBAs) have been extensively studied as 

promising cathode materials, especially for SIBs, thanks to their low cost, highly reversible phase 

transition during alkali metal ions (de-)insertion, and excellent redox activity.[162] They have general 

formula NaxM[M’(CN)6]y□1-yzH2O, where M and M’ are transition metals creating with C≡N groups 

a 3D open structure, while □ are the vacancies caused by the removal of an M’(CN)6 group and the 

occupation by coordination or interstitial water. The structure of PBAs can vary between different 

crystal phases, according to different Na/M/M’ ratios, defects, crystal water, and external factors (i.e. 

temperature): monoclinic, rhombohedral, cubic, tetragonal, and hexagonal.[163] Furthermore, 

crystallite size and morphology can affect both ion diffusion dynamics and the structural evolution 

mechanism of the materials;[163] accordingly, well-crystallized PBA particles with small dimensions 

and high specific surface area promote a faster diffusion.[164,165] As their structural evolution during 

charge/discharge is quite complicated, a defined mechanism has not been established yet.[162] 

Moreover, energy density, average voltage, and specific capacity of PBAs are related to the amount 

of interstitial water and vacancies, as well as structure stability and crystallinity, while cycling 

stability is generally poor and capacity fading is correlated to structure collapse, with dissolution of 

M'(CN)6 groups in the electrolyte.[166] In these regards, increasing the crystallinity of PBAs is 

regarded as an effective strategy to achieve increased capacity and prolonged cycle life.[163] Despite 

the abovementioned issue, added to the possible formation of cyanogen (CN)2 gas during cycling 

with commercial electrolytes,[167] PBAs are currently used in commercial application, as CATL and 

Natron use them as cathodes in first generation SIBs.[15,16]  

1.4.2 Anode Materials 

Anode materials are compounds able to accept Li+ or Na+ ions during cell charge (material reduction) 

and release them during cell discharge (material oxidation), to guarantee the cyclic working of the 

cell when they are coupled with cathodes. Several materials have been studied for application in LIBs 

and SIBs considering their cost, safety, sustainability and performance. Indeed, a suitable anode 

should be able to react with alkali metals at a low working potential with respect to Li+/Li or Na+/Na 

redox couples. Generally, they can be divided into three different classes according to their reaction 

mechanism: intercalation, alloying and conversion. Each of them presents advantages and 
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disadvantages, which are summarized in Table 1.2 and further discussed in the following 

subsections.[65] 

Table 1.2: Advantages and disadvantages of the three classes of anode materials.[65] 

Mechanism Advantages Disadvantages 

Insertion/Intercalation 
• Stability 

• Low or negligible volume 

expansion 

• Reversibility 

• Low specific capacity 

(ranging from 100 up to 

400 mAh g-1) 

Alloying 
• Highest specific capacities 

(ranging from 700 up to 

4000 mAh g-1) 

• High volume expansion 

• Instability 

Conversion 
• High specific capacity 

(ranging from 500 up to 

1000 mAh g-1) 

• Economically and 

environmentally 

sustainable 

• Voltage hysteresis 

• Structural changes 

Insertion anodes – Carbon-based 

Insertion materials are characterized by a reversible intercalation reaction coupled with a low or 

negligible volume change. Carbon-based and Ti-based materials are considered insertion anodes, 

with the former characterized by higher specific capacity (from 200 up to 400 mAh g-1) and lower 

working potential, while the latter present higher working potential (around 1.5 V) and lower specific 

capacities.  

In these regards, considering the intercalation carbonaceous materials, their characteristics are 

influenced by surface area, crystallinity, morphology, and spatial orientation of atoms, whereas 

different levels of graphitization could exist.[168] Carbon and its allotropes received a lot of success in 

rechargeable batteries due to their large abundance, low cost, tunable electronic and structural 

properties, excellent reversibility during cycling, ability to form a “protective” passivation film (SEI), 

and possible preparation from biowaste materials.[61,169,170] Carbon-based materials can be mainly 

divided into two categories, according to their crystallinity degree and carbon atom stacking (Figure 

1.15):[171] 
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- Ordered carbons: are characterized by long-range order and included graphite, few layers 

graphene, and carbon nanotubes. 

- Disordered carbons: are characterized by no long-range order (no crystallinity) and included 

hard carbon (HCs) and soft carbon (SCs). 

 

Figure 1.15: Typical structures of (a) graphite (AB and ABC), (b) graphene, (c) single- and multi-walled 

carbon nanotubes, (d) hard carbons, and (e) soft carbons.[171] 

In Li-ion systems, graphite is the most used material. Its structure is composed of stacks of sp2-

hybridized graphene layers connected by weak van der Waals forces (interlayer distance of 3.35 Å) 

and π-π interactions among the delocalized electron orbitals.[172] The layers are stacked in the 

thermodynamically stable ABAB pattern with hexagonal symmetry, with a small contribution of the 

less stable ABCABC pattern with rhombohedral symmetry (see Figure 1.15(a)).[171] Graphite can 

store Li+ ions through stages, reaching a maximum stoichiometry of LiC6 and a theoretical specific 

capacity of 372 mAh g-1. Furthermore, thanks to delocalization and weak van der Waals interactions, 

it possesses high electronic conductivity and preferential Li+ ion pathways, making it a suitable host 

material in LIBs.[172] The understanding of alkali ion (de-)intercalation in graphite is significant, but 

the dynamics of the intercalation processes are still not well understood.[173] Two typical structure 

models have been proposed to describe the graphite lithiation at different stages: the Rüdorff-

Hofmann model (Figure 1.16(a)) and the Daumas-Hérold model (Figure 1.16(b)), with the former 

assuming that Li+ ions alternate occupying the intermediate layers of each carbon layer, while the 

latter proposing that graphene layers undergo deformation during lithium insertion, facilitating 

interphase transition.[174] While the Daumas-Hérold model provides a better explanation of the phase 

transition capability during the process, (de-)intercalation is largely influenced by crystal structure 

defects, making both models not precise to understand the Li+ insertion behavior.[175] Alternatively, 

the widely accepted theory is the one proposed by Yazami and Touzain, in which lithium intercalation 
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occurs through a concentration-dependent process called “staging mechanism”, as illustrated in 

Figure 1.16(c).[174] Each nth stage compound is characterized by a periodic sequence of layers 

incorporating the intercalant species separated by layers without any intercalant species, where n 

defines the numbers of graphene planes between two intercalated layers. Accordingly, Stage 1 is the 

highest lithiated state of graphite at ambient conditions.[55] 

 

Figure 1.16: Schematic illustration of the lithiated graphite at different stages. (a) Rüdorff-Hofman model; 

(b) Daumas-Hérold model; (c) voltage curve of graphite during lithiation following the staging mechanism.[174]  

Upon lithium intercalation into graphite, the different stages can be identified as plateaus (or sloping 

regions) in the galvanostatic profiles. Initially, the staging process takes place through the formation 

of a random solid-solution-type intercalation, with Li+ ions organized in a liquid-like manner (Stage 

1L). Subsequently, a phase transition takes place from Stage 1L to Stage 4 and then to Stage 3. The 

subsequent transition to Stage 2L is temperature dependent, and its structure is not yet completely 

understood.[176] Upon increasing the lithium content, Stage 2 is formed coupled with an increase in 

the in-plane ordering, leading, after a first-order transition, to the formation of the completely lithiated 

Stage 1, accompanied by a flowing of the single planes with respect to each other and by an increase 
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of the interlayer distance to 3.70 Å. The whole process of lithium intercalation is summarized in the 

following equations (Equation 1.5 – 1.8):[174] 

Stage 4 → 3  𝐿𝑖𝐶72 + 𝐿𝑖+ + 𝑒− → 2𝐿𝑖𝐶36       (1.5) 

Stage 3 → 2  𝐿𝑖𝐶36 + 2𝐿𝑖+ + 2𝑒− → 3𝐿𝑖𝐶12      (1.6) 

Stage 2 → 1  𝐿𝑖𝐶12 + 𝐿𝑖+ + 𝑒− → 2𝐿𝑖𝐶6       (1.7) 

Overall  6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝐶6      (1.8) 

Nevertheless, in carbon materials graphite structure presents ordered and disordered layers, with the 

latter that can hinder the intercalation of Li+ between the layers, especially in the higher-order 

formation process, reducing the actual specific capacity of the anode.[172] A high-temperature method 

could be adopted to remove these disorderly layer structures.[177] Generally, despite the high stability 

and reversibility of graphite, its relatively low theoretical specific capacity limits its applications, in 

particular for high energy density devices (i.e. EVs). To increase its specific capacity, ball milling 

could be a suitable strategy, breaking the C-C bonds, and leading to formation of defects and related 

amorphization around the particle edges. However, this strategy may lead to a large voltage hysteresis 

of the material.[178] Furthermore, specific new forms of graphite have been developed with improved 

performance, especially rate capability, such as meso-carbon microbeads (MCMB) or micro-carbon 

fibers (MCF).[179] 

Graphene is considered a single or few layers of sp2 hybridized carbon, possessing remarkable 

properties in terms of reliable thermal conductivity, good electrical conductivity, and superior 

mechanical properties.[180–182] Its application as anode material is still under development: albeit it 

has a high theoretical capacity of 744 mAh g-1 thanks to the ability to store lithium ions on both sides 

of the layer (Li2C6), graphene layers tend to restack forming amorphous carbon and, at the end, 

graphite. Moreover, graphene presents elevated irreversibility at the first cycle and a large voltage 

hysteresis, hindering its practical application as anode for rechargeable batteries.[183] Carbon 

nanotubes (CNTs) have been reported as possible anode material in many literature works, since their 

first report in 1991.[184] They consist of one-dimensional carbon nanostructures, with their structure 

which is similar to a cylinder obtained by wrapping a single (single-walled carbon nanotubes, 

SWCNTs) or a few (multi-walled carbon nanotubes, MWCNTs) graphene layers. Lithium ions can 

diffuse into stable sites either on the outer or the inner surface of a single graphene layer, leading to 

a larger Li+ uptake than graphite.[185] Moreover, Li+ ions can be inserted in the interstitial sites of 

close-packed SWCNT bundles and within the graphene layers of MWCNTs, mechanism that strongly 

relates the performance with the morphology.[89] Structure defects increase the CNTs capacity, while 
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leading to an increase of irreversible capacity and voltage hysteresis, as already reported for 

graphite.[172,185]  

Differently from the above-described materials, disordered carbons do not possess long-range order 

in planes or along the stacking directions. They present sp2 hybridized carbon networks randomly 

located and partially linked with sp3 hybridized carbon. They are classified as hard carbons and soft 

carbons due to the degree of crosslinking and graphitization.[186] In the former case, crosslinking 

degree is very high, hindering the movement of sp2 carbon domains even at high temperatures (3000 

°C), thus avoiding the graphitization. On the other hand, soft carbons develop the graphite structure 

upon thermal treatments, due to the low degree of crosslinking with related improved sp2 carbon 

domains mobility. They can be prepared pyrolyzing compounds rich in aromatic functionalities (i.e. 

petroleum, coke), while under the graphitization temperature turbostratic disordered carbons are 

obtained, presenting lower specific capacities related to inhibited lithium accommodation. In these 

regards, the research community was more interested in hard carbon materials, which can be obtained 

by thermal decomposition of organic precursor (i.e. glucose, biowaste) under inert atmosphere, 

resulting in more sustainable and cheaper materials, also considering a possible large-scale 

production.[171,186] During the pyrolysis, the more evident mass loss takes place at relatively low 

temperature (250 – 500 °C), mainly ascribed to heteroatoms removal (i.e. O, S, N, etc.), while the 

complete carbonization is reached at temperatures higher than 700 °C.[171] Hard carbons could deliver 

capacities ranging from 200 up to 800 mAh g-1, depending on several synthetic parameters,[186] 

revealing a wide range of applications as anode material beyond LIBs, such as in SIBs and potassium-

ion batteries (KIBs), as well as carbon matrix for Si anode.[187–189] 

Considering the sodium-ion systems, the inability of Na+ ions to reversibly intercalate to form 

graphite intercalation compounds (GICs) hinders the use of graphite as anode material for SIBs. 

Therefore, the higher ionic radius of Na+ as compared with Li+ is not the main issue, since larger 

alkali metal ions (i.e. K+, Rb+, and Cs+) have been reported to form GICs.[57,190] On the other hand, 

Na-based GICs possesses the lowest energetic stability and formation potentials, ascribed to very 

weak chemical binding ability of Na towards graphite substrate, resulting in poor electrochemical 

performance (i.e. 30 – 50 mAh g-1).[57] To implement the use of graphite as anode for SIBs, glyme-

based electrolytes enable the co-intercalation of solvated Na+ ions, while only limited capacities have 

been reached.[191] 

In these regards, hard carbons represent the most promising choice for application in SIBs as anode 

material, since they have high storage capacity, low working potential, and cycling stability, thanks 

to their mechanical properties and porosity, with an interlayer spacing of 3.7 – 4.0 Å, which favors 

the Na+ ions into energetically stable sites near defects.[192–194] The structure of HCs is difficult to 
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describe since they have a quite complex turbostratic structure which depends on employed 

precursors, local random stacking, pores, voids, interlayer crosslinking, and presence of heteroatoms 

and folded graphemic domains. However, different models have been proposed over the years, 

emphasizing different hard carbon properties, while maintaining porosity as a key property.[195] The 

most employed one is that proposed by Dahn,[196] which tries to link between porosity and structure 

by assuming that HCs are composed of a combination of pseudo-graphitic micro-crystallites (sp2 

hybridized) and amorphous regions (sp3 hybridized edges and defects). From an electrochemical 

perspective, hard carbons are now presenting specific capacities close to those of graphite in LIBs, as 

a result of many improvements over the years.[186,195] Nevertheless, the Na storage mechanism still 

remains controversial, given the lack of a unique structural model, creating several debates over 

sloping or plateau regions of the typical galvanostatic profile of the material.[195] 

Alloying anodes 

Anodes based on alloying mechanism can store a large amount of alkali ions (Figure 1.17) compared 

to insertion and conversion materials (Li- or Na- rich alloys), exhibiting very high specific capacities 

(ranging from 700 up to 4000 mAh g-1).[197] Particularly, metals and semimetals of IV and V groups 

can electrochemically form alloys with Li or, in some cases, other alkali metals (i.e. Na) at room 

temperature,[198,199] as described in Equation 1.9: 

𝑀 + 𝑥𝐿𝑖+ + 𝑥𝑒− ⇄ 𝐿𝑖𝑥𝑀         (1.9) 

 

Figure 1.17: Schematic illustration of alloying reaction mechanism and LixM-type alloy formation for 

LIBs.[197] 

Thanks to their relatively good electronic conductivity, suitable discharge plateaus and operating 

voltage, alloying anodes are considered the most promising materials for high energy density 

batteries. The alloying process generally occurs with formation of LixM-type (or NaxM-type) alloy 

phases with progressively increasing alkali ion content upon uptake, as described in Equation 1.9. 
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Furthermore, the alloying reaction can be classified in two different categories depending on whether 

a crystal structure change occurs or not: solid-solution reaction or addition reaction. Particularly, 

formation of Li/Na alloys with crystalline Si, Sn, Al, and Sb, in which a crystal structure change takes 

place, belongs to the former, while electrochemical alloying of Li/Na with Mg or amorphous-Si are 

part of the latter.[200] Alloying anodes can work at relatively low potentials vs. Li+/Li or Na+/Na, with 

related energy densities largely exceeding that of the commercial graphite.[201] This peculiarity, as 

well as tin and silicon abundance, sustainability, safety and cheapness, carried out an increasing 

interest in these materials as high-energy anodes for application in LIBs and SIBs. However, some 

drawbacks hinder implementation and commercialization of alloying materials, such the huge 

volumetric expansion and contraction of the involved metals/semimetals (up to 300% for Si). This 

leads to pulverization of the electrode, with consequent loss of the material/current collector contact, 

and instability of the SEI, resulting in poor performance and cycle life (Figure 1.18).[200,202] 

Furthermore, the radius of the adopted alkali metal has a strong effect on the alloying reaction, with 

higher deformation and lower capacity for Na-based alloys working at higher potentials.[203,204] 

Consequently, alloying anodes in SIBs have lower gravimetric and volumetric energy densities 

compared to LIBs, while the less reductive Na+/Na potential leads to lower electrolyte degradation at 

the electrode/electrolyte interphase.[205] 

 

Figure 1.18: Various failure mechanism of alloying-based anodes (silicon-based) in LIBs: (a) particle 

pulverization; (b) collapse of the electrode structure with detachment from current collector; (c) repeated 

generation and instability of SEI.[200] 

Going into more detail in the alloying process, a various number of phenomena can occur: (i) loss of 

active material due to volume expansion and consequent pulverization, leading to particles isolation 
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and electrode inactivation, with related lower conductivity; (ii) formation of unstable SEI film on the 

electrodes and its braking for the subsequent volume changes upon cycling , with related loss of 

capacity; (iii) occurring of irreversible processes, such as trapping of ions into the host alloy for a 

slow release kinetics, formation of stable lithiated/sodiated compounds, or aggregation of particles 

due to heating induced by the pressure generated upon volume expansion, with related effect on 

irreversible capacity.[200,202]  

To mitigate these phenomena, a good approach is to disperse the active materials in a matrix, in order 

to buffer the volume changes and preserve the electrode integrity. A good matrix has to favor a fast 

ion exchange and promote the structural stability of the whole electrode, preventing particle 

aggregation.[199] The materials suitable for use as matrices can be summarized in: (i) 

inactive/electrochemically inert matrix compounds; (ii) electrochemically active matrix compounds; 

(iii) electrodes with 3D porous structure; (iv) carbon-based compounds (i.e. graphene).[199] Another 

approach is the reduction of the particle size of alloying anodes at the nanometer scale, leading to a 

significant improvement in cell performances. Indeed, nanoparticles can better sustain mechanical 

stress without fracturing, and they also shorten electronic and ionic transport distances, favoring faster 

diffusion.[199,206] 

Considering alloying compounds for LIBs, silicon is the most interesting, thanks to its very high 

theoretical specific capacity of 3579 mAh g-1 and the suitable low charge/discharge potential under 

0.4 V vs. Li+/Li.[207] The alloying reaction produces a compound with a stoichiometry up to Li15Si4 

at room temperature, as shown in Equation 1.10: 

4𝑆𝑖 + 15𝐿𝑖+ + 15𝑒− ⇄ 𝐿𝑖15𝑆𝑖4        (1.10) 

At higher temperatures, further lithiation could occur, reaching the highest stoichiometry Li22Si5, with 

a theoretical capacity of 4200 mAh g-1, as described in Equation 1.11:[207] 

5𝑆𝑖 + 22𝐿𝑖+ + 22𝑒− ⇄ 𝐿𝑖22𝑆𝑖5        (1.11) 

Beyond the quite high theoretical capacity, Si displays other interesting qualities, such as high relative 

abundance, environmental sustainability, and low cost.[208] Nevertheless, it suffers from a vast volume 

expansion (up to 400%), which leads to repeated SEI formation/destruction and irreversible capacity 

loss, also considering that the effect is grater with respect to other materials due to the large amount 

of Li stored.[208] The use of Si-based alloying anodes in SIBs has not received the same attention as 

for LIBs, due to cycling irreversibility of the NaSi alloy.[205] 

Alternatively to Si, Sn has also received great attention thanks to the possibility of electrochemically 

react with both Li and Na to form several alloys. The formation of alkali-rich phases can reach 
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stoichiometries as high as Li22Sn5 in LIBs and Na15Sn4 in SIBs, leading to theoretical capacities of 

994 mAh g-1 and 847 mAh g-1, as reported in Equation 1.12 and Equation 1.13, respectively:[209] 

5𝑆𝑛 + 22𝐿𝑖+ + 22𝑒− ⇄ 𝐿𝑖22𝑆𝑛5        (1.12) 

4𝑆𝑛 + 15𝑁𝑎+ + 15𝑒− ⇄ 𝑁𝑎15𝑆𝑛4        (1.13) 

Similarly to Si, even Sn suffers from volume change upon cycling, which could reach expansions up 

to 259% for LIBs and 423% for SIBs, thus limiting its performance.[210]  

Conversion anodes 

Conversion-type compounds follow a reaction in which a transition metal oxide, phosphide, nitride, 

or sulfide is reduced with Li+ to give metal nanoparticles and the corresponding lithium (or sodium) 

compound, as described by Equation 1.14: 

𝑀𝑎𝑌𝑥 + 𝑥𝑛𝐿𝑖+ + 𝑥𝑛𝑒− ⇄ 𝑎𝑀0 + 𝑥𝐿𝑖𝑛𝑌       (1.14) 

A wide range of transition metal oxides, sulfides, phosphides and similar compounds of p-block 

metalloids have been investigated as possible conversion anodes thanks to their interesting 

electrochemical properties and relatively low cost.[65,211–214] Conversion anodes can offer a higher 

specific capacity than insertion materials (ranging from 500 up to 1000 mAh g-1) and a broader range 

of working potentials vs. Li+/Li and Na+/Na (between 0.5 and 1.5 V), the latter related with higher 

safety with reduced risk of dendrite formation.[215] However, their application is hindered due to the 

instability driven by the intrinsic structural change of the conversion reaction. Moreover, the voltage 

profiles of conversion-based anodes are characterized by a large voltage hysteresis which lowers the 

charge/discharge energy density.[216] 

Among the different conversion anodes, binary and ternary oxides of 3d transition metals (i.e. Cr, 

Mn, Fe, Co, Ni, Cu) are the most investigated for both LIBs and SIBs.[216] Particularly, Fe2O3 is one 

of the most studied systems, thanks to its abundance, stability and high capacity of 1011 mAh g-1.[214] 

Moreover, mixed oxides with more than one electrochemically active metal (AB2O4 stoichiometry) 

have been studied as possible anode in Li-ion and Na-ion batteries,[217] revealing not efficient back 

conversion to the starting material, with consequent irreversible capacity loss. Additionally, transition 

metal chalcogenides, phosphides, nitrides and hydrides have also been explored, with sulfides 

showing interesting properties.[212,216] Indeed, the latter possesses better electrical conductivity 

compared with oxides, while the dissolution of discharge product leads to low coulombic efficiency 

and poor cycle life.[216]  
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1.4.3 Electrolytes 

The electrolyte solution is another key component of the cell, and its choice is crucial to obtain good 

performance of the battery. Electrolytes are the medium through which Li+ and Na+ ions migrate from 

one electrode to the other. Several types of electrolyte solutions have been studied over the last 

decades, such as liquid- and glyme-based,[45,50] gel and solid polymers,[50,218,219] or solid ceramics.[220] 

Nevertheless, the most commercially used electrolytes are liquid solutions employing an inorganic 

salt dissolved in organic solvents. A good electrolyte must satisfy the following requirements: 

- Low viscosity. 

- Low electronic conductivity (σe < 10-10 S cm-1) to avoid short-circuit in the cell. 

- High ionic conductivity (σLi > 10-4 S cm-1) to minimize internal resistance. 

- Wide voltage range, or rather large electrochemical stability window (ESW). 

- Chemical stability and lack of reactivity with the other cell components. 

- Sustainability, cheapness, and acceptable stability. 

In both LIBs and SIBs polar organic aprotic solvents (especially carbonate-based) are employed 

instead of water due to their wide ESW, low melting point, and high melting point, characteristics 

that prevent decomposition of the solution coupled with a large number of anodes and cathodes.[45,221] 

The most used organic solvents are illustrated in Figure 1.19, each one possessing its own dielectric 

constant and viscosity. The combination is extremely crucial to favor high ionic conductivity, 

cyclability, and suitable SEI/CEI formation and composition.[11] 

 

Figure 1.19: Chemical structures of the most employed carbonate solvents for LIBs and SIBs. In detail: 
ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), 

ethyl methyl carbonate (EMC).  

In general, a mixture of the above indicated solvents guarantees better performance, by enhancing the 

conductivity and thermal stability of the single component.[222] Ethylene carbonate (EC) is the most 

used solvent thanks to its high dielectric constant (89.6).[45]  

Considering the salts, there are only a few appropriate species. Indeed, they must have a very bulky 

negative counter ion, in order to neglect its contribution to the diffusion with respect to Li+ and Na+. 

In these regard, the commonly used lithium- and sodium-based electrolyte salts are 
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hexafluorophosphates (LiPF6 or NaPF6), tetrafluoroborates (LiBF4 or NaBF4), 

bis(fluorosulfonyl)imides (LiFSI or NaFSI), and bis(trifluoromethane) sulfonimides (LiTFSI or 

NaTFSI).[223] Additionally, for SIBs also sodium perchlorate (NaClO4) is widely employed. As 

described for solvents, more than one salt can be dissolved. This strategy could be used to avoid gas 

production and improve cyclability at high temperatures.[50] For Li-ion batteries, two electrolytes are 

highly diffused: a 1M solution of LiPF6 dissolved in a 1:1 v/v mixture of EC:DMC (called LP30), or 

a 1M solution of the same salt dissolved in 3:7 v/v mixture of EC:EMC. However, in SIBs better 

performances are achieved with a 1M solution of NaClO4 dissolved in 1:1 v/v mixture of EC:PC or 

EC:DEC,[223] while in the last years the substitution of sodium perchlorate with NaPF6 is encouraged 

because of safety concerns.[223] Organic solvents are inclined to decompose at the anode, affecting 

the electrochemical performance of the cell. Indeed, SEI irreversible formation at the negative side 

surface is crucial, offering good ionic conductivity and electronic insulation, protecting the electrode 

surface and avoiding parasitic reactions.[45] Therefore, the nature of the passivation layer is a direct 

consequence of electrolyte composition: EC is proven to stabilize the SEI, while PC is detrimental in 

LIBs, since it is co-intercalated in graphene layers causing exfoliation. Nevertheless, PC is required 

in SIBs because favors suitable solvation energy and charge transfer,[224] despite SEI in Na-ion 

systems are less stable and partially soluble in carbonate solvents.[225,226] To control SEI formation 

and avoid its excessive growth, which could block interaction with the anode, an effective strategy is 

the use of electrolyte additives. They are molecules with the aim of being consumed during the 

formation of the passivation layer, providing a more stable SEI. The most used additives in both LIBs 

and SIBs are vinylene carbonate (VC) and fluoroethylene carbonate (FEC).[227,228] Furthermore, 

especially in sodium half-cells, the use of additives is required to stabilize metal Na used as reference 

and counter electrodes, favoring potential monitoring and a homogeneous plating/stripping 

process.[226]  

One of the most important drawbacks for the currently employed electrolytes is the flammability of 

the organic solvents, which could create safety issues, especially if the batteries undergo dendrite 

formation or thermal runaway.[30,229] An efficient approach to increase the safety and affordability of 

the batteries is the use of stable and non-flammable electrolyte, adopting end-capped ether called 

“glymes” with CH3O(CH2CH2O)nCH3 formula and low n value (Figure 1.20). Glymes are liquid at 

room temperature and are characterized by high flash point, fast Li+ and Na+ ions transport, wide 

ESW, thermal stability, and compatibility with the commonly used conductive salts, favoring their 

use as solvents with several anodes and cathodes (i.e. LFP, LCO, NMC, graphite, hard carbons) with 

promising performances.[230–234] However, glyme-based electrolytes reveal low passivation 

properties, limiting their applicability because of continuous solvent decomposition.[231,235] This 
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problem may be overcome by using stabilizing additives, like the ones above described or LiNO3, 

which leads to the formation of a suitable passivation layer.[236] Intensive work has been recently 

focused studying the intercalation between alkali ions and glyme molecules, along with the study of 

glyme-based electrolytes exploiting high concentrations of lithium salts, described as solvent-in-salt 

solutions, revealing superior transport properties, high oxidative and thermal stability, and formation 

of an improved SEI.[237,238]  

 

Figure 1.20: Molecule structure of various glyme solvents. In detail: 1,2-dimethoxyethane (DME, n = 1), 
diethylene glycol dimethyl ether (DEGDME, n = 2), triethylene glycol dimethyl ether (TREGDME, n = 3), 

tetraethylene glycol dimethyl ether (TEGDME; n = 4), polyethylene glycol dimethyl ether (PEGDME). 

Solid polymer electrolytes (SPE) are also getting a lot of interest to increase the safety of rechargeable 

batteries. In particular, SPE based on polyethylene oxide (PEO) exhibit excellent thermal, 

mechanical, and electrochemical stability, negligible volatility, efficient dendrites suppression, and 

compatibility with conductive lithium and sodium salts (particularly with LiTFSI and NaTFSI), 

leading to suitable ion transport characteristics.[239,240] However, the high molecular weight of PEO 

causes excessive crystallinity at room temperature that requires higher temperatures for application 

(above 65 °C), when the PEO amorphous state is reached, and adequate ionic conductivity is 

obtained.[240] Ceramic fillers, i.e. TiO2, Al2O3, SiO2, or ZrO2, are largely used to promote the polymer 

amorphous state, while high temperatures (around 60 °C) are still needed.[241–243] Thus, many efforts 

are required to optimize solid-state polymer electrolytes due to their promising results obtained in 

lithium batteries exploiting insertion electrodes.[241,243,244] 
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1.5 Electrodes Processing and Manufacturing 

As already described, each component of the battery plays a crucial role in the final application of the 

devices. Indeed, the electrode processing, by using anodic or cathodic compounds as active materials, 

and the following manufacturing are key factors to achieve the best battery performances, especially 

in the upscaling from lab-scale to industrial level.[86,245,246] 

In these regards, the slurry formulation represents the starting point to produce high quality electrodes 

for application in LIBs and SIBs. Generally, electrodes are composed of three main components: the 

active material (exchanging Li+ or Na+ during the redox processes), the conductive agent (typically 

nanometric carbon such as C65, Super P, carbon black), and the binder (i.e. polymeric materials) 

guaranteeing the adhesion of the slurry to the current collector, while granting interparticle cohesion.  

Binder and nanometric carbon are employed in small percentages (< 5%), playing a crucial role for 

the functioning of the device.[247,248] Among the possible different polymers used as binders, 

polyvinylidene fluoride (PVdF) is currently employed in commercial LIBs, providing good adhesion 

with the current collector. Furthermore, it is chemically and electrochemically inert towards the 

common electrolytes in the voltage window at which LIBs/SIBs are operated, possesses good 

mechanical resistance, and a thermal stability between -40 °C and +150 °C.[249] However, the high 

costs associated with the necessity to dissolve it, during electrode processing, in toxic and volatile 

solvents such as N-methyl-2-pyrrolidone (NMP), are undesirable features. In these regards, the use 

of greener polymers soluble in water, such as carboxymethyl cellulose (CMC), received huge 

attention, especially when coupled with anodic materials.[250] 

To further increase the conductivity of the coatings, especially when low conductive materials are 

used (i.e. olivine cathodes), the addition of a small percentage of different conductive additives 

represents a valuable choice.[247] The most used are carbon additives such as carbon nanotubes 

(CNTs) or nanowires (CNWs) or graphene.[88,89,182,185] Indeed, the combined use of various carbon 

additives enables different conduction pathways, such that carbon black nanoparticles render short-

range conduction, while CNTs (or CNWs) provide long-range conduction pathways.[251] Single-

walled carbon nanotubes (SWCNTs) are considered ideal conducting agents, owing to their high 

electrical conductivity (106 S m−1), length-diameter aspect ratio (>3500), and excellent mechanical 

properties (Young's moduli between 270–950 GPa), that could enhance cycling and dimensional 

stability of electrodes. Nevertheless, large specific surface area of SWCNTs may limit their uniform 

dispersion in a slurry, causing their aggregation into bundles.[185,252] Considering other possible 

additives, graphene presents remarkable mechanical properties (Young’s modulus 1100 GPa), 

reliable thermal conductivity (~4000 W m-1 K-1), and good electrical conductivity (108 S m-1).[180,182] 

Furthermore, graphene is a promising containment matrix for composite materials, able to withstand 
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the mechanical stress caused by alloying and conversion materials, thus increasing the electronic 

conductivity of the whole electrode.[253,254]  

To meet the desired specifications for different applications, and for an optimal electrode 

microstructure, research on the relationship between manufacturing and performance is of paramount 

importance.[255,256] Indeed, electrode formulation development, slurry processing, and electrode 

manufacturing play a critical role, especially at the cathode side. In these regards, several parameters 

could affect the electrode quality and have to be optimized to guarantee satisfactory performance and 

cell stability, especially when upscaling from lab-scale to larger cell formats.[245,255,257] Figure 1.21 

reports the parameters which plays a crucial role in the electrode manufacturing, such as slurry 

formulation composition, viscosity, solid content, coating speed, drying temperature, electrode 

loading, calendering process, density and porosity.[258] 

 

Figure 1.21: Summary of the parameters involved in the electrode manufacture process.[258] 

The effects of these parameters cannot be studied in isolation. For example, a more intensive mixing 

(higher speeds, longer time) may more efficiently break up agglomerates, giving a slurry with a more 

desirable rheology (typically lower viscosity at high shear rates relevant to coating),[258,259] which can 

be coated at a higher speed. However, high mixing speed could also shear degradation of the binder, 

causing delamination or cracking of the electrodes during drying or calendering.[258,260] 

Overall, the study and the optimization of the chemical and physical parameters involved in the 

electrode processing and manufacturing is mandatory in order to obtain electrodes with optimal 

features for application in upscaled devices.[245,261] 

  



1—45 

1.6 Distribution of Relaxation Time (DRT) Function 

Distribution of relaxation time (DRT) is a function which is used to transform a frequency dispersion 

in the τ-domain.[262] Starting from the work of Ivers-Tiffée,[263] DRT has already been used for 

characterizations on Li-ion batteries,[264] on fuel-cells,[265] and on solar cells.[266] The transformation 

into the τ-domain of the impedance data is defined by Equation 1.15: 

𝑍(𝜔𝑖) = 𝑅∞ + 𝑅𝑝 ∫
𝛾(𝜏)

1+𝑗𝜔𝑖𝜏
𝑑𝜏

∞

0
        (1.15) 

where Z(ω) is the impedance response, R∞ is the high-frequency resistance (intercept in the real axis 

in Nyquist plot), Rp is the polarization resistance, and γ(τ) is the distribution function of relaxation 

time. Since γ(τ) is a normalized function, from Equation 1.16: 

∫ 𝛾(𝜏)𝑑𝜏
∞

0
= 1          (1.16) 

Unfortunately, Equation 1.15 is a Fredholm integral of the first kind and its inversion is an “ill-posed 

problem”, i.e. its solving can lead to many possible solutions. Specifically, the boundary conditions 

require that the angular frequency ω tends to zero; however, this requirement is usually not 

encountered in typical EIS spectra for batteries, as the low-frequency diffusion region diverges from 

the real axis, and a pre-processing step for the Nyquist plots is required.[262] Indeed, the only two 

diffusion processes who are DRT-processable are the finite-length Warburg and the Gerischer.[265] 

Several routes are available to approximate the distribution function: Fourier-transform,[267] 

Maximum entropy,[268] multiple (RQ) fit,[267,269] and Tikhonov regularization.[270–272] In the Fourier-

transform method, a window function must be applied which can have significant effect on the DRT 

shape. Moreover, in the case of Tikhonov regularization and maximum entropy, the adjustment of a 

particular parameter is necessary to avoid under- or overestimation of the impedance spectra. 

Common ways to display impedance spectra are Nyquist or Bode plot; however, could be difficult to 

distinguish two individual processes with time constants or frequency very similar. In these regards, 

DRT could help to understand the physical processes hiding behind an ac-dispersion. A (R1C1)(R2C2) 

circuit with very close time constants (τ2 = 2τ1) is represented as a single arc in the Nyquist plot. 

However, DRT calculation deconvolutes the processes which appear as two different peaks (Figure 

1.22), and, more generally for a multiple-feature impedance dispersion, it allows to separate all the 

(RC) elements into distinct peaks.[262] Particularly, the measurements of each peak position and area 

can provide useful information about the transport, and interfacial properties of the cell itself.[263,264] 
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Figure 1.22: (a) Nyquist plot of a (R1C1)(R2C2) circuit with τ2 = 2τ1 with (b) corresponding DRT computation 

of the ac-dispersion. 

Going into detail of the Tikhonov regularization the imaginary part of the impedance can be rewritten 

as (Equation 1.17): 

(

𝑍𝑖,1

⋮
𝑍𝑖,𝑛

) = (

−𝜔1𝜏1

1+(𝜔1𝜏1)2 ⋯
−𝜔1𝜏𝑛

1+(𝜔1𝜏𝑛)2

⋮ ⋱ ⋮
−𝜔𝑛𝜏1

1+(𝜔𝑛𝜏1)2 ⋯
−𝜔𝑛𝜏𝑛

1+(𝜔𝑛𝜏𝑛)2

) (
𝑏 1

⋮
𝑏 𝑛

)      (1.17) 

However, even small Zi perturbation will result in large deviations from solution b. To avoid that, a 

regularization parameter λ is introduced in the Tikhonov regularization (Equation 1.18): 

𝑚𝑖𝑛𝑏{‖𝐴𝑏 − 𝑍𝑖‖2

2
+ λ2‖𝑏‖2

2}         (1.18) 

The solution to the problem is reported in Equation 1.19: 

𝑏 = (𝐴𝑇𝐴 + λ2𝐼)−1𝐴𝑇𝑍𝑖         (1.19) 

Consequently, too large λ values can result in an underestimation of the DRT function, while a too 

small λ will result in overestimation and creation of artefact peaks.[272] Indeed, a general rule for the 

choice of λ does not exist.  

DRT is often used as an aid to find a better equivalent circuit model with a physicochemical meaning. 

For instance, if a peak is related to a charge transfer process, it can be easily spotted by acquiring EIS 

spectra at different temperatures, following an Arrhenius behavior.[269,273,274]  
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1.7 Aim of the work 

In the present thesis the study of the electrochemical properties of different cathodes for application 

in both Li-ion and Na-ion batteries is performed, to analyze the suitability of these materials for 

application and the effect of the electrode processing and cell manufacturing on the final performance 

of the battery. In these regards, the work is focused on low cost, low toxicity and improved energy 

densities mixed-olivine cathodes based on iron and manganese. LFP is considered as a Generation 3 

design-to-cost cathode by the “Strategic Research Agenda for Batteries” of Batteries Europe,[156] and 

currently employed in commercial batteries, and it lately reached a renewed interest due to their 

remarkable economic and safety characteristic. Indeed, the study of already commercial mixed 

olivine cathodes, also considered as Generation 3 design-to-cost materials, but not yet employed in 

commercial batteries, could represent a suitable alternative to obtain new safe, cheap, and stable 

batteries for application in portable devices and stationary energy storage. Moreover, their possible 

conversion to obtain Na-based olivine could be implemented as a low-cost alternative for stationary 

storage. Accordingly, the study of electrode processing and production and of cell manufacturing are 

key factors to link lab-scale research to industrial production. 

Furthermore, the study of layered oxide cathodes combined with alloying anodes in LIBs and SIBs 

could represent a suitable choice to produce high energy density systems for application in HEVs and 

EVs. Therefore, also in this case cell manufacturing and, particularly, electrode balancing have a 

crucial role in the practical application of these devices. 

In summary, this work aims to study different cathode chemistries for possible use in LIBs and SIBs 

addressed to a wide range of possible applications, with particular attention to cathode sustainability, 

cost, safety, and stability, coupled with the electrodes manufacturing and full-cell balancing to meet 

upscaling requirements. 
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2. Structural, Electrochemical and Interfacial Characterization of 

AFe0.6Mn0.4PO4 (A = Li, Na) Mixed-Olivine Cathodes for Li-ion and 

Na-ion Batteries 

LIBs are the most widely diffused energy storage systems, due to their high energy density and 

outstanding cycle life.[275] However, the massive use of Li and its compounds for fulfilling this 

increasing demand poses serious economical and geopolitical concerns, mainly ascribed to the raising 

price and the local availability of this important alkali metal.[276] A possible solution may be 

represented by the development of analogue devices using a different and more abundant alkali metal, 

such as the sodium-ion batteries (SIBs).[47,144] Despite the lower capacity and a higher electrochemical 

potential than lithium, sodium appears more sustainable due to its abundance and homogeneous 

distribution on the Earth crust.[74] Furthermore, SIBs exploit a similar reaction mechanism compared 

to LIBs, thereby possibly facilitating the R&D for alternative energy storage systems based on Na.[277]  

The economic and environmental issues of transition metals included in layered oxide composition 

(i.e. Co), and possible structural degradation during cell operation, have promoted the use of 

polyanionic phospho-olivines characterized by remarkable stability, low cost and non-toxicity.[76] 

Among them, LFP revealed outstanding features, such as high specific capacity (170 mAh g-1),[85,121] 

relevantly longer cycle life and lower price, despite lower energy density compared to layered oxides, 

which promoted its commercialization.[77,85] The partial substitution of iron with other transition 

metals with a higher redox potential, such as Mn into a ‘‘mixed-olivine” with general formula LiFe1-

xMnxPO4, appeared as an adequate strategy to increase the energy density of the olivine cathodes, 

leading to compounds with a higher potential than LFP, still holding acceptable electronic 

conductivity, efficient Li+ transport, and hindered pseudo Jahn-Teller distortion.[82,93,95,97,98,278] For 

these reasons LiFe1-xMnxPO4 cathodes are currently commercial materials.[105]  

On the other hand, lithium metal anode may further improve the energy density of the battery; 

however, safety issues may be related to the possible formation of metal dendrites during lithium 

deposition/dissolution process.[229,279] Therefore, the use of solid electrolytes exploiting amorphous 

polymers dissolving lithium salts, such as poly(ethylene oxide) (PEO), has been suggested as a 

possible choice for achieving a safe use of lithium metal in battery.[280–282] However, PEO have a poor 

ionic conductivity at temperatures lower than 65 °C due to excessive crystallinity hindering the Li+ 

ions transport.[240,243] However, end-capped polyethylene glycol dimethyl ether with MW higher than 

1000 g mol−1 may be employed to achieve solid polymer electrolytes operating at lower temperature 

than PEO.[283] 
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NaFePO4 (NFP) cathode can in principle perform similarly to LFP using the abundant and 

economically sustainable sodium instead of lithium,[107,151] however with a lower theoretical specific 

capacity (154 mAh g-1) and potential (3.1 V vs. Na+/Na), as well as slower kinetics due to the larger 

and heavier alkali metal.[284] However, a relevant drawback for NFP is represented by the 

predominant formation of the electrochemically inactive phase with the maricite structure during 

common synthetic pathways.[110,285] On the other side, electrochemically active triphylite-type NFP 

has been achieved only through conversion strategies involving electrochemical or chemical de-

lithiation of LFP and subsequent sodiation of heterosite FePO4.
[111,112] The need for large-scale 

diffusion of post-lithium materials for energy storage has triggered relevant research for developing 

NFP electrodes with increased capacity and energy density.[286,287] In analogy with the LFP, a suitable 

strategy to improve the performances of the NFP is the partial substitution of iron with others 

transition metals to achieve a mixed olivine version of the electrode.[113,115] In particular, the 

manganese-to-iron substitution to achieve the NaFe1-yMnyPO4 triphylite appears to be one of the most 

promising pathways to achieve efficient Na+ insertion/de-insertion electrochemical process into the 

olivine structure.[115]  

Considering the above-described trends for battery materials and polymer electrolytes, Chapter 2 is 

focused on the synthesis and characterization of a Fe/Mn-based mixed olivine cathode and its 

conversion to the sodium analogue, with the study particularly focused on the application of the Li-

based olivine in safer Li-metal batteries, and the investigation of Na+ (de-)insertion mechanism for 

the Na-based one, with particular attention to diffusion and interfacial properties. 

Section 2.1 describes the experimental methods adopted in this chapter. 

Section 2.2 reports the synthesis by sol-gel pathway and the full characterization of a LiFe0.6Mn0.4PO4 

(LFMP), revealing similar performances with respect to several literature works which report similar 

compositions achieved with different synthetic strategies.[93,97] The synthesis of LFMP is 

advantageously monitored by thermogravimetric analysis (TGA) and X-ray diffraction (XRD), while 

the material is studied in terms of structural, morphological, and electrochemical features in lithium 

cell with conventional electrolyte. Furthermore, the new electrode is originally investigated in a 

lithium cell exploiting the solid polymer configuration by employing a composite polymer electrolyte 

(PEGDME_CPE), which has been previously reported, and revealed excellent properties in terms of 

Li+ conductivity, thermal, chemical, and electrochemical stability, and remarkable cycle life in solid 

polymer lithium battery operating at 50 °C.[219] It is here shown that a LFMP/PEGDME_CPE cell 

operates at 50 °C with two voltage plateaus centered at about 3.5 and 4 V. The achieved results 

demonstrate the possibility to achieve new-generation lithium polymer cells characterized by high 

energy, remarkable stability and, at the same time, suitable safety and environmental characteristics. 
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In Section 2.3 the electrochemical conversion of the previously synthesized LFMP cathode to the 

NFMP analogue is explored. The conversion process is fully monitored by scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Raman 

spectroscopy, and inductively coupled plasma–optical emission spectroscopy (ICP-OES), and the 

electrochemical behavior of the obtained NFMP is studied in sodium cell. The sodium olivine cathode 

is investigated by means of cyclic voltammetry (CV), galvanostatic intermittent titration technique 

(GITT), electrochemical impedance spectroscopy (EIS) at different states of charge, with calculation 

of the distribution of relaxation time (DRT) function, and compared with the lithium analogue. These 

efforts are aimed at clarifying the analogies and the differences between NFMP and LFMP in terms 

of alkali ions diffusion coefficient, interphase features, and charge-transfer properties. The achieved 

results can shed light on reaction kinetics, interfacial properties, and ions diffusion, driving the future 

improvements of the features of mixed-olivine cathodes for application in Na-ion battery. 

Despite the first Mn-doped NFP was already achieved in 2011,[117] only few detailed studies of 

sodium-based mixed olivine cathodes have been reported in literature, particularly focusing on the 

degree of Mn substitution,[115] and the associated effect on the structure and on the Na+ 

insertion/extraction mechanism.[116] Accordingly, in Section 2.4 an operando X-ray absorption 

spectroscopy (XAS) analysis on NFMP cathode is reported, to deeply investigate the mechanism of 

Na+ (de-)insertion, as well as the actual chemical environment of Fe and Mn centers in the olivine 

structure. Particularly, the evolution of the oxidation state of the transition metals from the starting 

LFMP to the converted NFMP is investigated, to assess the hindered reactivity of Mn, also by 

exploiting ex-situ X-ray photoelectron spectroscopy (XPS) analysis. Furthermore, a preliminary 

investigation of the structural features of the material is performed, to shed light on possible 

differences compared to the lithium counterpart.  

 

2.1 Experimental Section  

Synthesis of LiFe0.6Mn0.4PO4 and preparation of Composite Polymer Electrolyte (CPE) 

The olivine cathode (3 g) was prepared by a sol-gel synthesis pathway reported elsewhere for different 

cathodes.[93,98,288] Lithium dihydrogen phosphate (LiH2PO4 99%, Sigma Aldrich) was dissolved in 15 

mL of water (solution A), whereas transition metal acetates (iron(II) acetate, Fe(CO2CH3)2 ≥ 99.99%, 

Sigma Aldrich; manganese(II) acetate tetrahydrate, Mn(CO2CH3)2·4H2O ≥ 99%, Sigma Aldrich) and 

citric acid (C6H8O7 ≥ 99.5%, Sigma Aldrich) were dissolved in 30 mL of water (solution B). Solution 

A was added dropwise to solution B to obtain an aqueous solution containing Li+, transition metal 

ions (Fe2+ and Mn2+), and citric acid in a molar ratio of 1:1:0.3, respectively (solution C), in which 
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the stoichiometry of the reagents was set to achieve the LFMP material. Solution C was heated at 

about 60 °C for ~8 h in a silicon oil (Sigma Aldrich) bath under stirring through a hot plate until the 

formation of a dark gel. The gel was initially dried for 12 h at 120 °C under a dry air flow, and 

afterwards heated under an argon flow at 350 °C with a rate of 2 °C min-1, held at 350 °C for 3 h, and 

naturally cooled to room temperature. The precursor was ground in an agate mortar, heated under an 

argon flow 600 °C with a rate of 2 °C min-1, held at 600 °C for 10 h, heated at 700 °C with a rate of 

5 °C min-1, held at 700 °C for 3h, and naturally cooled to room temperature. The achieved material 

was ground in an agate mortar and the sample was identified by the acronym LFMP_700 (i.e. the 

intermediate olivine). The above sample was subsequently heated under an Ar flow at 850 °C with a 

rate of 5 °C min-1, held at 850 °C for 1 h, naturally cooled to room temperature, ground in an agate 

mortar and indicated by the acronym LFMP_850 (i.e. the final olivine sample, also indicated as 

LFMP). All the thermal steps of the synthesis procedure were performed in a tubular furnace (GHA 

12/3000, Carbolite).  

The CPE was achieved by using solid polyethylene glycol dimethyl ether (PEGDME2000, 

CH3O(C2H4O)nCH3, average MW of 2000 g mol-1, Sigma Aldrich), lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95% trace metal basis, Sigma Aldrich), lithium 

nitrate (LiNO3, 99.99% trace metal basis, Sigma Aldrich), and fumed silica (SiO2, average particle 

size 0.007 µm, Sigma Aldrich) as already described in literature.[219] LiTFSI and LiNO3 were mixed 

with PEGDME2000 in the ratio of 1 mol of each salt to 1 Kg of polymer, whilst SiO2 was included 

by a weight ratio of 10% with respect to the mass of PEGDME2000-lithium salts mixture. The 

electrolyte film was formed through a semi-liquid slurry of the above-described powder mixed with 

acetonitrile (ACN, Sigma Aldrich), which was subsequently removed upon several drying steps to 

obtain a solid membrane indicated using the acronym PEGDME_CPE. 

Characterization of Powders 

Thermogravimetric measurement was performed to investigate the synthesis process under a N2 

atmosphere employing a heating rate of 2 and 5 °C min-1 in the 25 – 600 and 600 – 850 °C temperature 

ranges, respectively, while thermogravimetric analyses to check the carbon content of the LFMP_700 

and LMFP_850 samples were carried out under air flow employing a heating rate of 5 °C min-1 in the 

25 – 800 °C temperature range. All measurements were carried out through a Mettler Toledo TGA 2 

instrument. A reaction mechanism (Equation 2.1) involving oxidation of C and Fe in the mixed 

olivine to form CO2, Fe2O3, FePO4, Li3PO4, and LiMnPO4, was assumed for the determination of the 

carbon content as reported below: 
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𝑥𝐶 + 𝑦𝐿𝑖𝐹𝑒0.6𝑀𝑛0.4𝑃𝑂4 + (0.15𝑦 + 𝑥)𝑂2 → 0.1𝑦𝐹𝑒2𝑂3 + 0.4𝑦𝐿𝑖𝑀𝑛𝑃𝑂4 + 0.2𝑦𝐿𝑖3𝑃𝑂4 +

0.4𝑦𝐹𝑒𝑃𝑂4 + 𝑥𝐶𝑂2           (2.1) 

Where x and y (mols) were determined through the following system of equations (Equation 2.2): 

{
𝑥𝑀𝐶 + 𝑦𝑀𝐿𝑖𝐹𝑒0.6𝑀𝑛0.4𝑃𝑂4

= 𝐴 × 𝑚

0.1𝑦𝑀𝐹𝑒2𝑂3
+ 0.4𝑦 + 0.2𝑦𝑀𝐿𝑖3𝑃𝑂4

+ 0.4𝑦𝑀𝐹𝑒𝑃𝑂4
= 𝐵 × 𝑚

}    (2.2) 

Where A and B are the % in weight achieved from TGA measurement (see Figure 2.3), for 

LFMP_700 and LFMP_850, respectively, the values indicated by MX (g mol-1) represent the 

molecular weight of the various solids involved in Equation 2.1, and m (g) is the initial weight of the 

sample used for the TGA. It is worth noticing that weight losses before 300 °C were attributed to free 

or absorbed water removal, those after 300 °C to CO2 evolution, while weight increases after 200 °C 

to metal oxide formation. The carbon amount (wt.%) in the samples was achieved by Equation 2.3: 

𝑤𝑡. %𝐶 =
𝑥𝑀𝐶

𝑥𝑀𝐶+𝑦𝑀𝐿𝑖𝐹𝑒0.6𝑀𝑛0.4𝑃𝑂4

∙ 100       (2.3) 

The scanning electron microscope (SEM) images of LMFP_850 were collected using a Zeiss EVO 

40 microscope with a LaB6 thermionic source. Sample stoichiometry was confirmed by energy 

dispersive X-ray spectroscopy (EDS), collected by the analyzer of the former microscope (X-ACT 

Cambridge Instrument). Furthermore, ImageJ software was employed to obtain the particle size 

distribution of the sample. Transmission electron microscope (TEM) analyses were carried out by a 

Zeiss EM 910 microscope equipped with a tungsten thermionic electron gun operating at 100 kV.  

X-ray diffraction (XRD) patterns of both LFMP_700 and LFMP_850 powders spread on a glass 

sample holder were collected through a Bruker D8 Advance instrument using a Cu Kα source and a 

graphite monochromator of the diffracted beam. Scans were performed in the 2θ range from 10° to 

90° at a rate of 10 s step-1 and a step size of 0.02°. Rietveld refinement of the patterns was carried out 

through the MAUD software,[289] by using the reference parameters of the LiFe0.78Mn0.22PO4 olivine 

(Pnma space group, N. 62, ICSD #193641).[290] The atomic displacement parameters have been 

forced to have the same value for Fe, Mn, and Li, and for the PO4
3− ions. The weighted-profile (Rwp%) 

and goodness-of-fit (GOF) values were < 15 and < 2.0, respectively.  

Electrodes preparation and conversion from LFMP to NFMP electrode 

LFMP electrodes were prepared by doctor blade casting on aluminum foils (thickness of 20 µm, MTI 

Corporation). The slurries were achieved by dispersing in a beaker the active material, 

poly(vinylidene fluoride) (Solef 6020 PVdF), and Super P carbon (Timcal) with an 8:1:1 weight ratio, 

respectively, in N-methyl-2-pyrrolidone (NMP; Sigma Aldrich), and stirring at room temperature 
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until homogenization (about 2 h). The coated electrode foils were dried for 3 h on a hot plate at 70 

°C, cut into the form of disks with a diameter of 10 and 14 mm, pressed with a hydraulic tool (Perkin-

Elmer) for 30 s at 6.37 and 3.25 ton cm-2, respectively, and dried for 3 h at 120 °C under vacuum to 

remove residual traces of water or solvent. The active material loading ranged from 3.5 to 4.5 mg cm-

2 as normalized to the electrode geometric area (0.785 and 1.54 cm2 for electrodes with a diameter of 

10 and 14 mm, respectively). The NFMP electrodes were achieved throughout galvanostatic de-

lithiation of LFMP to Fe0.6Mn0.4PO4 (indicated with the acronym FMP) by charging in Li-cell, and 

subsequent galvanostatic sodiation by discharging in Na-cell (see below in Cell Assembly subsection). 

Additional carbon coated Al electrodes were prepared by the doctor blade casting procedure above 

described by using Super P carbon and PVdF binder in the 80:20 wt. ratio, cut into 10 mm disks, and 

dried for 3 h at 120 °C under vacuum. 

Characterization of Electrodes 

SEM images of the LFMP, FMP, and NFMP electrodes and EDS spectra were collected using a Zeiss 

Sigma 300 FE-SEM equipped with Bruker QUANTAX EDX detector. The elemental composition of 

the samples was determined via ICP-OES technique. HNO3 (70%, ≥ 99.999% trace metal basis, 

Sigma Aldrich) and HCl (37%, for analysis-ISO, Carlo Erba reagents) were used without any further 

purifications. Ultrapure H2O (18 MΩ cm) was used for the dilution of the samples. The powder 

recovered from the electrodes (about 4 mg of active material) was digested in 1 mL of aqua regia 

(HNO3:HCl 1:3 M ratio) at 120 °C for 1 h by using a Parr 4744 acid digestion vessel (Parr Instrument 

Company). After cooldown, the solutions were diluted to the proper concentration prior to ICP-OES 

analysis. An ICP-OES iCAP Pro 11.160 (ThermoFisher Scientific) was used for elemental 

determination. XRD patterns of LFMP, FMP, and NFMP electrodes leaned on a glass sample holder 

were collected through the instrumental setup above described in the 2θ range from 15° to 60° at a 

rate of 10 s step-1 with a step size of 0.02°. Rietveld refinement was performed by using the MAUD 

software,[289] by using the reference parameters of LiFe0.78Mn0.22PO4 (Pnma space group, N. 62, ICSD 

#193641),[290] Mn0.8Fe0.2PO4 (Pnma space group, N. 62, ICSD #166750),[291] and NaMn0.93Fe0.07PO4 

(Pnma space group, N. 62, ICSD #26006)[292] samples for LFMP, FMP, and NFMP, respectively. 

The atomic displacement parameters have been forced to have the same value for Fe, Mn, alkali metal 

(Li or Na), and the PO4
3− anions. The weighted-profile R factor (Rwp%) and goodness-of-fit (GOF) 

parameter values were < 15 and < 1.5, respectively. Raman spectroscopy was performed on the 

LFMP, FMP, and NFMP electrodes through a Czerny-Turner spectrometer (iHR320 Horiba 

Scientific) equipped with a diffraction grating of 1800 grooves mm-1 and a laser source with λ = 532 

nm. X-ray photoelectron spectroscopy (XPS) data were collected on LFMP, FMP; NFMP, and NFMP 

charged at 4.3 V electrodes at the XPS station of the TEMPO beamline (SOLEIL Synchrotron, 
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France), using an Al filament. Data were calibrated with the Au emission lines. Sample charging was 

also accounted for secondary calibration using the C 1s peak of the adventitious carbon (284.8 eV) 

resulting in a further shift of ~ 1.88 eV applied to all the samples. Before the analysis, FMP and 

NFMP electrodes recovered after de-lithiation and sodiation processes, respectively, were washed 

with DMC solvent and dried under vacuum for 30 min.  

Cells Assembly 

Swagelok-type polypropylene cell, with either two-electrode or three-electrode configuration, and 

CR-2032 coin-type cells (MTI Corporation) were employed. The Swagelok-type cells were 

assembled by stacking a 10-mm diameter working electrode, 10 mm-diameter glass fiber disk 

(Whatman® GF/A) as the separator soaked with the electrolyte, and a 10 mm-diameter disk of either 

Li or Na as counter electrode. An additional 10 mm-diameter disk of the respective alkali metal was 

used as the reference electrode to modify the two-electrode to the three-electrode setup. Additional 

three-electrode Swagelok-type sodium cells were prepared by using a 10 mm-diameter Super P 

Carbon/PVdF electrode (SP-Al) as cathode, a 10 mm-diameter sodium metal anode, a 10 mm-

diameter glass fiber disk (Whatman® GF/B) as the separator, and another 10 mm sodium metal disk 

as the reference electrode. The coin-type cells were assembled by stacking both 10 and 14 mm-

diameter working electrode, 16 mm-diameter glass fiber disk (Whatman® GF/A) as the separator, 

and 14 mm-diameter counter electrode of either Li or Na. The electrolyte for the Li-cells was a 

solution of LiPF6 (1 M) in ethylene carbonate/dimethyl carbonate (EC:DMC 1:1 by volume, battery 

grade, Sigma Aldrich), and for Na-cells a 1 M solution of NaPF6 in ethylene carbonate/propylene 

carbonate (EC:PC 1:1 by volume, battery grade, Sigma Aldrich) with 2% in weight of fluoroethylene 

carbonate (FEC, battery grade).[50] For the conversion of LFMP to NFMP, LFMP was initially de-

lithiated to FMP in a two-electrode Swagelok-type Li-cell by charging at the constant current rate of 

C/10 (1C = 170 mA g-1) from the open circuit voltage (OCV, 3V) to 4.6 V, and holding the upper 

voltage limit until the current reached the limit of C/100 rate to ensure the complete FMP formation. 

The cell was then disassembled, the electrode collected washed with DMC solvent, dried for 30 min 

under vacuum, and coupled with sodium metal disk in a new Na-cell. The electrochemical formation 

of NFMP was subsequently achieved by discharging the Na-cell to 1.8 V at a constant current of C/20 

(1C = 154 mA g-1). The NFMP electrode was then recovered, washed with DMC solvent, and dried 

30 min under vacuum before use. Additional coin-type control cells with the symmetrical 

configurations Na/Na, Li/Li, NFMP/NFMP, and LFMP, LFMP were assembled. For all the cells, the 

applied current and the resulting capacity were calculated from the weight of the pristine LFMP 

electrodes. All cells were assembled in Ar-filled glove box (MBraun or Jacomex GP-Campus, with 

H2O and O2 content lower than 1 ppm). 
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Electrochemical tests and ex-situ measurements 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were 

performed on Li|LFMP and Na|NFMP three-electrode configuration Swagelok cells to investigate the 

electrochemical process features and the interphase characteristic of the two materials at room 

temperature (25 °C). CV tests were carried out at a scan rate of 0.05 mV s-1 in the 1.8 – 4.3 V vs. 

Na+/Na potential range for NFMP, and at a scan rate of 0.1 mV s-1 in the 2.0 – 4.6 V vs. Li+/Li 

potential range for LFMP. EIS responses were collected after NFMP formation or at the OCV 

condition of the fresh cell (for LFMP) as well as after 1, 5, and 10 CV cycles at the bias potential of 

1.8 V vs. Na+/Na for NFMP and of 2.0 V vs. Li+/Li for LFMP, by applying an alternate voltage signal 

of 10 mV in the 200 kHz – 100 mHz frequency range, with 10 points per decade and logarithmic 

spacing. The EIS spectra were analyzed through the non-linear least squares (NLLS) fitting method 

using the RelaxIS3 (rhd instrument) software (only fits with χ2 values of the order of 10-4 or lower 

were considered).[273,274] An additional CV test was performed within the same potential limits on a 

Na|NFMP cell by lowering the scan rate to 0.02 mV s-1 to achieve higher peak-resolution. 

Galvanostatic cycling tests for determining battery performances of LFMP and NFMP were 

conducted at the room temperature (25 °C) using two-electrode Na|NFMP and Li|LFMP Swagelok 

cells, as well as CR2032 coin-type cells. Considering LFMP, all the cells were cycled in the 2.0 – 4.6 

V voltage range at various C-rates, using an additional constant voltage step at 4.6 V until the residual 

current reached ¼ of the nominal C-rate (that is by adopting the CCCV mode). A rate capability test 

was performed at increasing current rate by running 5 cycles at C/10, C/5, C/3, C/2, 1C, 2C, and 

finally lowering back the current to C/10 (1C = 170 mA g-1). Furthermore, galvanostatic 

measurements with a constant current set at C/10 and C/5 were carried out. To further characterize 

the LFMP material, a galvanostatic test was run at C/5 by restricting the voltage window to 2.4 -4.4 

V with the constant voltage step at 4.4 V. Additional galvanostatic tests, aimed to study the long-term 

cycling behavior of LFMP, were performed in coin-type lithium cells (14 mm-diameter working 

electrode) using the current rate of C/5 and 1C. Considering NFMP, a rate capability test was 

performed by increasing the current rate from C/20 (1C = 154 mAh g-1) to C/10, C/5, C/2, 1C and 2C 

every 5 cycles and lowering back to C/20 after 30 cycles, in the 1.8 – 4.3 V voltage range. A CCCV 

test was performed as a strategy to achieve the maximum cell capacity by setting the current at C/5 

from 1.8 to 4.3 V and holding the charge voltage at 4.3 V until a current value of C/20 was reached. 

Additional galvanostatic cycling was performed at 55 °C, and at temperatures increasing from 45 to 

50, 55, and 60 °C every 10 cycles at C/5 current rate in the 1.8 – 4.3 V voltage range, by using the 

CCCV mode at 4.3 V during charge. Linear sweep voltammetry (LSV) was performed using three-

electrode Swagelok-type T-cells with SP-Al electrode and EC:PC 1:1 v/v 1 M NaPF6 + 2% wt. FEC 
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as electrolyte at 25, 50, and 65 °C, with a scan rate of 0.1 mV s-1 from the OCV condition of the cells 

to 5.5 V vs. Na+/Na.  

After the galvanostatic tests at C/5 in coin-type lithium cell and in two-electrode Swagelok-type 

sodium cell, LFMP and NFMP electrodes were recovered, washed with DMC solvent and dried under 

vacuum for 30 min. Afterward, XRD scans of pristine and cycled electrodes were collected as above 

described in the 10° - 60° and 15° - 60° 2θ ranges at a rate of 10 s step-1 and a step size of 0.02° for 

LFMP and NFMP, respectively, while SEM images of the pristine and cycled samples were acquired 

with the abovementioned system for both materials.  

The diffusional features of Li+ and Na+ ions were investigated in comparison using CV, Galvanostatic 

intermittent titration technique (GITT), and staircase electrochemical impedance spectroscopy 

(SPEIS) experiments. CV and GITT were performed using three-electrode Swagelok-type Na|NFMP 

and Li|LFMP cells, while SPEIS using coin-type cells (10 mm-diameter working electrode). The CV 

tests were conducted at scan rates of 0.05, 0.10, 0.15, and 0.20 mV s-1 in the potential ranges 1.8 – 

4.3 V vs. Na+/Na for NFMP and 2.0 – 4.6 V vs. Li+/Li for LFMP. GITT experiments were performed 

after three activation galvanostatic cycles performed at 0.05 C current rate for NFMP (1C = 154 mA 

g-1) and a 0.1 C current rate for LFMP (1C = 170 mA g-1), in the potential ranges of 1.8 – 4.3 V vs. 

Na+/Na and 2.0 – 4.6 V vs. Li+/Li for NFMP and LFMP, respectively. The titrations were carried out 

by applying current pulses of 7.7 mA g-1 for t = 2107.5 s for NFMP and of 17 mA g-1 for t = 1249.5 

s for LFMP, followed by potential relaxation steps of 1 h at the open circuit. The GITT operating 

conditions, in terms of pulse magnitude and duration, have been decided basing on the galvanostatic 

cycles. SPEIS measurements were performed on both Li|LFMP and Na|NFMP two-electrode cells 

within one full cycle (3rd cycle) at different states of charge (SoC), during de-lithiation/de-sodiation 

and lithiation/sodiation, with a sampling interval of about 40 mV. For the measurements, an alternate 

voltage perturbation of 10 mV was applied within the 200 kHz – 10 mHz frequency range, with 10 

points per decade and logarithmic spacing. The calculation of the distribution of relaxation times 

(DRT) function was performed after subtraction of the low-frequency diffusion region. The fitting 

procedure through the NLLS method,[273,274] and the calculation of the DRT function were performed 

by using the software RelaxIS3. The optimization of the λ-factor for the DRT analyses was carried 

out according to Tikhonov regularization (see Section 1.6 for further details) by calculating the sum 

of squared residuals (SSR) vs. λ, assuming a Gaussian distribution.[262,272] In order to separate the 

contributions of Li and Na counter electrodes from the Li|LFMP and Na|NFMP half-cell responses 

used for the DRT function calculation, and to assess at the same time the dependency of the charge 

transfer process on temperature, additional EIS measurements were performed on symmetrical Li|LI, 

Na|Na, LFMP|LFMP and NFMP|NFMP control cells at 5, 15, 25, and 35 °C. CV, EIS, GITT 
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measurements and cycling tests were carried out by using a VMP-3 multichannel electrochemical 

workstation with an integrated frequency response analyzer (Bio-Logic) instrument. Additionally, 

CV and EIS measurements were also performed with a VersaSTAT MC Princeton Applied Research 

(PAR, AMETEK), while cycling tests by using a MACCOR series 4000 battery test system. 

Ex-situ and Operando X-ray absorption (XAS) measurements 

Additional LFMP electrodes were prepared on carbon paper foils (thickness of 110 µm, Toray TP-

030) for ex-situ XAS measurements with the above-described procedure (see Electrode preparation 

subsection) and cut into the form of disks with a diameter of 9 mm and dried for 3 h at 120 °c under 

vacuum. The active material loading ranged from 2.5 to 3 mg cm-2 as normalized to the electrode 

geometric area (0.636 cm2). FMP and NFMP electrodes were achieved as previously described. Ex-

situ measurements were conducted on LFMP, FMP, and NFMP electrodes sealed in a PET foil with 

a laminator to avoid contact with air. Self-standing NFMP electrodes (NFMP_SS) were prepared with 

the following procedure.[293] A 5% wt. solution of sodium carboxymethyl cellulose (CMC) in water 

was prepared and cast by a doctor blade tool on Cu foil (thickness ~ 15 µm) and dried for 3 h on a 

hot plate at 90 °C to create a thin layer. The electrode slurry was obtained by dispersing LFMP 

material, PVdF, and Super P carbon in NMP in the 8:1:1 weight ratio, respectively, and stirring at 25 

°C until homogenization (about 3 h). The dispersion was then cast by doctor blade over the CMC thin 

layer and the obtained coating was dried for 3 h on a hot plate at 70 °C. Subsequently, the coating 

was immersed in water to dissolve the CMC layer until the complete detachment of the self-standing 

electrode (LFMP_SS), which was dried to evaporate the excess of water (see Figure 2.25), cut into 

disks with diameter of 14 mm, and dried for 3 h at 120 °C under vacuum to remove possible residual 

traces of water and NMP solvent. The final active material loading was about 8 mg cm-2 as normalized 

to the electrode geometric area (1.54 cm2). NFMP_SS electrodes were obtained from LFMP_SS ones 

through the conversion process above-described in two-electrode ECC PAT-Core EL-Cell by using 

an 18 mm-diameter glass fiber (Whatman® GF/A) disk as separator and a 16 mm-diameter Li or Na 

disk as counter electrode. Operando XAS measurement was performed by employing a modified 

CR2032 coin-type cell setup with a Kapton window (diameter of 6 mm) assembled by stacking a 14 

mm-diameter NFMP_SS electrode, a 16 mm-diameter glass fiber (Whatman® GF/D) disk as 

separator soaked with EC:PC 1:1 v/v 1 M NaPF6 + 2% wt. FEC solution as electrolyte, and a 14 mm-

diameter sodium metal disk as counter electrode. The cell was galvanostatically cycled at 25 °C at 

the constant current rate of C/20 (1C = 154 mA g-1) through an SP-240 potentiostat/galvanostat (Bio-

Logic) instrument to investigate the first cycle. An additional long cycling test was performed by 

using a CR2032 coin-type cell adopting the same configuration.  
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XAS measurements were conducted at the SAMBA beamline (SOLEIL Synchrotron, France) in 

transmission and fluorescence mode at the Mn and Fe K-edges. Spectra were calibrated acquiring Mn 

and Fe metallic references and aligning the first inflection point to 6539 eV for Mn and 7112 eV for 

Fe. Data normalization was carried out with the software ATHENA. 

LFMP Polymer Cell 

A CR2032 coin-type cell was assembled by using the LFMP cathode disk with a diameter of 10 mm 

as the working electrode, the PEGDME_CPE as the separator, two O-rings (CS Hyde, 23-5FEP-2-

50) with an internal diameter of 10 mm and thickness of 127 µm for holding the polymer electrolyte, 

and a lithium disk with diameter of 10 mm as the counter electrode. The Li|PEGDME_CPE|LFMP 

cell was examined at 50 °C at the constant current rate of C/5 in the voltage range of 2.4 – 4.4 V. EIS 

measurements were performed on the above cell by using an alternate voltage signal with an 

amplitude of 30 mV in the 500 kHz to 100 mHz frequency range, at the OCV after cell conditioning 

overnight at 70 °C, at 50 °C before cell cycling, and after 107 cycles of the above galvanostatic 

charge/discharge test. The polymer cell was assembled in Ar-filled glovebox (MBraun, O2 and H2O 

content below 1 ppm), cycled with a MACCOR series 4000 battery test system, and subjected to EIS 

through a VersaSTAT MC Princeton Applied Research (PAR, AMETEK) instrument. 

 

2.2 Synthesis, Characterization, and Application in Lithium Polymer Battery of 

LiFe0.6Mn0.4PO4 Mixed-Olivine Cathode 

2.2.1 Structural, Morphological and Electrochemical Characterization of LFMP 

Cathode 

The synthesis of the LFMP proceeds with a series of annealing steps under Ar of solid precursors 

obtained by sol-gel precipitation. Figure 2.1 depicts the related weight change monitored by TGA 

during the heating processes (panel (a)), and the various isothermal steps (panels (b-e)), as well as 

the corresponding modification of the precursor structure detected through XRD (panels (f-i)).  
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Figure 2.1: (a) Synthesis process of the LiFe0.6Mn0.4PO4 olivine cathode evaluated by TGA under N2, with 

insets depicting the reactions of the citric acid occurring before (left-hand side) and after (right-hand side) 
the step at 350 °C, and numbers indicating the isotherm steps adopted at various temperatures. TGA of 

isothermal steps taking place at (b) 350, (c) 600, (d) 700, and (e) 850 °C. XRD patterns of (f) dry gel, (g) 

precursor at 350 °C, (h) LFMP_700, and (i) LFMP_850.[98] 

The TGA of Figure 2.1(a) reveals a first extended weight loss occurring between 150 and 350 °C, 

likely ascribed to the degradation of the citric acid precursor with formation of methyl maleic 

anhydride, water and carbon dioxide (see left-hand reaction inset).[294,295] A second weight loss with 

a lower magnitude compared to the first one occurs at temperatures higher than 450 °C and may be 

ascribed to the degradation of methyl maleic anhydride to form water, carbon dioxide, and elemental 

carbon (see right-hand reaction inset).[294] The TGA indicates an overall weight decrease of the 

precursor extending to about 40% upon the whole annealing process, to finally achieve the thermally 

stable LFMP olivine cathode.[94,296] Furthermore, isothermal steps at 350 (Figure 2.1(b)), 600 

(Figure 2.1(c)), 700 (Figure 2.1(d)), and 850 °C (Figure 2.1(e)), applied to achieve the steady state 

at the end of each annealing stage, reveal significant weight loss only at 350 °C, thus accounting for 

the stability of the olivine, which is already formed at 700 °C.[296] Indeed, XRD patterns are collected 

after each synthesis step to evaluate the evolution of the crystalline phase. The XRD of the dry gel 

(Figure 2.1(f)) and of the precursor upon 350 °C (Figure 2.1(g)) show the expected amorphous 

structure, while the crystalline phase grows at 700 °C (LFMP_700, Figure 2.1(h)) as above 
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mentioned, and the final cathode material with the well-defined peaks characteristic of single-phase 

olivine structure is achieved upon 850 °C (LFMP_850, Figure 2.1(i)). The olivine phase formation 

is confirmed by the peak indexing of XRD patterns of LFMP_700 and LFMP_850 reported in Figure 

2.2(a) according to the peaks reference diffractogram (ICSD #193641).[290] Additionally, Figure 2.2 

depicts the gaussian fitting of the main peak (2θ = 35.4°) of LFMP_700 (Figure 2.2(b)) and 

LFMP_850 (Figure 2.2(c)), in order to obtain the full-width half-maximum (FWHM, degree) and 

estimate the mean size of the ordered (crystalline) domains (D, Å) by using the Scherrer equation 

(Equation 2.4)[297]: 

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
           (2.4) 

Where λ is the wavelength of the X-ray radiations (1.5418 Å for the Cu Kα radiation used herein), k 

is a dimensionless shape factor, with a value of about 0.9, θ is the diffraction angle of the main peak 

(17.7°), and β is the FWHM converted to radians by Equation 2.5: 

𝛽 =
22∗𝐹𝑊𝐻𝑀

180∗7
           (2.5) 

The analysis suggests an increase of D from a value of about 405 Å for LFMP_700 to about 501 Å 

for LFMP_850, most likely due to partial coalescence of the crystalline domains during the last 

thermal step. Indeed, the achievement of a suitable structure and the absence of excessive 

deformations suggest the applicability of the material in Li-ion batteries.[298] 
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Figure 2.2: (a) XRD patterns of LFMP_700 and LFMP_850 indexed according to the peaks of the reference 
diffractogram (ICSD #193641). (b, c) Main peak at 35.4° of 2θ (blue plot) and fitted one (red plot) for the 

application of Scherrer equation, including full-width half-maximum (FWHM) and the mean size of the 

ordered (crystalline) domains (D) for (b) LFMP_700 and (c) LFMP_850.[98]  

To further investigate the structural properties of LFMP_700 and LFMP_850, Rietveld refinement of 

the diffractograms has been performed, as reported in Figure 2.3(a) and Figure 2.3(b), respectively. 

The experimental XRD patterns (black dots) show, for both LFMP_700 and LFMP_850, an 

orthorhombic cell unit (Pnma space group, table N. 62) without significant content of impurities, 

according to the reference pattern ICSD #193641 of the olivine lattice, as indeed shown by the refined 

diffractograms (red line) and the difference profile (blue line).[290] The refinement results reported in 

Table 2.1 reveal for the two samples similar values of the cell unit parameters a, b, and c, that is of 

about 10.4, 6.0, and 4.7 Å, respectively.[76,290,299] Therefore, the samples synthesized herein have a 

cell volume of about 295.8 Å3 for LFMP_850, which exceeds that of the ICSD reference reported in 

Table 2.1 due to the higher Mn fraction achieved in the LFMP_700 and LFMP_850 olivines.[90] 
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Figure 2.3: Rietveld refinement of the XRD patterns of (a) LFMP_700 and (b) LFMP_850. In detail: 

experimental (black dots) and calculated (red line) patterns, difference profile (blue line). Reference 

ICSD#193641. TGA curves of (c) LFMP_700 and (d) LFMP_850 recorded under air flow, reporting the 

calculated carbon weight %. Adapted from [98]. 

Table 2.1 also reveals an increase of the crystallite size from 95 nm in LFMP_700 to 147 nm in 

LFMP_850, as most likely due to the expected coalescence of the crystalline domains during the 

thermal treatment at 850 °C.[299,300] This trend is a further validation of the results obtained by the 

application of the Scherrer equation to the main peak of the diffractograms (see Figure 2.2(b, c)). 

Despite the increase of the crystallite size may partially hinder the charge transfer, it can actually 

favor the reversibility of the material, and strongly mitigate side reactions with the electrolyte 

particularly occurring at the higher potentials.[298] In addition, Table 2.1 shows values < 2 and < 15 

for the GOF and Rwp% parameters, respectively, of LFMP_700 and LFMP_850 that can be considered 

suitable and point out the reliability of the refinement.[301,302] Furthermore, the well-defined structure, 

the absence of excessive deformations, and the negligible impurity content represent key factors for 

allowing the efficient operation of the LFMP material in lithium battery.[298] 
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Table 2.1: Results of Rietveld refinement of the XRD patterns of Figure 2.3 in terms of lattice parameters, unit 

cell volume, goodness-of-fit (GOF) parameter and weighted-profile R factor (Rwp%) of LFMP_700 and 

LFMP_850. Reference ICSD#193641.[98] 

Sample a (Å) b (Å) c (Å) V (Å3) 
Crystallite 

size (nm) 
GOF  Rwp% 

ICSD 

#193641 
10.343 6.022 4.704 293.03 100 / / 

LFMP_700 10.369(4) 6.039(2) 4.709(2) 294.94(3) 95 ± 2 1.33 14.54 

LFMP_850 10.378(3) 6.044(2) 4.712(2) 295.80(3) 147 ± 4 1.26 13.89 

Another important aspect for the applicability of LFMP in Li cell is represented by the carbon content 

in the material: indeed, excessive presence of this electrochemically inactive element may jeopardize 

the energy density of the electrode, instead a too low carbon amount can hinder the reaction kinetics 

of the intrinsically insulating olivine.[303] Hence, a carbon content ranging from 3% to 5% is expected 

to allow the most suitable performance of the olivine electrode in Li-cell.[304] This key parameter is 

herein determined by analyzing the TGA curves from 25 to 800 °C, acquired under air flow, reported 

in Figure 2.3(c) and Figure 2.3(d) for LFMP_700 and LFMP_850, respectively. The weight changes 

are ascribed to the oxidation of the olivine materials to form transition metal oxides, phosphates, 

lithium oxide, and carbon dioxide as illustrated by Equation (2.1) in Section 2.1.[103,303] Therefore, 

according to Equations (2.2) and (2.3) in Section 2.1, the carbon weight ratio in LFMP_700 and 

LFMP_850 is calculated to be ~ 6% and ~ 4%, respectively. These results suggest optimized synthesis 

conditions leading to a slight excess of carbon at 700 °C, which is decreased by annealing at 850 °C 

to fully achieve the ideal target, potentially enabling the best performance of the LFMP olivine 

material in lithium cell.[103,288] 

Figure 2.4 shows the morphological features of final LFMP sample (LFMP_850), investigated by 

SEM, EDS, and TEM techniques. From here on, LFMP acronym will be referred to LFMP_850 

sample, which will undergo electrochemical characterization. The related SEM images at various 

magnification levels indicate the presence of agglomerates with a size of about 30 µm (Figure 2.4(a)), 

formed by smaller primary particles (Figure 2.4(b)) with a submicron diameter (Figure 2.4(c)) 

ranging from 300 to 900 nm. This range is fully confirmed by the analysis of SEM image through 

ImageJ software, aimed to determine the particle size distribution, with a maximum centered at about 

500 nm. This composite morphology can ensure at the same time short diffusion pathway for the 

lithium ions, and limited side reactions with the electrolyte. Indeed, particles with dimensions of the 
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order of few hundreds nm allow fast kinetics, while micrometric agglomerates with limited surface 

area hinder the electrolyte decomposition, particularly at high voltages.[304] 

 

Figure 2.4: SEM, EDS, and TEM analyses of LFMP powder. In detail: (a–c) SEM images at different 

magnifications; (d–h) SEM-EDS elemental maps of C, Fe, Mn, P, and O, respectively; (i–k) TEM images at 

various magnifications.[98] 

The EDS mapping of C (Figure 2.4(d)), Fe (Figure 2.4(e)), Mn (Figure 2.4(f)), P (Figure 2.4(g)), 

and O (Figure 2.4(h)) of the material surface detected by SEM suggests a homogeneous distribution 

of the various elements, and excludes the presence of impurities, in agreement with XRD data (see 

Figures 2.2 and 2.3). Relevantly, the EDS analysis approximately confirms the target stoichiometry 

of LFMP, with an elemental ratio of Fe and Mn of 0.57 and 0.43, respectively. This result suggests 

almost full precipitation of the metal precursors during the initial sol-gel step, which is a key factor 

to achieve the proper olivine structure, and the optimal electrochemical activity of the material. 

Moreover, the TEM images (Figure 2.4(i-k)) confirm the submicrometric size of the primary 

particles, and evidence the predominance of a spherule-shaped morphology. The TEM reveals the 

presence of a thin and amorphous material interconnecting the various LFMP domains, which likely 

represents the conductive carbon matrix detected by TGA (see Figure 2.3) deriving from the 

degradation of the citric acid precursor during synthesis, as previously reported (see complete reaction 
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in Figure 2.1(a)). In this regard, the carbon revealed by TEM in the LFMP olivine and quantified by 

TGA (~ 4%) appears as a layer extending from about 50 to 100 nm within the active material particles, 

rather than a homogeneous carbon coating. In summary, both structural and morphological features 

of LFMP indicate its possible application in efficient energy storage devices characterized by a 

reversible electrochemical process.[77,305] 

The electrochemical process of the LFMP cathode is subsequently investigated in lithium cell by 

combining CV and EIS, as reported in Figure 2.5. 

 

Figure 2.5: (a) CV and (b) EIS measurements of the Li|LFMP three-electrode cell with a Li reference electrode 

at 25 °C. CV potential range 2.0 – 4.6 V vs. Li+/Li; scan rate 0.1 mV s-1. EIS carried out at the OCV of the cell 

and after 1, 5, and 10 CV scans (inset reports magnification of in the middle-high frequency region); frequency 

range 500 kHz – 100 mHz; alternate voltage signal amplitude 10 mV.[98] 

The CV response shown in Figure 2.5(a) indicates the occurrence of two oxidation processes, 

corresponding to the peaks centered at about 3.55 and 4.1 V vs. Li+/Li during the anodic scan and 

almost completely reversed into two reduction peaks at about 3.45 and 3.9 V vs. Li+/Li during 

cathodic scan. Indeed, the peaks at 3.55 and 3.45 V vs. Li+/Li are ascribed to Fe2+/Fe3+ redox couple 

whilst those at 4.1 and 3.9 V vs. Li+/Li to the Mn3+/Mn2+ one, with de-insertion of Li+ from LFMP 

during the anodic scan, and its insertion back into the olivine structure during the cathodic scan.[306] 

It is worth mentioning that the electrochemical process attributed to the Fe3+/Fe2+ redox couple in 

LFMP occurs at higher potential compared to bare LiFePO4, while that of Mn3+/Mn2+ evolves at lower 

values with respect to LiMnPO4.
[99,298] The shift of the transition metal redox potentials is typically 

observed in mixed olivine materials and is attributed to changes in the ionic character and distance of 

the M–O bond by substitution.[79,100,278] In particular, a modification in the covalency of the M–O 

bond and M–O–M interaction has been reported to modify the position of the M3+/M2+ redox energy, 
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thus directly influencing the corresponding redox potential.[100] The CV profile suggests a remarkable 

reversibility, modest polarization, and a relatively fast kinetics of the electrochemical Li+ (de-

)insertion process for the LFMP electrode.[307] Furthermore, the first cycle of Figure 2.5(a) (black 

line) reveals a slightly higher polarization than the subsequent ones (blue lines), thus indicating an 

activation process likely attributed to a partial structural reorganization of the material, as well as to 

the formation of a suitable solid electrolyte interphase (SEI) at the electrode surface.[308] To further 

clarify this aspect, Figure 2.5(b) shows the EIS measurements at the open circuit voltage condition 

(OCV) of the fresh cell as well as after 1, 5, and 10 CV scans (bias potential 2.0 V vs. Li+/Li). The 

Nyquist plots generally reflect the blocking-electrode shape expected at the SOC at which they have 

been collected, that is the fully discharged state of the cell (i.e. at about 3 V vs. Li+/Li at the OCV, 

and at 2.0 V vs. Li+/Li after the CV scans). The plots are characterized by the presence of a medium-

high frequency semicircle accounting for the interface, and a low-frequency tilted line representing 

the cell geometrical capacity.[93] Therefore, the EIS at the abovementioned state of charge may be 

represented by the equivalent circuit Re(RiQi)Qg, including a series of: (i) electrolyte resistance (Re); 

(ii) one or two parallels each made of a resistance and a constant phase elements (RiQi) accounting 

for interfacial features (SEI and charge transfer/double layer); (iii) a final constant phase element 

related to the cell capacitance (Qg).
[273,274] 

Table 2.2 reports the interphase resistances calculated by NLLS analysis.[273,274] The data of the table 

indicate low overall values of the interphase resistance (Ri), which decreases from about 19.5 Ω at 

the OCV to about 7.5 Ω after 10 voltametric cycles, thus suggesting the formation of an optimal SEI 

as well as for the previously discussed structural reorganization, which may favor the reaction kinetics 

and improve the electrode/electrolyte interphase in the lithium cell.[221] 

Table 2.2: Equivalent circuits, interphase resistances (R1, R2), and chi-square values accounting for the 

accuracy (χ2) of NLLS analysis related to the EIS data of the Li|LFMP three-electrode cell using a Li reference 

electrode collected at 25 °C at the OCV, and after 1, 5, and 10 CV cycles in the 2.0 – 4.6 V vs. Li+/Li potential 

range. See Figure 2.5 for related CV profiles and Nyquist plots.[98] 

Cell condition 
Equivalent 

circuit 
R1 (Ω) R2 (Ω) Ri = R1 + R2 (Ω) χ2 

OCV Re(R1Q1)Qg 19.5 ± 0.3 / 19.5 ± 0.3 6 x 10-4 

After 1 cycle Re(R1Q1)(R2Q2)Qg 4.0 ± 0.1 11.7 ± 0.2 15.7 ± 0.2 4 x 10-5 

After 5 cycles Re(R1Q1)(R2Q2)Qg 1.2 ± 0.1 7.2 ± 0.1 8.4 ± 0.1 5 x 10-5 

After 10 cycles Re(R1Q1)(R2Q2)Qg 1.4 ± 0.1 6.1 ± 0.1 7.5 ± 0.1 2 x 10-5 
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The electrochemical performance of LFMP cathode in Li-cell subjected to galvanostatic cycling tests 

are shown in Figure 2.6. The rate capability of the material is evaluated in terms of the voltage 

profiles (Figure 2.6(a)) and the cycling trend (Figure 2.6(b)) by increasing the current from C/10 to 

2C (1C = 170 mA g-1). The cell reveals the expected shape of the voltage profiles at the various C-

rates, characterized by two plateaus at an average voltage of 3.5 and 4 V, ascribed to the Fe3+/Fe2+ 

and Mn3+/Mn2+ redox couples, respectively, in agreement with the CV of Figure 2.5(a). Furthermore, 

the profiles of Figure 2.6(a) suggest an increase of polarization by raising the current which leads to 

the decrease of the capacity from 130 mAh g-1 (i.e., about 77% of the theoretical value) at C/10 to 

about 65 mAh g-1 (39% of the theoretical value) at 2C, as indeed expected by the increase of the 

ohmic polarization. On the other hand, the cycling trend of Figure 2.6(b) shows that the initial 

capacity of about 130 mAh g-1 is recovered by decreasing the current back to C/10 after the whole 

test, thus suggesting a good rate capability and the stability of the LFMP cathode upon the stress 

caused by raising the currents.[298] 

The stability of the electrochemical lithium (de-)insertion process of LFMP in cell is further 

investigated by repeated charging/discharging at a constant C-rate. The voltage profiles of the test 

performed at C/10 (Figure 2.6(c)) and C/5 (Figure 2.6(e)) show the well-defined plateaus described 

above, and a maximum capacity of about 130 mAh g-1 at C/10 and 120 mAh g-1 at C/5, in full 

agreement with the rate capability test. When cycled at C/10, the cell reveals a coulombic efficiency 

of about 90% at the first cycle which increases and ranges from about 97% to 99% during the 

subsequent ones, with a capacity retention of about 95% (Figure 2.6(d)). Instead, when cycled at C/5 

the cell shows an initial coulombic efficiency of about 85%, increasing to about 100% during the 

subsequent cycles, and a capacity retention of about 90% (Figure 2.6(f)). It is worth noting that for 

the low current cycles at C/10 the coulombic efficiency is considerably low if a possible application 

in full cell is considered (see Figure 2.6(d)).[309] The effect is probably related to the occurrence of 

parasitic reactions in the cell at low current rates, which could be solved with the optimization of the 

passivation layer at the electrode/electrolyte interface by using an electrolyte additive (i.e. VC) as 

described in Section 1.4.2.[227,228] Nevertheless, this issue seems to do not affect the performance of 

LFMP at higher currents, revealing higher coulombic efficiencies. It is worth mentioning that the 

galvanostatic cycling tests reported in Figure 2.6 are carried out in T-type cells, which may allow the 

evaluation of the best performance of the LFMP materials in terms of delivered capacity. 
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Figure 2.6: Galvanostatic cycling performances of the Li|LFMP cell at 25 °C. Rate capability in terms of (a) 

voltage profiles and (b) corresponding cycling trend performed at C/10, C/5, C/3, C/2, 1C, and 2C currents 

(1C = 170 mA g-1). Electrochemical performance of the cell at the constant current rate of (c, d) C/10 and (e, 

f) C/5 in terms of (c, e) voltage profiles and (d, f) cycling trends with discharge capacity in the left-hand side 

y-axis and coulombic efficiency in the right-hand side y-axes. Voltage range 2.0 – 4.6 V with an additional 

constant voltage step (CCCV mode) at 4.6 V until a finale current of ¼ referred to the nominal C-rate.[98] 

Further cycling tests extended over 300 cycles are performed at higher C-rate of 1C in coin-type cell, 

to evaluate the cycle life of the LFMP cathode, and the results are reported in Figure 2.7.  
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Figure 2.7: Galvanostatic performance of the Li|LFMP cell at 25 °C at the constant current of 1C (1C = 

170 mA g-1) in terms of (a) steady state voltage profile and (b) prolonged cycling trend with discharge capacity 

in the left-hand side y-axis and coulombic efficiency in the right-hand side y-axes. Voltage range 2.0 – 4.6 V 

with an additional constant voltage step (CCCV mode) at 4.6 V until a finale current of ¼ referred to the 

nominal C-rate.[98] 

The cell reveals at the end of the test a voltage signature without significant modifications compared 

to the typical voltage profile of the olivine (Figure 2.7(a)), a coulombic efficiency approaching 100%, 

and a very stable capacity trend after the initial few cycles (Figure 2.7(b)). Indeed, the cell retains 

85% of the initial capacity over the 300 cycles investigated herein, thus accounting for the optimal 

structure and morphology of the LFMP material, which is reflected into a well-reversible Li-(de-

)insertion process in battery. Relevantly, the cycling test has very high coulombic efficiency, and 

excellent retention, thus suggesting the high stability of the sample as expected by the optimal olivine 

structure obtained.[82,101,102] However, a capacity value lower than the theoretical one (i.e., of ~ 80% 

at C/10 and ~ 45% at 1C), and a lower rate capability than that of commercial LiFePO4 suggest the 

need for a further improvement of the synthetic steps.[84] On the other hand, it is remarked that the 

presence of a second voltage step at about 4 V in LFMP, in addition to the one at 3.5 V typical of the 

LFP, represents a bonus for increasing the energy density of the material in lithium cell.[76,288] 

Additionally, the performance of the LFMP cathode are slightly higher compared to other olivines 

reported in literature and investigated both in liquid and in gel electrolyte, such as LiFe0.5Mn0.5PO4, 

with a capacity of about 120 mAh g-1 at C/10.[278,306] Furthermore, the performance are close to other 

materials using dopants such as Cr, Ni, Mg, or Ti.[310–313] However, it is highlighted that the simplicity 

of the adopted approach may actually favor the scaling up of the presented material in terms of cost 

and sustainability compared to the already cited ones. 

The structural and morphological retention of the LFMP electrode upon prolonged cycling in lithium 

cells is evaluated in Figure 2.8.  



2—70 

 

Figure 2.8: (a) Cycling trend related to galvanostatic test performed at 25 °C at C/5 current (1C = 170 mA g-

1) on a Li|LFMP coin-type cell between 2.0 and 4.6 V with an additional constant voltage step (CCCV mode) 

at 4.6 V until a finale current of ¼ referred to the nominal C-rate (inset displays a voltage profile collected at 
the steady state). (b) Comparison between XRD patterns of pristine LFMP electrode (red) and LFMP electrode 

recovered after cycling test reported in panel (a) (blue). SEM images of (c, d) pristine and (e, f) cycled LFMP 

electrodes.[98] 

Figure 2.8(a) displays the cycling trend related to a further galvanostatic test carried out at the 

constant current rate of C/5 in coin-type cell for over 250 charge/discharge cycles (inset shows a 

related steady-state voltage profile) and reveals an outstanding capacity retention approaching 90%. 

After the cycling test, the cell is disassembled and the electrode recovered and compared with a 

pristine LFMP one through XRD analyses (Figure 2.8(b)). Hence, the XRD patterns of the pristine 

and cycled electrode exhibit the same, well-defined, crystalline structure, in full agreement with the 

one observed in Figure 2.2(a) for LFMP_850 powder, thus indicating the retention of the single-

phase olivine structure and evidencing the notable stability of the material upon prolonged operation 

in lithium cell. On the other hand, the morphology of the cycled LFMP electrode is studied by SEM 
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and compared with a pristine one, as reported in Figure 2.8(c-f). The pristine electrode (Figure 2.8(c, 

d)) shows the expected submicrometric LFMP primary particles aggregated into micrometric 

secondary particles and homogeneously blend into the electrode film. The particles evidence almost 

unaltered morphology in the cycled electrode (Figure 2.8(e, f)), without relevant reorganization 

despite long cycling in lithium cell. Furthermore, Figure 2.8(e, f) reveals for the cycled electrode the 

presence of domains with rough morphology dispersed within the primary particles and on the 

electrode film, which are not observed in the pristine sample, as well as dispersed glass fibers due to 

the electrolyte separator. The additional domains are likely associated with the formation of a SEI 

passivation layer during cycling, as already observed.[314] Therefore, the exceptional stability of both 

structure and morphology of the LFMP electrode further suggests the suitability of this material for 

application in a novel configuration of lithium cells exploiting olivine-based cathodes operating at 

raised voltages. 

2.2.2 Lithium Polymer Cell Employing LFMP Cathode and PEGDME_CPE 

Electrolyte 

Certainly, the presence of a voltage step over 4 V due to the Mn2+/Mn3+ redox couple represents a 

remarkable advantage of LFMP olivine cathode, and the use of the light lithium metal is a further 

bonus in terms of energy density. However, the use of this intriguing anode with a liquid electrolyte, 

such as that typically employed for material characterization (i.e. EC:DMC, LiPF6 commonly labeled 

as LP30), is actually hindered by abovementioned safety reasons related with the flammability of 

carbonate-based solutions, and possible formation of dendritic structures at the metal 

surface.[229,279,315] On the other hand, polymer solid-solutions based on PEO may allow the safe use 

of the Li metal in practical cells; however, a PEO-based electrolyte operates typically at temperature 

higher than 65 °C and has in this condition an anodic stability limited to about 4 V vs. Li+/Li.[280–282] 

Differently, the PEGDME_CPE can operate at 50 °C with anodic stability extending at least over 4.4 

V vs. Li+/Li, as demonstrated by previous work.[219] Therefore, the use of alternative PEGDME_CPE 

electrolyte is here originally introduced in a safe lithium polymer cell with the above investigated 

LFMP cathode. Prior to polymer cell evaluation, the electrochemical performance of a Li|LP30|LFMP 

cell at 25 °C in conventional liquid electrolyte is evaluated in the voltage window restricted to 2.4 – 

4.4 V, to be used as a benchmark for the Li|PEGDME_CPE|LFMP cell. The results are shown in 

Figure 2.9 in terms of voltage profiles (Figure 2.9(a)) and charge/discharge capacity with coulombic 

efficiency (Figure 2.9(b)). The Li|LP30|LFMP cell shows the typical two voltage plateaus above 

described and a capacity of about 95 mAh g-1 with a coulombic efficiency of about 81% during the 

first cycle, increasing to about 100% upon cycling. Furthermore, it displays a retention of 95% over 

100 cycles, thus confirming the high stability of the olivine cathode. 
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Figure 2.9: Galvanostatic performance of the Li|LP30|LFMP cell at 25 °C at C/5 current rate (1C = 170 mAh 

g-1) in terms of (a) steady state voltage profiles and (b) cycling trend with discharge capacity in the left-hand 
side y-axis and coulombic efficiency in the right-hand side y-axes. Voltage range 2.4 – 4.4 V with an additional 

constant voltage step (CCCV mode) at 4.6 V until a finale current of ¼ referred to the nominal C-rate.[98] 

Figure 2.10 reports the electrochemical performances in terms of galvanostatic voltage profiles 

(panel (c)) and cycling trend (panel (d)) of the Li|PEGDME_CPE|LFMP polymer cell at 50 °C using 

a current rate of C/5, and a voltage ranging from 2.4 to 4.4 V. Prior to cycling, the cell is heated at 70 

°C overnight to achieve a predominantly amorphous state of the polymer, and improve the 

electrode/electrolyte interphase as demonstrated by the EIS measurement reported in Figure 2.10(a). 

The corresponding NLLS analysis of the dispersion, reported in Table 2.3, is performed by adopting 

an equivalent circuit Re(RiQi)(RwQw)Qg, where Re is the high-frequency intercept accounting for the 

polymer electrolyte resistance and possible contribution of heterogeneities, (RiQi) represents the 

middle-to-high frequency semicircle due to the SEI films and charge transfer, (RwQw) is a low-

frequency element associated with the Warburg-type Li+ ion diffusion across the polymer, and Qg is 

the constant phase element of the cell geometrical capacity.[273,274] The overall interphase resistance 

of the polymer at 70 °C, represented by the width of the high-to-middle frequency semicircle of the 

Nyquist plot, incorporates different contributions including SEI film, charge transfer and 

heterogeneities.[219] The total resistance of about 275 Ω, including the electrolyte and the interphase, 

suggests the formation of a suitable SEI film.[219] 
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Figure 2.10: Electrochemical performances of the Li|PEGDME_CPE|LFMP cell. EIS Nyquist plots collected 

at (a) 70 °C at the OCV upon aging overnight and (b) at 50 °C at the OCV condition and after 107 

galvanostatic cycles at C/5. Galvanostatic cycling in terms of (c) voltage profiles and (d) cycling trend with 
discharge capacity in the left-hand side y-axis and coulombic efficiency in the right-hand side y-axes 

performed at C/5 current (1C = 170 mA g-1). Voltage range 2.4 – 4.4 V. EIS frequency range 500 kHz – 100 

mHz; alternate voltage signal amplitude 30 mV. Adapted from [98]. 

Subsequently, the cell is cooled down to 50 °C and cycled with a relevant response in terms of stability 

and efficiency. Indeed, Figure 2.10(c) shows the two plateaus with average voltage of 3.5 and 4 V 

previously described and associated with the Fe3+/Fe/2+ and Mn3+/Mn2+ redox couples, respectively, 

with a high reversibility both at the initial stage of the test and after about 100 charge/discharge cycles. 

It is worth mentioning that this excellent behavior is remarkable, especially taking into account the 

test conditions (50 °C in a polymeric matrix) and the operating voltage of the cell (extending over 4.4 

V). Furthermore, Figure 2.10(c) reveals for the cell a more significant slope of the charge/discharge 

plateaus with respect to the cycling test performed using the liquid electrolyte reported in Figure 2.9. 

This difference may be reasonably ascribed to kinetically limited lithium ions diffusion, both into the 

polymer matrix and at the electrode/electrolyte interphase.[243] Figure 2.10(d) evidences for the 

polymer battery an initial capacity of about 110 mAh g-1, higher than the value of the cell cycling in 

the liquid electrolyte at the same C-rate and voltage limits (compare Figure 2.10(d) and Figure 
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2.9(b)), because of the higher temperature which typically boosts the reaction kinetics in olivine 

cathodes.[281,282] The polymer cell reveals a coulombic efficiency of about 90% during the first cycle, 

which increases to 97% after the second cycle, and approaches 100% at the final stages of the test, 

with a capacity retention as high as 95% in 100 cycles.  

Table 2.3: Electrolyte resistance (Re), interphase resistance (Ri), and chi-square value indicating the accuracy 

(χ2) of the NLLS analysis using the equivalent circuit Re(RiQi)(RwQw)Qg on the EIS data of the 

Li|PEGDME_CPE|LFMP cell collected at 70 °C upon aging overnight at the OCV condition and at 50 °C 

before and after 107 galvanostatic cycles. See Figure 2.10 for related Nyquist plots.[98] 

Cell condition Re (Ω) Ri (Ω) R = Re + Ri (Ω) χ2 

OCV 70 °C 194 ± 3 81 ± 5 275 ± 6 4 × 10-5 

OCV 50 °C 272 ± 1 58 ± 3 330 ± 3 2 × 10-5 

After 107 cycles 194 ± 34 273 ± 42 571 ± 54 2 × 10-4 

The relevant stability of the polymer cell is ascribed to an optimal electrode/electrolyte interphase 

which limitedly modifies during cycles, as demonstrated by the EIS measurement before and after 

107 cycles (Figure 2.10(b)), and by the NLLS results obtained by using the equivalent circuit 

Re(RiQi)(RwQw)Qg, as reported in Table 2.3. The overall resistance (R = Re + Ri) at the OCV after 

cooling down the cell at 50 °C (330 Ω) appears higher than that collected in the same conditions at 

70 °C, likely due to the higher ionic conductivity of the PEGDME_CPE solid electrolyte at higher 

temperatures.[219] Therefore, the data of Table 2.3 reveal an overall resistance with a value increasing 

from about 330 to about 570 Ω, that is a relatively restricted change, suitable for allowing an efficient 

and stable operation of the lithium-polymer battery.[316] 

 

2.3 Transport and Interphase Features of a Converted Mixed Olivine Cathode for 

Sodium-Ion Batteries 

2.3.1 Electrochemical Conversion of LFMP to NFMP 

The electrochemical behavior during LFMP to NFMP conversion and the related structural changes 

detected by XRD and Raman spectroscopy are illustrated in Figure 2.11. 
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Figure 2.11: Conversion of LFMP to NFMP. (a) Galvanostatic voltage profiles during de-lithiation of LFMP 
in Li-cell (red, left-hand y-axes, bottom x-axes) performed at C/10 (1C = 170 mA g−1), and during subsequent 

sodiation of FMP in Na-cell (blue, right-hand y-axes, top x-axes) at C/20 (1C = 154 mA g−1); circles indicate 

the SoC of the electrodes corresponding to the subsequent ex-situ studies. (b) XRD patterns of the pristine 
LFMP electrode (red), de-lithiated FMP electrode (green), and sodiated NFMP electrode (blue) compared to 

corresponding reference diffractograms. (c) Rietveld refinement of the XRD patterns of LFMP, FMP, and 

NFMP electrodes. In detail: experimental (black dots) and calculated (red line) patterns, difference profile 
(blue line). (d) Raman spectra recorded in the 0 – 1750 cm−1 range. Highlighted region and indexed peaks 

allow the transition identification.[113] 

The voltage profile of Figure 2.11(a) well reflects the de-lithiation of LFMP to FMP in a Li|LFMP 

cell, and the subsequent sodiation of FMP to NFMP in a Na|FMP cell. The de-lithiation (red line) 

proceeds with the expected shape, characterized by the described two plateaus at average voltages of 

3.5 and 4 V, ascribed to the Fe2+/Fe3+ and Mn2+/Mn3+ oxidation processes, respectively, with a 

delivered capacity close to the theoretical value. The data also evidence the conversion of FMP to 

NFMP with a capacity of about 140 mAh g-1, which is 91% of the theoretical value, however with a 

sloping voltage (blue line) possibly affected by polarizations associated with the poor electronic and 

ionic conductivity of the FMP phase.[87] It is worth noting that the sodiation process reflects the solid-

solution behavior at about 3.0 V vs. Na+/Na associated with the Fe3+/Fe2+ reduction with the expected 

capacity, as already reported for mixed olivines,[115] and pure NFP,[317] and the sloped behavior of the 
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Mn3+/Mn2+ reduction at about 3.5 V vs. Na+/Na with a lower capacity than that expected from the 

material stoichiometry. The lower activity of the latter redox process compared to the former one is 

ascribed to the foreseen hindered kinetics and poor Na+ diffusivity in the manganese region compared 

to the iron one. These kinetic limitations are mainly due to relevant Jahn-Teller distortion,[95,116] and 

to possible Na/Mn antisite mixing, that can lead to cation disorder and to partial formation of the 

natrophilite structure.[118] Nevertheless, the figure evidences a slight increase of the Fe3+/Fe2+ redox 

potential in the mixed olivine compared with the one exclusively based on Fe, which is promoted by 

the presence of Mn, as already observed in literature.[100,116] Structure, morphology and composition 

of the pristine LFMP, the FMP intermediate, and the NFMP material have been investigated by using 

electrodes collected from the corresponding cells at the SoC indicated by the circles in Figure 2.11(a). 

The achievement of the conversion is supported by the experimental and reference diffractograms for 

LFMP (ICSD #193641),[290] FMP (ICSD #166750),[291] and NFMP (ICSD #26006),[292] in Figure 

2.11(b), which shows indexable crystalline structure for all the samples with negligible additional 

peaks, except for that at ~ 44.7° attributed to the aluminum current collector.[318] Moreover, the figure 

indicates a limited amount of residual LFMP in the converted FMP electrode (arrow in the 

corresponding diffractogram), thus suggesting a relevant de-lithiation degree in agreement with the 

electrochemical profile.[291] To further investigate the structural features of the samples, Figure 

2.11(c) reports a Rietveld refinement of the diffractograms related with electrodes prepared with a 

high loading, to avoid the appearance of Al current collector peak. The experimental XRD patterns 

(black dots) show that all the samples are characterized by an orthorhombic cell unit of the olivine 

lattice (Pnma space group, table N.62) without significant impurities, as indeed confirmed by the 

refined diffractograms (red line) and the almost flat difference profile (blue line).[290–292] The 

refinement results reported in Table 2.4 indicate for all the samples a GOF < 1.5 and a Rwp% < 15, 

thus suggesting an acceptable quality.[302] Indeed, Rwp% values higher than 10 are typically associated 

with XRD measurements carried out on electrode films, in particular upon cycling in cell. This 

condition can increase the noise of the diffractograms, and consequently the expected square variance 

factor (Rexp) which is strictly correlated with the Rwp%.[289,301] Furthermore, the relevant number and 

the sharpness of peaks in the diffractograms can affect the Rwp% values.[289] Nevertheless, the 

graphical matching of the experimental points with the refined ones, apart minor differences (see 

Figure 2.11(c)), the low values obtained for the GOF, and Rwp% values below 15 despite the phase 

complexity, can confirm the reliability and the accuracy of the study.[289,301,302]  
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Table 2.4: Results of Rietveld refinement of the XRD patterns of Figure 2.11(c) in terms of lattice parameters, 

unit cell volume, goodness-of-fit (GOF) parameter, and weighted-profile R factor (Rwp%) of LFMP, FMP, and 
NFMP, respectively. References: ICSD #193641 (LFMP); ICSD #166750 (FMP); and ICSD #26006 

(NFMP).[113] 

Sample a (Å) b (Å) c (Å) V (Å
3
) GOF  Rwp% 

ICSD #193641 10.343 6.022 4.704 293.03 / / 

LFMP 10.377(3) 6.044(5) 4.712(9) 295.61(9) 1.26 12.36 

ICSD #166750 9.657 5.879 4.775 271.15 / / 

FMP 9.613(9) 5.839(1) 4.757(9) 267.09(2) 1.26 12.47 

ICSD #26006 10.523 6.312 4.987 331.24 / / 

NFMP 10.446(1) 6.251(4) 4.997(5) 326.35(0) 1.20 11.75 

The table also reveals values of the unit cell parameters (a, b, c) respectively of (10.3, 6.0, 4.7 Å) for 

LFMP, (9.7, 5.9, 4.8 Å) for FMP, and (10.5, 6.3, 5.0 Å) for NFMP.[76,110] These values are compatible 

with those of the reference diffractograms, and reflect in addition the bigger size of Na in NFMP 

compared with Li in LFMP, as well as the absence of the alkali ion in the FMP structure.[110,291] 

Hence, the data show a decrease of the cell volume from ~ 295.6 Å3 for LFMP, which exceeds the 

reference one in view of the higher Mn content, to ~ 267.0 Å3 for FMP as the Li+ ion is extracted, and 

a relevant increase to ~ 326.4 Å3 in NFMP due to the larger Na+ ion insertion.[290–292] The values 

achieved for FMP and NFMP are comparable with those of heterosite and triphylite structures, 

respectively, thus suggesting the formation of the desired phases during the electrochemical 

conversion process.[110] A further insight on the structural features of LFMP, FMP, and NFMP is 

achieved by Raman spectroscopy, as reported in Figure 2.11(d). All samples present the 

characteristic D and G bands of the carbon that coats the electrodes at 1350 and 1600 cm-1, the peaks 

ascribed to the symmetrical and asymmetrical stretching of the phosphate PO4
3− group with Ag mode 

centered at ~ 950 and ~ 1000 cm-1, and the other peaks due to the symmetrical and asymmetrical 

bending of the PO4
3− group with A2g and B2g modes respectively at about 500 and 600 cm-1.[319,320] 

The most relevant difference between the spectra is observed for the peak centered at about 450 cm-

1 (highlighted region), associated with lithium or sodium cage modes with translating Li+ or Na+ and 

breathing cage surrounded by O2- ions.[319] As expected, this peak is almost absent in the FMP 
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spectrum, while it is more intense and resolved in the NFMP spectrum compared with LFMP 

one.[112,319] Further differences can be observed in the region between 50 and 300 cm-1, which 

corresponds to the translational motions of the transition metals coupled with the vibrational motion 

of the MO6
3− network bending.[319,320]  

The morphological features and modifications of LFMP (panels (a-h)), FMP (panels (i-p)), and 

NFMP (panels (q-y)) electrodes are obtained by SEM-EDS analyses reported in Figure 2.12. 

 

Figure 2.12: SEM and EDS analyses of (a–h) LFMP, (i–p) FMP, and (q–y) NFMP electrodes. In detail: SEM 

images at different magnifications for (a–c) LFMP, (i–k) FMP, and (q–s) NFMP; SEM-EDS elemental maps 
of (d, l, t) C, (e, m, u) P, (f, n, v) O, (g, o, w) Mn, (h, p, x) Fe, and (y) Na for LFMP, FMP, and NFMP, 

respectively.[113] 

The corresponding SEM images at different magnifications and EDS elemental maps indicate for the 

three samples the presence of agglomerates of micrometric secondary particles formed by sub-

micrometric primary particles homogeneously blended into the electrode film, fully in line with the 

morphology of LFMP powder reported in Section 2.2 (see Figure 2.4).[98] Furthermore, the EDS 

maps reveal a homogeneous distribution of the elements for all the samples, excluding the presence 
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of impurities. Table 2.5 reports the results of the ICP-OES analysis on the LFMP, FMP, and NFMP 

electrodes, which confirm the success of the de-lithiation and subsequent sodiation process. 

Table 2.5: Results of ICP-OES measurements in terms of Li, Na, and P concentration and ratio between the 

alkali metals and phosphorus.[113] 

Sample 
Li concentration 

(ppm) 

Na concentration 

(ppm) 

P concentration 

(ppm) 

Li/P 

ratio 

Na/P 

ratio 

LFMP 0.557 0.007 0.566 0.984 0.012 

FMP 0.016 0.008 0.268 0.059 0.029 

NFMP 0.018 0.400 0.425 0.042 0.941 

The table shows sodium traces in LFMP and FMP samples which could be ascribed to possible 

contamination of the chemicals used for aqua regia preparation with the aim of dissolving the sample. 

Furthermore, the small lithium fraction detected in the de-lithiated and sodiated phases (i.e. ~ 5%) 

agrees with the small residual peak observed in the diffractograms (see Figure 2.11(b)), thus 

confirming the abovementioned predominant de-lithiation/sodiation degree of the sample.[291] In 

summary, LFMP, FMP, and NFMP display well-defined morphology and structure, and the data 

evidence a successful de-lithiation/sodiation process. These optimal characteristics and the uniform 

distribution of the elements are crucial parameters to enable suitable interphase and satisfactory 

performance of the NFMP in sodium battery.[317] 

2.3.2 Electrochemical Characterization of NFMP 

The electrochemical process of the NFMP cathode is investigated in Na-cell by combining CV and 

EIS as reported in Figure 2.13. The CV response (Figure 2.13(a)) shows during the first cycle two 

oxidation peaks centered at 3.1 and 3.9 V vs. Na+/Na and three reduction peaks centered at about 

3.55, 3.0, and 2.8 V vs. Na+/Na. Indeed, the peaks at 3.1, 3.0, and 2.8 V vs. Na+/Na are ascribed to 

the Fe3+/Fe2+ redox couple, whilst those at 3.9 and 3.55 V vs. Na+/Na to the Mn3+/Mn2+ one, with de-

insertion of Na+ from NFMP during the anodic scan, and its insertion back into the olivine structure 

during the cathodic scan.[321] Similarly to Li-based olivine cathodes, the electrochemical process 

attributed to the Fe3+/Fe2+ redox couple in NFMP occurs at higher potential compared to bare NFP, 

while that of Mn3+/Mn2+ evolves at lower values with respect to NFP.[288,321,322] The transition metal 

redox potential shift, typically observed in mixed olivines, can be attributed to the above-described 

changes in the ionic character and distance of the M–O bond promoted by substitution.[79,108,116] It is 
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worth noting that the voltametric profile of NFMP is different from the one expected for pure NFP,[323] 

since it shows the presence of multiple peaks ascribed to Fe3+/Fe2+ during sodiation instead of a single 

one, which are convoluted during de-sodiation process. Furthermore, the peak associated with the 

Mn3+/Mn2+ shows a low intensity which further decreases after the first cycle during sodiation, thus 

suggesting an increase of the volume mismatch due to the high Mn content associated with the Jahn-

Teller effect of Mn3+.[95] 

 

Figure 2.13: (a) CV profiles and (b) EIS measurements after sodiation of the electrode and after 1, 5, and 10 
CV scans of Na|NFMP three electrode cell with a Na reference electrode at 25 °C. Potential range 1.8 – 4.3 

V vs. Na+/Na; scan rate 0.05 mV s-1. EIS frequency range 200 kHz – 100 mHz; alternate voltage signal 

amplitude 10 mV. Inset in (a): CV scan at 0.02 mV s-1 scan rate (peaks with related redox couples reactions 

are indicated). Adapted from [113]. 

The slow CV scan performed at 0.02 mV s-1 (inset of Figure 2.13(a)) increases the peak resolution 

and facilitates their association with the processes of the various redox couples. Indeed, the CV 

response indicates the occurrence of two oxidation processes revealed by peaks centered at about 3.05 

and 3.16 V vs. Na+/Na and 3.85 V vs. Na+/Na during the anodic scan, which are almost completely 

reversed into two reduction processes with peaks at about 2.82, 3.02, and 3.55 V vs. Na+/Na during 

the cathodic scan. The first two convoluted signals can be ascribed to the Fe3+/Fe2+ redox couple and 

the latter to the Mn3+/Mn2+ redox couple, respectively. Particularly, the oxidation of Fe2+ to Fe3+ 

evolves during charge by a single-phase de-sodiation until 0.6 ≤ x ≤ 1 in NaxFe0.6Mn0.4PO4 (anodic 

peak at 3.05 V vs. Na+/Na indexed as FeA), and a two-phase reaction including both sodiation and 

Na+/vacancies ordering for x < 0.6 (anodic peak-shoulder at 3.16 V vs. Na+/Na indexed as FeB), while 

the reduction of Fe3+ to Fe2+ occurs during discharge at 2.82 V vs. Na+/Na (FeA) and 3.02 V vs. 

Na+/Na (FeB). Despite the literature mainly describes the insertion process associated with LFP as a 

two-phase reaction,[317,323,324] an intermediate phase cannot be completely excluded even for this 

material. On the other hand, NFP clearly presents two consecutive voltage peaks upon charge at about 
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2.95 and 3.11 V vs. Na+/Na merged into a single voltage peak upon discharge at about 2.8 V vs. 

Na+/Na, with a three-phase reaction mechanism where an intermediate phase is foreseen, particularly 

during the charge process.[317] The above-described peak-split for the Fe3+/Fe2+ couple, observed also 

during reduction however with a more complex structure, can be ascribed to the increase of the redox 

potential in a fraction of Fe sites, promoted by the higher electronegativity of the Mn neighbor.[115,116] 

Furthermore, the first cycle of Figure 2.13(a) (dark blue line) reveals a slightly higher polarization 

than the subsequent ones, thus suggesting an activation process mostly attributed to a partial structural 

reorganization of the sample, together with formation of an appropriate solid electrolyte interphase at 

the anode side and solid polymer interphase at the cathode side (SEI/SPI).[226] The subsequent 

voltametric cycles in Figure 2.13(a) show a well reversible electrochemical process evidenced by the 

overlapping of the cycles. 

The SEI/SPI formation is investigated in Figure 2.13(b) by EIS measurements after the sodiation 

step, as well as after 1, 5, and 10 CV scans (bias potential 1.8 V vs. Na+/Na) of NFMP in Na-cell, 

while the related interphase resistance values obtained by NLLS analysis are reported in Table 

2.6.[273,274] 

Table 2.6: Equivalent circuits, interphase resistances (R1, R2), and chi-square values accounting for the 

accuracy (χ2) of NLLS analysis related to the EIS data of the Na|NFMP three-electrode cell using a Na 
reference electrode collected at 25 °C after sodiation, and after 1, 5, and 10 CV cycles in the 1.8 – 4.3 V vs. 

Na+/Na potential range. See Figure 2.13 for related CV profiles and Nyquist plots.[113] 

Cell condition Equivalent circuit R1 (Ω) R2 (Ω) 
Ri = R1 + R2 

(Ω)  
χ2 

After sodiation Re(R1Q1)Qg 465 ± 2 / 465 ± 2 2 x 10−4 

After 1 cycle Re(R1Q1)(R2Q2)Qg 5.1 ± 0.2 513.4 ± 1.2 518.5 ± 1.2 5 x 10−5 

After 5 cycles Re(R1Q1)(R2Q2)Qg 19.1 ± 0.5 458.5 ± 1.4 477.6 ± 1.5 5 x 10−5 

After 10 cycles Re(R1Q1)(R2Q2)Qg 30.6 ± 0.8 508.9 ± 1.7 539.5 ± 1.9 4 x 10−5 

The Nyquist plots reflect the shape associated with a blocking-type behavior of the fully-discharge 

state of the cell (i.e. at 1.8 V vs. Na+/Na) upon which EIS is collected. Overall, the curves are 

characterized by the presence of a medium-high frequency semicircle due to the electrode/electrolyte 

interface, and a low frequency tilted line representing the cell geometrical capacity.[273,274] The EIS 

response can be represented by the equivalent circuit Re(RiQi)Qg, including in series the electrolyte 

resistance (Re), one or two parallel constant phase/resistance elements (RiQi) mainly accounting for 
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the SEI/SPI formed at electrodes with marginal charge transfer, and a final constant phase element 

related with the cell capacitance (Qg). However, a partial overlapping with a Warburg-type diffusion 

cannot be excluded.[273,274] The data shown in Table 2.6 indicate an overall value of the interphase 

resistance of about 500 Ω, which is higher than the one reported in Section 2.2 for the lithium 

counterpart,[98] however in line with that associated to sodium metal interphase.[325] It should be 

recalled that the growth of surface layer leading to these high values may be typically limited by 

adding sacrificial substrates such as FEC in the electrolyte,[227] or by using glyme-based 

electrolytes.[232,234,238] Nevertheless, it is worth noting that in the present case the resistance values 

undergo very limited variation upon the voltametric scans, thus suggesting the formation of a stable 

SEI/SPI, in addition to the discussed structural reorganization which may favor the electrochemical 

reaction of NFMP.  

The electrochemical performances of NFMP cathode in Na-cell subjected to galvanostatic cycling 

tests are shown in Figure 2.14. 

 

Figure 2. 14: Galvanostatic cycling performances of the Na|NFMP cell at 25 °C. Rate capability in terms of 

(a) voltage profiles and (b) corresponding cycling trend performed at C/20, C/10, C/5, C/2, 1C, and 2C 
currents (1C = 154 mA g-1) in the 1.8 – 4.3 V voltage range. Electrochemical performance of the cell at the 

constant current rate of C/5 in terms of (c) voltage profiles and (d) cycling trend with discharge capacity in 

the left-hand side y-axis and coulombic efficiency in the right-hand side y-axes. Voltage range 1.8 – 4.3 V with 
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an additional constant voltage step (CCCV mode) at 4.3 V until a finale current of ¼ referred to the nominal 

C-rate. Inset in (d): SEM images of the NFMP electrode before and after cycling test. Adapted from [113]. 

The rate capability of NFMP is reported in terms of the voltage profiles (Figure 2.14(a)) and cycling 

trend (Figure 2.14(b)) by increasing the current from C/20 to 2C (1C = 154 mA g-1). The cell shows 

at the various C-rates the voltage shape expected by taking into account the CV of Figure 2.13(a), 

characterized by a solid-state region with three plateaus at an average voltage of 3.0, 3.2, and 3.8 V, 

associated with Fe3+/Fe2+ (FeA and FeB) and Mn3+/Mn2+ redox couples, respectively. Moreover, the 

profiles in Figure 2.14(a) indicate an increase of polarization by raising the current due to the increase 

of the ohmic polarization, which leads to the decrease of the capacity from 80 mAh g-1 (i.e. about 

52% of the theoretical value) at C/20 to about 33 mAh g-1 (22% of the theoretical value) at 2C. The 

cycling trend of Figure 2.14(b) reveals that the pristine capacity is recovered by decreasing the 

current back to C/20 after the whole test, thus suggesting the stability of the NFMP cathode upon the 

stress on the material structure triggered by the raising currents.[288] It is worth nothing that the first 

charge at C/20 in Figure 2.14(b) is characterized by a capacity of about 110 mAh g-1 (i.e. about 71% 

of the theoretical value), which is lower than the one obtained after the sodiation of the electrode at 

the same current in the previous step (i.e. about 140 mAh g-1 in Figure 2.11(a)). The figure also 

evidences a very modest contribution of the Mn3+/Mn2+ redox couple to the overall cell capacity even 

at low current rate. This behavior may be ascribed to the abovementioned Jahn-Teller distortion 

promoted by Mn in olivines with high manganese content (i.e. y > 0.2 in NazMnyFe1-yPO4),
[116] which 

can relevantly hinder the transport of the voluminous sodium ion,[115] promote the strain, and increase 

the potential hysteresis during oxidation/reduction, thus limiting NazMnyFe1-yPO4 solid solution 

stability and the performances of the material.[84,116,326] Besides, the complete oxidation of Mn2+ to 

Mn3+ requires higher voltages than the theoretical one, in particular with high Mn content, thus 

leading to possible degradation of the conventional electrolytes.[50] The Na+/Na (de-)insertion in the 

olivine lattice may in addition be affected by the split of the Fe3+/Fe2+ redox potential promoted by 

the higher electronegativity of the Mn neighbor,[115,116] while Na and Mn can undergo the 

abovementioned antisite cation mixing in the structure, with possible formation of the 

electrochemically inactive natrophilite phase.[118] To investigate the Na/Mn antisite mixing, the 

crystallographic details and the atomic parameters of NFMP are obtained from Rietveld refinement 

of Figure 2.11(c) and summarized in Table 2.7. The table shows a cation disorder of about 8% for 

NFMP cathode, particularly ascribed to Mn2+, and partially justifies the limited contribution of the 

Mn3+/Mn2+ redox couple to the cell capacity.[117,118,327] It is worth mentioning that the occupancies of 

M1 and M2 sites vary during the refinement to allow the antisite mixing. 
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Table 2.7: Crystallographic details and atomic parameters of the NFMP cathode obtained from Rietveld 

refinement of Figure 2.11(a).[113] 

Atom 
Wycoff 

position 
x y z Occupancy Biso (Å

2) 

Na1 4a 0 0 0 0.918(6) 0.038(7) 

Na2 4c 0.2852(6) 0.25 -0.0086(2) 0.084(0) 0.018(8) 

Mn1 4a 0 0 0 0.073(3) 0.038(7) 

Mn2 4c 0.2852(6) 0.25 -0.0086(2) 0.326(7) 0.018(8) 

Fe1 4a 0 0 0 0.009(4) 0.038(7) 

Fe2 4c 0.2852(6) 0.25 -0.0086(2) 0.590(6) 0.018(8) 

P1 4c 0.1073(4) 0.25 0.4409(1) 1.0 0.033(3) 

O1 4c 0.1124(7) 0.25 0.1471(9) 1.0 0.005(6) 

O2 4c 0.4675(2) 0.25 0.1609(5) 1.0 0.009(9) 

O3 8d 0.1733(6) 0.0609(5) 0.3104(5) 1.0 0.011(1) 

A possible strategy to increase the Na+ extraction/insertion capacity in the olivine lattice is 

represented by the use of the CCCV mode for charging the cell.[328] Accordingly, a CCCV cycling 

test has been performed of NFMP in Na-cell at a constant C-rate of C/5, with a constant voltage step 

at 4.3 V during charge. The related voltage profiles reported in Figure 2.14(c) show an increase of 

the maximum capacity, compared to the corresponding profiles obtained in the rate capability test of 

Figure 2.14(a) (i.e. from ~ 60 to ~ 78 mAh g-1). Furthermore, the related cycling trend in Figure 

2.14(d) evidences a coulombic efficiency of about 72% at the first cycle, which increases and ranges 

between 98% and 100% during the subsequent ones, with a capacity retention of ~ 87% after 50 

cycles and ~ 68% after 120 cycles. It is worth noting that the sudden capacity increase around the 20th 

cycle, with the corresponding coulombic efficiency oscillation observed in the figure, may be due to 

a partial activation of the material, which is possibly triggered by the improved electrode wetting 

achieved upon time evolution. On the other hand, the decrease of the capacity observed at the end of 

the test is likely ascribed to the limitation of the charge-transfer kinetics promoted by the excessive 

growth of the SEI/SPI layer upon prolonged cycling, as indeed suggested by the SEM inset in Figure 

2.14(d) of the NFMP electrode before and after the test.[110] 

A more detailed view of the structural and morphological features of the NFMP electrode upon the 

above cycling test in sodium cell is reported in Figure 2.15. Panel (a) reports the XRD analysis of 

the pristine and the cycled electrodes, compared with a reference sample (ICSD #26006).[292] 
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Figure 2.15:(a) Comparison between the XRD patterns of a pristine NFMP electrode, the NFMP electrode 

recovered cycling measurement reported in Figure2.14(d), and the reference diffractogram (ICSD #26006). 

SEM images at different magnifications of (b, c) the pristine and (d, e) the cycled NFMP electrodes.[113] 

The XRD patterns of the electrodes exhibit a defined crystalline structure, in full agreement with the 

one observed in Figure 2.11(b, c) for NFMP without significant modification, thus accounting for a 

relevant stability of the olivine framework.[292] It is worth noting that the more defined peaks of the 

cycled electrode are likely ascribed to the different loading of the samples, as indicated by the 

intensity of the Al current collector peak in the diffractograms. Moreover, the SEM images of the 

pristine (Figure 2.15(b, c)) and cycled (Figure 2.15(d, e)) electrodes show the above-described 

agglomerates of primary sub-micrometric particles aggregated into micrometric secondary particles, 

without relevant change and reorganization of the NFMP. Additional domains in the cycled electrode, 

characterized by rough morphology, may be ascribed to the formation of the SEI/SPI,[226,314] as well 

as to dispersed glass fibers due to the electrolyte separator. Overall, Figures 2.14 and 2.15 indicate 
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the stability of both structure and morphology of NFMP upon cycling and its suitability for sodium 

cells, and suggest further tuning of the material composition in terms of Fe to Mn ratio, to further 

improve the delivered capacity. 

The increase of the Na+ ion mobility in the olivine framework against the distortion and strain 

triggered by the Mn3+/Mn2+ redox couple at 3.8 V may be actually promoted by increasing the 

temperature according to an Arrhenius trend. The above improvement of the material conductivity, 

which may also enhance the reaction kinetics, is typically reflected into a linear increase of the cell 

capacity by raising the temperature.[329,330] Hence, Figure 2.16 reports the galvanostatic cycling of 

the NFMP cathode in sodium cell performed at C/5 rate (CCCV mode), increasing the temperature 

by 5°C every 10 cycles from 45 to 60 °C. The voltage profiles of Figure 2.16(a) selected at 45, 50, 

55, and 60 °C present the solid-state region with three plateaus at average voltage of 3.0, 3.2, and 3.8 

V previously described, associated with Fe3+/Fe2+ and Mn3+/Mn2+ redox couples, respectively. It is 

worth noting that the increase of the temperature leads to the desired rise of the capacity from about 

80 mAh g-1 at 45 °C to about 110 mAh g-1 at 60 °C, with a high stability and efficiency for the tests 

performed at 45, 50, and 55 °C, according to the trends in Figure 2.16(b). The activation already 

observed at 25 °C may also be promoted by temperature increase, according to the trend observed in 

panel (b) at 45 and 50 °C. However, the reason for improvement in this case may be found in the 

increase of the material conductivity following Arrhenius behavior.[325] The values of the maximum 

capacity obtained by the cell at the different temperatures are reported in Figure 2.16(c) as a function 

of the temperature, and fitted by a straight line with a relevantly high confidence (R2 = 0.9994). The 

achieved trend well accounts for the abovementioned effect of the increase of Na+ ions conductivity 

into the material framework triggered by the temperature. Despite the test performed at 60 °C 

achieves the highest value, it also reveals a progressive decrease of the cell capacity and coulombic 

efficiency, as expected by the more pronounced electrolyte decomposition and growth of 

electrode/electrolyte interphase at higher temperature.[330–332] To investigate the possible electrolyte 

oxidation at increased temperature, the anodic electrochemical stability window (ESW) has been 

measured by LSV at 25, 50, and 65 °C and the results are shown in the inset of Figure 2.16(c). The 

data reveal the stability of the electrolyte at 25 °C in the 1.8 – 4.3 V vs. Na+/Na potential range, which 

is the interval used for cell cycling. Indeed, the full oxidative decomposition of the electrolyte is 

detected above 4.8 V vs. Na+/Na at 25 °C. However, the increase of the temperature limits the ESW 

of the electrolyte to ~ 4.4 V vs. Na+/Na at 50 °C, and below 4.1 V vs. Na+/Na at 65 °C. These results 

confirm the possible electrolyte decomposition at the higher temperatures, possibly resulting into 

decrease of cell capacity and coulombic efficiency.[331,332] Nevertheless, the interphase stability below 
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65 °C suggests the compatibility of the electrolyte with the NFMP electrode, as also indicated by the 

formation of a stable SEI/SPI (see Figure 2.13 and Table 2.6). 

 

Figure 2.16: Performance of the Na|NFMP cell at various temperatures. Galvanostatic test performed at C/5 

current (1C = 154 mA g-1) in terms of (a) voltage profiles and (b) cycling trend by changing the temperature 
from 45 to 50, 55, and 60 °C. (c) Linear trend of the maximum specific capacity delivered by NFMP vs. 

temperature. Inset in (c): LSV measurements of the Na|SP-Al cells for determining the anodic ESW of the 

electrolyte at 25, 50, and 65 °C. Scan rate 0.1 mV s-1. Galvanostatic test performed at C/5 current in terms of 

(d) voltage profiles and (e) cycling trend at 55 °C with discharge capacity in the left-hand side y-axis and 
coulombic efficiency in the right-hand side y-axes. Voltage range 1.8 – 4.3 V with an additional constant 

voltage step (CCCV mode) at 4.3 V until a finale current of ¼ referred to the nominal C-rate.[113] 

Therefore, the temperature of 55 °C has been chosen for further characterization as a suitable 

compromise between delivered capacity, high coulombic efficiency, and good retention. Figure 

2.16(d) reports the galvanostatic voltage profiles of the Na|NFMP cell at 55 °C, while Figure 2.16(e) 

depicts the corresponding cycling trend. The cell shows the plateaus associated with Fe3+/Fe2+ and 
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Mn3+/Mn2+, where the plateau at 3.8 V associated with the latter redox couple presents a more defined 

shape, thus suggesting a mitigated effect of the Jahn-Teller distortion.[95] Furthermore, the cell reveals 

a maximum specific capacity of about 100 mAh g-1, a coulombic efficiency of about 78% at the first 

cycle which increases and ranges from about 97% to 99% during the subsequent ones, and a capacity 

retention of about 75% after 50 cycles. Overall, the temperature has a beneficial effect on the 

performances of the cell, which reaches higher capacity, a more defined process associated with the 

transition metal redox couples without significant strain transformation, and a good coulombic 

efficiency. Nevertheless, the lower retention and the slightly lower coulombic efficiency compared 

to the cell cycled at 25 °C (i.e. 75% compared to 87% after 50 cycles, and 97% compared to 100%, 

respectively) suggest a limited decomposition of the electrolyte at 55 °C as discussed above,[332] and 

the necessity of ad hoc tuned electrolyte with a better anodic stability, as well as further improvement 

of the NFMP electrode to achieve higher performance and stability.[98,317,333] 

2.3.3 Ion Transport and Interphase Features of LFMP and NFMP 

The understanding of thermodynamics and kinetics plays a key role for evaluating the cycling 

performances, the ions diffusion and the interfacial properties of mixed olivines.[334] Although the 

NFMP olivine has the same phase structure as the LFMP olivine (see Figure 2.11), they intrinsically 

differ by the electrochemical process.[108,112,117] According to the data illustrated above, is possible to 

speculate that the typical phase transformation and ion transport kinetics in NFMP are clearly worse 

during (de-)insertion of Na+ in NFMP compared with the LFMP analogue.[98] To further shed light 

on this aspect and properly evaluate the electrode behavior in sodium cell, hereafter a comparative 

investigation between NFMP and LFMP is performed, particularly evaluating the difference in the 

Li+ or Na+ ions diffusion coefficient, the equilibrium potential of the ion insertion/extraction, and the 

charge transfer kinetics of the two materials. It is worth mentioning that the ion transfer occurring at 

the electrode/electrolyte interphase can be influenced by the different electrolyte media (e.g. 

EC/DMC for lithium and EC/PC for sodium batteries). On the other hand, the impact of the different 

solvents on the ion migration at the interphase has already been demonstrated using various 

combinations of substrates and electrolytes, including the carbon-based electrodes in the EC/DEC or 

EC/EMC media.[331,333] Salt chemistry may also have a concomitant role together with solvent in 

driving the performance of the Na-battery in terms of ion transport and conductivity. Hence, sodium 

hexafluorophosphate in the EC:PC solvent has been proven to outperform in SIBs the conventional 

EC:DMC mixture typically used in LIBs, leading to higher capacity retention and coulombic 

efficiency, as already mentioned. However, this improvement is typically much more relevant at the 

anode side, where a thick SEI can be formed.[226] Thickness, composition and stability of the SEI at 

the SIBs anode are indeed related with to the electrolyte stability towards reduction at low potentials, 
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and can severely affect the ion transfer.[225] This effect is less pronounced at the cathode side, since 

SIBs typically operate below the electrolyte oxidation limit. Therefore, the surface layer formed at 

the higher potentials by marginal oxidation at the cathode surface is thin, in particular using EC:PC 

solvent mixture which displays enhanced anodic stability at room temperature.[225] Nevertheless, the 

comparable charge-transfer resistance throughout the whole cycling of the two systems considered 

herein (LFMP and NFMP) well supports the abovementioned limited influence of the solvent mixture 

on the achieved results, despite the change of the electrolyte solution. 

Figure 2.17 depicts the CV responses at increasing scan rates of LFMP in Li-cell (Figure 2.17(a)) 

and NFMP in Na-cell (Figure 2.17(b)). 

 

Figure 2.17: Steady-state CV profiles with indexed peaks of (a) LFMP in LI-cell and (b) NFMP in Na-cell 

with 3-electrode setup at 25 °C. Scan rates 0.05, 0.1, 0.15, and 0.2 mV s-1. Potential ranges 2.0 – 4.6 V vs. 
Li+/Li for LFMP and 1.8 – 4.3 V vs. Na+/Na for NFMP. Trends of DCV at various SoC for (c) Li+ in LFMP 

and (d) Na+ in NFMP calculated using Equation 2.6.[113]  

The current peak (Ip) increases by rising the scan rate (ν), in agreement with a linear trend of Ip vs. 

ν1/2, thus suggesting lithium or sodium diffusion as rate-determining step of the redox processes. The 

measured values of CV peak current related with the electrochemical processes of LFMP and NFMP 
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in Li-cell and Na-cell are reported versus the square root of the scan rate in Figure 2.18. The points 

of the figure follow a linear trend, as expected by the reversible redox processes and confirmed by 

coefficient of determination (R2) values.  

 

Figure 2.18: Peak current (Ip, A) vs. square root of scan rate (ν1/2, V1/2 s-1/2) and related linear fit, with 

associated coefficient of determination (R2) values, corresponding to the Fe3+/Fe2+ and Mn3+/Mn2+ processes 
within the olivine structure of LFMP and NFMP as determined by CV in Figure 2.17(a) and Figure 2.17(b), 

respectively.[113] 
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The Ip vs. ν1/2 slope values have been used to calculate the Li+ and the Na+ diffusion coefficients for 

LFMP and NFMP, respectively, DCV (cm2 s-1), according to the Randles-Sevcik equation (Equation 

2.6):[335]  

𝐼𝑝 = 0.4463𝑧𝐹𝐴𝐶√
𝑧𝐹𝜈𝐷𝐶𝑉

𝑅𝑇
= 2.686 ∙ 105𝐴𝐶√𝑧3𝜈𝐷𝐶𝑉 with T = 298.15 K   (2.6) 

where Ip is the peak current value (A), z = 1 is the number of exchanged electrons, F is the Faraday 

constant (96485 C mol-1), A is the electrodes geometric area (0.785 cm2), C is the Li+ or Na+ 

concentration within the olivine lattice (mol cm-3), ν is the scan rate (V s-1), R is the gas constant (J 

K-1 mol-1), and T is the temperature (K). The obtained values of the DCV for LFMP and NFMP are 

shown in Figure 2.17(c) and Figure 2.17(d), respectively, and calculated by considering the linear 

slope previously described in Figure 2.18 for Fe3+/Fe2+ and Mn3+/Mn2+ redox couples during charge 

and discharge processes. It is worth mentioning that during NFMP sodiation process, only the peaks 

associated with the Fe (FeA and FeB) are taken into account, since the low intensity of the peak 

associated with Mn during discharge avoids an accurate determination of DCV.[115] The results of 

Figure 2.17(c, d) indicate a much faster ion transport in LFMP compared to NFMP, with DCV values 

above 10-10 cm2 s-1 for the former, and in the order of 10-12 cm2 s-1 for the latter. Moreover, the DCV 

values herein obtained for LFMP are slightly higher than the values already reported in literature for 

samples prepared by solvothermal reaction, thus indicating that the sol-gel synthesis could be a 

suitable choice for an enhanced structure.[99,278] Nevertheless, the reported NFMP cathode presents 

higher values of DCV compared to the ones achieved in literature for pure NFP, thus suggesting a 

concomitant effect of Na+ (de-)intercalation features and optimized synthesis on the transport 

properties.[322,334] The above trends also evidence, for both LFMP and NFMP, a decrease of one order 

of magnitude of DCV by cell charging and its increase back by discharging, accounting for the 

remarkably lower ionic conductivity of the de-lithiated/de-sodiated phase of the olivine compared to 

the lithiated/sodiated one. However, conductivity can be highly enhanced by a fine tuning of the 

carbon coating in the electrode.[304]  

Further determination of Li+ and Na+ diffusion coefficients for LFMP and NFMP performed by GITT 

is reported in Figure 2.19, according to the method proposed by Weppner and Huggins.[336] Prior to 

GITT experiment, three galvanostatic cycles have been performed on LFMP and NFMP, to limit 

possible effects given by stabilization of the interphase or activation of the material. Figure 2.19(a, 

b) shows the time evolution of the potential during titration (black curves), obtained by applying 

repeated current pulses followed by potential relaxation steps in three-electrode lithium and sodium 

cells using LFMP and NFMP, respectively. Small constant currents of C/10 for LFMP and C/20 for 
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NFMP are used during GITT in order to assume the diffusion process in the surface layer, as proposed 

by Weppner and Huggins.[336] 

 

Figure 2.19: GITT curves in terms of E0 vs. time of (a) LFMP in Li-cell and (b) NFMP in Na-cell with 3-
electrode configuration at 25 °C, with overlapped black curves reporting the overall time evolution of the 

potential during current pulses and relaxation steps. Trends of E0 vs. x for (c) LFMP and (d) NFMP determined 

from GITT. (e) Three-dimensional representation of DGITT vs. x for Li+ ions in LFMP and Na+ ions in NFMP 

calculated using Equation 2.7. Applied current pulses 17 mA g-1 for LFMP and 7.7 mA g-1 for NFMP. Potential 

ranges 2.0–4.6 V vs. Li+/Li for LFMP and 1.8–4.3 V vs. Na+/Na for NFMP.[113] 
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The same panels show the overlap of the quasi-equilibrium potential profiles (E0) during charge (dark 

red and dark blue) and discharge (light red and light blue) for LFMP and NFMP, respectively, after 

relaxation. The trend of E0 vs. x (exchanged lithium or sodium degree in A1-xFe0.6Mn0.4PO4 olivine, 

with A = Li or Na) reveals a reversible titration extended up to x = 0.69 for LFMP (Figure 2.19(c)) 

and to x = 0.5 for NFMP (Figure 2.19(d)) under quasi-equilibrium conditions. The difference of the 

maximum value of x in NFMP and LFMP is ascribed to a more relevant strain in the olivine structure 

induced by the bigger Na+ compared with Li+, which is reflected into a slower ion diffusion kinetics, 

mostly because of the abovementioned Jahn-Teller distortion promoted by Mn.[99,116] It is worth 

noting that the quasi-equilibrium potential hysteresis for NFMP (Figure 2.19(d)) is around 120 mV, 

which is more than 4 times larger than that of LFMP (i.e. 30 mV, Figure 2.19(c)) at the same alkali 

ion content. This behavior, already observed for LFP and NFP, is related with a more severe phase 

transitions stress due to the larger volume change upon sodiation/de-sodiation of the olivine, 

compared with lithiation/de-lithiation.[334] The Li+ or Na+ diffusion coefficients, DGITT, (cm2 s-1), are 

obtained using the data of Figure 2.19 and applying Equation 2.7:[336] 

𝐷𝐺𝐼𝑇𝑇 =
4

𝜋
[

𝐼0𝑉𝑀

𝐴𝐹

𝑑𝐸/𝑑𝑥

𝑑𝐸/𝑑𝑡1/2
]

2

,     𝑡 ≪ 𝜏        (2.7) 

where I0 (A) is the applied current, VM is the olivine molar volume (44.53 cm3 mol-1 for LFMP and 

48.21 cm3 mol-1 for NFMP), A is the electrode geometric area (0.785 cm2), F is the Faraday constant 

(96485 C mol-1), and τ is the diffusion time (s). dE/dx is determined by derivation of the titration 

curves in Figure 2.19(c, d). dE/dt1/2 is obtained by linear fit of E vs. t1/2 related to each current pulse 

(with t << τ). Figure 2.19(e) represents the DGITT during de-lithiation/lithiation and de-

sodiation/sodiation as function of x for LFMP (red) and NFMP (blue). The results evidence the typical 

trend observed for mixed olivines with a general decrease of DGITT for the de-lithiated/de-sodiated 

phases at high x,[278] with higher values for LFMP compared with NFMP. This suggests lower 

mobility of Na+ than Li+, as already observed for DCV in Figure 2.17. In detail, Figure 2.19(e) reveals 

an initial increase of DGITT by charge to a maximum value of ~ 10-9 cm2 s-1 at x = 0.42 for LFMP and 

~ 10-11 cm2 s-1 at x = 0.29 for NFMP, and its subsequent, relevant decrease upon further increasing x 

to a minimum value of ~ 10-13 cm2 s-1 for LFMP and ~ 10-14 cm2 s-1 for NFMP.  

It is worth noting that the diffusion coefficients during the discharge are smaller than the values during 

the charge, likely due to the insulating character of de-lithiated/de-sodiated olivine. Previous studies 

indicated much lower D for LFP and NFP compared with LFMP and NFMP, with values ranging 

from 10-17 to 10-13 cm2 s-1 for lithium and from 10-19 to 10-15 cm2 s-1 for sodium, depending on the x 

value as well as on the experimental setup.[322,334,337,338] This discrepancy may be ascribed to the 

different Li+/Na+ (de-)insertion mechanism in LFMP/NFMP compared with LFP/NFP, where the 
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former foresees two or three interconnected solid-solution-like working regions, while the latter has 

a defined flat plateau.[101,115,116,278] Nevertheless, an intrinsic experimental error of the Li+ and Na+ 

diffusion coefficient determination from GITT data for two-phase materials, ascribed to the solid-

solution assumption proposed by Weppner and Huggins, could not be herein excluded.[336] In 

particular, the Weppner model has been described to provide D values for LFP and NFP of about 3 

orders of magnitude lower in the two-phase region compared with the single-phase one.[337,338] This 

difference can be ascribed in part to an intrinsic experimental error on Li+/Na+ diffusion coefficient 

determination, triggered by the characteristic reaction mechanism of the olivines. It is worth 

mentioning that additional experimental parameters could affect the results of GITT 

measurements,[339] such as time and number of the current steps, the relaxation time, as well as the 

electrode film features (i.e. uncertainty of surface area, reaction-limitation, inter-particle composition 

differences, finite size and non-planar geometry). On the other hand, systematic errors derived from 

composition-dependent overpotentials can be limited by minimizing the current magnitude to support 

the assumption of semi-infinite behavior also for finite-size spherical particles. In fact, this 

assumption in planar systems is suitable for very short diffusion time, such as the value herein adopted 

(τ < 0.25) which is optimized to achieve reliable DGITT value.[339] In this respect, computational studies 

indicate that the underestimation of the diffusion coefficients in electrodes with flat-shaped potential 

using GITT can be strongly limited by lowering the thickness to get a more accurate DGITT.[340] 

Overall, the DGITT values obtained in Figure 2.19(e) for LFMP and NFMP are comparable with the 

ones obtained by CV (Figure 2.17), and with those achieved by GITT in other studies focusing on 

lithium diffusion in mixed olivines.[278] Despite slower ion transport and diffusion leading to a 

sluggish kinetics, the measurements suggest that the NFMP cathode achieved by electrochemical 

conversion and the pristine LFMP have a surprisingly similar transport mechanism. 

To further understand and compare the interfacial and charge-transfer kinetics of LFMP and NFMP, 

SPEIS experiments have been performed by running impedance measurements at different SoC every 

40 mV, upon full de-lithiation/de-sodiation and subsequent lithiation/sodiation, and the related DRT 

functions have been calculated (see Section 1.6 for further details on DRT).[189,265,341] The 

measurements have been acquired during the 3rd cycle to minimize any bias arising from stabilizations 

of the interphases or activation of the materials, and a two-electrode coin cell setup has been used to 

avoid possible inductive contributions given by the reference electrode. The Nyquist plots obtained 

upon LFMP (de-)lithiation and NFMP (de-)sodiation are reported in Figure 2.20. The figure displays 

the presence of four main features: (i) an intercept to the real axis accounting for the electrolyte 

resistance; (ii) a high-frequency semicircle accounting for particle-particle and particle-current 

collector contact resistance, with the associated double layer capacitance; (iii) a medium/low-
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frequency semicircle accounting for the interphase and charge-transfer sum resistance of both 

LFMP/NFMP and Li/Na metal electrodes, coupled to the related capacitances due to surface charge 

accumulation; (iv) a low-frequency line accounting for solid-state diffusion, changing shape from 

reflective to transmissive conditions according to the changes in the SoC.[342] NFMP spectra (Figure 

2.20(c, d)) present higher impedance values with respect to LFMP ones (Figure 2.20(a, b)) 

suggesting a more resistive interphase for the Na-cell compared with the Li one. 

 

Figure 2.20: Nyquist plots obtained during (a) de-lithiation, (b) lithiation (c) de-sodiation and (d) sodiation 

from the SPEIS analyses of LFMP and NFMP electrodes performed at the 3rd cycle. EIS collected every about 
40 mV. Potential ranges 2.0 – 4.6 V vs. Li+/Li for LFMP and 1.8 – 4.3 V vs. Na+/Na for NFMP. Frequency 

range 200 kHz – 10 mHz; alternate voltage signal 10 mV. Adapted from [113]. 

As the calculation of DRT from EIS requires the solution of an ill-posed problem, Tikhonov 

regularization has been here employed.[272] Specifically, the boundary conditions require the 

impedance spectra to converge towards the real axis, where the angular frequency ω tends to zero; 

however, this requirement is usually not encountered in typical EIS spectra of intercalation electrodes, 

as the low-frequency diffusion region diverges from the real axis. As a consequence, a pre-processing 

step for the Nyquist plots is required.[262,272] Hence, the raw spectra from Figure 2.20 have been 

modeled, as a first approximation, to the equivalent circuit Re(RiQi)WQW, with particular attention to 
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the fitting of the low-frequency region.[273,274] In the adopted model, Re represents the electrolyte 

resistance (high-frequency intercept with the real axis), in series with three resistances and constant 

phase elements in parallel, (RiQi) = (R1Q1)(R2Q2)(R3Q3), and a Warburg element with a constant phase 

element (WQW). The above elements respectively account for the contact resistance (Rcont) between 

electrode particles and current collector (high-frequency semicircle), the interphase associated with 

the SEI/SPI, the charge transfer of the electrodes (medium- and low-frequency semicircles), and the 

solid-state diffusion (low-frequency tilted line). The fitted low-frequency region, as simulated by the 

WQW elements, has then been subtracted from the overall impedance to obtain the convergence of the 

spectra to the real axis. Interestingly, the Nyquist plots obtained after removal of the diffusive part 

(modeled by the equivalent circuit Re(R1Q1)(R2Q2)(R3Q3)) for LFMP in lithium cell (Figure 2.21(a, 

c)) show the appearance of a third semicircle in the low-frequency range, previously not visible due 

to the partial overlapping by the Warburg diffusion line. The fitted spectra on Figure 2.21(a) display 

upon de-lithiation relatively small changes of the intercept with the real axis and the high-frequency 

semicircle. The limited variations of Re and R1 = Rcont confirm the stability of the electrolyte and of 

the electrode slurry, respectively. On the other hand, a progressive decrease in the diameter of the 

semicircles at medium- and high-frequencies (R2 and R3) is encountered by lithium extraction up to 

3.5 V, with a slight increase after 4.2 V. This SoC-dependent behavior is generally consistent with 

charge-transfer processes occurring at the electrodes’ interfaces.[343,344] The related DRT function in 

Figure 2.21(b) deconvolutes the different semicircles into peaks according to their relaxation 

frequencies,[272] while the small hump centered at f = 10-2 Hz (labeled as *) is an artifact due to the 

removal of the Warburg diffusion. The small peak labeled as P1 in the high-frequency range (i.e. 103 

Hz < f < 104 Hz) shows slight changes in intensity and frequency throughout the whole cycle, and is 

therefore consistent with the contribution of the contact resistance (Rcont). The peak labeled as P2 at 

high-to-medium frequencies (102 Hz < f < 103 Hz) shifts to higher frequencies upon de-lithiation and 

decreases in intensity. Lastly, the P3 peak in the low-frequency region (10-1 Hz < f < 101 Hz) 

undergoes as initial remarkable decrease in intensity while shifting to higher frequencies (from f = 1 

Hz to f = 10 Hz), and then moves back to low frequencies with a slight increase in intensity at the end 

of the charge. Considering the frequency ranges of P2 (R2 in the equivalent circuit) and P3 (R3 in the 

equivalent circuit), the two peaks can be associated with the polarizations related to the Li metal 

counter electrode and the charge-transfer resistance of LFMP cathode, respectively, as already 

reported in literature for LFP.[344] 
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Figure 2.21: SPEIS analysis of LFMP electrode in Li-cell at 25 °C. Nyquist plots after subtraction of the 

diffusive contribute and related DRT analyses in terms of γ-factor vs. x with associated peak indexing obtained 

during (a, b) de-lithiation and (c, d) lithiation process, respectively. Inset in (a) and (c): magnification of the 
high-frequency region. (e) Trend of Rct (right axis) and current (left axis) as a function of electrode potential 

during CV. (f) Plots of ZW vs. x-1/2 with related linear fits and corresponding R2 achieved for determination of 

σ. (g) Values of DEIS determined by using Equation 2.8 for the Nyquist plots of Figure 2.20(a, b) at indicated 

potentials. EIS collected during the 3rd cycle with sampling interval of about 40 mV, within the 2.0–4.6 V vs. 
Li+/Li potential range, in the 200 kHz–10 mHz frequency range and with an alternating voltage signal of 10 

mV.[113] 
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To unambiguously assign these SoC-dependent peaks to the actual interfacial processes, the DRT 

functions for symmetrical Li|Li and LFMP|LFMP cells at different temperatures are reported in 

Figure 2.22(a) alongside with that of Li|LFMP half-cell obtained at 2.0 V (i.e. lithiated state). In 

addition, the related sum of square residuals (SSR) vs. λ plots (Figure 2.22(b)) and the Arrhenius 

plots of the areal specific resistance (ASR) (Figure 2.22(c)) are used to find out the correlation 

between resistances and temperature.[345] Indeed, the DRT of the symmetrical cells are calculated to 

deconvolute the contribution of lithium counter electrode and LFMP. From frequency of the peak and 

its shifts at different temperatures it is possible to isolate the contribution of charge transfer resistance 

of the LFMP active material from the other contributions, as reported by peak indexing of Figure 

2.22(a). The calculation of the DRT functions is performed according to the optimal λ factor as shown 

in Figure 2.22(b). To further confirm the peak indexing for the different contributions, in Figure 

2.22(c) the Arrhenius plots for all the symmetrical cell processes, with the related coefficients of 

determination, are provided.  

 

Figure 2.22: (a) DRT function with associated peak indexing, and (b) SSR vs. λ plot for Li|LFMP half-cell 

(red), Li|Li symmetrical cell (grey), and LFMP|LFMP symmetrical cell (green). DRT for Li|Li and 
LFMP|LFMP cells were obtained at 5 °C, 10 °C, 15 °C, and 25 °C. (c) Arrhenius plot of the ASR values for 

the symmetrical cells processes with associated coefficient of determination (R2).[113] 

In agreement with the previous assignment, the P1 peak (R1 resistance) at high frequencies identified 

in both symmetrical cells is attributed to particle-particle and particle-current collector contact, since 
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the related resistance (R1 = Rcont) displays a linear dependance on the temperature with low coefficient 

of determination (R2 < 0.91). The two symmetrical cells also exhibit P2 peak (R2 resistance) at 

medium frequencies, while the related resistance shows a satisfactory linear dependence on the 

temperature only in the Li|Li one (R2 > 0.99). This trend suggests that P2 in the Li|LFMP half-cells 

includes contributions from the cathodes SPI and the Li counter electrode, with the latter being 

predominant (R2 = RLi).
[343] Instead, the P3 peak (R3 resistance) in the low-frequency region is only 

observed for the LFMP|LFMP symmetrical cell, and the associated resistance changes linearly with 

the temperature by a relevant confidence (R2 > 0.99), thus confirming the assignment of the semicircle 

at low frequencies to the charge-transfer resistance of the LFMP electrode (R3 = Rct).
[344] The fitted 

Nyquist plots upon the lithiation process after removal of the diffusion line (Figure 2.21(c)) still 

display relatively limited changes of Re and Rcont, while the medium- and low-frequency semicircles 

(RLi and Rct) show a decrease in diameter upon lithium insertion up to 3.5 V and a progressive increase 

until reaching the lower cut-off. The related DRT functions (Figure 2.21(d)) reveal polarizations 

deconvoluted according to their different relaxation frequencies.[272] The data indicate a P1 (Rcont) at 

high frequencies with slight intensity and frequency modifications, while P2 (RLi) and P3 (Rct) display 

an almost opposite trend as compared to the de-lithiation process. During the initial stages of the test 

P2 slightly shifts to lower frequencies and increases in intensity, while P3 shifts to higher frequencies 

from f ~ 1 Hz to f ~ 10 Hz and slightly decreases in intensity. In the final part of the discharge process, 

P2 and P3 strongly increase in intensity and reach almost the same frequency as for the initial state 

at 2.0 V vs. Li+/Li already observed in Figure 2.21(b).[344] The polarization associated with the 

charge-transfer of LFMP (i.e. Rct in the equivalent circuit and the related P3 in the DRT function) is 

reported as a function of the SoC during the voltammetry cycle in Figure 2.21(e). Interestingly, 

during the anodic scan Rct gradually decreases from ~ 140 to ~ 60 Ω, suddenly drops to ~ 5 Ω at about 

3.5 V as de-lithiation begins, holds this low resistance until ~ 4.2 V where the oxidation of Fe2+ and 

Mn2+ ends yielding to large part of the cell capacity, and finally raises to ~ 40 Ω gradually until 4.6V. 

Moreover, the related P3 peak from the DRT functions shifts to higher frequencies, thus suggesting 

the enhancement of the charge transfer kinetics promoted by lithium extraction from 3.5 to 4.2 V.[99] 

During the reverse cathodic scan, the Rct shows an initial fluctuation from ~ 35 to ~ 55 Ω and back to 

~ 35 Ω upon lithium insertion from 4.6 to 4.2 V, and a subsequent decrease to ~ 20 Ω at 3.9 V and to 

~ 5 Ω at 3.5V upon reduction of Mn3+ and Fe3+, while the related P3 peak increases in frequency as 

the charge-transfer kinetics improve. Further reduction to 3.3 V leads to a rapid increase of Rct from 

~ 5 to ~ 50 Ω, and a gradual rise to ~ 130 Ω until 2.0 V where the scan ends. To further evaluate this 

behavior, the Li+ diffusion coefficient in LFMP is achieved using the Warburg coefficient (σ), which 

is calculated as the slope of the linear plots in Figure 2.21(f) of Warburg impedance (ZW) vs. the 
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square root of the angular frequency (ω-1/2), using the impedance data taken from Figure 2.20(a, b) 

at potentials associated with the redox couples Fe3+/Fe2+ (3.52 and 3.44 V vs. Li+/Li) and Mn3+/Mn2+ 

(4.08 and 3.92 V vs. Li+/Li). Therefore, the Li+ (or Na+) diffusion coefficient, DEIS (cm2 s-1), is 

calculated using Equation 2.8:[346] 

𝐷𝐸𝐼𝑆 =
1

2
(

𝑅𝑇

𝑧2𝐹2𝐴𝐶𝜎
)

2

    with     𝑍𝑊 = 𝜎𝜔−1/2       (2.8) 

Where R is the gas constant (8.314 J K-1 mol-1), T is the temperature (K), z = 1 is the number of 

exchanged electrons, F is the Faraday constant (96485 C mol-1) C is the Li+ (or Na+) concentration 

within the olivine lattice (mol cm-3), and A is the electrode geometric area (0.785 cm2). The resulting 

DEIS trend shown in Figure 2.21(g) suggests a faster ion transport within the olivine lattice in 

correspondence with the Fe3+/Fe2+ redox process (~ 5 x 10-12 cm2 s-1) than the Mn3+/Mn2+ one (6-8 x 

10-13 cm2 s-1), as already observed for DCV in Figure 2.17(c). In addition, the DEIS values are smaller 

than DCV and DGITT (Figure 2.19(e)), i.e. ~ 10-12 cm2 s-1 compared to 10-10 cm2 s-1 at the same SoC. 

These differences could be ascribed to the use of different electrochemical techniques (i.e. different 

electrochemical equilibrium conditions depending on the applied signal), which may lead to different 

actual solid-state diffusion lengths, as mentioned in literature.[278] In detail, the ion diffusion 

coefficients reflect in fact the different electrochemical equilibrium conditions foreseen by the various 

electrochemical techniques. Hence, the ion transport is a consequence of the formation of a 

concentration gradient on the surface layer, which is achieved within potentiostatic conditions 

according to Nernst equation in CV and EIS.[335,336,339] Therefore, DCV and DEIS could be 

representative for a theoretical and sensitive setup, which may however differ from the practical 

operation of the cell. Instead, GITT is a galvanostatic technique, and the related results could be more 

easily associated with the effective cyclic behavior of the material, as the (de-)insertion processes 

proceed in the battery. Hence, DGITT may be considered the most representative method for cells under 

operating conditions.[339,340] Nevertheless, all the diffusion coefficients show comparable trends, 

especially when comparing DEIS and DCV, thus suggesting the accuracy and reliability of the 

electrochemical methods adopted herein. Accordingly, the results point out a relevant reversibility of 

the processes within the mixed olivine, with a relatively fast charge-transfer upon lithiation/de-

lithiation. 

The SPEIS protocol illustrated for LFMP is repeated hereafter to investigate the interfacial and Na+ 

transport properties of NFMP, and the results are reported in Figure 2.23, while the Nyquist plots 

obtained upon the electrochemical process of NFMP in Na-cell are depicted in Figure 2.20(c, d), 

with analogue features as compared to LFMP.  
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Figure 2.23: SPEIS analysis of NFMP electrode in Na-cell at 25 °C. Nyquist plots after subtraction of the 
diffusive contribute and related DRT analyses in terms of γ-factor vs. x with associated peak indexing obtained 

during (a, b) de-sodiation and (c, d) sodiation process, respectively. Inset in (a) and (c): magnification of the 

high-frequency region. (e) Trend of Rct (right axis) and current (left axis) as a function of electrode potential 

during CV. (f) Plots of ZW vs. x-1/2 with related linear fits and corresponding R2 achieved for determination of 
σ. (g) Values of DEIS determined by using Equation 2.8 for the Nyquist plots of Figure 2.20(c, d) at indicated 

potentials. EIS collected during the 3rd cycle with sampling interval of about 40 mV, within the 1.8–4.4 V vs. 

Na+/Na potential range, in the 200 kHz–10 mHz frequency range and with an alternating voltage signal of 10 

mV.[113]  
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After pre-processing, with related WQW circuit element removal, the fitted spectra upon de-sodiation 

in Figure 2.23(a) (modeled by the equivalent circuit Re(R1Q1)(R2Q2)(R3Q3)) show relatively small 

changes of Re and R1 (equal to Rcont), progressive decrease of R2 and R3 until 3.0 V, and slight increase 

after 3.5 V. The sodiation process (Figure 2.23(c)) leads to less remarked change of R2 and R3, with 

a decrease upon sodium insertion up to 2.7 V and a subsequent increase until reaching the lower cut-

off, while Re and Rcont show limited modifications. The DRT analysis, with deconvolution of the 

various contributions to polarizations in three main peaks, is reported in Figure 2.23(b) during de-

sodiation and in Figure 2.23(d) during sodiation of NFMP in Na-cell, while the peak assignment is 

verified by the analysis of the symmetrical Na|Na and NFMP|NFMP cells in Figure 2.24, according 

to the same method adopted for LFMP. Indeed, the figure shows the DRT function (panel (a)) with 

the related SSR vs. λ plot (panel (b)). DRT for the symmetrical cells is calculated to deconvolute the 

contribution of sodium counter electrode and NFMP. The calculation of DRT functions is performed 

according to the optimal λ factor as shown in Figure 2.24(b). To further confirm the peak indexing 

for the different contributions, the Arrhenius plot of the ASR values obtained for all the symmetrical 

cell processes is provided in Figure 2.24(c). As expected, only the fit for R3 resistance of symmetrical 

NFMP|NFMP cell (corresponding to P3 peak), and for R2 resistance of the symmetrical Na|Na cell 

(corresponding to P2 peak) presents a linear trend with R2 > 0.99, thus confirming that the associated 

process is related with charge transfer.[345]  

During de-sodiation, Figure 2.23(b) evidences that the P1 peak related to Rcont slightly changes, with 

frequency values close to LFMP, instead P2 (polarization of Na metal, R2 = RNa) P3 (charge-transfer 

resistance of NFMP, R3 = Rct) initially shift to higher frequencies and decrease in intensity, and then 

move back to the initial frequencies and gradually increase in intensity.[343,344] The DRT functions 

analysis related with the subsequent sodiation process (Figure 2.23(d)) exhibits limited changes of 

P1, and P2 and P3 with initial intensity decrease and shift to higher frequency, indicating a faster 

charge-transfer, and subsequent intensity increase while moving back almost to the initial frequency. 

Interestingly, the frequency shift of P2/RNa and P3/Rct in NFMP upon (de-)sodiation are much less 

pronounced and the corresponding frequencies reach lower values as compared to those of LFMP. 

This behavior indicates that the higher ionic radius of Na+ hinders the charge-transfer kinetics and 

avoids the shift to the higher frequencies of the processes.[334] 
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Figure 2.24: (a) DRT function with associated peak indexing, and (b) SSR vs. λ plot for Na|NFMP half-cell 

(blue), Na|Na symmetrical cell (grey), and NFMP|NFMP symmetrical cell (green). DRT for Na|Na and 

NFMP|NFMP cells were obtained at 5 °C, 10 °C, 15 °C, and 25 °C. (c) Arrhenius plot of the ASR values for 

the symmetrical cells processes with associated coefficient of determination (R2).[113] 

Summarizing, the above discussed data suggest once again a more challenging interphase with higher 

resistance and a limited ion diffusion in NFMP compared with LFMP, mainly due to kinetic issues 

associated with the larger volume of sodium than lithium, and with the resulting structural frictions 

within the olivine framework. Figure 2.23(e) overlaps Rct of NFMP with the cyclic voltammetry in 

Na-cell; remarkably NFMP reveals an analogue trend to LFMP, however with a different feature due 

to the different alkali ion. Indeed, the Mn redox activity appears weakened in NFMP by the increased 

Jahn-Teller effect,[115,116] and the resistance variation within the potential range of the redox activities 

is less pronounced. Hence, Rct progressively decreases from ~ 150 to ~ 100 Ω upon charging from 

1.8 to 2.9 V, rapidly decreases to ~ 40 Ω at about 3.0 V, maintains almost the same value until ~ 3.5 

V, and progressively increases to ~ 100 Ω at the charge cut-off (4.3 V). During the subsequent 

sodiation, the Rct value initially increases to ~ 140 Ω by discharging until 4 V, then start decreasing 

gradually until 3.4 V to reach ~ 90 Ω and more rapidly until 3.1 V to ~ 45 Ω, slightly fluctuates from 

3 to 2.7 V to a value of ~ 60 Ω, and the increases and holds a value of ~ 70 Ω from 2.6 V to the end 

of the discharge at 1.8 V. Despite less evident changes compared to LFMP, the trend of Rct described 

above is consistent with the activation of the processes related to the Mn3+/Mn2+ and Fe3+/Fe2+ couples 
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at potentials corresponding to the related peaks in the voltammetry cycle. The Na+ diffusion 

coefficient in NFMP is calculated according to the Warburg equation (Equation 2.8),[346] using σ 

achieved from the plots of ZW vs. ω-1/2 (Figure 2.23(f)) from impedance spectra at selected potentials 

(Figure 2.20(c, d)), corresponding to the redox processes associated with Fe (FeA at 2.98 and 2.87 V 

vs. Na+/Na, and FeB at 3.14 and 3.03 V vs. Na+/Na) and Mn (at 3.86 and 3.52 V vs. Na+/Na). The 

DEIS trend in Figure 2.23(g) remarks the higher transport properties within the olivine lattice for the 

Fe3+/Fe2+ redox couple than the Mn3+/Mn2+ one, which is a trend in line with the data achieved by 

CV and GITT, however with lower values at comparable SoC, i.e. of about 10-14 cm2 s-1 for DEIS as 

compared to 10-12 cm2 s-1 for DCV and DGITT (see Figures 2.17(d) and 2.19(e), respectively). 

The results obtained from the interfacial analysis in terms of Rct for the LFMP and NFMP mixed 

olivines display a similar behavior upon Li+ or Na+ (de-)insertion, despite the different reaction 

kinetics related to the characteristic ion mobility which, in general, favor lithium with respect to 

sodium.[115,278,334] Hence, the relevant Jahn-Teller distortion promoted by Mn can hinder the transport 

of the voluminous sodium ion. On the other hand, the decrease of the diffusion coefficient in Mn sites 

is principally ascribed to the lower ionic conductivity of the de-lithiated/de-sodiated phase of the 

olivine compared with the pristine one, particularly over the extraction of more than a half of the 

overall Li+/Na+ occurring upon Fe3+/Fe2+ redox process.[99] 

 

2.4 Operando X-ray Absorption Study of Na Insertion Mechanism in 

NaFe0.6Mn0.4PO4 Structure 

To deeply investigate the structural dynamics of the NFMP olivine cathode and to facilitate the 

comprehension of its behavior in Na-cell, X-ray absorption spectroscopy (XAS) has been employed. 

Particularly, the analysis conducted at the Fe and Mn K-edges could lead to a better understanding of 

the active material oxidation process and local structural rearrangements, essential for the 

comprehension of the behavior of single redox couples, as well as of the electronic structure of each 

element in the NFMP sample during the charge/discharge process. 

Considering the few works in literature on sodium-based olivine cathodes,[116,347] and to better 

understand the behavior of redox couples under operative conditions, operando XAS measurements 

have been performed by using self-standing NFMP electrodes (NFMP_SS), obtained from the lithium 

analogues, on a Na|NFMP_SS cell. The various steps used for the preparation of LFMP self-standing 

electrodes (LFMP_SS) employed for the operando XAS analysis are summarized in Figure 2.25 (see 

Section 2.1 for further details).[293] 
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Figure 2.25: Photographic images of LFMP_SS electrodes during casting procedure: (a) coating of a thin 
layer of CMC solution onto a copper foil; (b) coating of PVdF-based layer onto the dried CMC film; (c-e) 

immersion of the coating in water and subsequent dissolution of the CMC layer; (f) final LFMP_SS electrodes. 

Initially a thin layer of CMC was cast onto a Cu foil (panel (a)). After drying, a PVdF-based slurry 

(LFMP active material) was cast over the CMC layer (panel (b)) and dried until complete NMP 

evaporation. After that, the coating was immersed in water to dissolve the CMC layer until the 

complete detachment of the self-standing electrode from the current collector (panels (c-e)), which 

was subsequently dried to evaporate the excess of water to obtain the final LFMP_SS electrodes 

(panel (f)). This method has already been reported as a valuable choice to obtain suitable electrodes 

for application in in-situ or operando measurements.[293,348] 

The above-described electrochemical conversion strategy from LFMP (see Section 2.3) has been 

used to achieve NFMP_SS electrodes for XAS measurements. Indeed, Figure 2.26 reports the voltage 

profiles corresponding to the electrochemical de-lithiation of LFMP_SS (Figure 2.26(a)), performed 

at the constant current of C/15 (1C = 170 mA g-1), and to the subsequent sodiation of recovered FMP 

electrode (Figure 2.26(b)), carried out at the constant current of C/25 (1C = 154 mA g-1). The 

galvanostatic voltage profiles and cycling trend of the achieved NFMP_SS electrode are reported in 

(Figure 2.26(c)) and (Figure 2.26(d)), respectively. The voltage profiles of Figure 2.26(a, b) reflect 

the de-lithiation of LFMP to FMP and the subsequent sodiation to NFMP, presenting the expected 

shape described in Section 2.3 (see discussion of Figure 2.11(a)). Particularly, the sodiation process 

(Figure 2.26(b)) is consistent with the solid-solution behavior at about 3.1 V vs. Na+/Na associated 

to the Fe3+/Fe2+ reduction, coupled with the low activity of the Mn at around 3.5 V vs. Na+/Na, 

ascribed to the relevant Jahn-Teller effect and possible Na/Mn antisite mixing, in agreement with the 

results obtained for the conventional electrodes.[113,115,116] On the other hand, the voltage profiles of 

self-standing electrodes evidence a slightly higher polarization compared to the conventional ones, 

probably associated with the higher loading and hindered wettability of the self-standing 

configuration, despite the lower current rates adopted for the test.[348] Additionally, the 

electrochemical performance in Na-cell of the achieved NFMP_SS electrode is evaluated to confirm 

the stability of the self-standing electrodes. 
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Figure 2.26: Electrochemical conversion of LFMP_SS to NFMP_SS in terms of galvanostatic voltage profiles 

during (a) de-lithiation of LFMP_SS in Li-cell performed at C/15 (1C = 170 mA g-1), and (b) during subsequent 

sodiation in Na-cell at C/25 (1C = 154 mA g-1). Galvanostatic cycling performance of the Na|NFMP_SS cell 
at the constant current rate of C/20 in terms of (c) voltage profiles and (d) cycling trend with discharge 

capacity in the left-hand side y-axis and coulombic efficiency in the right-hand side y-axes. Voltage range 1.8 

– 4.3 V. Room temperature (25 °C). 

Figure 2.26(c) reveals the expected shape of the voltage profiles characterized by a solid-state region 

with the three plateaus at average voltages of 3.0, 3.2, and 3.8 V, associated with Fe3+/Fe2+ and 

Mn3+/Mn2+ redox couples, respectively. Moreover, the NFMP_SS presents a capacity of about 70 

mAh g-1 at the first cycle, which increases to reach a maximum value of 80 mAh g-1, value in 

agreement with the results obtained from the rate capability of Figure 2.14. Furthermore, the related 

cycling trend in Figure 2.26(d) reveals a coulombic efficiency of about 80% at the first cycle, which 

increases and ranges between 98% and 100% during the subsequent ones, with the increase of 

capacity after the initial cycles probably ascribed to partial activation of the material, triggered by the 

improved electrode wetting, as already mentioned. Overall, NFMP_SS electrodes show suitable 

electrochemical features for application in operando measurements in terms of both electrode’ 

loading and delivered capacity, comparable to the behavior obtained with conventional electrodes. 

Moreover, the promising results in the long cycling test could pave the way for the possible 
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implementation of self-standing configuration for application in new generation Li-ion or Na-ion cells 

avoiding the use of current collectors.[245] 

Prior to operando XAS measurements, the ex-situ X-ray absorption near-edge spectroscopy 

(XANES) data have been acquired for LFMP, FMP, and NFMP electrodes coated on carbon paper in 

both transmission and fluorescence mode at the Mn and Fe K-edges. The data acquired in 

transmission mode were used to estimate the bulk Mn and Fe valency of the materials, as shown in 

Figure 2.27. As already discussed in literature for olivine cathodes, the Mn and Fe oxidation states 

can be calculated from the edge energy position.[349,350] For olivines the most accurate edge position 

is to be taken at the inflection point at a 0.9 fraction of the jump, thus each energy position 

corresponding to the 0.9 jump was measured. The obtained results were compared with literature 

data,[349] and the Mn valency was calculated via linear fit of the edge position. It is expected that the 

increase of a unit of oxidation at the Fe and Mn K-edges should result in a ~ 4 eV edge shift. In these 

regards, by performing a linear fit of the results on a previously studied olivine cathode,[349,350] a 3.76 

eV/unit oxidation was obtained for Mn, with theoretical Mn0 position at 6540.6 eV, while in the case 

of Fe a 3.55 eV/unit oxidation with Fe0 at 7113.76 eV was obtained. 

 

Figure 2.27: XANES spectra at the (a) Fe and (b) Mn K-edges acquired in transmission mode on sealed LFMP, 

FMP, and NFMP electrodes. Insets report a zoom on the pre-edge region (top-left inset) and the calculated 

valencies (bottom-right inset). 

As shown in the figure, a clear blue shift of the absorption edge can be observed for the de-lithiated 

sample (blue line) in both Fe (panel (a)) and Mn (panel (b)) K-edges. The presence of a well-defined 

pre-edge peak at 6540.5 eV in Figure 2.27(b) can be attributed to the electric dipole-forbidden 

transition of Mn 1s electron to an unoccupied Mn 3d orbitals, which is partially allowed, and/or the 

3d – 4p orbital mixing that arises from the non-centrosymmetric environment of the slightly distorted 

MnO6 octahedra.[351] The pre-edge peak is also shifted and broadened after the de-lithiation, as 
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expected from the Mn oxidation. The average Mn valency obtained from the edge position is shown 

in the inset. Both lithiated and sodiated samples are within the experimental error of the theoretical 

Mn valency of +2 (LFMP = 2.04 ± 0.06, NFMP = 2.06 ± 0.05) while the +1.8 eV shift in the FMP 

edge position suggests an increase of Mn3+, with an average Mn valency calculated of 2.64 ± 0.07. 

Hence, the final valency of Mn remains significantly lower than 3, result in excellent agreement with 

the de-lithiation process previously observed, confirming the sluggish Mn activity also noticed during 

cycling in Na-cell.[113] On the other hand, the much larger energy shift observed at the Fe k-edge 

(almost + 4 eV) correlates with the complete oxidation of the bulk iron ions in the sample to the +3 

state upon de-lithiation (FMP). After sodiation, all iron completely reduces back to the initial Fe2+ 

state. 

To further confirm the values of Mn valency, ex-situ XPS measurements were performed on LFMP, 

FMP, and NFMP electrodes, as well as on an additional de-sodiated NFMP sample (electrode 

recovered after charging the cell at 4.3 V), and the results are depicted in Figure 2.28. 

 

Figure 2.28:Ex-situ XPS analysis for LFMP, FMP, NFMP, and charged NFMP. In particular: XPS Mn 2p 

fitted spectra (left), XPS wide scan (top right) and fitting results (bottom right).  
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The XPS spectra reveal the strong presence of fluorine ascribed to the PVdF binder and residual traces 

of electrolyte on the electrodes. A very poor Mn and Fe 2p emission signal was detected, 

overwhelmed by the high intensity of the neighboring F 1s signal. Particularly for the iron case, the 

proximity of the F 1s to the Fe 2p distorts and hinders the Fe 2p spectra too much to be properly 

analyzed. All samples show the expected presence of P, while the presence of Na is confirmed in the 

sodiated sample. The Mn 2p were fitted following literature data based on mixed olivine 

electrodes,[352] with 2 Mn 2p3/2 components for Mn2+ at 641 and 641.2 eV (+ 1.2 eV) and a satellite 

peak at 646 eV (+ 5 eV). The Mn 2p1/2 components were fitted at a position 12 eV higher than the 

2p3/2 counterparts. The Mn3+ component was fixed at + 2.3 eV respect to Mn2+. Even though the 

change is not drastic, the modulation of the Mn3+ relative concentration is consistent with the already 

observed trend, increasing after de-lithiation (FMP) and subsequent de-sodiation (NFMP charged). 

These results further confirm the low reactivity of Mn, especially in the sodiated sample; indeed, the 

complete oxidation to Mn3+ probably requires higher voltages, as already evidenced in the previous 

section.[113] 

Operando XAS measurements were performed by adopting the previously studied self-standing 

NFMP electrode in order to investigate the structural dynamics of the NFMP sample at different states 

of charge during one galvanostatic cycle as shown in Figure 2.29. In particular, the attention has been 

focused on the correlation with the redox activity of the material. The figure reports the operando 

XAS measurement carried out in fluorescence mode at different state of charge (SoC) on a modified 

coin cell with a Kapton window using the NFMP_SS electrode as working electrode. Figure 2.29(a) 

reveals the electrochemical response of the first cycle of the cell at the constant current of C/20 (1C 

= 154 mA g-1), presenting the expected typical voltage profile of mixed-olivine cathodes already 

described.[113] The panel also shows the points where the XAS spectra have been collected 

(highlighted in red) at Fe and Mn K-edges, corresponding to different processes occurring for NFMP 

material. In particular, the spectra were acquired at the OCV condition of the cell, at the two Fe2+/Fe3+ 

oxidation plateaus (at about 2.92 and 3.1 V), at the Mn2+/Mn3+ oxidation plateau (at about 3.8 V), and 

at the upper voltage cut-off at 4.3 V in CCCV mode during charge, as well as after the Mn3+/Mn2+ 

reduction at about 3.3 V, at the Fe3+/Fe2+ reduction plateau (at about 2.9 V), and at the lower voltage 

cut-off at 1.8 V in CCCV mode during discharge. 



2—110 

 

Figure 2.29: Operando XAS analysis performed on the Na|NFMP_SS cell. (a) Electrochemical response in 

terms of voltage profile of the first cycle at the constant current rate of C/20 (1C = 154 mA g-1) with highlighted 

the SoC where XAS spectra have been acquired. Voltage range 1.8 – 4.3 V. XANES spectra collected at (b, d) 
Fe K-edge and (c, e) Mn K-edge during (b, c) charge and (d, e) discharge of the cell. Metal valency estimated 

from the edge position for (f) Fe and (g) Mn. The chronological direction of the measurement is highlighted 

by the arrows. Room temperature (25 °C). 

For the XANES analysis evaluated in Figure 2.29(b-g), the relative increase of the oxidation state 

was estimated for both edges from the position of the 0.5 jump, since at 0.9 for manganese the 

formation of another feature is observed. A 3.55 eV/unit of oxidation was estimated for both shifts. 

As expected from the de-sodiation process occurring during charge, a gradual oxidation of the Fe and 
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Mn ions could be observed in the spectra of Figure 2.29(b, c), respectively. Considering the Fe K-

edge, at the OCV the sample shows a high content of Fe2+. The iron ions within the sample remain 

unchanged until after the first iron plateau potential; indeed, if at 2.92 V a very modest change of the 

Fe valence and overall sample structure is observed, with Fe valency barely increases of 0.02 (i.e. 

+2% Fe3+) the blue-shift and intensity decrease of the white line becomes evident at 3.05 V. The 

inversion of the relative intensities of the two components at the pre-edge (see magnification in 

Figure 2.30) agrees with the prevalence of Fe3+ species, as expected in this potential region, with still 

a relevant presence of Fe2+ species. The average Fe valency increases to +2.23 (see Figure 2.29(f)). 

In the high voltage plateau (3.75 V), even though only Mn ions are supposed to react, Fe species are 

also affected. The further shift and broadening of the white line can be attributed to the decrease of 

the lattice size upon de-sodiation, in good agreement with what has been observed for the lithium-

based olivine.[353] The disappearance of the 7112 eV component supports the complete oxidation of 

the Fe species to Fe3+, with a valence of + 2.94. At 4.3 V. The further broadening and intensity 

increase of the white line supports the complete de-sodiation, especially when compared with the 

spectrum of the FMP electrode (see Figure 2.27(a)). At the Mn K edge (Figure 2.29(c)), a similar 

trend is observed, with a gradual, partially reversible shift of the edge position for increasing potential. 

The moderate increase of the white line and decrease of the pre-edge intensity at the two low voltage 

Fe plateau suggest an increase of the electron population following the decrease of the lattice size 

expected during the de-sodiation.[353] The oxidation of Mn2+ species at 3.75 V towards Mn3+ is clearly 

shown by the shift of the spectra. As observed at the Fe K-edge, the de-sodiation at 4.3 V results in a 

further blue-shift and broadening of the white line as well as the pre-edge. However, in this case the 

overall change in the oxidation state is significantly lower, going from 2.06 at OCV up to 2.26 at the 

maximum potential (4.3 V), as shown in Figure 2.29(g). This is also evidenced by the comparison 

with FMP electrode, suggesting a lower degree of oxidation in the operando conditions or a more 

moderate variation of the Mn local coordination upon charge. Figure 2.29(d, e) reports the XANES 

spectra at Fe and Mn K-edges, respectively, during discharge process. At the Fe K-edge, after a 

moderate decrease of the white line intensity at the Mn reduction plateau (3.3 V), a gradual red shift 

of the XANES and reappearance of the 7112 eV pre-edge component due to Fe2+ species is observed 

(see Figure 2.30). During discharge, the sample Fe valency starts to decrease gradually for potential 

below 3.1 V, going back to a +2.16 valency at 1.8 V (Figure 2.29(f)). The reversibility of the 

charge/discharge process is observed also at the Mn K edge, where the main reduction occurs at the 

higher potential plateau (3.3 V), the Fe reduction at 2.9 V and the complete sodium re-intercalation 

(1.8 V) result in an additional red-shift and re-arrangement of the structure. The overall trend, 

especially the Fe and Mn valency reported in Figure 2.29(f, g), is a further confirmation of the 
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complete reactivity of iron in the sodium-based mixed olivines with respect to the hindered reactivity 

of Mn, as also evidenced, even if at a minor extent, in lithium-based ones.[353,354] Furthermore, the 

low degree of oxidation from Mn2+ to Mn3+ (i.e. Mn valency from + 2.06 to + 2.26), together with 

the Jahn-Teller distortion of the oxidized phase, limits the performance of the material in Na-cell, as 

evidenced in Section 2.3.[113] 

To better observe the shifts in the XANES spectra, a magnification of the pre-edge at Fe and Mn K-

edges during the charge of the cell is reported in Figure 2.30, together with the reference spectra of 

Fe2+, Fe3+, and Mn3+. 

 

Figure 2.30: Magnification of the pre-edge of XANES spectra of Figure 2.29(b, c) at the (a) Fe and (b) Mn K-

edges, compared with references of known valency (dashed curves).  

The Fe valency can be deduced by the Fe pre-edge intensity, which shows two components around 

7112 eV (Fe2+) and 7114 eV (Fe3+). The evolution of the Fe K pre-edge confirms the already described 

trend, with a gradual shift from 7122.5 to 7114 eV at increasing potential, which correlates with the 

Fe2+ to Fe3+ oxidation (as shown by comparison with a reference). On the other hand, the concurrent 

intensity increase of the pre-edge suggests an increase of the distortion within the FeO6 octahedra.[355] 

Furthermore, the lower degree of modification of Mn is confirmed also by the pre-edge behavior, that 

shows a modest positive shift compared to Fe pre-edge. 

To further investigate the local structural rearrangements of the NFMP material during charge, the 

Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS) spectra collected at both 

Fe and Mn K-edges are shown in Figure 2.31. 
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Figure 2.31: Fourier-transformed EXAFS spectra acquired during the charge process of the Na\NFMP cell 

at (a) Fe and (b) Mn K-edges.  

The changes observed correlate with the results of previous literature work for LiFe0.75Mn0.25PO4 

during de-lithiation.[354] At the Fe K-edge (Figure 2.31(a)), a severe modification of the Fe-O shells, 

with a shortening and intensity decrease of the bond length, could be observed, in agreement with an 

oxidation accompanied by an increase of the octahedral distortion. The Fe-P1distance decreases in 

distance and intensity as well, while the Fe-P2 shell, on the other hand, increases in intensity. At the 

Mn site (Figure 2.31(b)), no clear change in Mn-O distance is observed, while an increase in the 

scattering peak width may suggest higher Debye-Waller factors, as a result of Jahn-Teller distortion. 

Again, the P2 scattering intensity increases upon de-sodiation. An increase of the scattering intensity 

may be associated with the Mn anti-site mixing, already observed for these samples, in agreement 

with the results obtained from Rietveld refinement of the XRD data (see Table 2.7 in Section 

2.3).[354,356,357] Although the initial promising information, a proper fit of the results and further 

analysis are required to confirm these initial outcomes and to fully understand the structural dynamics 

of the NFMP cathode. 

 

2.5 Conclusions 

In this chapter the synthesis of a Li-based mixed olivine cathode and the characterization in Li and 

Na systems has been deeply investigated. In Section 2.1 the experimental methods adopted in this 

chapter have been reported. 

In Section 2.2 the synthesis and the full characterization of a cathode material exploiting the olivine 

structure (LiFe0.6Mn0.4PO4) and benefitting from the simultaneous presence of iron and manganese 

into a LFMP stoichiometry has been reported. The data indicated the achievement of a material with 
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a well-defined crystalline structure without any impurity due to a process originally optimized by 

TGA/XRD investigation during the various thermal steps. A suitable micrometric morphology, the 

expected stoichiometry, and the advantageous presence of 4 wt.% of carbon allowed a reversible 

electrochemical process of Fe and Mn redox couples in lithium cell at 3.5 and 4 V vs. Li+/Li, 

respectively, with a modest polarization and a relatively low impedance. Furthermore, tests in lithium 

battery exploiting the conventional electrolyte indicated a maximum capacity of about 130 mAh g−1 

and an acceptable rate capability from C/10 to 2C rate. Considering the achieved capacity value and 

the average working voltage of the cells, a theoretical energy density of about 490 Wh kg−1 can be 

estimated for LFMP. Therefore, taking into account inactive components such as battery case, current 

collectors, and electronics, the LFMP can achieve a practical energy approaching 170 Wh kg−1 in 

lithium-ion cell, and even a higher value in cells using the lithium metal anode. Therefore, a possible 

step forward for achieving a safe version of the lithium metal battery has been investigated by 

exploiting the polymer configuration, using an electrolyte based on solid PEGDME and operating at 

50 °C. The cell revealed exceptional stability with a capacity of about 110 mAh g−1 retained for about 

95% over more than 100 charge/discharge cycles. In summary, the results suggest the possible 

achievement of safe, low cost, and efficient batteries including a new generation of stable olivine 

cathodes, solid polymer electrolyte, and high-energy lithium metal. 

Section 2.3 reported the features and electrochemical behavior of a NFMP sodium-mixed olivine 

cathode which has been achieved by the electrochemical de-lithiation of the analogue lithium-based 

electrode proposed in Section 2.2, and subsequent sodiation process. The study indicates that LFMP 

has been successfully converted to NFMP with a well-defined structure without any impurity, as 

confirmed by XRD, Raman spectroscopy, and ICP-OES. SEM/EDS revealed for NFMP suitable 

morphology with homogeneous distribution of the elements in the electrode, allowing a reversible 

electrochemical process of Fe3+/ Fe2+ and Mn3+/Mn2+ redox couples in sodium cell at 3.0, 3.2, and 

3.8 V vs. Na+/Na, respectively. The data also suggested for the mixed olivine based on iron and 

manganese a different electrochemical reaction mechanism as compared with the pure iron olivine. 

In fact, CV measurement revealed two redox processes for Fe (FeA at 3.05 and 2.82 V vs. Na+/Na, 

and FeB 3.16 and 3.02 V vs. Na+/Na) and a single one for Mn (at 3.85 and 3.55 V vs. Na+/Na) in 

NFMP, instead of the one centered at about 3.0 V vs. Na+/Na associated with the Fe3+/Fe2+ in NFP 

observed in literature. Tests in sodium cells of NFMP have shown a maximum capacity exceeding 

100 mAh g-1 at 55 °C and a satisfactory rate capability from C/20 to 2C rate at room temperature. The 

achieved capacity values and the average working voltage of the cells suggested possible 

improvement of the energy density of the material by optimizing the Fe/Mn ratio. Moreover, the 

comparison of ion transport and interfacial properties of LFMP with NFMP indicated for the latter 
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slower kinetics and more resistive interphase of the cell, as expected by the higher dimension and 

reactivity of the Na compared with the Li. Relevantly, the data have shown for NFMP ion transport 

and charge-transfer behavior analogue to that of LFMP, thus suggesting the actual possibility of 

exploiting the mixed olivine as an efficient cathode in sodium cell. The ion diffusion coefficients in 

NFMP and LFMP have been achieved by CV, GITT and SPEIS. The trends of SPEIS confirmed 

faster transport within the olivine lattice in correspondence with the Fe3+/Fe2+ redox processes than 

the Mn3+/Mn2+ one, in line with the data achieved by CV and GITT, however with lower values for 

DEIS as compared to DGITT and DCV. The achieved results can rationalize the behavior of the mixed 

olivine in terms of the reaction mechanism and ion transport and shed light on the possibility of 

achieving a low-cost and environmentally friendly cathode with similar structural stability, ion 

transport, and interfacial properties compared with lithium olivine. Moreover, NFMP cathode may 

be improved by further tuning the material composition in terms of Fe to Mn ratio to limit the Jahn-

Teller distortion affecting the olivines with high Mn content. 

In Section 2.4 ex-situ and operando XAS analyses on the achieved NFMP cathode have been 

described. The study indicated the suitability of the adopted self-standing procedure to achieve 

NFMP_SS electrodes for application in operando measurements, suggesting its possible 

implementation to use self-standing electrodes in Na-metal cells, with capacity comparable to them 

obtained for conventional electrodes. The preliminary ex-situ XANES analysis on LFMP, FMP, and 

NFMP electrodes revealed a Mn valency of +2.64 in the FMP sample, suggesting the uncomplete 

oxidation of Mn, also confirmed by XPS analysis on the same samples. The hindered reactivity of 

Mn compared to Fe is also evidenced by operando XANES spectra acquired during the first 

charge/discharge cycle, with a less marked blue-shift increasing the voltage and lower values of 

valency at 4.3 V (+ 2.94 for Fe and + 2.26 for Mn), confirming the hindered Mn reactivity evidenced 

in Section 2.3. Furthermore, the FT-EXAFS spectra acquired during charge revealed an increase of 

scattering intensity of Mn-O distance, probably associated with antisite Mn/Na mixing as already 

evidenced in the XRD analysis. In summary, the distortion of NFMP olivine structure has been 

confirmed by XAS, with low Mn valence which hinders its reactivity and decreases the performance 

of the material, while further studies are required to achieve a comprehensive understanding of the 

reaction mechanism. 
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3. Investigation of Formulation Effect and Manufacturing Process on 

LiMn0.7Fe0.3PO4 Cathode for Application in Upscaled Li-ion 

Batteries 

As previously described in Chapter 2, the economic and environmental issues associated with the 

critical transition metals employed in layered oxide cathodes, such as cobalt, has recently shifted 

trajectory towards the use of alternative cathode chemistries such as the polyanionic phospho-olivine 

cathodes characterized by outstanding thermal and electrochemical stability, non-toxicity, and low 

manufacturing costs.[76,77,121] Furthermore, mixed olivine cathodes with general formula LiMnxFe1-

xPO4 (LMFP) possess higher energy density than LFP whilst still holding efficient Li+ transport and 

hindered pseudo-Jahn-Teller distortion dependent on Mn3+,[95,102,105] while their low ionic and 

electronic conductivity is a major hindrance to achieve good rate performances and long cycle life. 

Various strategies including transition metal doping, tuning of particle size and morphology have 

been extensively investigated to accelerate the electron transport and ion diffusion in LMFP 

cathodes.[358–361] Beside bulk material modifications, the low electronic conductivity of olivines has 

been reported to be mitigated by carbon-coating at the active material level,[87,362,363] and/or by the 

addition of different conductive additives at the electrode formulation level, such as carbon nanotubes 

(CNTs) or nanowires (CNWs), graphene and conductive binders (CPs), in addition to the commonly 

used nanometric carbon (i.e. C65, Super P, carbon black).[88,89,247,364,365]  

The combinatorial use of various carbon additives enables different conduction pathways such that 

carbon black nanoparticles render short-range conduction, while CNTs (or CNWs) provide long-

range conduction pathways.[256] Single-walled carbon nanotubes (SWCNTs) are considered ideal 

conducting agents, which could enhance cycling and dimensional stability of electrodes. 

Nevertheless, large specific surface area of CNTs may limit their uniform dispersion in a slurry, 

causing their aggregation into bundles.[89] Improved cell performance at high current rates and cycling 

stability strongly depends on the ionic and electronic conductivity of the electrodes.[84,366] Carbon 

additives increase the ionic conductivity, defining with their shape and size the voids and contact 

between active particles and influencing electrolyte penetration into the electrode.[247] Electronic 

conductivity of the electrode can also be improved by increasing the electrode density, however, 

beside a certain threshold, this could also lead to an increased tortuosity impairing ion transport.  

As such, to meet the desired specifications for different applications, and for an optimal electrode 

microstructure, research about manufacturing-performance relationship is of paramount importance, 

as the final electrode microstructure and design contribute significantly to the cell’s performance. In 

this regard, electrode formulation development, slurry processing, and electrode manufacturing play 
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a critical role, especially at the cathode side.[255,256] Parameters such as slurry formulation 

composition, viscosity, solid content, coating speed, drying temperature, electrode loading, density, 

and porosity must be optimized to guarantee satisfactory electrochemical performances and cell 

stability, especially when upscaling from lab-scale to larger cell formats, such as single or multi-layer 

pouch (SLP and MLP, respectively) or cylindrical cells.[245,255,257] The investigation of these 

parameters is essential to produce reasonably thick electrodes bridging the gap between academic and 

industrial perspectives and tackling challenges in performance improvement while taking into 

account realistic and practical conditions.[245,255,261] The comparative assessment of cell performance 

when transferring the knowledge gained in labs to relevant prototype and production scales has 

proven to be challenging, especially considering the increased number of publications in the field 

adopting testing conditions not applicable to industrial requirements.[245,367] 

In these regards, in Chapter 3 manufacturing-performance correlation aspects of electrode design, 

reporting on a comprehensive analysis of electrode manufacturing parameters and their effect on cell 

performance, are investigated. Indeed, in Section 3.1 the experimental methods adopted in the chapter 

are reported, while in Section 3.2 the impact of SWCNT addition in commercial LiMn0.7Fe0.3PO4 

(LMFP73) electrode formulation is assessed and the effect of various slurry and electrode processing 

parameters on the overall cell performance at coin cell level and in SLP cells is studied. Different 

amounts of SWCNT are incorporated in the formulation of LMFP73 coatings (indicated as LMFP73-

X%SWCNT where X = 0, 0.5, 1, and 2.5). The obtained electrodes are evaluated electrochemically 

by galvanostatic cycling and analyzed in terms of structural and morphological integrity by cross-

sectional scanning electron microscopy (cx-SEM) and bendability tests. The synergy of the mixing 

strategy, the slurry viscosity and solid content, the coating speed, and the electrode loading in relation 

to the mechanical and microstructural properties of the electrodes is investigated, to obtain 

industrially relevant optimal coating parameters for electrodes to be implemented both in lab-scale 

coin-type full-cells with graphite anode and upscaled SLPs. The results report a systematic 

optimization of the slurry mixing and coating process as crucial steps of electrode manufacturing and 

indicate the importance of the manufacturing-performance correlation on the overall cell performance 

and cycling stability, particularly when transitioning from lab scale to industrially relevant cell 

formats.  
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3.1 Experimental Section 

LMFP73 powder characterization 

The X-ray diffraction pattern of carbon-coated LiMn0.7Fe0.3PO4 (LMFP73, Gelon, 1.5 wt.% of 

carbon) powder was collected using a Malvern PANalytical Aeris diffractometer (40 kV, 15 mA) 

with non-monochromated Cu Kα radiation (λ = 1.5408 Å). A Ni Cu Kβ filter, a Soller slit (0.04 rad), 

a divergence slit (1/4°), and a 13 mm X-ray mask were used on the incident beam side. An anti-scatter 

(9 mm) and Soller (0.04 rad) slits were used on the diffracted beam side. The scan was performed in 

Bragg-Brentano mode in the 2θ range from 10° to 75° at a rate of ~ 220 s step-1 and a step size of 

0.02°. Rietveld refinement of the pattern was carried out through the MAUD software,[289] by using 

the reference parameters of Li0.97Mn0.77Fe0.23PO4 (Pnma space group, N. 62, ICSD #193643).[368] The 

weighted-profile (Rwp%) and goodness-of-fit (GOF) values were < 4 and < 2, respectively. Scanning 

electron microscopy (SEM) images were collected using a Tescan CLARA Ultra High Resolution 

(UHR-SEM) microscope with a Field Emission gun electron source. Energy dispersive X-Ray 

spectroscopy (EDS) was carried out through the analyzer of the former instrument (Oxford 

Instruments UltiMax 170). Analysis was carried out by applying an acceleration voltage of 5–10 kV.  

Mixing and electrodes fabrication 

50 g of LMFP73-X%SWCNT slurries with different solid contents were prepared by dispersing the 

active material, poly(vinylidene-fluoride) (PVdF 5130, Solef Solvay), carbon black (C65 Imerys), 

and SWCNT dispersion (BATT TUBALL™, NMP > 97%, PVdF 2%, dimethyl pyrrolidinone 0.05-

0.39%, SWCNT TUBALL™ 0.4%) with a 95:2.5:(2.5-X):X (with X = 0, 0.5, 1, 2.5) weight ratio, 

respectively, in N-methyl-pyrrolidone (NMP, Sigma Aldrich). SWCNTs presented a length ≥ of 5 

µm and a diameter of 1.6 (± 0.4) nm. The SWCNT dispersion was used as received. The formulation 

details are reported in Table 3.1 in Section 3.2. It is worth mentioning that the actual presence of 

SWCNTs per formulation ranges from 0.002% to 0.01% for the LMFP-0.5%SWCNT and 

LMFP2.5%SWCNT formulations, respectively, and that the PVdF content has not been adjusted in 

the slurry preparation with respect to the amount present in the SWCNT dispersion. PVdF was pre-

dissolved in NMP as an 8 wt.% solution. The mixing was carried out by using an Intertronics 

(Kidlington, UK) Thinky mixer. The slurries were prepared following different mixing strategies 

described in Section 3.2 (see Figure 3.2 and Figure 3.9(a)). 50 g of Graphite V-H (BTR)[369–371] 

slurry with a 55% solid content was prepared by dispersing the active material, carboxymethyl 

cellulose (CMC, BVH8, Ashland), styrene-butadiene rubber (SBR; BM-451B, Zeon), and C65 with 

a 95.25:1.5:2.25:1 weight ratio, respectively, in deionized water. CMC and SBR were pre-dissolved 
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in water as 2.5 wt.% and 40 wt.% solutions, respectively. The mixing was carried out with an 

Intertronics Thinky mixer. The viscosity of the slurries was measured using a TA Instruments HR20 

rheometer equipped with a 40 mm roughened parallel plate and roughened lower plate, and a 

measuring gap of 500 µm, using a 25 °C constant temperature and a 0.001 – 5000 s-1 shear rate range.  

LMFP73-X%SWCNT electrodes (with X= 0, 0.5, 1, 2.5) were prepared by doctor blade casting on 

15 µm aluminum foils (Avotec Steel) using an Erichsen draw down coater with a coating speed of 4 

mm s-1. The target electrode loading was 100 g m-2 (GSM). Subsequently, LMFP73-0.5%SWCNT 

electrodes, derived from both mixing strategies (50 g of total slurry), were cast at 2, 4, 6, and 8 mm 

s-1, to optimize the coating speed, with a target electrode loading of ~ 50 GSM. Finally, optimized 

electrodes were prepared using 46% solid content, a coating speed of 6 mm s-1, with target loadings 

of 100, 150, 200, and 250 GSM (100 g of total slurry). All the obtained coatings were dried at 80 °C 

on a hot plate and calendered at 85 °C (Innovative Machine Corp.) to achieve for all the samples a 

target density ranged between 2.2 and 2.4 g cm-3 (equating to ~ 30-35 % porosity). Graphite electrodes 

were prepared coating on 10 µm copper foils (Avotec Steel) with a coating speed of 6 mm s-1, dried 

at 40 °C on a hot plate, and afterwards calendered to a target density of 1.5 g cm-3 (equating to ~ 30% 

porosity). The electrode loadings range from ~ 40 to ~ 105 GSM. Prior to cell assembly, electrodes 

were cut into disks (diameter of 14.8 and 15 mm for LMFP73 and Graphite, respectively, for CR2032 

coin cells, and of 12 mm for Swagelok T-cells) and dried under dynamic vacuum using Glass Oven 

B-585 (BUCHI UK Ltd) at 120 °C for 12 hours. 

Electrodes characterization and cell assembly 

Cross-sectional scanning electron microscopy (cx-SEM) performed on the electrodes was collected 

with the above-described system. Before the measurements, homogeneous cross-sections were 

obtained using a HITACHI Ion Milling System (IM4000 plus) at an acceleration voltage of 4 kV for 

90 minutes. The resistivity of the electrode coatings was obtained by using an HIOKI RM2610 

electrode resistance measurement system, with a 46-pin probe. Ten measurements for each sample 

have been performed to assure the reliability of the data, with related confidence intervals and 

standard deviations of the means. The mechanical properties of the coatings were studied through a 

cylindrical Mandrel bend tester (BEVS 1603) using a 2-mm stainless-steel mandrel to observe 

possible cracks (see Table 3.3 for damage levels).[372] Two-electrode CR2032 coin cells were 

assembled using the prepared LMFP73 electrode as the working electrode and lithium metal foil 

(diameter of 14.3 mm) or Graphite electrode as the counter electrode, with a H2325 Celgard® 

separator (diameter of 16 mm). The Graphite|LMFP73 full-cells were prepared by using a negative 

to positive (N/P) areal capacity ratio of 1.1 and 80 µL of electrolyte. Three-electrode Swagelok-type 
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cells were assembled using LMFP73 as working electrode, lithium metal foil (diameter of 12 mm) as 

counter and reference electrodes, and two glass fiber Whatman GF/A as separators (diameter of 12.8 

for the body and of 12 mm for the upper part). A 1 M lithium hexafluorophosphate (LiPF6) solution 

in a mixture of ethylene carbonate (EC): ethyl methyl carbonate (EMC) in a ratio of 3:7 (v/v%) with 

1 wt.% of vinylene carbonate (VC) as additive (Solvionic, France) was used as electrolyte for all 

electrochemical tests. All cells were assembled in an argon-filled glove box (MBraun) with a H2O 

and O2 content lower than 0.5 ppm. 

Electrochemical characterization  

Cyclic voltammetry (CV) measurements were carried out on Li|LMFP73-0%SWCNT coin type cells 

at a scan rate of 0.05 mV s-1 in the 2.8 – 4.4 V vs. Li+/Li potential range. Galvanostatic intermittent 

titration technique (GITT) experiments were performed using three-electrode Swagelok-type 

Li|LMFP73-0%SWCNT cell after four activation galvanostatic cycles carried out at 0.1 C current 

rate (1C = 170 mA g-1) in the potential range of 2.8 – 4.4 V vs. Li+/Li. The titrations were performed 

by applying current pulses of 17 mA g-1 for 1430 s, followed by potential relaxation steps of 1 h at 

the open circuit. The operation conditions have been decided based on the activation cycles. 

Galvanostatic cycles were performed on Li|LMFP73-X%SWCNT (X = 0%, 0.5%, 1%, 2.5%) and on 

Li|LMFP-0.5%SWCNT (loading 100, 150, 200, 250 GSM) coin type cells at the constant current rate 

of C/5 (1C = 170 mA g-1) and C/2 after 2 activation cycles at C/10, respectively. Rate capability tests 

were performed at increasing current rate by running 5 cycles at C/20, C/10, C/5, C/2, 1C, 2C, 5C, 

10C, and finally lowering back the current to C/20 for Li|LMFP-X%SWCNT cells, while for 

Li|LMFP73-0.5%SWCNT cells the measurement was conducted in the same condition using C/10 as 

the starting and final current. Furthermore, alternate current rate capability tests were performed on 

LMFP73-X%SWCNT electrodes after 5 activation cycles at C/20 by charging the cell at C/10 and 

subsequently discharging it at C/5, C/2, 1C, 2C, 3C, 4C, 5C, and 10C. All galvanostatic measurements 

above described have been conducted in the 2.8 – 4.4 V voltage range. Galvanostatic cycles on the 

Graphite|LMFP73-0.5%SWCNT coin cell type full-cells were performed at the constant current rate 

of C/5 (1C = 170 mA gcat
−1 ) after 2 activation cycles at C/10 in the 2.0 – 4.4 V voltage range. The 

reported results are obtained from the average of at least two measurements for each electrochemical 

test to confirm the reproducibility and reliability of the data. The GITT measurements were carried 

out by using a VMP-3 multichannel electrochemical workstation (Bio-Logic), while the CV and the 

cycling tests were performed by using a battery tester (BCS-805, Bio-Logic). All the electrochemical 

tests were carried out in a climatic chamber (Binder oven) at 25 °C. 
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Single layer Pouch (SLP) cells assembly and testing 

SLP cells were assembled in a dry room, with a dew point lower than -40 °C, using a 33.2 cm2 

LMFP73-0.5%SWCNT electrode with a loading of 200 GSM as cathode and a 35 cm2 Graphite 

electrode as anode, stacked between a H1609 Celgard® separator. Aluminum and nickel-plated 

copper tabs of dimensions 0.2 x 8 x 60 mm (Cambridge Energy Solutions Ltd.) were used at the 

cathode and anode side, respectively. The stack was then sealed in aluminum laminate pouch bag 

material then vacuum filled with a slight excess of calculated amount of electrolyte of ~ 0.6g (5 g Ah-

1 consisting of the same solution above indicated). Cells were compressed between two Perspex plates 

with a layer of precision thickness polyurethane foam positioned on top and at the bottom of the cell 

to evenly distribute compression pressure across the electrode stack. Prior testing, cells were rested 

for 5 hours inside a Binder climatic chamber at 25 °C. Galvanostatic cycles were performed at a 

constant current rate of C/2 (1C = 150 mA gcat
−1 ) after 2 activation cycles at C/5 between 2.0 – 4.4 V 

voltage range and using an N/P ratio of 1.1. All cycling tests were performed using a Bio-Logic 

battery tester at 25 °C. 

 

3.2 Results and Discussion 

The structure and morphology of the carbon-coated commercial LMFP73 active material was 

evaluated and reported in Figure 3.1. Carbon-coating allows for enhanced electronic conductivity 

while mitigating potential interfacial side reactions with the electrolyte.[98,362] Figure 3.1(a) shows a 

detailed structural investigation of the sample by XRD. Rietveld refinement of the sample reveals 

phase purity of the LMFP73 material characterized by an orthorhombic cell unit (Pnma space group, 

table N. 62), aligning well with the reference pattern of the olivine lattice (ICSD #193643).[368] The 

refinement results reported in Table 3.1 show comparable values of the cell unit parameters a, b, and 

c between LMFP73 and the reference sample, of about 10.4, 6.1, and 4.7 Å, respectively. 

Furthermore, the unit cell volume of LMFP73 is of about 298.5 Å3, slightly lower respect to the ICSD 

reference due to a minor Mn fraction present in the olivine under study.[290,368] The accuracy and the 

reliability of the refinement are confirmed by the goodness-of-fit parameter (GOF) and weighted-

profile R factor (Rwp%), values of < 2 and < 4 respectively as provided in Table 3.1.[289,302] Figure 

3.1(b, c) depicts the morphological properties of the LMFP73 powder, investigated by SEM. The 

related SEM images, obtained at different magnifications, reveal the presence of agglomerates of 

submicrometric primary particles with a size of about 400 nm. Such submicrometric particles can 
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guarantee short diffusion paths for Li+ ions transport and limit the side reactions with the 

electrolyte.[98,362] 

 

Figure 3.1: (a) Rietveld refinement of the XRD patterns of LMFP73 active material powder. In detail: 

experimental (black dots) and calculated (red line) patterns, difference profile (blue line). (b–c) Scanning 

electron microscopy (SEM) images at different magnifications of the LMFP73 active material powder.[86] 

Table 3.1: Results of Rietveld refinement of Figure 3.1(a) in terms of lattice parameters, unit cell volume, 

molar volume, goodness-of-fit (GOF) parameter, and weighted-profile R factor (Rwp%) of the LMFP73 active 

material powder. Reference ICSD #193643.[86] 

Sample a (Å) b (Å) c (Å) V (Å3) VM (cm3 mol-1) GOF Rwp% 

ICSD 

#193643 
10.420 6.080 4.734 299.93 45.16 / / 

LMFP73 10.408(4) 6.070(5) 4.724(7) 298.5(3) 44.94 1.70 3.91 

The molar volume (VM) of the olivine cathode reported in Table 3.1 was calculated from the unit cell 

volume through Equation (3.1): 
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𝑉𝑀 =
𝑉𝑐𝑒𝑙𝑙 (𝑐𝑚3)∗𝑁𝐴

𝑍
           (3.1) 

where NA is the Avogadro’s number (6.022x1023 mol-1), Vcell is the unit cell volume, and Z is the 

number of formula units in the unit cell (Z = 4). Molar volume is used in the determination of the 

diffusion coefficient of the LMFP73 cathode (see Equation (2.7) and discussion of Figure 3.5).  

3.2.1 Investigation of the Impact of SWCNTs Content inLMFP73 Electrodes 

Conductive agents are often employed to mitigate the low electronic conductivity of olivine-based 

cathodes. The use of CNTs as a conductive agent for cathode presents several advantages compared 

to other carbon additives. The high length-diameter aspect ratio for CNTs compared to other additives 

allows for instance a lower weight doping level to achieve long range connectivity and contiguous 

pathways for electrons.[185] This is beneficial both in reducing the weight of inactive materials in the 

electrode composition and in lowering costs. Hereafter, different amounts of pre-dispersed SWCNTs 

in a solution of NMP and PVdF (denoted as SWCNT dispersion) as conductive additive is employed. 

Table 3.2 reports a summary of the different electrode formulations investigated and the resulting 

slurry properties including composition, solid content and viscosity (see Section 3.1 for further 

details). 

Table 3.2: Mixing parameters and properties of LMFP73 slurries with different amount of SWCNT in terms 
of percentage of mixing materials, solid content of the slurry, and viscosity of the slurry at 10 s-1 shear rate 

(see Figure 3.2(b) for corresponding viscosity trend).[86] 

Sample Mixing material Percentage 
Solid content 

(SC) 

Viscosity 

(Pa s) 

LMFP-0%SWCNT 

LMFP73 95 % 

48% 6.6 
8% PVdF solution 2.5 % 

C65 Imerys 2.5 % 

SWCNT dispersion – 

LMFP-0.5%SWCNT 

LMFP73 95 % 

48% 6.7 
8% PVdF solution 2.5 % 

C65 Imerys 2 % 

SWCNT dispersion 0.5 % 

LMFP-1%SWCNT 

LMFP73 95 % 

48% 7.7 
8% PVdF solution 2.5 % 

C65 Imerys 1.5 % 

SWCNT dispersion 1 % 

LMFP-2.5%SWCNT 

LMFP73 95 % 

43.5% 5.6 
8% PVdF solution 2.5 % 

C65 Imerys – 

SWCNT dispersion 2.5 % 
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All the investigated formulations incorporated 95% active material to match standards in commercial 

cells.[246,256,261] Different amounts of SWCNT dispersion were added in replacement of C65 carbon 

additive. The solid content target during formulation development was 48%, which was achieved for 

all slurries except for LMFP-2.5%SWCNT. Indeed, the rheology of cathode slurries is highly 

dependent on the carbon black network. Here, a lower solid content was achieved, indicating that 

high content of SWCNT dispersion limits higher solid contents due to an increased viscosity. This is 

related to the PVdF contained in the SWCNT dispersion, which may result in a reduction of the shear 

rate, and thus a reduction in the mixing efficiency.[249,373] The formulations shown in Table 3.2 were 

used to prepare different slurries with the mixing strategy schematized in Figure 3.2(a). In the first 

step, LMFP73 active material and C65 carbon additive were added into a pot and mixed for 5 mins 

at 2000 rpm. The addition of PVdF, SWCNT dispersion, and initial NMP solvent amount followed. 

After mixing for 5 mins at 2000 rpm, the remaining NMP was added to achieve the targeted solid 

content and mixed for 5 mins at 2000 rpm. This mixing strategy was chosen as a starting point to 

investigate the impact of SWCNT addition, and further optimization will be discussed later. 

 

Figure 3.2: (a) Schematic representation of the mixing strategy (see parameters reported in Table 3.2). (b) 

Trend of viscosity vs. shear rate of the slurries with different amount of SWCNT. Photographic images of the 
obtained (c–f) calendered coatings and (g–j) coating sheets subjected to cylindrical mandrel bend test. In 

detail: (c, g) LMFP-0%SWCNT, (d, h) LMFP-0.5%SWCNT, (e, i) LMFP-1%SWCNT, and (f, j) LMFP-

2.5%SWCNT. Adapted from [86]. 

The viscosity of the obtained slurries was investigated with the trends of viscosity vs shear rate 

reported in Figure 3.2(b). The tabulated viscosity values at a shear rate of 10 s-1 are reported in Table 

3.2. All the samples followed a similar flow viscosity trend displaying a shear-thinning behavior with 
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an initial flat plateau at low shear rates that correspond to the zero-shear viscosity followed by a 

decrease in shear viscosity at high shear rates.[374] This behavior generally allows prevention of 

sedimentation or slumping with breakdown of agglomerates at low shear rates with a subsequent thin 

down allowing good processability of the slurry flow in the coater.[261,374] The obtained viscosity of 

all the samples averaged ~ 6.65 Pa·s ±0.86 satisfactory for electrode processing.[374] Subsequently, 

the coatings were prepared with a coating speed of 4 mm s-1 and a target loading of about 100 GSM. 

Figure 3.2(c-f) illustrates photographic images of the coatings after calendering to ~ 30 % porosity. 

All coatings presented inhomogeneous streaks along the surface, formed as a result of poor particle 

dispersion and possible formation of C65 or SWCNTs aggregates, due to difficult carbon additives 

initial homogenization in the adopted strategy. Furthermore, the difficult dispersal of nanometric 

carbon could also affect the dispersion of LMFP73, resulting in poor dispersion of bigger particles 

leading to inhomogeneity across the electrodes.[375] It is worth noting that the SWCNTs content does 

not significantly change the quality of the electrodes, except for the LMFP73-2.5%SWCNT sample, 

which appears to have an improved quality, associated with the lower solid content in the slurry. This 

ultimately indicates the flaws in the employed mixing strategy and its possible effect on the overall 

electrode performance, suggesting the necessity to design an improved mixing strategy that can be 

effectively scaled up. In this regard, the optimization of several parameters, such as coating speed, 

mixing time, change of steps of procedure, to favor the carbon dispersion, are required to improve 

electrodes quality.[258] It is indeed important to consider that the rheology of the slurry strongly affects 

the coating behavior and the shear rate of the slurry during coating, thus the viscosity of the slurries 

needs to be optimized considering the coating shear rate.[373,375] Furthermore, the mechanical 

properties of the coatings were evaluated by using a cylindrical mandrel bend tester, and the 

photographic images are shown in Figure 3.2(g-j). Table 3.3 describes the different levels of the 

bend test, going from no electrode damaging (level 1) to high presence of cracking (level 4).[372] When 

using a mandrel size of 2 mm diameter, all coatings were shown to have strong adhesion to the 

aluminum current collector with no signs of delamination or cracking (classified as level 1). 

Table 3.3: Description of cylindrical mandrel bend test levels.[86] 

Level Description 

1 No damage to electrode and no flaking 

2 Minor damage to electrode and no flaking (1 – 3 cracks) 

3 Moderate damage to electrode and no flaking (> 3 cracks) 

4 Moderate to severe damage to electrode and/or flaking (major cracks/flaking) 
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The electronic conductivity of the coatings was also measured with a HIOKI RM2610 device, and 

the results are reported in Table 3.4. The volumetric resistivity for a coating (ρV) and the interface 

resistance between a coating and the current collector (Rint) can be calculated by the instrument via a 

finite volume model. The total through-plane resistance (RT) was calculated from the values tabulated 

in Table 3.4 using Equation (3.2): 

𝑅𝑇 = (𝜌𝑉 ∗ 𝑠𝐶) + 𝑅𝑖𝑛𝑡         (3.2) 

where sC is the coating thickness. Subsequently, the through-plane conductivity (σT) can be calculated 

from the obtained RT values. 

Table 3.4: Results of electrode resistance, resistivity, and conductivity measurements of LMFP73 coatings 

with different amount of SWCNT in terms of electrode composite layer volume resistivity (ρV), interface 
resistance between the composite layer and the current collector (Rint), with related standard deviation (SD), 

calculated total through-plane resistance (RT) (see Equation (3.2)), and calculated through-plane conductivity 

(σT), with corresponding coating thickness (sC).[86] 

Sample ρV (Ώ cm) SD Rint (Ώ cm2) SD RT (Ώ cm2) sC (µm) σT (S cm-1) 

LMFP-

0%SWCNT 
25.2 ± 1.6 1.8 5.2 ± 1.4 2.3 5.32 ± 0.91 44 8.27x10-4 

LMFP-

0.5%SWCNT 
5.9 ± 0.2 0.3 2.8 ± 0.5 0.8 2.82 ± 0.43 44 1.56x10-3 

LMFP-

1%SWCNT 
3.9 ± 0.5 0.6 1.1 ± 0.2 0.4 1.12 ± 0.21 43 3.84x10-3 

LMFP-

2.5%SWCNT 
5.5 ± 0.2 0.2 2.5 ± 0.1 0.2 2.52 ± 0.13 43 1.71x10-3 

The results show low overall values of RT for all the samples, attributed to an effective calendering 

process, which improves the contact between the particles in the electrodes and the current collector 

and leads to a denser particle arrangement and a better bonding between the conductive additive and 

the active material.[376,377] This results in a subsequent decrease in the interface resistance, as already 

reported for olivine cathodes.[256,377,378] Nevertheless, the through-plane conductivity (σT) increases 

as the SWCNT content increases up to 1%, to then slightly decrease for the LMFP73-2.5%SWCNT 

sample which presents no C65 additive. It is worth noting that the conductivity of the coating 

containing 2.5%SWCNT is higher than that of the coating with only C65 (i.e. LMFP73-0%SWCNT), 

which indicates the enhanced effectiveness of SWCNTs as compared to C65 when it comes to 

electronic conductivity.[378] Nevertheless, the overall increased resistance observed in the presence of 

high amounts of SWCNT (2.5%) can arise from the mixing strategy used, resulting in particle 
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agglomeration linked to the strong inter-tube attraction among CNTs, thus leading to localized 

electrical disconnections within the electrode.[251,379–381] This clearly highlights the advantage of 

having both SWCNTs and C65 in the electrode formulation, which allows the building of a three-

dimensional conduction framework in the electrode. 

The structural integrity and homogeneous distribution of the electrode components of the prepared 

coatings were investigated by examining electrode cross-sections using SEM coupled with EDS as 

illustrated in Figure 3.3. 

 

Figure 3.3: Cross-sectional SEM and correlated EDS analyses of LMFP73 coatings with different amount of 

SWCNT. In detail: cx-SEM images at different magnifications of (a–d) LMFP-0%SWCNT, (g–j) LMFP-

0.5%SWCNT, (m–p) LMFP-1%SWCNT, and (s–v) LMFP-2.5%SWCNT with related SEM-EDS elemental 

maps of (e, k, q, w) C and (f, l, r, x) F, respectively. Adapted from [86]. 

The cross-sectional images of the electrodes containing 0%SWCNTs reveal the presence of particle 

agglomerates, resulting in large particles clusters across various parts of the electrode as indicated by 

the red arrows in Figure 3.3(a, b). With the addition of SWCNTs to the formulation a more 

homogenously distributed mixture was obtained indicating the synergistic effects of using both C65 

and CNTs. Carbon agglomerates are also highlighted in the EDS images (Figure 3.3(e)) of the lower 

magnification SEM images (Figure 3.3(c)). EDS carbon maps with higher magnifications, reported 

in Figure 3.4(b, c), illustrate a more continuous conductive network between the active material 

particles across the electrode as compared to the electrodes containing 0%SWCNTs (Figure 3.4(a)), 

where regions of no carbon network are encountered, as highlighted by the white arrows. Indeed, 

electrodes containing 0.5 and 1 % SWCNTs show carbon agglomerates (brighter regions) associated 
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with the strong clustering tendency of CNTs (see C maps in Figures 3.3 and 3.4). However, for the 

electrodes with 2.5% SWCNTs (Figure 3.3(s-t)), the presence of electrode cracking (indicated by the 

yellow arrows) and a partial detachment from the current collector (see Figure 3.3(s)) was observed. 

The complete removal of C65 and the exclusive use of SWCNTs in the formulation results in a 

reduction of point-to-point contact, which is typically observed between carbon black (i.e. C65) and 

active material particles, and an increase in line-to-line contact between CNTs leading to an overall 

poorer contact between the electrode particles and/or to current collector.[251,252] In addition, the EDS 

carbon map shown in Figure 3.3(w) and Figure 3.4(d) illustrates the accumulation of carbon on the 

electrode surface proving poor conductive network throughout the electrode. This carbon 

accumulation could be related to segregation and sedimentation of heavier particles, probably 

ascribed to the additional amount of PVdF binder included in the slurries by adding increasing 

amounts of SWCNT dispersion, which also contains PVdF. This is also evidenced by the EDS 

fluorine map reported highlighting an increase of fluorine content from 0%SWCNT to 2.5%SWCNT 

(see Figure 3.3 panels (f, l, r, x), respectively).[249] This behavior further limits the ion/electronic 

transport and rate performance, especially in high loading electrodes.[261] 

 

Figure 3.4: Magnification of SEM-EDS elemental maps of carbon of LMFP73 coatings with different amount 

of SWCNT (see Figure 3.3). In detail: (a) LMFP-0%SWCNT, (b) LMFP-0.5%SWCNT, (c) LMFP-1%SWCNT, 

and (d) LMFP-2.5%SWCNT.[86] 
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Overall, the preliminary evaluation of the prepared electrode coatings suggests the need to further 

optimize the slurry and electrode processing parameters to improve the distribution between active 

material, conductive additive and binder system in the electrode. However, to better understand the 

manufacturing-performance relationship, electrochemical testing of the prepared coatings was 

conducted to evaluate the effect of varying SWCNT dispersion contents and their deriving electrode 

properties on their electrochemical response. Figure 3.5 and Figure 3.6 report the electrochemical 

response of the prepared LMFP electrodes. 

 

Figure 3.5: Electrochemical characterization of LMFP73-0%SWCNT in Li half-cell at 25 °C. (a) CV profiles 
at 0.05 mV s-1 scan rate. Potential range 2.8 – 4.4 V vs. Li+/Li. (b) GITT curve in terms of E0 vs. time, with 

overlapped black curve reporting the overall time evolution of the potential during current pulses and 

relaxation steps. (c) Trend of E0 vs. x determined from GITT curve. (d) Trend of DGITT vs. x for Li+ ions 
calculated using Equation (2.7). Applied pulses current: 17 mA g-1; potential range 2.8 – 4.4 V vs. Li+/Li. 

Adapted from [86]. 

As a representative standard system, electrodes containing 0%SWCNTs were first used to benchmark 

the electrochemical processes using CV and GITT. Figure 3.5(a) shows the voltammogram of the 

LMFP73-0%SWCNT electrode exhibiting the characteristic anodic peaks centered at 3.6 and 4.15 V 

vs. Li+/Li indicating the oxidation (de-lithiation) process, and the cathodic peaks centered at 3.45 and 

3.9 V vs. Li+/Li indicating the reduction (lithiation) process. The peaks at 3.6 and 3.45 V vs. Li+/Li 

are ascribed to the Fe3+/Fe2+ redox couple, while those at 4.15 and 3.9 V vs. Li+/Li are attributed to 
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the Mn3+/Mn2+ redox activity in LMFP73. It can be noted that the Fe and Mn redox couples are 

observed at slightly higher and lower potentials, respectively, compared to the bare LiFePO4 and 

LiMnPO4, aligning well with previous reports on mixed olivine cathodes and with the results obtained 

in Chapter 2.[79,98,298,307] Furthermore, the CV curves reveal considerable reversibility, modest 

polarization, and fairly fast Li+ (de-)insertion kinetics process for the LMFP73 material.[307] To further 

investigate the ion transport kinetics, Li+ diffusion coefficient was determined, according to the 

method proposed by Weppner and Huggins.[336] Prior to the experiment, four galvanostatic cycles 

were performed to allow interphase stabilization and minimize material activation effects. Figure 

3.5(b) depicts the time evolution of the potential during titration (black curve), obtained by applying 

repeated current pulses/potential relaxation steps. A constant current of C/10 (1C = 170 mA g-1) is 

used to assume the diffusion process in the surface layer, as evidenced in the Weppner and Huggins 

procedure.[336] The figure also shows the overlap of the quasi-equilibrium potential profiles (E0) 

during charge (dark red) and discharge (light red) after relaxation. The trend of E0 vs. x (exchange 

lithium degree in Li1-xMn0.7Fe0.3PO4) is reported in Figure 3.5(c) and shows a reversible titration 

extended up to x = 0.84 under quasi-equilibrium conditions, which confirms high electrochemical 

activity and the beneficial effect of iron incorporation in LiMn1-yFeyPO4 phase on the Li+ reversible 

exchange ability.[95,113] The Li+ diffusion coefficient, DGITT (cm2 s-1), was calculated using the data 

reported in Figure 3.5(c) and applying Equation (2.7),[336] already reported and discussed in Section 

2.3. Figure 3.5(d) reports the DGITT during (de-)lithiation as a function of x for LMFP73. The results 

show the typical trend commonly reported for mixed olivine cathodes with a general decrease of 

diffusion coefficients for the de-lithiated phase at high x.[113,278] In particular, the figure depicts an 

initial increase of DGITT in charge to a maximum value of ~ 5x10-8 cm2 s-1 at x = 0.3, followed by a 

sharp decrease as x increases to a minimum value of ~ 10-12 cm2 s-1. Furthermore, DGITT during 

discharge (lithiation) are slightly smaller than the values obtained during charge, likely due to the 

insulating character of the de-lithiated phase. Overall, the obtained DGITT values for LMFP73 are 

slightly higher but comparable with those achieved in Section 2.3 and other studies focusing on mixed 

olivines, suggesting favorable Li+ diffusion kinetics.[113,278] 

The effect of SWCNT dispersion amount on the electrochemical performance of LMFP73 electrodes 

was evaluated in Li half-cells, using 1 M LiPF6 in EC:EMC (3:7 v/v%) with 1 wt.% VC containing 

electrolyte and 100 GSM electrode loading. The corresponding data are reported in Figure 3.6. Rate 

capability tests of the four samples were carried out by increasing the current from C/20 to 10C (1C 

= 170 mA g-1) as shown in Figure 3.6(a). All samples exhibited an initial capacity of about 150 mAh 

g-1 (88% of the theoretical value) that was reduced to about 2 mAh g-1 at 10C. However, an excellent 

recovery of the initial capacity was observed in all the samples as the current was reduced back to 
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C/20 after the consecutive cycles, indicating good rate capability and the stability of LMFP73 material 

upon the stress caused by high current loads.[366] Moreover, at high currents (above 1C), the electrodes 

containing 0.5% and 1% SWCNTs outperformed the bare electrodes without SWCNTs exhibiting 

higher capacity retention. Indeed, electrodes containing exclusively 2.5% SWCNTs (no C65 additive) 

resulted in poor performance at such higher rates as compared to electrodes with both C65 and 

SWCNT additives, in agreement with the conductivity data and the SEM cross-sectional analysis 

reported in Table 3.4 and Figure 3.3, respectively. 

 

Figure 3.6: Electrochemical characterization of LMFP73 coatings with different amount of SWCNT in Li half-

cell at 25 °C. Cycling trend of (a) rate capability test performed at C/20, C/10, C/5, C/2, 1C, 2C, 5C, and 10C 

currents (1C = 170 mA g-1) with discharge capacity in left-hand side y-axes and coulombic efficiency in right-
hand side y-axes, (b) alternate current rate capability test performed charging the cell at C/10 and discharging 

it at C/5, C/2, 1C, 2C, 3C, 4C, 5C, and 10 C currents, and (c) prolonged galvanostatic test performed at the 

constant current rate of C/5 after 2 activation cycles at C/10 with discharge capacity in left-hand side y-axes 

and coulombic efficiency in right-hand side y-axes. Voltage range 2.8 – 4.4 V. Adapted from [86]. 

To further investigate the effect of SWCNTs on the performance, an alternative rate capability test 

was performed in which the cell is charged at C/10 and discharged with increasing current loads up 

to 10C. Figure 3.7 reports the voltage profiles corresponding to the electrodes obtained with the four 

formulations suggesting an increase in polarization as a consequence of current increase which lead 

to a decrease of discharge capacity from 140 mAh g-1 at C/5 for all the samples to about 20 mAh g-1 
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at 10C for 0.5% and LMFP73-1%SWCNTs. Electrodes with 2.5%-SWCNT show a prominent 

degradation over cycling at increasing rates.  

 

Figure 3.7: Galvanostatic voltage profiles of LMFP73 coatings with different amount of SWCNT 

corresponding to cycling trends in Figure 3.6(b) performed charging the cell at C/10 and discharging it at 

C/5, C/2, 1C, 2C, 3C, 4C, 5C, and 10 C (1C = 170 mA g-1), with arrows indicating the discharge profile at 

10C. Voltage range 2.8 – 4.4 V. Test conducted at 25 °C.[86] 

The cycling trend shown in Figure 3.6(b) is further evidence of the beneficial effect of SWCNT 

incorporation, with the 0.5% and 1% SWCNTs containing electrodes maintaining discharge capacity 

values higher than 100 mAh g-1 up to 5C current. The stability of the electrochemical lithium (de-

)insertion process is investigated by galvanostatic cycling at a constant rate of C/5 after 2 activation 

cycles performed at C/10. The corresponding voltage profiles (see Figure 3.8) reveal the expected 

shape for all the samples characterized by two well-defined plateaus at an average voltage of 3.55 

and 4.1 V, ascribed to the Fe3+/Fe2+ and Mn3+/Mn2+ redox couples, respectively, in agreement with 

the CV of Figure 3.5(a) emphasizing that CNTs serve mainly as conductive additives without direct 

participation in the electrochemical process. Furthermore, the profiles show a maximum capacity of 

about 130 mAh g-1, in full agreement with the rate capability results.  
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Figure 3.8: Selected voltage profiles of LMFP73 coatings with different amount of SWCNT corresponding to 

cycling trends in Figure 3.6(c) performed at the constant current rate of C/5 (1C = 170 mA g-1) after 2 

activation cycles at C/10. Voltage range 2.8 – 4.4 V. Test conducted at 25 °C.[86] 

The cycling trend reported in Figure 3.6(c) shows different cycling stability for the different coatings. 

In particular, all samples present the same capacity trend up to about 75 cycles, from when the 

0%SWCNT containing electrodes show a very rapid decrease in capacity up to complete 

deterioration. This is likely associated to the lower electronic conductivity and the poor mixing 

dispersion during electrodes processing, as evidenced earlier.[105] It is worth noting that the 

2.5%SWCNT electrodes cycle longer, with capacity decays observed after about 125 cycles, 

indicating further the advantage of using solely CNTs rather than only C65.[382] Furthermore, the cells 

with intermediate amount of SWCNTs, i.e. LMFP73-0.5%SWCNT (blue dots) and the LMFP73-

1%SWCNT (green dots), reveal better stability, with the latter one exhibiting an improved retention 

of about 67% after 200 cycles. Moreover, all the cells report coulombic efficiency of about 96% in 

the first activation cycle which further increases and reaches about 99% in the subsequent ones. The 

results of the formulation effect on LMFP73 cathode suggests LMFP73-0.5%SWCNT and LMFP73-

1%SWCNT as the most promising candidates for further applications, with the latter presenting 

slightly higher conductivity and prolonged cycling stability than the former. Nevertheless, both 

electrodes reach 80% of the initial capacity retention, considered as a threshold value of state of 
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health,[245] after 170 cycles. Considering economic benefits of including less inactive materials and 

the satisfactory electrochemical performance, the 0.5%SWCNT formulation was selected over the 

LMFP73-1%SWCNT for further optimization studies.[245,246] 

3.2.2 Investigation of the Impact of Slurry and Electrode Processing Parameters 

The effect of the slurry mixing and coating parameters were investigated with the LMFP73-

0.5%SWCNT electrode formulation optimized above. To improve the quality of the slurry mixing 

and resultant electrode coatings, the mixing procedure was modified by altering the sequence of slurry 

component addition while mixing (denoted as Mixing #2, Figure 3.9(a)) and compared with the 

previous mixing strategy (denoted as Mixing #1, see Figure 3.2(a)) at 50% solid content. The 

modified mixing strategy, labeled as Mixing #2, includes an additional mixing of C65 in NMP, to 

further improve carbon distribution within the mix and avoid particle agglomeration, thus improving 

slurry processability.[256] In detail, C65 and the first part of NMP were added into a pot and mixed for 

5 mins at 2000 rpm. LMFP73 and the second part of NMP were then added and mixed for 5 mins at 

2000 rpm. This was then followed by the addition of PVdF, SWCNT dispersion, and the third part of 

NMP, then by mixing for 5 mins at 2000 rpm. The addition of remaining NMP was done in single or 

multiple steps, followed by mixing for 5 mins at 2000 rpm to achieve the target solid content. The 

viscosity vs. shear rate profiles of the mixes prepared by the two procedures (Figure 3.9(b)) presented 

similar trends, exhibiting viscosity values of 7.8 Pa·s at 10 s-1 in both cases. The slightly higher 

viscosity values, compared to the one obtained previously for the LMFP73-0.5%SWCNT formulation 

(see Table 3.2), are due to the higher solid content adopted with Mixing #2. Further, the slurry coating 

speed was investigated to improve the homogeneity of the electrode coatings.[258] The electrode 

loadings achieved with various coating speeds were plotted and compared as shown in Figure 3.9(c). 

It is worth noting that coatings prepared at various speeds via Mixing #1 exhibited slightly higher 

electrode loadings compared to the analogous coatings prepared with Mixing #2, which can be 

attributed to the flaws in Mixing #1, resulting in the non-homogenous dispersion of particles and 

larger variations in electrode loading (see Figure 3.9(d-k)). Even though the electrode loadings 

prepared with both mixing strategies follow a linearly increasing trend with an increase in coating 

speed, considering a target loading of 50 GSM, the coatings prepared with Mixing #2 at 6 mm s-1 

achieved an electrode loading closer to the target and were selected for further process optimizations. 



3—135 

 

Figure 3.9: Processing and manufacturing optimization of LMFP-0.5%SWCNT in terms of mixing and coating 

parameters. (a) Schematic representation of Mixing #2 procedure. (b) Trend of viscosity vs. shear rate of the 

slurries obtained from the two mixing strategies. (c) Trend of coating loading vs. coating speed of the samples 
obtained from the two mixing strategies. Optical microscope images of coatings obtained using (d–g) Mixing 

#1 and (h–k) Mixing #2 casted at different speeds. In detail: (d, h) 2 mm s-1, (e, i) 4 mm s-1, (f, j) 6 mm s-1, (g, 

k) 8 mm s-1.[86] 

Furthermore, the optical microscopy images of the calendered coatings prepared with Mixing #1 and 

Mixing #2 are shown in Figure 3.9(d-g) and Figure 3.9(h-k), respectively. The coatings prepared 

with Mixing #2 exhibited improved homogeneity associated with an efficient dispersion of the slurry 

components, while particle agglomerates and streaks were evidently observed in the coatings 

prepared with Mixing #1. The effect was more evident for slower coating speeds. Indeed, the 

electrodes prepared with the lowest coating speed (i.e. 2 mm s-1 and 4 mm s-1) for both Mixing #1 

(panels (d, e)) and #2 (panels (h, i)) revealed inhomogeneous areas evidenced by brighter lines visible 

in the images. Instead, the electrodes prepared with coating speeds of 6 and 8 mm s-1 via Mixing #2 

(panels (j, k)) exhibited improved homogeneity without defects observed on the electrodes’ surface. 

All the coatings analyzed displayed good bendability with a mandrel size of 2 mm diameter, as 
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demonstrated in Figure 3.10(a-h), indicating the absence of flaking and damage to the electrodes 

(level 1, see Table 3.3). 

 

Figure 3.10: Photographic images of (a–d) Mixing #1 and (e–h) Mixing #2 coating sheets casted at different 

speeds subjected to cylindrical mandrel bend test. In detail: (a, e) 2 mm s-1, (b, f) 4 mm s-1, (c, g) 6 mm s-1, (d, 

h) 8 mm s-1.[86] 

As solid content represents a critical parameter in formulation development studies, affecting 

rheology, mixing efficiency and homogeneity of the slurries, further studies were conducted to 

evaluate its effects.[255] To determine the impact of solid content, the mixing strategy and the coating 

speed of the formulations were fixed as previously optimized (Mixing #2, 6 mm s-1) and three 

different solid contents, i.e. 40%, 50%, and 60%, for the LMFP73-0.5%SWCNT formulation were 

investigated. Figure 3.11(a) reports the viscosity trends of the three electrode formulations, where a 

higher viscosity is observed for the formulation with 60% solid content and comparatively lower 

viscosities are observed as the solid content goes down to 40%. The observed viscosity values for 

40%, 50%, and 60% solid content are 2.1, 12.9, and 72.2 Pa·s respectively at 10 s-1, highlighting the 

importance of slurry viscosity to guarantee good processability of the electrode coatings, particularly 

at higher solid contents.[374] The photographic images of the calendered electrode coatings (Figure 

3.11(b-d)) with a target electrode loading of 50 GSM and their corresponding mandrel bend test 

(Figure 3.11(e-g)) exhibit severe surface inhomogeneity at 60% solid content (panel (d)) compared 

to 40% and 50% (panels (b) and (c), respectively), ascribed to the improper mixing and agglomeration 

of the slurry components at higher solid content. All the electrode samples exhibit good bendability 

with a 2 mm mandrel, owing to the low target electrode loading (50 GSM) as observed previously. 
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Figure 3.11: Effect of solid content in formulation optimization of LMFP-0.5%SWCNT slurries. Mixing #2, 
coating speed 6 mm s-1. (a) Trend of viscosity vs. shear rate of the slurries prepared with the three selected 

solid content. Photographic images of (b–d) electrode coatings and (e–g) coatings subjected to cylindrical 

mandrel bend test. In detail: (b, e) 40% SC, (c, f) 50% SC, (d, g) 60% SC. cx-SEM images of (h) 40% SC, (i) 

50 % SC, and (j) 60% SC electrodes.[86] 

Further, the quality of the electrode coatings with varying solid content was evaluated by assessing 

the cx-SEM images of the electrodes recorded after calendering. The electrode obtained with 60% 

solid content exhibited significantly large darker areas (panel (j)), ascribed to the agglomerates of 

SWCNTs resulting from inefficient mixture of the slurry components. The electrode coatings with 

40% solid content revealed evident discontinuities consisting of voids and cracks (panel (h), indicated 

with yellow arrows). This is due to weak inter-particle cohesion and lack of optimal adhesion between 

the particles and the current collector, ascribed to the dilute and flowy liquid-like slurry at low solid 

contents.[256] At 50% solid content, the electrode exhibited the best surface homogeneity without any 

crack formation (panel (i)) compared to 40% and 60% solid contents. However, small, less occurring 

areas of non-homogenously distributed carbon were observed in the electrode (highlighted in yellow), 

suggesting the requirement for further solid content optimization. The best compromise of viscosity, 

optimal mixing and particles cohesion was identified when adopting 46% solid content retaining a 

processable viscosity of 6.8 Pa·s at10 s-1. 

The electrochemical performance of the optimized LMFP73-0.5%SWCNT electrodes was evaluated, 

in comparison with the results obtained with electrodes produced before optimization (see Figure 3.2 
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for details). The results of the comparison in terms of morphological and electrochemical features are 

reported in Figure 3.12.  

 

Figure 3.12: Comparison of LMFP-0.5%SWCNT coatings properties before and after optimization. 

Photographic images of coating sheets (a) before and (b) after the optimization process. (c) Electrochemical 
performance in Li-cell at 25 °C in terms cycling trend of prolonged galvanostatic test performed at the constant 

current rate of C/5 (1C = 170 mA g-1) after 2 activation cycles at C/10 with normalized discharge capacity in 

left-hand side y-axes and coulombic efficiency in right-hand side y-axes. Voltage range 2.8 – 4.4 V. cx-SEM 

images of the electrodes at different magnification (d, e) before and (f, g) after the optimization process.[86] 

The photographic images of the coatings before and after optimization, shown in Figures 3.12(a) and 

3.12(b), respectively, reveal an evident improved quality of the electrodes. Defect-free coatings were 

attained with the optimized mixing procedure against the surface inhomogeneity characterizing the 

coating obtained with the first mixing strategy. However, this difference was not clearly reflected at 

the microstructural level or in the electrochemical response observed in coin cells. The cycling trend 

of the electrodes in half-cells is reported in Figure 3.12(c), with normalized capacities to avoid the 

possible capacity discrepancies due to small variations of electrode loadings (gravimetric capacity at 

the first cycle is 141 mAh.g-1 and 145 mAh g-1 for the electrodes before and after optimization, 
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respectively). The electrodes exhibit similar capacity retention until 80 cycles (88% and 95% before 

and after optimization, respectively), with a coulombic efficiency of 95% in the first activation cycle 

further increased from about 97% to 99% during the subsequent cycles. It is worth mentioning that 

the low coulombic efficiencies observed are attributed to an unstable solid-electrolyte interphase 

(SEI) at the lithium metal electrode and that higher efficiencies are expected in full coin-cell, as it 

will be shown later. In addition, between cycles 20-40 destabilized efficiency was observed, that may 

be ascribed to possible gas evolution inside the cells.[229] Moreover, the cx-SEM images of the 

coatings before (panels (d, e)) and after (panels (f, g)) optimization depict a similar morphology of 

the electrodes, without the presence of significant cracking or inhomogeneity. The electrodes 

obtained before optimization showed several small agglomerations of particles (some of them 

highlighted by white arrows in Figure 3.12(d)), while the electrodes obtained after optimization 

showed a reduced number of agglomerates, however with larger areas. While the differences observed 

at coin cell level may be considered minor, it is important to consider that the electrochemical 

performance would be significantly impacted if evaluated in large-format cells employing electrodes 

prepared with the first mixing strategy. This highlights the challenges and complexity involved in 

scaling up electrode production. Inhomogeneous electrodes may indeed strongly affect cell 

performance, especially of cylindrical cells, which require larger and longer homogeneous 

electrodes.[245,257,367] 

3.2.3 Investigation of the Impact of Electrode Loading and Upscaling to Single Layer 

Pouch Cells 

The optimized LMFP73-0.5%SWCNT formulation and Mixing strategy #2 at a coating speed of 6 

mm s-1, and 46% solid content were adopted to produce electrodes with higher loadings up to 250 

GSM. The corresponding electrochemical responses were evaluated at coin cell level, as reported in 

Figure 3.13. The electrodes’ mechanical properties were evaluated through cylindrical mandrel bend 

test, and the corresponding photographic images are reported in Figure 3.13(a-d). The coatings 

exhibited lower bendability at higher electrode loadings, as expected. The electrode coating with 100 

GSM (panel (a)) showed good bending features with no flaking or damage (level 1, see Table 3.3), 

while the 250 GSM coating (panel (d)) revealed severe cracking and flaking (level 4, see Table 3.3). 

The poor mechanical features can affect the structural integrity of electrodes leading to cracking, 

delamination, and poor electrical contact, which can significantly hinder the electrochemical 

performances and reduce the cycle life, negating the benefits achieved with increased active material 

content.[372] 
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Figure 3.13: Mechanical and electrochemical characterization in Li half-cell at 25 °C of LMFP-0.5%SWCNT 

electrodes with different loadings. (a–d) Photographic images of coating sheets subjected to cylindrical 

mandrel bend test: (a) 100 GSM, (b) 150 GSM, (c) 200 GSM, (d) 250 GSM. Cycling trend of (e) rate capability 
test performed at C/10, C/5, C/2, 1C, 2C, 5C, and 10C currents (1C = 170 mA g-1) and (f) prolonged 

galvanostatic test performed at the constant current rate of C/2 after 2 activation cycles at C/10 with discharge 

capacity in left-hand y-axes and coulombic efficiency in right-hand y-axes. Voltage range 2.8 – 4.4 V.[86] 

The electrochemical responses of the prepared LMFP73-0.5%SWCNT high-loading electrodes were 

evaluated in Li half-cells by galvanostatic cycling, with results shown in Figure 3.13(e, f). Rate 

capability tests were carried out by progressively increasing the current from C/10 to 10C (1C = 170 

mA g-1) and finally switching back to C/10, as reported in Figure 3.13(e). The corresponding voltage 



3—141 

profiles are provided in Figure 3.14. Well-defined voltage plateaus ascribed to Fe3+/Fe2+ and 

Mn3+/Mn2+ redox couple were observed at lower current rate for all the samples retaining 140 mAh 

g-1 at C/10, however an increased ohmic polarization was evident at higher currents leading to a 

complete loss of capacity at 10C in all the cells.  

 

Figure 3.14: Galvanostatic voltage profiles of LMFP-0.5%SWCNT electrodes with different loadings 

corresponding to cycling trends in Figure 3.13(e) performed at C/10, C/5, C/2, 1C, 2C, 5C, and 10C current 

rates (1C = 170 mA g-1). Voltage range 2.8 – 4.4 V. Test conducted at 25 °C.[86] 

The cycling trend in Figure 3.13(e) reveals the recovery of the initial capacity of about 140 mAh g-1 

when lowering back the current at C/10. On the other hand, the cells containing the heavier cathodes 

showed lower capacity at the high current rates starting from 1C, thus suggesting lower stability 

caused by the stress of raising the currents, also ascribed to the possible deterioration of the 

electrodes.[366,382,383] 

The stability of the electrochemical Li+ (de-)insertion process was further investigated by 

galvanostatic cycling at a constant current rate of C/2, after two activation cycles at C/10 with the 

corresponding voltage profiles reported in Figure 3.15. As expected from the mechanical bend test 

results, the lower loading electrode (i.e. 100 GSM) showed improved cyclability and capacity 

retention (i.e. 70% after 100 cycles, Figure 3.13(f)), while increased loading led to faster deterioration 
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and capacity fade.[372] On the other hand, all the cells present coulombic efficiency of about 94% at 

the first activation cycle, which increases and reaches 99% in the subsequent ones. 

 

Figure 3.15: Selected voltage profiles of LMFP-0.5%SWCNT electrodes in Li half-cells with different loadings 
corresponding to cycling trends in Figure 3.13(f) performed at the constant current rate of C/2 (1C = 170 mA 

g-1) after 2 activation cycles at C/10. Voltage range 2.8 – 4.4 V. Test conducted at 25 °C.[86] 

While 250 GSM is a substantial electrode loading, it is also worth considering that the low stability 

of the heavier electrode in half-cell configuration could be also affected by the presence of lithium 

metal, which may favor possible side reaction and electrodes degradation that could instead be 

reduced in full-cell configuration.[279] In this regard, the electrochemical performance of all the cells 

prepared with LMFP73-0.5%SWCNT samples with different loadings were tested in coin-type full-

cells by using graphite as anode material and a constant current of C/5 as referred to the cathode (1C 

= 170 mA gcat
−1 ). The negative to positive areal capacity ratio (N/P) was settled at 1.1 for all cells and 

the results are reported in Figure 3.17. The gravimetric capacity upon cycling for the different mass 

loadings is reported in Figure 3.17(a) (corresponding voltage profiles are reported in Figure 3.16), 

while the areal capacity is reported in Figure 3.17(b). The voltage profiles reflect the combination of 

the respective cathode and anode signatures, thus leading to a behavior fully in line with the one 

related to LMFP73 half-cells, characterized by two voltage plateaus at about 3.4 and 4 V ascribed to 

Fe3+/Fe2+ and Mn3+/Mn2+ redox couples, respectively. Furthermore, the profiles reveal a maximum 
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gravimetric capacity of about 135 mAh g-1 for all the samples, aligned with the rate capability results 

of the Li half-cells (see Figure 3.13(e)).  

 

Figure 3.16: Selected voltage profiles of Graphite|LMFP-0.5%SWCNT full-cells with different cathode 
loadings corresponding to cycling trend in Figure 3.17(a) performed at the constant current rate of C/5 (1C 

= 170 mA 𝑔𝑐𝑎𝑡
−1 ) after 2 activation cycles at C/10. Voltage range 2.0 – 4.4 V. Test conducted at 25 °C.[86] 

The cycling trend of the full-cells (Figure 3.17(a)) reveals similar stability for all the samples, 

confirming the improvement of the electrochemical response of heavier electrodes when avoiding the 

use of Li metal.[279] In particular, the cells exhibit remarkable coulombic efficiency of about 99.8% 

after activation cycles, with a maximum capacity retention of 96% for the cell adopting 100 GSM 

electrodes after 100 cycles. However, the cells containing electrodes with loadings of 200 and 250 

GSM also show remarkable capacity retention of 89% and 86%, respectively. Furthermore, heavier 

electrodes exhibit higher areal capacity (Figure 3.17(b)) with values approaching 2.75 and 3.25 mAh 

cm-2 for the 200 and 250 GSM samples, respectively. Obtaining high areal capacities with satisfactory 

cycling stability is of outmost importance for the successful scaling up of cell prototype. Indeed, the 

industrially relevant loadings herein investigated also enable the matching with anodes presenting 

realistic loadings.[309,384] 
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Figure 3.17: Electrochemical response of Graphite|LMFP-0.5%SWCNT coin cell-type full cells with different 

cathode loadings at 25 °C. Cycling trend of prolonged galvanostatic test performed at the constant current 

rate of C/5 (1C = 170 mA 𝑔
𝑐𝑎𝑡

−1 ) after 2 activation cycles at C/10 with (a) gravimetric and (b) areal discharge 

capacity in left-hand side y-axes and coulombic efficiency in right-hand side y-axes. Voltage range 2.0 – 4.4 

V. Trend of calculated (c) gravimetric and (d) volumetric energy density for different selected cycles.[86] 

Gravimetric (Figure 3.17(c)) and volumetric (Figure 3.17(d)) energy densities were calculated 

integrating the capacity as a function of the cell voltage for selected cycles dividing by the total mass 

of the coatings (anode + cathode, neglecting the current collectors) and by the volume of the cathode 

composite layer, respectively. At the electrode level, the cells reveal high initial gravimetric energy 

density (of about 325 Wh Kgtot
−1 ) for all the samples, which decreases as the cycles progress, due to 

the associated loss of capacity and different retention. Moreover, the volumetric energy density 

follows the same trend, with higher initial values of about 1090 Wh Lcat
−1  for the cells adopting the 

higher areal loading. Particularly, the energy density herein obtained is higher than others achieved 

in literature at the active material level for LFP and mixed olivine cathodes.[98,241,256] Furthermore, 

the energy density achieved for the full cell is also comparable with the ones obtained in 

configurations employing cathodes with higher working voltage (i.e. LiCoO2, 

LiNi0.8Mn0.1Co0.1O2),
[385,386] confirming the manufacturing-performance correlation in the improved 

results, also compared with higher energy density systems. It is worth noting that the gravimetric 

energy density of the entire cell should be lower, as the contribution of the other components (e.g. 
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current collectors, electrolyte, and cell casing) on the total weight are not considered.[387] 

Nevertheless, the optimized electrode fabrication process developed has enabled satisfactory results 

also for high areal capacity electrodes, revealing the possibility to implement high loading cathodes 

in full-cells with low losses in capacity retention and energy density when compared to lower loading 

cathodes. However, considering the lower structural stability of the 250 GSM cathodes, to mitigate 

potential detrimental issues upon cycling,[384] electrodes with 200 GSM loading were chosen as a 

suitable choice for the upscaling of the cell into single layer pouch (SLP) cell formats. 

Figure 3.18 reports the electrochemical response for SLP cells cycled at a constant current of C/2 

referred to the cathode (1C = 150 mA gcat
−1 ), after 2 activation cycles at C/5. 0.1 Ah SLPs were 

obtained with an N/P ratio of 1.1 by using 0.6 g of electrolyte per cell. 

 

Figure 3.18: Electrochemical characterization of Graphite|LMFP-0.5%SWCNT single layer pouch cell 25 

°C. (a) Cycling trend and (b) selected voltage profiles of prolonged galvanostatic test performed at the constant 

current rate of C/2 (1C = 150 mA 𝑔
𝑐𝑎𝑡

−1 ) after 2 activation cycles at C/5, with discharge capacity in left-hand 

side y-axes and coulombic efficiency in right-hand side y-axes. Voltage range 2.0 – 4.4 V. (c) Trend of 

calculated gravimetric and volumetric energy density for different selected cycles.[86] 

The cycling trend (Figure 3.18(a)) reveals remarkable cycling stability with a capacity retention of 

93% after 100 cycles. Coulombic efficiency values of 97.1% are recorded after the first activation 
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cycles, stabilizing to a value of 99.8% after 10 cycles. The voltage profiles (Figure 3.18(b)) reveal 

the same features described above for full coin-cells, with the presence of two well-defined voltage 

plateaus. Furthermore, the profiles exhibit a maximum capacity of about 110 mAh g-1 after activation, 

in full agreement with the rate capability data of the Li half-cells (see Figure 3.13(e)). However, 

considering the higher current rate adopted for the test, the gravimetric and volumetric energy 

densities (Figure 3.18(c)) of the cell are lower than the one reported for coin cells in Figure 3.17(c, 

d) (about 185 Wh Kgtot
−1  compared to 320 Wh Kgtot

−1), despite showing comparable trends. This 

suggests the possible need of optimization of the SLP cell assembly steps, including improved 

electrode alignment and optimized electrolyte amount.[246,261,384] Indeed, it is worth noting that the 

electrochemical response is also cell-format dependent.[309] SLPs for instance allow for degradation 

processes to occur in a more practical cell environment. An example is represented by gas evolution, 

which may not affect substantially coin cell cycling, while may be more evident in upscaled cell 

formats. In addition, while the reported results focus on the manufacturing-performance correlation, 

it is also important to consider that the electrolyte adopted has not been optimized. As a consequence, 

degradation mechanisms, including potential manganese dissolution or instability of the SEI, are still 

occurring in the developed cells. These processes are expected to be more relevant with increased 

loading and surface area of the anode exposed to the electrolyte. A comprehensive structure-property 

correlation study of the materials employed in battery research is of paramount importance, to lead 

and guide performance optimization from a manufacturing point of view. A combination of these 

approaches is necessary to successfully translate research results from lab to industrial relevant scales, 

bridging the gap between academic research and industrial production.[245,367] 

 

3.3 Conclusions 

The impact of the addition of SWCNTs to LMFP73 electrode formulation has been herein evaluated, 

in addition with the study of the influence of electrode processing parameters to the overall cell 

performance in lab-scale and industrially relevant SLP cells. The results identified LMFP-

0.5%SWCNT and LMFP73-1%SWCNT as the most promising formulations for enhancing the 

electronic conductivity of the olivine cathode, showing low electronic resistivity, suitable electrode 

morphology, with homogeneous components distribution and good structural stability. Given the 

economic advantage of minimizing inactive components in electrodes, the 0.5%SWCNT formulation 

was further studied to explore the effects of mixing protocol, coating speed, viscosity, and solid 

content on electrochemical performance. Mixing protocol #2, a coating speed of 6 mm s-1, and 46% 

solid content led to improved results. Additionally, the influence of electrode loading on cyclability 
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was assessed using optimized electrodes in both Li half- and full-cells. While lower-loading 

electrodes (100 GSM) demonstrated higher cycling stability, high-loading electrodes (250 GSM) 

showed an initial capacity of 130 mAh g-1 when cycled in Li half-cells at C/5, with reasonable rate 

capability up to 2C, though with limited stability, likely due to Li metal/electrolyte interphase 

instability. Full-cells with graphite anodes showed greater stability compared to half-cells, with the 

200 GSM sample offering the best balance in terms of mechanical properties, areal capacity (2.75 

mAh cm-2), and energy density (~320 Wh Kgtot
−1). As a result, the 200 GSM cathode was chosen for 

0.1Ah SLP cell implementation, achieving a capacity of 110 mAh g-1 with 93% retention after 100 

cycles, though with lower energy density than in coin cells. These findings provide practical methods 

and processing parameters to bridge the gap between academic and industrial perspectives in 

electrode performance evaluation under practical conditions. The critical role of the manufacturing-

performance relationship on cell performance and cycling stability is also underscored, particularly 

when scaling up from lab-scale to industrial cell formats.  
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4. Investigation of Full-Cells Balancing Employing Layered Oxide 

Cathodes and Alloying-Based Anodes 

The massive diffusion of ground-breaking technology described in Chapter 1 actually triggered a 

rapid development of EVs and posed concerns on the present systems due to challenging market 

requirements such as the long driving autonomy, high safety level, and an adequate price.[81,388] 

According to the cathode optimization, the typical LiCoO2 layered material has been almost fully 

replaced by multi-metal oxides of the same structure, such as the above described NMC, in which the 

expensive and toxic cobalt is partially or totally substituted with other transition metals, thus 

achieving further bonuses including adequate operating voltage, specific capacity, and thermal 

stability of the de-lithiated phase.[127–130] Despite the remarkable performance of widely employed 

NMC333 and NMC811 electrodes,[130,131] the layered oxides still suffer from capacity decay upon 

prolonged cycling and possible safety issues due to phase changes involving material delamination 

and oxygen loss at the charged (de-lithiated) state.[132,389] The side reaction during the first cycle has 

also been reported as one of the main issues of voltage hysteresis during subsequent cycles, in 

particular in Li-rich layered oxides, which causes instability of the structure during redox 

processes.[133] Various strategies have been adopted to enhance the NMC stability, such as metal 

doping, acid treatments, and partial substitution of cobalt with aluminum which may represent a 

viable approach due to the stabilizing effect of Al already observed for the α-NaFeO2-type layered 

structure.[135,137,138,140,390]  

A viable alternative to Li-ion systems could be represented by Na-ion analogues, despite the 

exploitation of the rocking-chair mechanism, which can effectively move the lithium ion from 

cathode to anode for storing energy and back to get power, appears relevantly more complex in the 

sodium environment than lithium.[65,144] Indeed, one of the most diffused and efficient cathodes for 

Na-cell is represented by the mixed Na/transition-metal layered oxide, which can be sodium deficient 

or sodium rich, with O2, P2, P3 or P3’ structures.[56,147,149,391] Moreover, they suffer from the same 

structural instability compared to the Li-based ones, reflected in a reorganization from P2 to O3-type 

structure that inhibits the cell performance.[56,392] This variety of configurations requires a sodium 

metal anode to compensate the alkali metal content into the cathode structure.[393]  

Considering the anode side, Li-alloy composites including Si,[207] Sn,[304,394] Sb,[395] and SiOx,
[158,396] 

attracted the interest of the scientific community due to the higher capacity delivered than the 

conventional graphite.[397] Furthermore, the combination of the substituted layered cathodes and Li-

alloy anodes is an attractive strategy to enhance the energy content and environmental compatibility 

of LIBs,[398,399] despite still open issues of possible irreversible charge at the first cycle of the cathode, 
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ascribed to structural reorganization by oxidation,[400] and relevant irreversibility of the anode at the 

first discharge, due to matrix modifications and SEI formation.[158] This behavior posed intrinsic 

issues on the direct combination of the electrodes in an efficient Li-ion cell, without ad-hoc designed 

pre-activation procedures including preliminary electrochemical or chemical lithiation, particularly 

at the anode, before their use.[314,400] 

This problem is also related to Na-ion systems employing layered oxide cathodes, which mandatory 

foresees the adequate pre-storing of Na-reservoir in anodes, particularly alloying-based.[390,401–403] 

Among the alloying materials suitable for this activation process in Na-ion cells, Sn and Sb revealed 

the most promising features; indeed, the high conductivity of metallic Sn and Sb can allow either the 

typical electrochemical sodiation, or a more scalable and appealing pathway in which Na-metal 

alloying is directly achieved by mechanochemical treatments.[60,65,151,199] 

In these regards, Chapter 4 is focused on original procedures for full-cell balancing by employing 

layered oxide cathodes and alloying-based anodes to achieve proof-of-concept Li- and Na-ion 

batteries with high energy density thanks to the adopted chemistry. The experimental methods 

adopted in the chapter are reported in Section 4.1. 

The possible irreversibility on cathode or anode side may lead to the loss of the cell balance in terms 

of negative to positive (N/P) ratio, affecting both delivered capacity and cycling stability in the final 

cell. Accordingly, in Section 4.2 a multi-metal substituted LiNi0.2Co0.2Al0.1Mn0.45O2 (LNCAM) 

layered cathode for Li-ion batteries is synthetized and thoroughly characterized for direct application 

in full Li-ion battery using a pristine carbon-coated SiOx anode (SiOx-C) without any further 

treatment of the electrodes before use in cell. Therefore, the remarkable irreversible capacity observed 

in the LNCAM cathode during the first charge, due to its specific composition, is advantageously 

exploited to balance the intrinsic SiOx-C anode irreversibility, thus allowing a preliminary control of 

the full-cell behavior by adequately selecting the N/P ratio. This novel combination, and the 

alternative approach adopted to achieve Li-ion full-cells with promising performances, may allow the 

exploitation of alternative materials with physical-chemical characteristics different than those of 

diffused electrodes in the commercially available LIBs.  

Considering the sodium-ion systems, in Section 4.3 a direct mechanical treatment of a Sn-C anode 

for application in a full Na-ion cell using the Na0.48Al0.03Co0.18Ni0.18Mn0.47O2 (NCAM) layered 

cathode is explored. The anode can operate in Na-cell according to the alloying mechanism with an 

initial irreversibility exceeding 50% of the steady state value, instead, the cathode can deliver in half-

cell an initial charge limited to only 60% of the maximum capacity. The compensation of the initial 

sodium deficiency at the cathode side and of the initial irreversibility of the anode is originally 

exploited by a pre-treatment process of the Sn-C anode, consisting of mechanical capillary contact 
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with sodium metal. Tuning the contact time and pressure allowed the achievement of various degrees 

of anode sodiation. The most suitable condition is then adopted to get adequate NaxSn-C anode for 

the application in the full-cell with the selected NCAM cathode. Despite being still preliminary, these 

outcomes suggest the mechanical pre-sodiation as a well-suitable approach to scale up the Na-ion 

battery and achieve a sustainable energy storage. 

 

4.1 Experimental Section 

Synthesis of cathode (LNCAM and NCAM) and anode (SiOx-C and Sn-C) materials 

LiNi0.2Co0.2Al0.1Mn0.45O2 material (LNCAM) was synthetized through a co-precipitation method 

already reported in literature.[391,404] Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Sigma Aldrich, 

≥ 98%), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, Sigma Aldrich, ≥ 99%), nickel(II) nitrate 

hexahydrate (Ni(NO3)2·6H2O, Sigma Aldrich, ≥ 98.5%), and manganese(II) nitrate tetrahydrate 

(Mn(NO3)2·4H2O, Sigma Aldrich, ≥ 97%) were dissolved in deionized water (100 mL) to form a 

solution with Al/Co/Ni/Mn molar ratio of 0.1:0.2:0.2:0.45. Then, a 0.5 M solution of NaOH pellets 

(≥ 98%, Sigma Aldrich) in deionized water (212 mL) was added dropwise to the nitrate solution. The 

nitrate-NaOH solution using a 50 mol% excess of NaOH with respect to nitrate was stirred for 12 h 

to precipitate a hydroxide precursor which was filtered, washed with deionized water and ethanol 

until a pH of 7, dried overnight at 70 °C in oven, and calcinated for 12 h at 120 °C (heating rate of 2 

°C min-1) in a dry air flow. Afterward, the hydroxide precursor was ground in an agate mortar with 

lithium hydroxide hydrate (LiOH·H2O, ≥ 98%, Sigma Aldrich) in the 1:1 molar ratio and the resulting 

mixture was pelletized and calcinated under a dry air flow at 500 °C (heating rate of 5 °C min-1) for 

5 h to obtain the material indicated as LNCAM500. The LNCAM500 precursor was ground in an 

agate mortar, pelletized and calcinated under a dry air flow at 1000 °C (heating rate of 5 °C min-1) 

for 6 h to obtain the LNCAM1000_6h material, which was then ground, pelletized and calcinated 

under a dry air flow at 1000 °C (heating rate of 5 °C min-1) for 12 h to obtain the final cathode 

indicated as LNCAM.  

Na0.48Al0.03Co0.18Ni0.18Mn0.47O2 (NCAM) was synthetized through the already described co-

precipitation method,[391,404,405] by dissolving nitrate precursors of Al, Co, Ni, and Mn in deionized 

water to obtain a solution with a Al/Co/Ni/Mn molar ratio of 1:2:2:4.5. The corresponding hydroxide 

was precipitated from the solution using NaOH, filtered, washed with deionized water, and dried. 

This precursor was mixed with NaOH in 1:1 molar ratio, calcinated at 500 °C, grinded, pelletized, 

and calcinated again at 1000 °C in a dry air flow.  
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The SiOx-C and Sn-C anode materials were synthesized through a gel-resorcinol-formaldehyde 

(GRF) procedure previously described in literature.[396,406] For Sn-C, resorcinol was mixed with 

formaldehyde and sodium carbonate as catalyst to obtain a dark orange hydrogel, which was aged, 

ground, washed with water and then immersed in tert-butyl alcohol and filtered. Afterwards, the 

particles were mixed overnight with the organometallic tin source tributylphenyltin (TBPT), 

recovered, placed in an oven under Ar-H2 (5%) flux, and heated at 700 °C for 2 h. For SiOx-C, 

resorcinol was added to formaldehyde at room temperature and tetraethyl orthosilicate (TEOS) was 

dissolved in the homogeneous mixture. The achieved solution was heated at 70 °C and a 1 M solution 

of HCl (2 mL) was added dropwise to catalyze the formation of a pink gel, which was aged 24 h at 

room temperature, cut into pieces, washed with ethanol to remove residual HCl, and annealed at 1000 

°C for 10 h under Ar-H2 (5%) flow. The obtained SiOx-C powder was finally ground in an agate 

mortar. All the thermal steps of the synthesis procedures were performed in a GHA 12/3000 

(Carbolite) tubular furnace. 

Characterization of Powders 

Scanning electron microscopy (SEM) images of the LNCAM sample were acquired by a Zeiss EVO 

40 microscope with a LaB6 thermionic source. Energy dispersive X-ray spectroscopy (EDS) was 

performed on the SEM images via an X-ACT Cambridge Instruments analyzer to record elemental 

maps and estimate the LNCAM stoichiometry. The elemental composition of the sample was also 

determined via inductively coupled plasma-mass spectrometry (ICP-MS) technique. 100 mg of 

LNCAM were digested in 5 mL of aqua regia (HNO3:HCl 1:3 molar ratio) at 120 °C for 1 h by using 

a Parr 4744 acid digestion vessel (Parr Instrument Company). After cooldown, the solution was 

diluted to the proper concentration prior to the ICP-MC analysis. HNO3 (70%, ≥ 99.999% trace metal 

basis, Sigma Aldrich) and HCl (37%, for analysis-ISO, Carlo Erba reagents) were used without any 

further purifications. Ultrapure H2O (18 MΩ cm) was used for the dilution of the sample. An ICP-

MS Agilent 7500 (Agilent Technologies inc.) equipped with a 3 MHz quadrupole was used for metal 

determination. X-ray diffraction (XRD) patterns of the LNCAM500, LNCAM1000_6h and LNCAM 

materials were collected by performing scans in the 2θ range from 10° to 90° at a rate of 10 s step-1 

with step size of 0.02° through a Bruker D8 Advance instrument using a Cu Kα source and a graphite 

monochromator of the diffracted beam. Rietveld refinement of the LNCAM pattern was carried out 

through the MAUD software.[289] by using the reference parameters of the LiNi0.4Co0.15Al0.05Mn0.4O2 

layered oxide (𝑅3̅𝑚 space group, N. 166, ICSD #166715).[140] The refinement was carried out by 

fixing atom occupancies to the values estimated by EDS and ICP and the isotropic atomic 

displacement parameters were set to the same value for Al, Mn, Co, and Ni upon the refinement. 

Raman spectroscopy was performed on the LNCAM powder through a Czerny-Turner spectrometer 
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(iHR320 Horiba Scientific) equipped with a diffraction grating of 1800 grooves mm-1 and a laser 

source with λ = 532 nm. 

Electrode preparation 

The electrode slurries were prepared by dispersing the active material (LNCAM, NCAM, SiOx-C or 

Sn-C), polyvinylidene fluoride (PVdF 6020 Solef®) binding polymer and carbon black (Super P 

carbon, Timcal) mixed by the 8:1:1 wt. ratio in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) and 

were stirred at room temperature until homogenization (about 2 h). The slurries were cast by a doctor 

blade tool on either aluminum carbon-coated foils (thickness ~ 20 µm, MTI Corporation) for LNCAM 

and NCAM or scratched copper foils (thickness ~ 30 µm, MTI Corporation) for Sn-C and SiOx-C. 

The electrode tapes were dried for 3 h on a hot plate at 70 °C, cut into disks with diameter of either 

10 mm or 14 mm, and dried again for 3 h at 110 °C under vacuum to remove possible residual traces 

of water and NMP solvent. Prior to vacuum drying, LNCAM and NCAM electrodes were pressed 

with a Hydraulic press (Silfradent) for 30 s at 115 bar. The final active material loading ranged from 

4 to 4.5 mg cm-2 for LNCAM, from 1.2 to 1.8 mg cm-2 for SiOx-C, and from 1.5 to 2.5 mg cm-2 for 

both NCAM and Sn-C, as normalized to the electrode geometric area (either 0.785 or 1.54 cm2 for 

electrodes with a diameter of 10 mm or 14 mm, respectively). Carbon/PVdF electrodes coated on Al 

foil (thickness ~ 15 µm, MTI Corporation), labeled as SPC-Al, were prepared by the doctor blade 

casting procedure described above using Super P carbon and PVdF binder in the 80:20 wt. ratio, cut 

into 10 mm disks, and dried at 110 °C for 3h under vacuum. Sn-C electrodes were sodiated via 

capillary contact between the material and sodium metal: the Sn-C electrode was placed in contact 

with a sodium metal disk wetted with a 1M solution of sodium perchlorate (NaClO4) dissolved in 

propylene carbonate (PC, battery grade, Sigma-Aldrich) with 3% in weight of fluoroethylene 

carbonate (FEC, battery grade, Solvionic) and attached on a Petri dish. Subsequently, a 1 kg weight 

was stacked on the electrode and the system was allowed to chemically react until the target time was 

reached (1 h, 2 h, 6 h, 10 h, 14 h, respectively). 

Cells assembly 

Two-electrode Swagelok T-type half-cells were assembled by stacking a 10 mm-diameter working 

electrode (LNCAM, NCAM, pristine or sodiated Sn-C or SiOx-C), a 10 mm-diameter Li (MTI 

Corporation) or Na (Sigma Aldrich, 99%) metal disk as counter electrode and a 10 mm-diameter glass 

fiber Whatman® GF/D disk as the separator. Three-electrode Swagelok T-type lithium half-cells 

were prepared with the same configuration by using an additional 10 mm-diameter lithium metal disk 

as reference electrode at the top side of the T-cell. An additional three-electrode Swagelok T-type 

lithium cell was prepared using a 10 mm-diameter SPC-Al electrode as working electrode, a 10 mm-
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diameter lithium metal counter electrode, a 10 mm-diameter Celgard 2400 as the separator, and an 

additional 10 mm lithium metal disk as reference electrode. CR2032 coin-type lithium half-cells (MTI 

Corporation) were assembled by using the LNCAM working electrode and a lithium metal counter 

electrode both with diameter of 14 mm separated by a 16 mm-diameter glass fiber Whatman® GF/D 

disk. Three-electrode Swagelok-type sodium full-cells were assembled by stacking a NCAM cathode, 

a 2 h sodiated Sn-C anode, one glass fiber Whatman® GF/D separator, and an additional sodium 

metal disk as reference electrode placed at the top side of the T-cell. The full-cells were prepared by 

using negative to positive (N/P) capacity ratios of 1.1, as determined by considering mass loadings 

and specific capacities of the two electrodes. Three-electrode Swagelok-type lithium full-cells were 

assembled by stacking a LNCAM cathode, a SiOx-C anode, one glass fiber Whatman® GF/D 

separator, and an additional lithium metal disk as reference electrode. An additional CR2032 coin-

type full-cell was assembled by using a 14 mm-diameter LNCAM cathode, a 14 mm-diameter SiOx-

C anode, and one 16 mm-diameter glass fiber Whatman® GF/D separator. The SiOx-C|LNCAM full-

cells were prepared by using N/P capacity ratios of 0.98 or 0.84 (for three-electrode cells), and 0.91 

(for coin-type cell), as determined by taking into account mass loadings and specific capacities of the 

two electrodes at the first charge of a full-cell, that is, 300 mAh g-1 for cathode first de-lithiation and 

810 mAh g-1 for anode first lithiation. Hence, electrode loadings of 1.53 mganode cm-2 and 4.21 

mgcathode cm-2 was used for N/P = 0.98, 1.26 mganode cm-2 and 4.05 mgcathode cm-2 for N/P = 0.84, and 

1.75 mganode cm-2 and 5.19 mgcathode cm-2 for N/P = 0.91. In every lithium cell configuration, a solution 

of LiPF6 (1 M) in ethylene carbonate/dimethyl carbonate (EC:DMC 1:1 by volume, battery grade, 

Sigma Aldrich) was used as electrolyte, while in every sodium cell configuration a 1M solution of 

NaClO4 in PC + 3% wt. FEC was employed. The sodiated Sn-C electrodes were used without any 

other treatment before assembling the cells. All cells were assembled and sealed inside an Ar-filled 

glovebox (MBraun, O2 and H2O content lower than 1 ppm). 

Electrochemical tests 

A preliminary linear sweep voltammetry (LSV) was performed to evaluate the EC:DMC 1:1 v/v 1 M 

LiPF6 electrolyte anodic stability in lithium battery using a three-electrode T-type cell with SPC-Al 

electrode at a scan rate of 0.1 mV s-1 from the OCV condition of the cell to 6 V vs. Li+/Li. Cyclic 

voltammetry (CV) was performed using a three-electrode Li|LNCAM half-cell at a scan rate of 0.1 

mV s-1 in the 2.5 – 4.9 V vs. Li+/Li potential range, while electrochemical impedance spectroscopy 

(EIS) was collected at the open circuit voltage (OCV) condition of the cell as well as after 1, 5, and 

10 CV cycles by applying an alternate voltage signal of 10 mV in the 500 kHz – 100 mHz frequency 

range. The galvanostatic cycling measurements were performed on CR2032-type Li|LNCAM half-

cells; initially three cells were cycled at the constant current rate of C/20 (1C = 298 mA g-1) in the 
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voltage ranges of 2.5 – 4.4 V, 2.5 – 4.8 V, and 2.5 – 4.9 V by adopting the constant-current constant-

voltage (CCCV) mode, that is, by setting an additional constant voltage step during charge at either 

4.4 V, 4.8 V, or 4.9 V, respectively, until a current value of ¼ of the initial C-rate was reached. 

Furthermore, a rate capability test was performed by increasing the current rate from C/10 to C/8, 

C/5, C/3 and 1C every 5 cycles and lowering back to C/10 after 25 cycles in the 2.5 – 4.8 V voltage 

range adopting the CCCV mode at 4.8 V during charge. Two additional half-cells were 

galvanostatically cycled at the constant current rate of either C/10 or C/5 between 2.5 and 4.8 V by 

using the CCCV mode at 4.8 V during charge. The pristine and sodiated Sn-C electrodes were 

galvanostatically cycled in two-electrodes T-type Na|Sn-C half-cells at the constant current of 15 mA 

g-1 in the 0.01 – 2.0 V voltage range. Additional galvanostatic cycling was performed at the same 

current rate in two-electrodes T-type Na|NCAM half-cell in the 1.4 – 4.6 V voltage range. Full SiOx-

C|LNCAM cells were galvanostatically cycled at the constant rate of C/10 (1C = 298 mA gcat
−1 ) in the 

1.5 – 4.8 V voltage range by adopting the CCCV mode at 4.8 V during charge. EIS measurements 

were performed on the three-electrode SiOx-C|LNCAM cells at the OCV condition and after 1 and 

10 galvanostatic cycles by using an alternate voltage signal of 30 mV in the 500 kHz – 100 mHz 

frequency range at 1.5 V bias potential. Full Sn-C|NCAM cells were galvanostatically cycled at the 

constant current of 15 mA gcat
−1  in the 1.0 – 4.5 V voltage range by adopting the CCCV mode at 4.5 

in charge. EIS measurements were carried out on the three-electrode Sn-C|NCAM cell at the OCV 

condition and after 1, 8, and 10 galvanostatic cycles by superimposing an alternate voltage signal of 

30 mV in the 500 kHz – 100 mHz frequency range at 1V bias potential. All the Nyquist plots recorded 

by EIS were analyzed through non-linear least squares (NLLS) fitting method by using the RelaxIS3 

software (rhd instruments), and only fits with χ2 value of the order of 10-4 or lower were 

accepted.[273,274] The distribution of relaxation times (DRT) functions were calculated after 

subtracting the low-frequency diffusion region, by using the software RelaxIS3. The λ-factor for the 

DRT analysis was optimized according to Tikhonov regularization, by calculating the sum of squared 

residuals (SSR) vs. λ, and assuming a Gaussian distribution.[262,272] CV and EIS were carried out by a 

VersaSTAT MC Princeton Applied Research (PAR, AMETEK) instrument, while the 

charge/discharge cycling tests were performed by a MACCOR series 4000 battery test system. All 

the data were recorded at the room temperature (25 ◦C). 

Electrode characterization and ex-situ measurements 

Ex-situ XRD patterns of pristine and activated Sn-C electrodes, leaned on a glass sample holder and 

sealed with Kapton tape, where collected with the abovementioned system by performing scans in 

the 2θ range from 27° to 47° at a rate of 4 s step-1 with a step size of 0.02°. SEM images of the pristine 

and chemically sodiated (14 h) Sn-C electrodes and EDS elemental maps were collected through a 
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Zeiss Sigma 300 FE-SEM equipped with Bruker QUANTAX EDX detector. Raman spectroscopy 

was performed on micrometric Sn powder (< 45 µm particle size, 99.8% trace metal basis, Sigma-

Aldrich), pristine and sodiated Sn-C electrodes, by using the above-described instrument. For Raman 

analysis all the samples were placed into a sealed sample holder in Ar atmosphere. Ex-situ XRD 

measurements were performed on LNCAM electrodes retrieved from two-electrode T-type half-cells 

upon either 1 or 2 charge/discharge cycles at C/20 in the 2.5 – 4.9 V voltage range by adopting the 

CCCV mode at 4.9 during charge. XRD scans were performed as described in the 10° - 60° 2θ range 

at a rate of 10 s step -1 and a step size of 0.02°. Ex-situ SEM images of pristine and cycled Sn-C and 

NCAM electrodes retrieved from a Sn-C|NCAM full-cell were collected as above described. Before 

the analyses, all the electrodes, recovered either chemical activation or cell cycling, were washed with 

DMC solvent and dried under vacuum for 30 min. 

 

4.2 Reciprocal Irreversibility Compensation of Layered Oxide Cathode and 

Silicon Oxide Anode in Proof-of-Concept Li-ion Battery 

4.2.1 Structural, Morphological, and Electrochemical Characterization of LNCAM 

Cathode in Lithium Batteries 

XRD measurements are performed on LNCAM, as well as on the LNCAM500 and LNCAM1000_6h 

precursors, to investigate the structure of the samples, as reported in Figure 4.1. The data of the 

reference diffractogram LiNi0.4Co0.15Al0.05Mn0.4O2 (ICSD #166715) are added to allow the indexing 

of the most relevant peaks.[140] The XRD patterns reveal broad and asymmetric peaks for the 

LNCAM500 precursor which become narrower and more defined upon treatment at 1000 °C with the 

formation of the LNCAM1000_6h sample. Thus, the final LNCAM cathode shows a well-defined 

(003) main reflection at 2θ = 18.72° as well as the (101), (006), (012), (104), (018), and (110) planes 

at 2θ = 36.67°, 37.82°, 38.32°, 44.46°, 64.48°, and 65.44°, respectively.[407] Indeed, the growth of the 

crystalline phase by the subsequent thermal steps and the final formation of the P3-type layered 

structure is achieved in the final LNCAM. Moreover, the progressive definition of the (006)/(012) 

peaks couple at 37.82°/38.32° and the (018)/(110) one at 64.48°/65.44° indicates the consolidation of 

the hexagonal ordering of the LNCAM layered structure, which is confirmed by a R value of about 

0.51, where R is defined as the (I006/I102)/I101 intensities ratio.[408] 
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Figure 4.1: XRD patterns of the LNCAM500, LNCAM1000_6h, and LNCAM materials, reference data of 

LiNi0.4Co0.15Al0.05Mn0.4O2 (ICSD #166715) are reported for comparison and peaks indexing.[390] 

Additional structural insights are provided by the Rietveld refinement of the LNCAM XRD pattern 

in Figure 4.2(a) carried out by constraining the atom occupancy according to the EDS/ICP results 

(see Table 4.2). The refined diffractogram (red dots) confirms a trigonal cell unit (hexagonal 𝑅3̅𝑚 

space group, table N. 166) without significant content of impurities, as also suggested by the 

difference profile.[140] The lattice parameters determined by refinement, that is, a, c, c/a, and cell 

volume, are reported in Table 4.1 and compared with those of the LiNi0.4Co0.15Al0.05Mn0.4O2 (ICSD 

#166715) reference.[140,408,409] The LNCAM shows slightly different a and c values leading to a higher 

cell volume of 102.32 Å3 compared to the 101.99 Å3 of the reference, likely due to the higher content 

of Mn.[410] Furthermore, Table 4.1 reveals a c/a ratio of about 4.95, which indicates a well ordered 

structure of the sample,[411] and a 003/104 peaks intensity ratio (I003/I104, see Figure 4.1 for peak 

indexing) exceeding 1.5, thus suggesting a low degree of cation mixing, in particular for the Ni2+ 

occupancy in the Li+ sites, and likely an enhanced Li+ ions mobility within the cathode.[411] The 

accuracy of the Rietveld refinement is suggested by a goodness-of-fit (GOF) parameter and weighted-

profile R factor (Rwp%) values lower than 2 and 20, respectively.[301,302] 
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Figure 4.2: Characterization of the LNCAM material. (a) XRD and corresponding Rietveld refinement 
showing experimental pattern (black dots), calculated pattern (red line) and difference profile (blue line); (b) 

Raman spectrum recorded in the 250 – 950 cm-1 range. Highlighted regions report transitions identification. 

(c, d) SEM images at different magnifications; (e-j) SEM-EDS analyses with elemental maps of (f) O, (g) Al, 

(h) Mn, (i) Co and (j) Ni. Adapted from [390]. 

Table 4.1: Results of Rietveld refinement in terms of lattice parameters, unit cell volume, c/a parameters ratio, 

I003/I104 intensities ratio, good-of-fit parameter (GOF), and weighted-profile R factor (Rwp%) of LNCAM. 

Reference ICSD #166715.[390] 

Material a (Å) c (Å) c/a V (Å3) I003/I104 GOF  Rwp% 

ICSD #166715 2.872 14.273 4.969 101.99 1.848 / / 

LNCAM 2.879(3) 14.252(1) 4.949(8) 102.32(5) 1.517(6) 1.50 17.18 

The Raman spectroscopy performed on LNCAM in Figure 4.2(b) further confirms the layered 

structure by exhibiting two main peaks around 476 cm-1, related to the symmetric stretching vibration 

of the M–O bond (Eg symmetry), and at 590 cm-1, assigned to the O–M–O bending vibration (A1g 
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symmetry).[412,413] The morphology of the LNCAM cathode material is investigated by SEM-EDS 

analysis, as reported in Figure 4.2(c-j). The SEM images of the powder show flakes with size ranging 

from 3 to 25 µm characterized by a layer morphology (Figure 4.2(c)) stacked into submicrometric 

primary particles with nanometric thickness (Figure 4.2(d)). The corresponding EDS elemental maps 

acquired on SEM imaging (Figure 4.2(e)) of O, Al, Mn, Co, and Ni (Figure 4.2(f-j), respectively) 

display a homogeneous distribution of the elements, without relevant impurities. However, the 

elemental mapping in Figure 4.2(i) evidence the presence of more intense Co X-ray signals inferred 

from few regions suggesting a slight Co segregation and crystalline agglomeration in the sample 

already observed for similar materials.[414] The EDS analysis allow the determination of a 

LiNi0.18Co0.20Al0.09Mn0.43O2 stoichiometry (Table 4.2) which well approaches the one designed 

during synthesis (i.e. LiNi0.2Co0.2Al0.1Mn0.45O2), thus suggesting the successful incorporation of the 

transition metals into the material.[404] A similar result, reported in Table 4.2, is obtained by ICP-MS 

measurement that likely confirms the material stoichiometry discussed above. 

Table 4.2: Results of EDS and ICP-MS measurements in terms of Average atomic %, EDS stoichiometric 

coefficient, concentration (ppb), and ICP-MS stoichiometric coefficient for Li, Ni, Co, Al, Mn, and O.[390] 

Element 
Average 

atomic % 

EDS stoichiometric 

coefficient 

Concentration 

(ppb) 

ICP-MS stoichiometric 

coefficient 

Li / / 64.16 1.00 

Ni 6.11 0.18 95.15 0.18 

Co 6.76 0.2 99.33 0.18 

Al 2.96 0.09 33.92 0.14 

Mn 14.93 0.43 211.4 0.42 

O 69.24 2.00 / / 

In summary, LNCAM displays defined layered structure and morphology with uniform distribution 

of the elements that are crucial parameters to enable the formation of a suitable electrode/electrolyte 

interphase in lithium cell and satisfactory cycling behavior,[415] since irregular layer stacking or 

excessive aggregation may hinder the Li+ ions diffusion in the material framework.[407] 



4—159 

Prior to testing the cell applicability of the LNCAM electrode, the anodic electrochemical stability 

window (ESW) of the electrolyte (i.e. EC:DMC 1:1 v/v 1 M LiPF6) was checked as reported in Figure 

4.3. The LSV shows a small increase of the current around 5 V vs. Li+/Li, while the full oxidative 

decomposition of the electrolyte was detected only at around 5.2 V vs. Li+/Li. The obtained results 

are in agreement with various literature reports on the adopted electrolyte,[228,416,417] and confirm its 

stability for the study in lithium cell of the layered cathode within the voltage ranges employed below.  

 

Figure 4.3: LSV of the Li|EC:DMC 1:1 v/v 1 M LiPF6|SPC-Al cell for determining the anodic electrochemical 

stability window (ESW) of the electrolyte. Scan rate 0.1 mV s-1.[390] 

The electrochemical process of the LNCAM cathode is subsequently investigated in lithium half-cell 

by combining CV and EIS measurements, as reported in Figure 4.4. The CV response (Figure 4.4(a)) 

shows during the first cycle two oxidation peaks centered at 4.0 V and 4.6 V vs. Li+/Li, and a single 

reduction wave merged at about 3.8 V vs. Li+/Li. The above irreversible oxidation peak at 4.6 V vs. 

Li+/Li is likely ascribed to partial oxygen loss due to structural rearrangement with possible phase 

modification of the cathode and concomitant partial electrolyte degradation,[418] in particular the 

decrease of Co–O and Ni–O distances due to oxidation of the transition metals, and negligible 

changes in Mn–O distance which holds Mn4+ oxidation state.[419] Nevertheless, the charge and 

discharge signals at 4.0 and 3.8 V vs. Li+/Li, respectively, are associated with the reversible (de-

)intercalation of the Li+ ions into the layered structure.[420] The irreversible lithium extraction, related 

to the additional oxidation peak at the first cycle centered at about 3.4 V vs. Li+/Li, may be ascribed 

to the presence of impurity traces in the electrolyte (e.g. water or other solvents) as well as to possible 
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side Ni2+/Ni4+ oxidation process as suggested by literature reports.[133] However, the vanishing of the 

above peak during reduction and in the subsequent cycles suggests the formation of a suitable SEI 

layer at the electrode surface.[421] During the subsequent voltammetry cycles, the electrochemical 

process reversibly evolves with a single oxidation peak at 3.9 V vs. Li+/Li reflected into the 

corresponding reduction signal at 3.7 V vs. Li+/Li. The slight shift of the oxidation process to lower 

potential upon the first cycle further suggests a favorable reorganization of the material structure, 

while the modest polarization certainly indicates the formation of a suitable SEI at the electrode 

surface.[421,422] 

 

Figure 4.4: (a) CV and (b) EIS measurements performed on the Li|LNCAM three-electrode cell using a Li 

reference electrode. CV potential range 2.5 – 4.9 V vs. Li+/Li; scan rate 0.1 mV s-1. EIS carried out at the OCV 

of the cell and after 1, 5 and 10 cycles; frequency range 500 kHz – 100 mHz; alternate voltage signal 10 

mV.[390] 

This aspect is additionally investigated by EIS measurements performed at the OCV condition of the 

cell as well as after 1, 5, and 10 CV scans at the fully discharged state of the cell (i.e. 2.5 V vs. Li+/Li), 

as shown in Figure 4.4(b). The reported Nyquist plots are analyzed by NLLS method, and the results 

are reported in Table 4.3.[273,274] The graphs in Figure 4.4(b) display a semicircle in the medium-

high frequency region accounting for the Li+ ion exchange through the electrode/electrolyte 

interphase, and a low-frequency, almost vertical tilted line representing the cell geometrical 

capacity.[423] Therefore, the EIS can be represented by the Re(RiQi)Qg equivalent circuit where Re is 

the electrolyte resistance determined by the high-frequency intercept in the corresponding plot, the 

(RiQi) elements reflect the main semicircle with a total resistance due to the charge transfer at the 

electrode/electrolyte interface and the SEI layer at the electrodes surface, while Qg is a constant phase 

element related the cell capacitance.[273,274] 
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Table 4.3: Equivalent circuits, interphase resistances (R1, R2), and chi-square values accounting for the 

accuracy (χ2) of NLLS analysis related to the EIS data of the Li|LNCAM three-electrode cell collected at 25 

°C at the OCV condition, and after 1, 5, and 10 CV cycles in the 2.5 – 4.9 V vs. Li+/Li potential range.[390] 

Cell condition 
Equivalent 

circuit 
R1 (Ω) R2 (Ω) Ri = R1 + R2 (Ω) χ2 

OCV Re(R1Q1)Qg 32.3 ± 0.5 / 32.3 ± 0.5 6×10-4 

After 1 CV scan Re(R1Q1)(R2Q2)Qg 7.6 ± 0.1 1.8 ± 0.1 9.4 ± 0.1 2×10-5 

After 5 CV scans Re(R1Q1)Qg 5.2 ± 0.2 / 5.2 ± 0.2 3×10-4 

After 10 CV scans Re(R1Q1)Qg 16.2 ± 0.2 / 16.2 ± 0.2 1×10-4 

After one cycle, the splitting of the SEI and charge transfer related features is clearly evidenced, thus 

allowing the fit of the two separate contributions, as detailed in Table 4.3. The table also reveals a 

trend by which the initial total resistance at the OCV of 32 Ω decreases to about 5 Ω after 5 cycles 

and stabilizes at 16 Ω at the end of the test. This behavior well supports the abovementioned formation 

of a suitable SEI and the favorable structural rearrangement of the cathode that may boost the reaction 

kinetics in lithium cell and enhance the corresponding performance.[409] 

The LNCAM is evaluated in Figure 4.5 by galvanostatic cycling in lithium half-cell performed by 

increasing the charge voltage cut-off from 4.4 V (panels (a, b)) to 4.8 V (panels (c, d)) and to 4.9 V 

(panels (e, f)) at the constant current rate of C/20 (1C = 298 mA g-1) in order to verify the effects of 

the irreversible oxidation on cell response and stability. As expected by the CV previously discussed 

in Figure 4.3, the cycling test with the voltage range restricted between 2.5 V and 4.4 V (Figure 

4.5(a, b)) shows at the first cycle (inset of Figure 4.5(a)) only the single-step charge and discharge 

processes centered around 4.0 V ascribed to the Li+ (de-)intercalation process. On the other hand, the 

first cycle reveals a remarkably higher charge specific capacity (207 mAh g-1) compared to discharge 

(106 mAh g-1) due to the abovementioned cathode structural rearrangement and partial electrolyte 

decomposition which appear affecting the cell even with a charge cut-off limited to 4.4 V. The 

subsequent cycles in Figure 4.5(a) reveal a highly reversible charge/discharge process, which is 

confirmed by the cycling trend in Figure 4.5(b) with a stable discharge capacity of 106 mAh g-1 

retained for over 96% at the end of the test, and a coulombic efficiency raising from 50% at the first 

cycle over 98% at the steady state. Despite the stability, the specific capacity delivered by LNCAM 

in the 2.5 – 4.4 V voltage range barely exceeds 1/3 of the theoretical value (298 mAh g-1), which may 

possibly limit its practical application in fields in which high energy density is requested.[424,425]  
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Figure 4.5: Galvanostatic cycling performances of the Li|LNCAM cell at 25 °C at the constant current rate of 
C/20 (1C = 298 mA g-1) in terms of (a, c, e) voltage profiles (insets show first cycle) and (b, d, f) discharge 

capacity trend reporting coulombic efficiency on right y-axes. Voltage ranges: (a, b) 2.5 – 4.4 V, (c, d) 2.5 – 

4.8 V, and (e, f) 2.5 – 4.9 V, with an additional constant voltage step at either 4.4 V, 4.8 V, or 4.9 V, respectively, 

held until a current value of ¼ of the nominal C-rate is reached (CCCV mode).[390] 

The cycling tests performed by using the wider voltage ranges of 2.5 – 4.8 V (Figure 4.5(c, d)) and 

2.5 – 4.9 V (Figure 4.5(e, f)) show during the first cycle (insets in panels (c) and (e), respectively) 

irreversible oxidation processes leading to charge capacity values of 397 mAh g-1 at 4.8 V and 370 

mAh g-1 at 4.9 V, reflected into respective discharge capacities of 146 mAh g-1 and 148 mAh g-1; this 

behavior confirms the irreversibility evidenced in CV profiles (see Figure 4.4(a)). The slightly higher 

capacity observed at the first cycle charging process in the 2.5 – 4.8 V voltage range in comparison 

with the 2.5 – 4.9 V voltage range is related to the irreversible oxidation process ascribed to electrolyte 

with partial oxygen loss from cathode.[418] This process may be also influenced by the amount of the 
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active material in the electrode, particularly affecting the electrolyte oxidation, which may slightly 

differ in the various samples taken into account. In spite of the excessive oxidation capacity observed 

during the first cycle, the cells of Figure 4.5(c, e) surprisingly exhibit the typical sloped profiles 

centered at 3.9 V, a discharge capacity approaching 150 mAh g-1, and a well improved reversibility 

during the subsequent cycles. On the other hand, the increase of the charge cut-off from 4.8 to 4.9 V 

clearly affects the capacity decay of the cell, as evidenced by the cycling trends reported in Figure 

4.5(d, f), respectively. This behavior may be related to charging compensation of the irreversible 

oxygen loss and possible Ni reduction process at the first cycle accompanied by hysteresis.[133] 

Indeed, the cell cycled between 2.5 V and 4.8 V shows a capacity retention of 83% and a coulombic 

efficiency that increases from 37% at the first cycle to about 98% at the end of the test, while the cell 

tested between 2.5 V and 4.9 V reveals a retention of 77% and initial coulombic efficiency of 40% 

raising to 98% at the end of the test. Considering the comparable delivered capacity and the better 

retention achieved by adopting the 2.5 – 4.8 V voltage range compared to 2.5 – 4.9 V, the former is 

considered a suitable compromise to achieve satisfactory energy and stability which are key factors 

for the successful application of the layered oxide cathode in lithium-ion batteries.[397] In addition, 

the relevant side oxidation of the first cycle (efficiency ~ 40%), which usually represents a severe 

issue for battery application, may be exploited to compensate the typical irreversibility affecting the 

Li-alloy materials as will be demonstrated hereafter. It is worth mentioning that the LNCAM delivers 

a capacity ranging from 110 to 150 mAh g-1, depending on the voltage cut-off, which is actually lower 

than the one delivered by commercial NMC (typically of about 190 mAh g-1). The lower capacity 

value is ascribed to the inert Al used for stabilizing the P3-type structure,[140] and the Jahn-Teller 

distortion attributed to the high amount of Mn instead of Co in the electrode formulation.[426] Despite 

the lower capacity, the substitution of the toxic and expensive Co with Al and Mn leads to a notable 

reduction of the economic and environmental impact of the electrode. 

Prior to further testing in cell, the effects on the layered structure of the severe irreversibility affecting 

LNCAM at high voltage are investigated by performing ex-situ XRD on electrodes retrieved from 

lithium cells after 1 and 2 cycles at C/20 between 2.5 and 4.9 V. Figure 4.6 displays the comparison 

between the XRD of the pristine and cycled LNCAM electrodes in the 10° – 60° range (panel (a)) 

and provides additional focus of the (003) plane in the 17° – 20° 2θ region (panel (b)) and the (104) 

reflection between 43° and 46° (panel (c)). 
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Figure 4.6: (a) XRD patterns of the LNCAM electrode at the pristine state and after 1 and 2 charge/discharge 
cycles in lithium cell at the constant current rate of C/20 (1C = 298 mA g-1) between 2.5 and 4.9 V, with an 

additional constant voltage step at 4.9 V held until a current value of ¼ of the nominal C-rate is reached 

(CCCV mode). (b, c) Magnification of the (b) 17° – 20° and (c) 43° – 46° 2θ regions.[390] 

Figure 4.6(a) confirms the retention of the layered structures in the cycled electrodes (𝑅3̅𝑚 space 

group, table N. 166)[140] which show the same diffraction peaks, along with a broad and weak signal 

extending from about 15° to 30 ° ascribed to the conducting carbon fraction in the electrode 

composition. This experimental result justifies the evolution of the characteristic (de-)intercalation 

profile of the layered cathode, even upon the first cycle irreversibility, as well as the relevant cell 

stability. Interestingly, the magnification of the 17° – 20° 2θ region in Figure 4.6(b) reveals the shift 

of the (003) plane from 18.68° at the pristine condition to 18.54° after 1 charge/discharge cycle and 

then to 18.74° after 2 cycles in lithium cell. A similar trend can be observed for the (104) reflection 

in the magnified 43° – 46° 2θ region in Figure 4.6(c), which moves from 44.58° at the pristine state 

to 44.50° and to 44.70° upon 1 and 2 cycles, respectively. The shift of the (003) and (104) reflections 

well supports the abovementioned structural variation for the LNCAM material upon cycling in 

lithium cell with possible partial oxygen loss and aluminum insertion defective sites.[140,425,427] 

However, a contribution to the cell irreversible capacity of the side reaction with the electrolyte, 

leading to the SEI layer formation at the electrode/electrolyte interphase, cannot be neglected.[405] 

The cycling performance of the LNCAM at higher current rates is also evaluated by additional 

galvanostatic charge/discharge measurements within the optimal 2.5 – 4.8 V voltage range, and the 

results are shown in Figure 4.7.  



4—165 

 

Figure 4.7: Galvanostatic cycling performance of the Li|LNCAM cell at 25 °C. Rate capability test in terms 

of (a) voltage profiles and (b) corresponding cycling trend by using C/10, C/8, C/5, C/3 and 1C current rates 
(1C = 298 mA g-1). Electrochemical performance at the constant current rate of (c, d) C/10 and (e, f) C/5 in 

terms of (c, e) voltage profiles (insets show first cycle) and (d, f) discharge capacity trend reporting coulombic 

efficiency on right y-axes performed in the 2.5 – 4.8 V voltage range with an additional constant voltage step 

at 4.8 V held until a current value of ¼ of the nominal C-rate was reached (CCCV mode). Adapted from [390]. 

The figure displays the rate capability test performed on the Li|LNCAM cells by increasing the 

current rate from C/10 to 1C (1C = 298 mA g-1) in terms of selected voltage profiles (Figure 4.7(a)) 

and capacity trend (Figure 4.7(b)). The cell shows the single-step charge/discharge reversible process 

already observed in Figure 4.5, with increasing polarization from C/10 to 1C as expected by the 

ohmic drop promoted by the current increase. The corresponding cycling trend reveals an initial 

discharge capacity of 134 mAh g-1 at C/10, which stabilizes at 117 mAh g-1 after 5 cycles, and values 

of 109, 96, 80, and 46 mAh g-1 at C/8, C/5, C/3 and 1C, respectively. Lowering back the C-rate to 
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C/10 after 25 cycles leads to a capacity of about 110 mAh g-1, that is 82% of the initial value, which 

suggests a moderate stability of the LNCAM upon the stress triggered by the progressive raise of the 

current.[410] Prolonged galvanostatic cycling tests are reported in panels (c-f) to determine the cycle 

life of the LNCAM material at constant C-rates of C/10 (Figure 4.7(c, d)) and C/5 (Figure 4.7(e, f)). 

Both cells show the expected irreversible double-plateau during charge at first cycle (insets of panels 

(c) and (e)), and exclusively the reversible Li+ (de-)intercalation in the subsequent cycles with more 

remarkable slope compared to the tests at C/20 (see Figure 4.5), due to the higher currents.[428] 

Maximum discharge capacities of 137 mAh g-1 and 129 mAh g-1 are respectively achieved at C/10 

(Figure 4.7(d)) and C/5 (Figure 4.7(f)), retained over 73% and 66% after 100 cycles. As expected, 

low coulombic efficiency of about 50% is achieved both at C/10 and C/5 during the first cycle, which 

subsequently increases and reaches values of 98% and 99%, respectively, at the end of the test. The 

promising performance exhibited by the LNCAM cathode, also compared with other materials 

employing similar transition metals,[137,381,386,412] may be possibly improved upon optimization of the 

synthetic process in order to enhance the stability of the layered structure, mitigate the irreversible 

oxidation process, and limit the capacity decay. 

4.2.2 Investigation of Proof-of-Concept SiOx-C|LNCAM Full-Cells with Different N/P 

Ratios 

As previously mentioned, the initial relevant irreversibility of the cathode can be potentially exploited 

to compensate similar side processes occurring during the first discharge of Li-alloying anodes such 

as silicon or tin, which are typically promoted by excessive volume changes, electrolyte reduction, 

and partial lithiation of the electrode matrix.[80] Indeed, pre-activation processes including direct 

contact with lithium metal (chemical strategy)[304] and/or preliminary cycling in lithium half-cell 

(electrochemical strategy)[429] are usually necessary prior to application in full Li-ion cell, in order to 

prevent parasitic reactions that would compromise the anode/cathode balancing. However, these 

efficient pre-activation procedures are still within a R&D stage mainly adopted for laboratory 

prototype cells.[121,314,430] In these regards, hereafter the mentioned additional processes are avoided, 

and a silicon oxide anode (coated by 70% wt. of carbon, SiOx-C)[396] is directly combined with the 

developed layered cathode in a full Li-ion cell by advantageously tuning the N/P ratio estimated from 

the respective irreversible capacity. The N/P ratios were calculated by taking into account mass 

loadings and specific capacities of the two electrodes at the first charge of a full-cell including the 

irreversible part, that is 300 mAh g-1 for first cathode de-lithiation and 810 mAh g-1 for first anode 

lithiation (see Section 4.1 for further details).  
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Figure 4.8: (a, b) Time evolution of the SiOx-C anodes and the LNCAM cathodes voltage concomitantly 

collected by using a Li reference and of the corresponding SiOx-C|LNCAM full-cells cycled at C/10 (1C = 298 

mA 𝑔𝑐𝑎𝑡
−1 ) with N/P ratio of either (a) 0.98 or (b) 0.84; (c-f) first cycle in terms of voltage vs. capacity (mAh, 

bottom x-axes) and gravimetric capacity (mAh g-1, top x-axes) related to (c, d) LNCAM cathodes and (e, f) 

SiOx-C anodes in the full-cells with N/P ratio of either (c, e) 0.98 or (d, f) 0.84. Voltage range 1.5 – 4.8 V with 

an additional constant voltage step at 4.8 V held until a current value of ¼ of the nominal C-rate was reached 

(CCCV mode). Room temperature (25 °C).[390] 

As reported in Figure 4.8, a higher cathode content does not lead to lithium deposition, which is 

instead expected at much lower potential. Rather, the excess of cathode causes the irreversible 
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electrolyte reduction at the anode side during the first cycle of the full-cell with formation of a stable 

SEI and holds the alloying material at sufficiently low potential to allow battery operation during the 

subsequent cycles. Figure 4.8 depicts the electrochemical behavior of two SiOx-C|LNCAM full-cells 

cycled at the constant current of C/10 as referred to the cathode (1C = 298 mA gcat
−1 ), using N/P ratio 

of either 0.98 or 0.84 calculated as indicated above. The cells’ responses are reported in terms of the 

voltage trend versus time of the full-cells (Figure 4.8(a) and Figure 4.8(b) for N/P of 0.98 and 0.84, 

respectively), as well as of the signals of the cathode (Figure 4.8(c, d)) and the anode (Figure 4.8(e, 

f)), which are concomitantly recorded by using an additional lithium electrode as reference. The 

measurement clearly exhibits, for the SiOx-C|LNCAM full-cells, voltage profiles reflecting the 

combination of the respective cathode and anode signatures, and suggests a reciprocal compensation 

of irreversible capacities during the first charge, thus leading to a subsequent discharge fully in line 

with the one related to the Li|LNCAM half-cell (compare voltage profiles of panels (c, d) with insets 

of Figure 4.7(c)). Furthermore, the cathode side shows initial discharge capacity and cut-off 

remarkably depending on the N/P ratio with values of ~ 100 mAh g-1 at ~ 3.7 V in the cell using N/P 

of 0.98 (Figure 4.8(c)), and ~ 115 mAh g-1 at ~ 3.5 V in the one using N/P of 0.84 (Figure 4.8(d)). 

The charge/discharge profiles of the full-cell with N/P ratio of 0.98 (Figure 4.8(a)) display more 

pronounced alteration. In fact, the working voltage of the electrodes is increased upon cycling more 

than the cell with N/P of 0.84 (Figure 4.8(b)). This difference suggests a better reciprocal 

compensation of the irreversible capacity ascribed to LNCAM and SiOx-C through N/P of 0.84 

compared to 0.98. In detail, the LNCAM cathode in the cell with N/P = 0.98 (panel (c)) delivers 

irreversible charge capacity of 338 mAh g-1 (1.12 mAh) at a final voltage cut-off of 4.971 V, while 

the cathode in the cell with N/P = 0.84 (panel (d)) displays irreversible charge capacity of 299 mAh 

g-1 (0.95 mAh) at 4.858 V cut-off. The respective SiOx-C discharge capacities and voltage cut-off in 

the full-cell are of 933 mAh g-1 (1.12 mAh) at 0.170 V (N/P = 0.98, panel (e)) and 960 mAh g-1 (0.95 

mAh) at 0.056 V (N/P = 0.84, panel (f)). Thus, as mentioned before, the results reveal that the use of 

a N/P ratio of 0.98 is insufficient to allow a full Li-alloying process of the anode during first charge 

of the corresponding Li-ion cell with consequent low utilization of SiOx-C as indicated by the 

relatively high final reduction voltage (i.e. 0.170 V). Instead, the lower anode content achieved by 

setting up a N/P of 0.84 increases the utilized fraction of the alloying material, as indeed evidenced 

by the final voltage cutoff of the SiOx-C (i.e. 0.056 V) achieved by full-cell charge. The first discharge 

of the full-cell further supports the improvement achieved by setting up a N/P of 0.84 which leads to 

capacity of 113 mAh g-1 at 3.534 V cutoff for LNCAM (panel (d)) and 364 mAh g-1 at 2.009 V for 

SiOx-C (panel (f)) with respect to 97 mAh g-1 at 3.681 V and 275 mAh g-1 at 2.163 V, respectively, 

for N/P of 0.98 (panels (c, e)). 
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Figure 4.9 reports the cycling behavior extended to 10 cycles of the above full SiOx-C| LNCAM cells 

in terms of gravimetric capacity calculated with respect to the active cathode mass, delivered at C/10 

with N/P ratio of either 0.98 (Figure 4.9(a, c)) or 0.84 (Figure 4.9(b, d)). The voltage profiles related 

to the cell with N/P = 0.98 (Figure 4.9(a)) show a higher irreversible charge capacity at the first cycle 

compared to the cell with N/P = 0.84 (Figure 4.9(b)), that is, 279 mAh g-1 and 258 mAh g-1, 

respectively, reflected in subsequent discharge capacity of 99 mAh g-1 and 115 mAh g-1 and 

corresponding coulombic efficiency of 35% and 44%. Moreover, the cell with N/P ratio of 0.98 shows 

a more relevant capacity loss with a value of 60 mAh g-1 upon 10 cycles and lower final coulombic 

efficiency of 76% compared to the cell with N/P ratio of 0.84 that delivers a capacity of 73 mAh g-1 

and coulombic efficiency of 87% at the end of the test. The voltage profiles displayed in Figure 4.9 

show a polarization resulting from the combination of the sloped behavior of anode and cathode, as 

already mentioned in Figure 4.8, thus suggesting an effective reciprocal compensation of the 

irreversible capacity at the first cycle despite a further effort is required to fully optimize the cell. 

These data confirm once more a better utilization of LNCAM and SiOx-C by setting up a N/P of 0.84 

in agreement with the behavior of the single electrodes discussed in Figure 4.8.  

 

Figure 4.9: (a, b) Voltage profiles and (c, d) capacity trends (right y-axes show coulombic efficiency) of the 
SiOx-C|LNCAM full-cells with N/P ratio of either (a, c) 0.98 or (b, d) 0.84 cycled at the constant current rate 

of C/10 (1C = 298 mA 𝑔𝑐𝑎𝑡
−1 ). Voltage range 1.5 – 4.8 V with an additional constant voltage step at 4.8 V held 

until a current value of ¼ of the nominal C-rate was reached (CCCV mode). Room temperature (25 °C).[390] 
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To further investigate the cycling behavior prolonged to 50 cycles of the SiOx-C|LNCAM system, a 

coin-type full-cell with N/P of 0.91 was tested, and the results are shown in Figure 4.10. The cell 

shows high irreversible charge capacity at the first cycle, that is 294 mAh g-1, and discharge capacity 

of 104 mAh g-1, with corresponding coulombic efficiency of 35%. Subsequently, the cell delivers a 

capacity of about 80 mAh g-1 during the initial cycling stages, which stabilizes at about 70 mAh g-1 

after 20 cycles retained until the end of the test, with a coulombic efficiency approaching 85%. 

Therefore, the excess of the cathode in the SiOx-C|LNCAM cell may represent a viable strategy to 

improve the cycling behavior. In fact, the cell with a N/P ratio of 0.91 delivers capacity and efficiency 

values close to the ones obtained for the cell with N/P with 0.84 (Figure 4.9(b, d)). These data suggest 

the need of further optimization of the electrode balancing to achieve a higher capacity.[413] Moreover, 

a capacity retention of about 70% after 50 charge/discharge cycles could represent a promising result 

in terms of stability of the cell, despite enhanced synthesis pathway for the LNCAM material and 

optimized cell may lead to performance of practical interest.[158,403,413] 

 

Figure 4.10: Capacity trend (right y-axes show coulombic efficiency) of the SiOx|LNCAM full-cell with N/P 

ratio of 0.91 cycled at the constant current rate of C/10 (1C = 298 mA g-1). Voltage range 1.5 – 4.8 V with an 

additional constant voltage step at 4.8 V held until a current value of ¼ of the nominal C-rate was reached 

(CCCV mode). Room temperature (25 °C).[390] 

On the other hand, the study is herein focused on a proof-of-concept Li-ion battery combining 

electrode materials without any pre-treatment or activation process to overcome one the main critical 

issues that avoids the large-scale diffusion of these appealing energy storage systems. Indeed, with 

the aim to further investigating the effects of the selected N/P ratio, a detailed study of the 
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electrode/electrolyte interphase has been performed on the SiOx-C|LNCAM cells by carrying out EIS 

at OCV and at full discharged states after few galvanostatic cycles, as reported in Figure 4.11.  

 

Figure 4.11: EIS measurements performed on SiOx-C|LNCAM full-cells. In detail: Nyquist plots related to the 
(a, b) SiOx-C anode and (c, d) LNCAM1000_12h cathode collected concomitantly by using a Li reference 

electrode in (e, f) full-cells with N/P ratio of either (a, c, e) 0.98 or (b, d, f) 0.84; EIS carried out at the OCV 

of the cells and after 1 and 10 (insets) galvanostatic cycles depicted in Figure 4.8; frequency range 500 kHz – 

100 mHz; alternate voltage signal: 30 mV.[390] 
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The use of an additional lithium electrode as reference in the cells allows the study of three different 

sides of each cell, that is, SiOx-C vs. Li (Figure 4.11(a, b)), LNCAM vs. Li (Figure 4.11(c, d)) and 

SiOx-C vs. LNCAM (Figure 4.11(e, f)) at OCV condition, as well as after 1 and 10 charge/discharge 

cycles. The NLLS analyses performed on the Nyquist plots, displayed in Table 4.4, reveal that all the 

considered systems can be generally represented by the Re(RiQi)Q circuit, where Re is the electrolyte 

resistance, Ri and Qi account for the electrode/electrolyte interphase, and Q is a constant phase 

element that may refer to the cell geometric capacitance or to the Warburg-type Li+ ions diffusion, 

depending on the system taken into account.[273,274] It is worth mentioning that Table 4.4 reports the 

overall resistance (Re + Ri) instead of the single values to avoid differences ascribed to the cell 

geometry in the various configurations, in particular those referring to the reference Li electrode. In 

fact, the latter cell setup involves a larger amount of electrolyte between electrodes and Li-reference 

and typically higher resistances compared to a Li-ion cell closely stacking the SiOx-C anode and the 

LNCAM cathode. Indeed, the full-cell with N/P ratio of 0.98 exhibits a resistance value referred to 

the SiOx-C/Li system (panel (a)) around 458 Ω at the OCV condition, that greatly increases to 8259 

Ω upon 10 cycles (inset of panel (a)). A similar trend is observed for the LNCAM/Li system of the 

same cell (panel (c)) with initial resistance of 399 Ω, that reaches after 10 cycles a value of 7246 Ω 

(inset of panel (c)). On the other hand, the full-cell assembled with N/P = 0.84 presents at the OCV 

condition a resistance of 268 Ω for the SiOx-C/Li system (panel (b)) and 345 Ω for LNCAM (panel 

(d)), that increases after 10 cycles to 5467 Ω (inset of panel (b)) and 8282 Ω (inset of panel (d)). 

Hence, the cell with N/P of 0.84 shows a much lower increase of the anodic side resistance compared 

to the cell with N/P of 0.98, and a slightly higher increase of the cathodic side value by cycling. This 

suggests a mitigated degradation of the SiOx-C anode interphase in the former cell compared to the 

latter, and a substantial similarity of the LNCAM cathode interphase. 

On the other hand, the SiOx-C/LNCAM cells with N/P = 0.98 (panel (e)) and N/P = 0.84 (panel (f)) 

display resistance values two order of magnitude lower compared to the corresponding anode/cathode 

vs. reference Li electrode systems, due to the abovementioned geometry differences. Despite the 

similarity, the full-cell with N/P ratio of 0.98 reveals slightly higher resistances compared to the one 

with N/P of 0.84, with values increasing from 8.3 Ω at the OCV to 13.7 Ω in the former and from 7.5 

Ω at the OCV to 12.2 Ω in the latter, which is in line with the combined trend of the corresponding 

electrodes referred to the additional lithium electrode. Hence, the study of the SiOx-C or LNCAM 

electrodes using the Li reference gives additional insights on the electrode/electrolyte interphases of 

cathode and anode which are not fully revealed by considering the combination of the two materials 

in a full Li-ion cell. 
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Table 4.4: NLLS analyses of the Nyquist plots reported in Figure 4.11 recorded by performing EIS on SiOx-

C|LNCAM full-cells using an additional lithium electrode as reference and N/P ratio of either 0.98 or 0.84. 
The measurements were performed on the three different sides SiOx-C vs. Li reference, LNCAM vs. Li reference 

and SiOx-C vs. LNCAM.[390] 

N/P ratio Considered system Cell condition Circuit Re + Ri (Ω) χ2 

0.98 

SiOx-C  

vs. Li reference  

OCV Re(RiQi)Q  458 ± 4 3×10-5 

1 cycle Re(RiQi)Q  1103 ± 22 3×10-4 

10 cycles Re(RiQi)Q  8259 ± 101 1×10-5 

LNCAM vs. Li 

reference 

OCV Re(RiQi)Q  399 ± 8 2×10-4 

1 cycle Re(RiQi)Q  1044 ± 14 1×10-4 

10 cycles Re(RiQi)Q  7246 ± 57 1×10-5 

LNCAM vs. SiOx-C  

OCV Re(RiQi)Q  8.3 ± 0.2 4×10-5 

1 cycle Re(RiQi)Q  8.5 ± 0.3 3×10-5 

10 cycles Re(RiQi)Q  13.7 ± 0.3 2×10-4 

0.84 

SiOx-C vs.  

Li reference 

OCV Re(RiQi)Q  268 ± 4 2×10-4 

1 cycle Re(RiQi)Q  594 ± 15 3×10-4 

10 cycles Re(RiQi)Q  5467 ± 150 1×10-4 

LNCAM vs. Li 

reference 

OCV Re(RiQi)Q  345 ± 5 1×10-4 

1 cycle Re(RiQi)Q  582 ± 14 4×10-4 

10 cycles Re(RiQi)Q  8282 ± 74 2×10-4 

LNCAM vs. SiOx-C 

OCV Re(RiQi)Q  7.5 ± 0.2 4×10-5 

1 cycle Re(RiQi)Q  6.7 ± 0.1 4×10-5 

10 cycles Re(RiQi)Q  12.2 ± 0.3 2×10-4 

In general, the NLLS analyses suggest that the rapid capacity decay observed in Figure 4.9(a) for the 

full-cell using N/P ratio of 0.98 is mainly related with the excessive increase of the SiOx-C interphase 

resistance, possibly due to the electrolyte degradation promoted by the voltage change during 

operation.[221] Instead, the full-cell with N/P ratio of 0.84 allows a limited increase of the SiOx-C 

interphase resistance, despite the limited increase of the value ascribed to the LNCAM cathode, which 

appears to have less effect on the cell decay. Interestingly, the two Li-ion cells have similar resistance 

values, whilst substantial differences between the anode and cathode detected by the Li reference 

suggest a kinetic control of the anode, and a better electrode/electrolyte interphase using N/P of 0.84 

reflected into a better cycling performance.[45] 
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4.3 Chemical Approach to Achieve Sodiated Alloying Anode for Direct Application 

in Na-ion Battery 

Na-alloying electrodes such as Sn-C have a relevant irreversible capacity during the first cycle, that 

limits their direct use in full Na-ion cell without the proper treatment.[151] An original chemical 

strategy is herein exploited, consisting of capillary contact between the electrode and sodium metal 

wet by the electrolyte, in order to obtain a chemical partial pre-sodiation. The cycling response and 

the structural features are reported in Figure 4.12. The galvanostatic tests have been performed at a 

current of 15 mA g-1 between 0.01 and 2.0 V on electrodes which had underwent contact with Na for 

various times and are aimed to assess the actual electrochemical and chemical sodiation degree vs. 

contact time.  

 

Figure 4.12: Electrochemical and structural characterization of Sn-C samples with different sodiation times. 
(a) Voltage profiles as a function of SoC%, corresponding to the degree of sodiation, with magnification of 

the low SoC% region in the inset. Tests performed by using a constant current of 15 mA g-1 in the 0.01 – 2.0 V 

voltage range. (b) Capacity values at corresponding sodiation time with related exponential trend (dotted 
line). (c) XRD patterns of sodiated Sn-C samples compared to corresponding reference diffractogram of Sn 

(ICSD #106072). Room temperature (25 °C).  
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Figure 4.12(a) shows the obtained voltage profiles as a function of percent state of charge (SoC%). 

The SoC% values have been calculated by normalizing, for each cell, the charge/discharge capacity 

to that obtained upon the first charge half-cycle. Magnification of the low SoC% region is reported 

in the inset. The discharge capacity of the cell using the pristine Sn-C (0 h of sodiation) shows an 

irreversibility exceeding by 250 % the reversible value (~150 mAh g−1). This relevant side capacity 

is mainly due to the concomitant electrolyte decomposition and electrode structural re-organization 

during first discharge, which is a characteristic of this type of electrodes.[151,431] As the time of Na 

(chemical) pre-contact increases, the first (electrochemical) discharge capacity shrinks from 170% of 

SoC% for 1 h of sodiation to less than 50 % of the SoC% for 14 h of sodiation, thus suggesting the 

gradual suppression of the irreversible capacity, and the concomitant increase of reversible Na storage 

into the Sn-C structure by progressive alloying. This behavior is also evidenced in Figure 4.12(b), 

which shows how the values of the first discharge capacity, obtained electrochemically, can be 

approximated by an exponential function of the chemical activation time (dotted line). On the other 

hand, the effectiveness of Na-Sn alloying is demonstrated by the XRD patterns of the sodiated Sn-C 

samples reported in Figure 4.12(c), that reveal the gradual disappearance of the metallic Sn 

reflections at 2θ of 30.5°, 31.9°,43.8°, and 44.8° (reference ICSD #106072), and the concomitant 

formation of weak signals attributed to a NaxSny alloy at 2θ between 31.5° and 35°.[151] This response 

well suggests the tunability of the chemical sodiation process adopted in this work for possible 

application of the alloying electrode in combination with a vast array of cathodes, that may require 

different sodiation degree, such as layered oxides,[391] olivines,[113] and Na-conversion materials.[432] 

The structural and morphological changes of the Sn-C electrodes upon 14 h of sodiation described 

above, are hereafter investigated by Raman spectroscopy and SEM/EDS. Prior to the analysis on 

electrodes, a Raman spectrum of micrometric Sn powder was collected as a reference for tin 

transitions, and the results are shown in Figure 4.13. 
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Figure 4.13: Raman spectrum of micrometric Sn powder recorded in the 70 – 800 cm-1 range. Indexed peaks 

report tin oxides transitions. 

The pattern reveals the presence of the two peaks ascribed to the transition of metal tin centered at 

143 and 211 cm-1, while is also reported the presence of two peaks ascribed to the transitions of tin 

oxides (SnO and SnO2), indexed with asterisk, probably due to partial oxidation of the powder after 

moisture exposure.[433] Raman spectra and SEM/EDS images of pristine and sodiated Sn-C samples 

are reported in Figure 4.14. The Raman spectra in panel (a) indicate the presence of two strong bands 

at 1350 and 1600 cm-1, due to D and G vibrations of the carbon matrix. Nevertheless, the pristine 

electrode (brown line) shows a weak peak around 200 cm-1 (indexed with asterisk) ascribed to the 

vibrational transition of Sn, while in the sodiated sample (green line) this peak almost vanishes. 

Furthermore, the magnified region between 150 and 800 cm-1 reveals for the sodiated sample two 

additional indexed peaks, possibly ascribed to residual NaClO4 salt and product of the solid 

electrolyte interphase (SEI) formed at the Sn-C surface after the direct reaction with Na metal.[433,434] 

On the other hand, the SEM images at different magnifications of the pristine Sn-C electrode (Figure 

4.14(b-d)) and of the sodiated one (Figure 4.14(i-k)) depict changes of the typical submicrometric 

agglomerated morphology, principally occurring at the material surface. These changes are in part 

evidenced by the rise of bright spots, highlighted by blue circles and arrows in Figure 4.14(f), likely 

accounting for the presence of sodium at the activated Sn-C surface.  
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Figure 4.14: Characterization of the pristine and sodiated (14 h) Sn-C electrodes. (a) Raman spectra recorded 
in the 150 – 2000 cm-1 range. Indexed peaks report transitions identifications. SEM images at different 

magnifications of (b-d) pristine and (i-k) sodiated electrodes. In details: (c, j) backscattered electrons images. 

SEM-EDS elemental maps of (e, l) C, (f, m) Sn, (h, o) Cu, (g) F, and (n) Na for (e-h) pristine and (l-o) sodiated 

electrodes. 

The EDS elemental maps collected on the SEM of the bare Sn-C in Figure 4.14(d) show the expected 

presence of C (Figure 4.14(e)) and Sn (Figure 4.14(f)) components of the active material, Cu (Figure 

4.14(h)) of the support, and F (Figure 4.14(g)) of the polymeric binder used to form the electrode 

tape. Instead, F is missing in the maps collected on the SEM of the sodiated electrode of Figure 
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4.14(k) while Cu is weakened (Figure 4.14(o)), likely due to the surface covering by SEI. 

Furthermore, Na is detected (Figure 4.14(n)) alongside with C (Figure 4.14(l)) and Sn (Figure 

4.14(m)), thus accounting for the Sn-C sodiation. 

Sn-C and NCAM are preliminarily cycled in half-cells at the constant current rate of 15 mA g-1, as 

reported in Figure 4.15, to verify their electrochemical response. 

 

Figure 4.15: Galvanostatic cycling performance at 25 °C of the (a, b) Na|Sn-C and (c, d) Na|NCAM half-cells 

at the constant current rate of 15 mA g-1 in terms of (a, c) selected voltage profiles and (b, d) discharge capacity 
trend reporting coulombic efficiency on right y-axes. Voltage ranges: 0.01 – 2.0 V and 1.4 – 4.6 V for Sn-C 

and NCAM, respectively. 

The voltage profiles show for Sn-C (panel (a)) the initial irreversibility mentioned above, and the 

typical sloping behavior and characteristic signatures ascribed with the Na-Sn alloying and Na 

insertion into the amorphous carbon, with a reversible capacity of about 180 mAh g-1.[151,435,436] 

Furthermore, the corresponding cycling trend in Figure 4.15(b) reveals a coulombic efficiency 

fluctuating between 72% and 88% after the first cycle, a low value likely due to a concomitant 

undesired electrolyte decomposition induced by metal Na, which leads to a capacity retention of about 

60% over 80 cycles. On the other hand, the NCAM electrode evidences the Na+ (de-)intercalation in 

the layered structure, between 2.2 and 4.2 V (panel (c)), with an initial charge capacity of about 90 

mAh g-1, that is the 55% of the subsequent discharge capacity (164 mAh g-1). The difference between 
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first charge and first discharge capacity is attributed to the Na-deficient character of the P3/P2-type 

layered oxide, which has the chemical formula Na0.48Al0.03Co0.18Ni0.18Mn0.47O2.
[391] The Na half-cell 

using NCAM reveals an efficiency exceeding 95%, except for occasional drop-down possibly due to 

some minor irreversibility, with a retention of about 64 % over 80 cycles (panel (d)). It is worth 

mentioning that the above Na deficiency in the cathode would not allow the use of a typical anode 

without any Na-reservoir in its structure, necessary for allowing the full discharge of the latter during 

the subsequent cycles, in a possible full-cell combining the two materials. 

Therefore, among the pre-sodiation conditions of the Sn-C shown in Figure 4.12(b), a treatment time 

of 2 h has been selected as the most suitable for achieving a sufficient Na-reservoir to allow the proper 

operation of a full-cell combining this anode with the NCAM cathode as reported in Figure 4.16.  

 

Figure 4.16: (a) Time evolution of the Sn-C anode and the NCAM cathode voltage concomitantly collected by 
using an additional Li reference electrode, and of the corresponding Sn-C|NCAM full-cell. (b) Voltage profiles 

and (c) capacity trend (right y-axes shows coulombic efficiency) of the Sn-C|NCAM full-cell cycled at the 

constant current rate of 15 mA 𝑔𝑐𝑎𝑡
−1  in the 1.0 – 4.5 V voltage range with an additional current voltage step at 

4.5 V held until a current value of ¼ of the nominal C-rate was reached. Room temperature (25 °C).  

The time evolution of the full-cell voltage during galvanostatic cycling at a current of 15 mA gcat
−1  in 

the 1.0 – 4.5 V range is reported in Figure 4.16(a) (black line), in addition to the voltage signatures 

of Sn-C (red line) and NCAM (blue line), collected separately using a Na reference electrode to help 

a better understanding of the concomitant contributions of anode and cathode. Remarkably, the first 
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charge profile of the full-cell depicts the combination of the partial de-sodiation of Na-deficient 

NCAM and of the corresponding sodiation of Sn-C. Subsequently, the cell reversibly operates with a 

voltage combining the charge/discharge curves of anode and cathode for over 10 cycles, with initial 

capacity as high as 150 mAh gcat
−1  and a final value of about 110 mAh gcat

−1 , as evidenced either by the 

corresponding cycling profile in Figure 4.16(b) and the cycling trend in Figure 4.16(c). However, 

the full-cell reveals a low coulombic efficiency, fluctuating from 51 to 85% likely due to the reactivity 

of the electrodes, particularly the anode where the presence of Na metal clusters induces a larger 

irreversibility with the electrolyte, as already observed in Figure 4.15. The obtained results indicate 

the correct cathode/anode setup in terms of the N/P ratio (i.e., 1.1), and the suitability of the chemical 

sodiation of the Sn-C electrode for achieving reversible operation of the full-cell. On the other hand, 

the data also suggest the need for a better tuning of the electrolyte to get a higher efficiency and 

increase the full-cell stability and cycle life.[192,437]  

To shed light on the modification upon cycling of interfacial properties and charge-transfer kinetics 

of the Sn-C|NCAM full-cell, EIS analysis is performed in Figure 4.17. The related Nyquist plots at 

the OCV and after 1, 8, and 10 galvanostatic cycles at the discharged state of the cell (voltage = 1V) 

are collected in Figure 4.17(a). All the spectra reveal a low-frequency line typical of diffusion and 

middle-to-high-frequency semicircle(s) typical of interfacial processes. The low-frequency region, 

simulated by WQW elements, has been subtracted from the overall response to achieve the plots of 

Figure 4.17(b), with the aim of better evidencing the middle-to-high frequency features related to 

interfacial kinetics and to meet the boundary conditions (ω → 0) required for the subsequent 

calculation of DRT function with Tikhonov regularization.[262,272–274] The figure reveals two 

semicircles at middle-to-high frequencies, so that the overall Nyquist plots can be modeled to an 

equivalent circuit Re(R1Q1)(R2Q2)WQW in Boukamp’s notation.[273,274] Although the individual anode 

and cathode contributions to the overall cell polarization cannot be properly discerned in the response 

of the full-cell in Figure 4(a, b), the two evidenced semicircles can be likely related with anode and 

cathode SEIs (RSEIQSEI) at higher frequencies, and to charge-transfer processes (RctQdl) at lower 

frequencies, along with the electrolyte resistance (Re) detected at the highest-frequency intercept with 

the real axis.  
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Figure 4.17: EIS analysis of the Sn-C|NCAM full-cell. (a) Nyquist plots collected at the OCV of the cell and 

after 1, 8, and 10 galvanostatic cycles and (b) after subtraction of the diffusive contribute. (c) Trend of Re, 
RSEI, and Rct as a function of the cycle number obtained from NLLS analysis of the impedance spectra. (d) DRT 

analyses in terms of γ-factor vs. frequency with associated peak indexing obtained from the Nyquist plot after 

1, 8, and 10 galvanostatic cycles. EIS collected in the 500 kHz – 100 mHz frequency range with an alternate 

voltage signal of 30 mV. Room temperature (25 °C). 

The middle-to-high frequency dispersions in Figure 4.17(b) have been fitted according with the 

equivalent circuit Re(RSEIQSEI)(RctQdl), and the results displayed in Table 4.5 and Figure 4.17(c), 

which clearly show, after cell formation, a progressive increase of all resistances upon cycling. The 

increase of Re value from the 1st to the 8th cycle indicates a progressive consumption of the electrolyte 

by side reactions, which causes a thickening of the interphases and leads to concomitant increase of 

RSEI and Rct. At the 10th cycle, both Re and RSEI abruptly rise up, thus indicating a worsening of the 

interfaces and, consequently, of the charge-transfer kinetics. Overall, from the 1st to the 10th cycle, 

RSEI and Rct respectively increase of about 129 % and 210 %, further suggesting the need for a better 

selection of the electrolyte solution to avoid cell failure. 
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Table 4.5: NLLS analysis of the Nyquist plots reported in Figure 4.17(b) recorded by performing EIS on Sn-

C|NCAM full-cell using an additional Na electrode as reference, after subtraction of the diffusive contribution. 

Cell condition Equivalent circuit Re (Ω) RSEI (Ω) Rct (Ω)  χ2 

OCV Re(RSEIQSEI)(RctQdl) 23.2 ± 0.3 88 ± 3 78 ± 2 4 x 10-4 

After 1 cycle Re(RSEIQSEI)(RctQdl) 19.4 ± 0.1 70 ± 4 34 ± 4 4 x 10-5 

After 8 cycles Re(RSEIQSEI)(RctQdl) 22.1 ± 0.2 112 ± 4 88 ± 5 9 x 10-5 

After 10 cycles Re(RSEIQSEI)(RctQdl) 28.6 ± 0.4 160 ± 8 106 ± 15 6 x 10-4 

The calculated DRT functions (Figure 4.17(d)), with an optimized λ-value of 0.1, deconvolutes the 

different semicircles into peaks according to their relaxation frequencies.[272] Beside the minor peak 

labelled as P1 in the high-frequency region (f > 104 Hz) related with particle-particle and particle-

current collector contact resistance, two main peaks can be clearly discerned at the 1st cycle: the peak 

labelled as P2 (f ≈ 103 Hz) related with RSEI, and the peak labelled as P3 (f ≈ 102 Hz) related with Rct. 

Both contributions increase progressively in intensity upon cycling, proportionally to the diameters 

of the associated semicircles, and P3 shifts to lower frequencies more markedly. For sake of clarity, 

the scattered Nyquist dispersion at the 10th cycle makes the gaussian distribution of P3 quite noisy; 

nevertheless, a clear shift from the previous cycles can be identified, thus suggesting worsening 

kinetics that progressively hinder the electrochemical processes. Although these results cannot fully 

discern the degradation mechanism in the cell, we may reasonably assume that parasitic reactions 

ascribed to the electrolyte can actually worsen the electrode/electrolyte interphases. 

To further investigate the interfacial properties, the cathode and anode EIS contributions, separately 

collected from the Sn-C|NCAM full-cell using the additional Na reference, are reported in Figure 

4.18(a, b), respectively, and the results of the related NLLS analysis from the obtained Nyquist plots 

are summarized in Table 4.6. The EIS can be represented by the Re(RintQint)Qg equivalent circuit, 

where Re is the electrolyte resistance, the (RintQint) elements reflect the main semicircle with a total 

resistance corresponding to the charge transfer and to the SEI at the electrode/electrolyte interphase, 

while Qg is a constant phase element related with the cell capacitance.[273,274] 
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Figure 4.18: EIS measurements performed on Sn-C|NCAM full-cell. Nyquist plots related to the (a) NCAM 

cathode and (b) Sn-C anode collected concomitantly by using an additional Li reference electrode. EIS carried 
out at the OCV of the cell and after 1, 8, and 10 galvanostatic cycles showed in Figure 4.16; frequency range 

500 kHz – 100 mHz; alternate voltage signal: 30 mV. Room temperature (25 °C). 

After 1 cycle, the anode response (panel (b)) evidences a split of SEI and charge transfer features 

which allows the fit with two different contributions (see equivalent circuits in Table 4.6), hence Rint 

= R1 + R2 is considered. Table 4.6 reveals for NCAM the decrease of the total interphase resistance 

after 1 cycle, and the subsequent increase to about 412 % of the initial value. Analogously, the table 

shows an increase of the anode total resistance from the OCV to the 10th cycle of about 948 % of the 

initial value. This behavior is consistent with the results obtained with the analysis of the full-cell 

polarization in Figure 4.17, suggesting parasitic reactions ascribed to the electrolyte that worsen the 

electrode/electrolyte interphase, especially at the anode side. 
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Table 4.6: NLLS analyses of the Nyquist plots reported in Figure 4.18 recorded by performing EIS on Sn-

C|NCAM full-cell using an additional sodium electrode as reference, on the two different sides Sn-C vs. Na 

reference and NCAM vs. Na reference. 

Considered system Cell condition Equivalent Circuit Rint (Ω) χ2 

NCAM vs. Na 

reference 

OCV Re(RintQint)Qg  990 ± 27 5×10-4 

After 1 cycle Re(RintQint)Qg  652 ± 7 1×10-4 

After 8 cycles Re(RintQint)Qg  3433 ± 18 6×10-5 

After 10 cycles Re(RintQint)Qg  4086 ± 82 6×10-4 

Sn-C vs. Na 

reference 

OCV Re(RintQint)Qg 709 ± 9 4×10-4 

After 1 cycle Re(R1Q1)(R2Q2)Qg 1246 ± 21 2×10-4 

After 8 cycles Re(R1Q1)(R2Q2)Qg 5135 ± 77 1×10-4 

After 10 cycles Re(R1Q1)(R2Q2)Qg 6726 ± 128 7×10-4 

To partially exclude the electrode structural deterioration or malfunctioning upon full-cell operation, 

ex-situ SEM images of pristine and cycled electrodes retrieved from a Sn-C|NCAM full-cell are 

reported in Figure 4.19. Particularly, the figure shows the pristine NCAM (panels (a, b)) and Sn-C 

(panels (e, f)) electrodes, as well as NCAM (panels (c, d)) and Sn-C (panels (g, h)) electrodes taken 

from a cell cycled at 15 mA gcat
-1. The NCAM before cycling shows a micrometric morphology which 

reveals the submicron layers of the material when the magnification is increased (panel (b)).[391] 

Furthermore, the cycled NCAM electrode evidences similar morphology at the lower magnification 

(panel (c)), however with a surface covered by electrolyte decomposition products forming the SEI, 

whilst the higher magnification image (panel (d)) still reveals the layers stacking of the material which 

remains almost unaltered. On the other side, the pristine Sn-C shows the micrometric particles of the 

glassy carbon formed by resorcinol-formaldehyde annealing (panel (e)), and some nanometric Sn 

particles embedded in its surface at higher magnification (panel (f)).[406] Despite the morphological 

similarity, the SEM of Sn-C after cycling highlights a rougher and more porous surface compared to 

the pristine state, with some bright spots typically triggered by a lower material conductivity (panel 

(g)), and clear signs of side product precipitation in the SEI (panel (h)).  
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Figure 4.19: SEM images of pristine (a, b) NCAM and (e, f) Sn-C electrodes and of (c, d) NCAM and (g, h) 

Sn-C electrodes recovered upon the cycling test at 15 mA 𝑔𝑐𝑎𝑡
−1  on a Sn-C|NCAM full-cell in the 1.0 – 4.5 V 

voltage range with an additional constant voltage step at 4.5 V (CCCV mode) until a final current of ¼ referred 

to the nominal C-rate. Room temperature (25 °C). 

These features well suggest the electrode structural stability and indicate once more the relevant 

presence of by-products likely precipitated at the electrode surface by electrolyte decomposition. This 

process appears more evident at the anode side rather than the cathode, as already indicated by the 

low efficiency of Sn-C in Na half-cell using the same electrolyte (Figure 4.15(b)) compared to 

NCAM (Figure 4.15(d)) and confirmed by EIS analysis. 
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4.4 Conclusions 

In this chapter the full-cell balancing by using layered oxide cathodes and alloying anodes has been 

investigated in both Li-ion and Na-ion systems. In Section 4.1 the experimental methods adopted in 

this chapter have been reported. 

In Section 4.2 the synthesis and characterization of a LiNi0.2Co0.2Al0.1Mn0.45O2 (LNCAM) layered 

oxide cathode, as well as its application in a Li-ion cell employing a SiOx-C alloying anode without 

any pre-activation process have been reported. Structural and morphological analysis on the cathode 

powder evidenced the formation of the P3-type layered structure with trigonal cell unit (𝑅3̅𝑚 space 

group), supported by Raman spectroscopy, and stacked submicrometric flakes forming layered 

micrometric particles, with homogeneous distribution of the elements, and stoichiometry close to the 

expected one, confirmed by ICP-MS. The investigation of electrochemical process by coupling CV 

and EIS revealed an irreversible oxidation process at the first cycle (4.6 V vs. Li+/Li) due to structural 

rearrangements with partial oxygen loss and SEI formation, while the subsequent cycles displayed a 

single-step reversible Li+ (de-)intercalation process between 3.7 and 3.9 V vs. Li+/Li with low 

polarization. The EIS measurements suggested the formation of a suitable passivation layer on the 

electrodes with a decrease of interphase resistance from 32 Ω at OCV to 16 Ω at the end of the test. 

Galvanostatic cycling in Li half-cells of LNCAM at constant current of C/20 indicated the 2.5 – 4.8 

V voltage range as the most adequate operative condition to achieve fair compromise between 

delivered capacity (150 mAh g-1), retention (83%), and coulombic efficiency (98% upon initial 

cycles). Ex-situ XRD upon charge/discharge revealed the shift of the (003) and (104) main reflections 

related to the cathode structure due to occurring of the structural modification suggested by CV. 

Additional charge/discharge in half-cells at constant currents of C/10 and C/5 in the optimized voltage 

window displayed a capacity of 137 mAh g-1 retained at the 73% at C/10 and respective values of 

129 mAh g-1 and 66% at C/5.  

The LNCAM cathode has been then coupled with the SiOx-C alloying anode in proof-of-concept Li-

ion cells without any pre-activation process. The cells exploited N/P ratios of either 0.98 or 0.84, 

tuned by considering the characteristic initial irreversibility affecting both materials. Galvanostatic 

cycling tests on the full-cells at the constant current of C/10 have shown excessive degradation during 

the first charge for the cell with N/P = 0.98, leading to relevant increase of the voltage of both the 

electrodes and fast capacity decay. However, the cell with N/P = 0.84 demonstrated a better cycling 

stability with a maximum delivered capacity of 115 mAh g-1, retention of 63%, and final coulombic 

efficiency of 87%. The use of additional Li electrode as reference in the full-cells allowed the EIS 

investigation of cathode and anode interphases, as well as the monitoring of the full-cell behavior. 

The study indicated a strong influence of the Li-ion cell balancing on the electrode/electrolyte 
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interphase characteristics and suggested substantial differences between the anode and cathode 

resistance trends. In particular, the EIS revealed the controlling role of the anode, and a better 

electrode/electrolyte interphase and cycling performance for the cell using a cathode excess adopting 

a N/P of 0.84 compared to the one with N/P of 0.98. In summary, the tests demonstrated that the 

direct combination of the LNCAM layered cathode and the SiOx-C alloying anode without additional 

pre-treatments may be a viable strategy to achieve efficient Li-ion systems, despite a further 

investigation may be required to determine the optimal N/P ratio. 

In Section 4.3 the pre-treatment process of a Sn-C anode for achieving its efficient operation as the 

alloying electrode in Na-ion battery, in combination with a NCAM layered cathode, has been 

reported. The treatment consisted of direct Sn-C sodiation by capillary contact of the electrode with 

Na metal, controlling time and pressure to properly tune the alkali metal content in the electrode. 

XRD, Raman spectroscopy, SEM/EDS analysis, and electrochemical tests have shown the 

achievement of different sodiation degrees in the anode, which can allow its combination with various 

cathodes, including layered oxides, olivines, and conversion materials, in full-cell configuration. 

Hence, a Sn-C|NCAM cell was assembled with N/P ratio of 1.1 and subjected to charge/discharge 

tests showing reversible voltage profiles for over 10 cycles. The cell revealed an initial capacity as 

high as 150 mAh gcat
−1  and a value of about 110 mAh gcat

−1  after 10 cycles, with a coulombic efficiency 

fluctuating from 51 to 85%. The relatively low efficiency has been ascribed to side reactions of the 

electrodes with the electrolyte, in particular at the anode side, which suggested the need for a better 

tuning of the solution to achieve higher efficiency and stability. On the other hand, EIS from the 1st 

to the 10th cycle of the full-cell evidenced an increase of about 129 % of the SEI resistance, and of 

210 % of the charge-transfer one, thus further indicating the electrolyte reactivity. The calculated 

DRT functions indicated that both SEI and charge transfer contributions, revealed as peaks at 103 Hz 

and at 102 Hz, respectively, increased progressively in intensity and concomitantly shifted to lower 

frequencies. This behavior suggested a worsening of the reaction kinetics by cycling, which slows 

down the electrochemical processes in the cell. On the other hand, ex-situ SEM analysis of Sn-C and 

NCAM have shown the structural integrity of the electrodes upon cycling, which has instead 

promoted the electrolyte decomposition and precipitation of side product at the surface, principally 

at the anode. These preliminary outcomes suggest that the direct anode sodiation herein adopted is a 

suitable approach to achieve electrodes for full-cell application, and indicate the need of further 

efforts on the tuning of electrode/electrolyte interactions to achieve an efficient and sustainable Na-

ion battery. 
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5. General Conclusions 

The herein presented thesis proposed the study of different cathode chemistries for application in 

innovative Li-ion and Na-ion batteries, coupled with the investigation of the effect of electrode 

processing on the upscaling of cell manufacturing. 

The first chapter is focused on the study of a safe, cheap, and stable olivine cathode for application 

in both Li-ion and Na-ion systems. The achieved LFMP material presented suitable performance in 

Li metal cell, suggesting the possible achievement of safe, low cost, high-energy-density and efficient 

batteries including stable olivine cathodes, solid polymer electrolyte, and the high-energy lithium 

metal. Furthermore, the electrochemical converted NFMP cathode obtained from the lithium 

analogue reveals promising performance for application in stationary storage systems. Indeed, the 

obtained results can shed light on the possibility of achieving low-cost and environmentally friendly 

cathode with similar structural stability, ion transport, and interfacial properties compared to lithium 

ones. Moreover, an increased distortion of NFMP olivine structure has been evidenced and confirmed 

by ex-situ and operando XAS measurements, with hindered Mn local environment reactivity, despite 

further analyses are required to better understand the (de-)insertion mechanism and structural 

dynamics of the cathode. 

The second chapter is focused on manufacturing-performance correlation on LMFP73 commercial 

cathode in upscaled Li-ion batteries. The formulation has been optimized by adding the 0.5% solution 

of SWCNT to the electrode slurry, while other parameters like mixing strategy, solid content of the 

slurry, coating speed, calendering, and mechanical properties of the electrodes have been taken into 

account and adjusted to obtain enhanced performance of the material in coin-type full-cells with 

graphite anode, and to produce electrodes which met upscaled requirements. Indeed, a 0.1 Ah SLP 

cell revealed remarkable capacity and retention, confirming the critical role of the manufacturing-

performance relationship on cell behavior and cycling stability, particularly when scaling up from 

lab-scale to industrial cell formats. 

The third chapter is focused on proof-of-concept innovative full-cell balancing by using layered oxide 

cathodes and alloying-based anodes in both Li-ion and Na-ion systems. A layered LNCAM cathode 

has been synthetized and characterized showing large first cycle irreversible capacity. In this regard, 

the coupling of the material with a silicon-based anode, also presenting large initial irreversibility, 

lead to the possibility to achieve full Li-ion batteries with no need of pre-activation of the electrodes, 

despite further studies are required to determine the optimal negative-to-positive ratio and anode-

cathode balancing. Furthermore, a scalable chemical approach to achieve several sodiation degrees 
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of alloying Sn-C anode has been investigated with the aim of its combination with Na-deficient 

layered cathode in proof-of-concept Na-ion full-cells. Further ad hoc studies, especially regarding 

electrode/electrolyte interphase and optimized electrolyte solution are required. 

Overall, the results obtained on different cathode chemistries for application in both LIBs and SIBs, 

especially regarding mixed-olivine cathodes, shed light to their possible employment in a wide range 

of devices, in particular stationary energy storage. Indeed, the synthesis and cathodes development 

led to the achievement of sustainable, cheap, safe, and stable materials with good electrochemical 

features and performance. Particularly, considering the advantages of the Na-ion batteries compared 

to Li-ion ones in terms of costs and availability of raw materials, the use of cheap, low cost and 

sustainable olivine cathodes in both devices could increase the benefits of SIBs technology, also 

related to the possible use renewed of olivine materials deriving from the recycling of LIBs. 

Furthermore, while further optimization is needed, the in-depth study of electrodes manufacturing-

performance correlation and the preliminary results achieved for innovative full-cell balancing are 

promising to link the lab-scale research to the industrial level requirements. This aspect is mandatory 

for closing the gap between research and market, as regards the possible improvements of new 

materials and devices with enhanced properties. 
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