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“No! I tried to settle bets with my own soul 

Bless my lips for the first time before you don't 

Gripping to the last touch of your hand I grow to loathe 

Hope that you remember just how far I'll go 

I'll spend the rest of my life wishing I'm enough” 
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Abstract 

In this thesis work, two types of electrochemical energy systems (EESs) have been studied, i.e.: 

electrochemical energy storage by Li-/Na-ion batteries, and electrochemical energy conversion by 

Solid Oxide Fuel Cells. Energy production worldwide is moving toward renewable energy sources 

to decrease the greenhouse gases emissions. In this context, electrochemical energy systems will be 

in the very next future the key enablers for the production and storage of green energy. Furthermore, 

Li-ion batteries will play the main role for the transport electrification. To achieve this goal, several 

aspects of EESs needs to be studied and optimized, considering both performances and 

sustainability. Speaking of Li-ion batteries, graphite is the state-of-the-art anode material. However, 

it must be partially or totally replaced because of its low specific capacity (372 mAh g-1) as well as its 

introduction into the critical raw materials list of the European Union. SnO2 is a potential candidate 

because of its high theoretical capacity (1484 mAh g-1), environmentally friendliness, and at the 

moment is not considered a critical raw material by the European Union. However, it suffers of 

cycling instability due to the structural rearrangements upon cycling, and large voltage hysteresis. 

In this regard, three different nanocomposite anodes based on SnO2 have been synthesized and 

characterized in terms of both performance and interfacial and transport properties. The effect of an 

active/inactive matrix, as well as the morphology of SnO2 has been deeply studied. As a result, the 

studied SnO2-based anodes can offer promising and tailored performances in terms of energy 

density, energy efficiency, and rate capability according to the end user application. Speaking of Na-

ion batteries, a Fe3O4-based anode was studied as a sustainable high-power anode material. In this 

regard, the material was structurally, morphologically, and electrochemically characterized. A deep 

electrochemical characterization in terms of interfacial and transport properties has been carried out 

by means of cyclic voltammetry at different scan rates, potentiostatic electrochemical impedance 

spectroscopy, and ex-situ Raman spectroscopy. The last section is focused on electrochemical energy 

conversion by Solid Oxide Fuel Cells. In this regard, a new technique, based on electrochemical 

impedance spectroscopy and the study of the distribution of relaxation times, has been proposed for 

assessing the state-of-health of the SOFC under real operating conditions. Firstly, an extended 

experimental campaign has been pursued to build a meaningful equivalent circuit model. 

Subsequently, an a priori known stress agent was applied to validate the obtained electrochemical 

model. 
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1. Introduction 

Nowadays, the climate change is posing a real threat to mankind, environment and all the living 

things. Indeed, several drastic phenomena are already occurring such as the increase of 

+0.5°C/decade of the average sea surface temperature in Europe (shown in Figure 1-1) (1; 2; 3; 4), 

land degradation and desert expansion (5), melting of permafrost and sea ice loss (6), and extreme 

weather conditions (7). This shift is mainly due to global warming induced by two factors i.e., 

greenhouse gases (GHGs) emissions, especially CO2 (around 90%) and methane (8), and large-

scale weather changes. 

 

Figure 1-1. Average sea surface temperature anomaly in different European seas (1870 to 2018), taken from the 

European Environment Agency (EEA) website 

As shown in Figure 1-2, ≈ 70 % of GHGs are introduced in the atmosphere by burning fossil fuels 

(coal, oil, and natural gas) and its derivatives (diesel, gasoline, and low molecular weight organic 

compounds) for production of electrical energy and transport, respectively. Smaller percentages 

of emissions are given by agriculture, manufacturing, and domestic heating systems. 

Furthermore, as forecasted by the peak oil proposed by the geologist and geophysicist Marion 

King Hubbert, fossil fuels are a finite source and due to expire in the next decades. Indeed, right 

now the peak is expected to be centered between 2019 and 2040, depending on global economy 
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and how states and institutions will respond to global warming (9). For these reasons, energy 

production worldwide is moving toward renewable energy sources such as solar, wind, hydro, 

tidal, and geothermal energy. However, due to the fitful nature of these energy sources, energy 

storage systems (ESS) are required to have a continuous supply of it. ESSs can be classified 

according to their storage mechanism or their application considering their rated energy density 

and power (10; 11): 

• Mechanical Energy Storage Systems: 

• Pumped hydroelectric (potential energy storage). 

• Compressed air (potential energy storage). 

• Flywheel (kinetic energy storage). 

• Electrochemical Energy Storage Systems:  

• Secondary batteries. 

• Ultracapacitors. 

• Redox-flow batteries. 

• Hydrogen & Fuel cells (hydrogen as energy vector to fuel cells). 

• Superconducting magnetic energy storage. 

 

Figure 1-2. Total contribution of global greenhouse gases emission divided by sector. Image taken from Our World 

Data website. 

A Ragone plot comprising all the mentioned ESSs is shown in Figure 1-3.  
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Figure 1-3. Ragone plot of both mechanical and electrochemical ESSs (11) 

In this regard, Li-ion batteries (LIBs) are nowadays the market leader for battery-based energy 

storage systems thanks to their high-energy density, efficiency, cycle life (especially LFP-based 

batteries) and flexible designs ranging from few Wh up to several kWh in large modules (12). 

Indeed, LIBs experienced a massive market growth thanks to their application in portable 

electronic devices such as laptops, smartphones, and even radio-controlled toys. Furthermore, 

they are considered the ESS of choice for low- or zero-emission vehicles such as hybrid electric 

vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), battery electric vehicles (BEVs), and 

even as support for the upcoming fuel cell electric vehicles (FCEVs) (13; 14). However, their use 

in both transport and ESSs market sectors still needs improvement in several aspects such as 

safety, energy density, efficiency, cycle life and charging speed (ΔSOC = 80 % in 15 min for 

transport) (14). Indeed, the BEVs market share was only about 2 % in 2020 because of low mileage 

per charge, safety issues and charging rate limit. To overcome these drawbacks and ensure a large 

electrification of road transport, all the components of LIBs must be optimized in terms of both 

performance, sustainability, and recyclability. 

On the other hand, fuel cells (FCs) are a promising technology for harvesting energy from green 

fuels such as hydrogen, giving as by-product only water and heat. Indeed, FCs can offer a higher 

energy density compared to LIBs and an easy scalability of the implant (15). Moreover, in the last 

decade, car makers are developing FCEVs as an alternative clean transport to BEVs (16). 

However, as in the case of LIBs, this technology is not mature yet for large-scale energy 
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production and road transport, limiting its use only as backup energy source in buildings. Several 

issues need to be addressed for its commercialization such as raw material cost, and hydrogen 

storage and supply (15). 

 

1.1 Electrochemical energy storage systems 

Electrochemical energy storage systems (EESSs) are those devices able to store and release 

electrical energy thanks to bulk redox reactions (secondary batteries family) or surface charge 

storage reactions (capacitors family). As shown in Figure 1-3, secondary batteries have an 

intermediate power density due to the high internal resistance which is too high for delivering 

high-power pulses without risking any performance failure. Anyway, thanks to their higher 

energy density compared to capacitors and supercapacitors, they are the perfect choice for energy 

demanding applications. The cell chemistry dictates several properties of secondary batteries 

such as nominal voltage, power density, energy density, shelf-life, and cycle life. In Figure 1-4, a 

Ragone plot comparing different secondary batteries chemistries is shown. 

 

Figure 1-4. Ragone plot specific for secondary batteries (17) 

As we can see, LIBs and the upcoming Li-metal batteries (LMBs) offer higher energy and power 

densities compared to other accumulators such as lead-acid or Ni-MH. 

1.1.1 Lithium-ion batteries 

Lithium is the lightest metal of the periodic table (6.941 a.m.u.) and has one of the lowest standard 

redox potentials i.e., -3.04 V vs SHE. Furthermore, it has a theoretical gravimetric capacity of 3860 

mAh g-1, making it an attractive anode. Indeed, in the 1970s, the first Li primary cells comprising 

a lithium metal anode were commercialized for small applications such as watches, and medical 
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implants. In the same years, the reversible reaction of several inorganic compounds with alkali 

metal was shown. This type of reaction, later known as intercalation reaction, was fundamental 

for the development of Li-ion batteries (18). Specifically, Prof. S. M. Whittingam discovered that 

some metal chalcogenides, especially sulfides, were able to act as host for alkali metal ion, giving 

intercalated compounds. In 1976, after getting hired by Exxon, he improved his innovation 

building the first prototype of rechargeable lithium battery with lithium metal as anode material, 

LiClO4 in 1,3-dioxolane as electrolyte, and titanium disulfide as cathode material (19). However, 

this prototype was never commercialized because of the safety issues and operational faults. 

Later it was found that this fail was related to the electrodes materials. Indeed, on the cathode 

side, TiS2 is air and moisture sensitive by which can release hydrogen sulfide. On the anode side, 

lithium reacted with the electrolyte during every charging step, giving loss of active lithium, Li 

dendrite growth, and in the worst case short-circuit with thermal runaway. Therefore, research 

activities pointed toward the substitution of lithium metal with safer lithium-containing 

compounds. Fundamental studies on lithium host were pursued by Murphy et al (20) using rutile 

TiO2, and Scrosati et al (21) using LixWO2 and TiS2 as anode and cathode material, respectively. 

This system was called “lithium rocking chair batteries”, in which lithium ions reversibly 

intercalate between the cathode and the anode materials. During 1974-1976, J. O. Besenhard 

discovered the reversible intercalation of lithium ions into graphite and carbonaceous materials 

and suggested it for Li storage applications (22). In particular, graphite is able to intercalate Li 

ions with low volume change and potential close to the Li redox couple, making it an attractive 

candidate for such application. To overcome the higher potential of graphite compared to lithium 

metal, cathode materials based on metal oxides, having higher oxidation potential were 

investigated (23; 24). Indeed, thanks to the more pronounced ionic character of the “M-O” bonds 

compared to the “M-S” bonds, researchers were able to increase the potential window of the first 

Li-based batteries. Goodenough et al. (25) proposed LiCoO2 as high-energy cathode material 

which can act as donor of Li+ ions, and thus, allowed the use of several kinds of Li-free materials 

as anodes. In 1985, A. Yoshino and his co-workers filed a patent in which a new cell design 

implying an LiCoO2 as cathode and an insertion carbon anode was developed. In this document, 

for the first time the term “Lithium-ion battery” appeared, and since then the expression started 

to be used worldwide. 

After this research and development, the first Lithium-ion batteries were commercialized by Sony 

Corporation in 1991.  
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Nowadays, the basic design of Lithium-ion batteries relies in the same technology developed 

three decades ago (Figure 1-5). The anode, cathode, electrolyte, separator, and current collectors 

are the main components of a LIB. The anode is the electrode at lower potential where the 

reduction takes place when charging the cell. The cathode is the electrode at higher potential in 

which the oxidation reaction occurs during charging. The two electrodes are connected by an 

external electrical circuit to ensure the flow of electrons from the cathode to the anode when 

charging, and back when discharging. The electrolyte is the component needed to guarantee the 

flow of the ionic current and the charge balance between the electrodes. Since the active materials 

are essentially powders, they are attached to a rigid and conductive support called current 

collector (Cu for anodes and Al for cathodes). 

 

Figure 1-5. Schematic of a Li-ion battery 

To do that, a polymeric binder is used which can ensure the adhesion of the electrode powders 

while maintaining a certain degree of flexibility and processability of the electrode films. At last, 

the separator is used to physically separate the two electrodes to avoid any event of short circuit. 

Usually, it is a microporous polymeric film (polyethylene, polypropylene, or a co-polymer of 

them) interposed between the electrodes which allows the liquid electrolyte permeation thanks 

to its pores. 

The reaction mechanism of a state-of-the-art LIB made with graphite as anode and LiCoO2 as 

cathode can be summarized with the set of Equations 1-6. 

 

Charge: 

Cathode 𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−      Eq. 1 

Anode  6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝐶6      Eq. 2 
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Overall  𝐿𝑖𝐶𝑜𝑂2 + 6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥𝐶6     Eq. 3 

 

Discharge: 

Cathode 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝐶𝑜𝑂2      Eq. 4 

Anode  𝐿𝑖𝑥𝐶6 → 6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) + 𝑥𝐿𝑖+ + 𝑥𝑒−      Eq. 5 

Overall  𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥𝐶6 → 𝐿𝑖𝐶𝑜𝑂2 + 6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒)     Eq. 6 

 

During the charge, the Co3+ in LiCoO2 gets oxidized, releasing Li+ ions which migrate to the anode 

thanks to the electrolyte. At the same time, the electrons flow from the cathode toward the anode 

thanks to the external electrical circuit. At last, the graphite anode is reduced along with the 

insertion of Li+ ions into its crystal structure.  

The electrolyte at the solid-liquid interface on the anode side will undergo a series of 

electrochemical decomposition reactions, forming a passivation layer which will prevent any 

further decomposition reaction. Some lithium is lost during this process causing a low coulombic 

efficiency in the first charge/discharge cycle. This layer is called solid electrolyte interphase (SEI) 

and it is of paramount importance for the cycle life of the battery. It can conduct Li+ ions but not 

electrons, thus avoiding any further reduction reaction of the electrolyte and is not permeable by 

the solvent molecule. However, under some circumstances e.g., cell ageing, unproper cycling 

conditions, the SEI layer can break, and consequently further lithium is lost in the next charge for 

a new SEI formation. This will lead to a continuous loss of cyclable lithium and thus capacity 

fading of the cell, along with the increase of the internal resistance due to the increasing thickness 

of the passivation layer. Furthermore, the exposure of graphite to the electrolyte can cause the 

Li+-solvent co-intercalation, graphene interlayer expansion and at last pulverization of the 

electrode (26). 

In sections 1.1.1.1, 1.1.1.2, and 1.1.1.3, an overview of the three major components of LIBs i.e., 

anode, cathode, and electrolyte are reported. 

 

1.1.1.1 Anode materials 

In this section, an overview of different anode materials based on their elemental composition as 

well as their reaction mechanism is reported.  
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After the discovery of the reversible intercalation of Li+ ions into carbonaceous material, graphite 

became the main anode material of LIBs. This success relies on the low inherent cost of carbon-

based materials, the well-known and reversible intercalation reaction, and the formation of the 

protective passivation film (SEI). However, its relatively low specific gravimetric capacity of 372 

mAh g-1 cannot satisfy the requirements of high-energy density batteries for transport 

electrification. Several materials have been studied considering their sustainability, cost, safety, 

and performance. They can be divided in three classes according to their reaction mechanism i.e., 

intercalation/de-intercalation, conversion/oxidation, and alloying/de-alloying. All of them have 

advantages and disadvantages to consider prior their commercial application in real batteries. In 

Table 1, advantages and drawbacks of these three classes are reported. 

 

Table 1. Advantages and drawbacks of anode materials based on reaction mechanism 

 Advantages Drawbacks 

Insertion/de-insertion 

• Stability 

• Low or negligible 

volume expansion 

• Reversibility 

• Low specific capacity 

(ranging from 100 up 

to 400 mAh g-1) 

Conversion/oxidation 

• High specific capacity 

(ranging from 500 up 

to 1000 mAh g-1) 

• Economically and 

environmentally 

sustainable 

• Voltage hysteresis 

• Structural change 

Alloying/de-alloying 

• Highest specific 

capacities (ranging 

from 700 up to 4000 

mAh g-1) 

• High volume 

expansion 

• Instability 

 

Insertion/de-insertion materials are usually characterized by an extremely reversible intercalation 

reaction accompanied by a low or negligible volume change. They are mainly carbon-based or 

titanium-based materials. The formers are characterized by higher specific capacity (from 200 up 
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to 400 mAh g-1) and lower working potential, while the latter are characterized by high working 

potential (around 1.5 V) and low specific capacities. However, since their crystal structure can 

accommodate a relatively low amount of Li, in both cases the specific capacities are too low for 

high-energy density applications. 

A relatively new reaction concept is the conversion reaction (Equation 7), in which a transition 

metal oxide, phosphide, nitride, or sulfide is reduced with Li+ to give metal nanoparticles and the 

corresponding lithium compound (27). 

 

𝑀𝑎𝑌𝑥 + 𝑥𝑛𝐿𝑖+ + 𝑥𝑛𝑒− → 𝑎𝑀0 + 𝑥𝐿𝑖𝑛𝑌       Eq. 7 

 

They can offer a higher specific capacity than insertion materials (ranging from 500 up to 1000 

mAh g-1) thanks to the large quantity of exchanged lithium. However, their application is 

hindered because of the instability driven by the intrinsic structural change of the conversion 

reaction. Furthermore, the voltage profile of conversion-based materials is characterized by a 

large voltage hysteresis which lowers the charge/discharge energy efficiency. 

Alloying/de-alloying materials can store a large amount of Li compared to the other two classes. 

Metals and semimetals of groups IV and V can electrochemically form alloys with lithium or, in 

some cases, other alkali metal (Equation 8). 

 

𝑀 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝑀         Eq. 8 

 

The reaction can be classified in two categories depending on whether a crystal structure change 

take place or not: 

• Solid-solution reaction. 

• Addition reaction. 

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

place, are considered solid-solution reactions. Electrochemical alloying of Li with Mg and 

amorphous-Si are considered addition reactions. The specific capacities of these materials are 

very high (ranging from 700 up to 4000 mAh g-1) thanks to their low atomic weight and amount 

of alloyed Li. However, the alloying reaction is commonly accompanied by a drastic volume 

change Vf > 200 % which inevitably leads to loss of electrical contact and pulverization of the 

electrode. 
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Carbon-based materials.  

After the introduction of graphite as a replacement of lithium metal in the very first lithium-ion 

battery, carbonaceous materials have served as anode materials for several year. Thanks to their 

low cost, ability to form a “protective” passivating film (SEI), and corrosion resistance to HF, they 

have been the anode of choice for the last two decades. Some other advantages can be their 

remarkable electronic conductivity and possible preparation from biowaste materials (28; 29; 30). 

Carbon based materials belongs to the intercalation reaction family and are mainly divided into 

two categories according to their crystallinity degree and carbon atom stacking (Figure 1-6): 

• Ordered carbon characterized by long-range order.  

• Disordered carbon characterized by no long-range order and thus, no crystallinity. 

Ordered carbon. The former comprehends graphite, single or few layers graphene, and carbon 

nanotubes. Graphite is quite famous in the battery community and is the state-of-the-art anode 

material. It can store Li+ ions through stages, reaching a maximum stoichiometry of LiC6 and a 

theoretical specific capacity of 372 mAh g-1. Graphite is characterized by a layered structure made 

of sp2-hybridized carbon sheets (31). Thanks to the delocalization of π electrons it possesses a 

high electronic conductivity along the plane, useful to build up the electronic conduction 

pathway in the electrode. The graphene layers are held together thanks to Van der Waals 

interactions, giving an interlayer distance of 3.35 Å in which ions can be intercalated (32).  

 

Figure 1-6. Typical structure of a) graphite AB and ABC, b) graphene monolayer, c) single- and multi-walled carbon 

nanotube, d) non-graphitizable hard carbon, and e) graphitizable soft carbon. Image taken from (32) 
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Li+ intercalation into graphite occurs via a mechanism known as “staging” (Figure 1-7). This is a 

stepwise process in which Li+ is intercalated in distant layers, leaving a certain gap n of 

unoccupied layers. As the intercalation proceeds, the number of unoccupied layers decreases 

until reaching the stoichiometry of LiC6 (33). The stages are named after the number n of 

unoccupied layers between intercalated layers. The staging mechanism results in the observation 

of plateaus in the galvanostatic profiles, due to the formation of the two-phases region, and sharp 

peaks in potential-controlled techniques (33). 

 

Figure 1-7. Electrochemical observation of the staging mechanism of graphite from a) galvanostatic profiles and b) 

linear sweep voltammetry. Image taken from (33). 

Ball milling can easily break the C-C bond, leading to the formation of defect and amorphization 

around the particle edges. High number of defects can improve the specific capacities with the 

drawback of a larger voltage hysteresis. 

Specific new forms of graphite other than from petroleum coke have been developed with 

improved specific capacities and especially rate capability such as the mesocarbon microbeads 

graphite (MCMB graphite) or microcarbon fiber (MCF) (34; 35). 

The term graphene refers to the single or few layer of sp2-hybridized carbon. After its isolation in 

2004 (36), graphene caught the attention of both academy and industry thanks to its remarkable 

properties such as reliable thermal conductivity (37), good electrical conductivity (38) and 

superior mechanical properties (39). In Table 2, a summary of the outstanding properties of 

graphene is reported.  
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Table 2. Summary of mechanical, electronic, and thermal properties of graphene 

Tensile strength 

/ GPa (40) 

Young’s 

modulus / GPa 

(40) 

Electronic 

conductivity / S 

m-1 (41) 

Charge mobility 

/ cm2 V-1 s-1 (41) 

Thermal 

conductivity / W 

m-1 K-1 (42) 

125 1100 1 x 108 2 x 105 ≈ 4000 

 

However, its application as anode material for battery application is still under investigation (43). 

Indeed, although it possesses a high theoretical specific capacity of 744 mAh g-1, due to the ability 

to store Li+ ions on both side of single layers (stoichiometry of Li2C6), graphene layers tend to 

quickly restack together forming amorphous carbon and, at long last, graphite, losing all the 

properties related to it. Furthermore, the material suffers of a high irreversible capacity in the first 

cycle, and a large voltage hysteresis hinders its practical use in batteries as anode material (43; 

44). However, thanks to its remarkable electronic and mechanical properties, graphene is a 

promising containment matrix for composite materials, able to withstand the stressed caused by 

alloying and conversion materials. Furthermore, it may increase the electronic conductivity of the 

whole electrode. For these reasons, graphene has been already used as an additive for the 

synthesis of high-performance nanocomposites with Si (45), Sn (46), and transition metal oxides 

(TMOs) (47; 48; 49). Graphene synthesis can be divided in two groups, i.e.: bottom-up synthesis 

and top-down exfoliation of graphite. Bottom-up approach is usually achieved with epitaxial-

growth with structure defined precursor or with chemical vapour deposition (CVD) (36; 50; 51). 

With this routes, high quality, purity, and defect-free graphene can be obtained. However, the 

expensive reagents and equipment coupled to limited scalability restrict the use of this type of 

graphene only for fundamental research and niche applications (43). The most common top-

down approach is the Hummer’s method (52). It consists in the oxidation of graphite to graphite 

oxide in a strong oxidant environment. In this way, the interlayer distance between graphene 

planes increases, weakening the Van Der Waals forces and eventually separating them via 

sonication. Once graphene oxide (GO) is obtained, the sp2 carbon network can be restored via 

chemical, thermal or electrochemical reduction (53). With this method, large quantities of 

graphene can be produced, however, the product is rich in defects and functional groups. 

Carbon nanotubes (CNTs) were discovered in 1991 and consist of one-dimensional carbon 

nanostructures (54). At first sight, the structure recall one of a cylinder with one or more walls, 
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obtained by wrapping a single or few layer graphene, respectively. Up to now, CNTs are mainly 

used in the synthesis of nanocomposite to ensure a continuous and efficient conducting pathway 

in the electrode (55). 

Disordered carbon. Different from the previous case, ordered carbon does not present long-range 

order in planes or along the stacking direction. It can be described as sp2-hybridized carbon 

networks randomly positioned and partially crosslinked with sp3-hybridized carbon. The degree 

of crosslinking and graphitization possibility subdivide the class of disordered carbon into two 

other subclasses i.e., hard carbon and soft carbon. In the former case, the crosslinking degree is 

so high that even at high temperature (3000° C) there is no movement of the sp2 carbon domain 

and thus, no possibility to obtain graphite. This type of carbon is usually produced by thermal 

decomposition under inert atmosphere of organic precursors such as sucrose or glucose, or even 

from bio-waste. During pyrolysis, at relatively low temperature (250-500° C) there is the main 

mass loss assigned to the removal of heteroatoms (as O, S, N, etc.) as volatile product (as CO, 

CO2, NO2, SO2, etc.). At temperature higher than 700° C the material can be considered 

carbonized; however, some functionalities and heteroatoms still persist and must be removed at 

higher temperatures (>1000° C) (32). This class of carbon can deliver a specific capacity ranging 

from 200 up to 800 mAh g-1 depending on the precursor material, pre-treatment conditions, 

pyrolysis temperature and environment (N2, Ar or even under vacuum) (56). Furthermore, can 

be used as anode in sodium-ion batteries (NIBs) and potassium-ion batteries (KIBs) (56), and even 

as containment matrix for Si anode (57; 58). In the case of soft carbon or graphitizing carbons, the 

graphite structure develops continuously upon thermal treatment thanks to the lower degree of 

crosslinking and thus, relatively higher mobility of sp2 carbon domains. They can be prepared 

from pyrolytic compounds rich of aromatic functionalities such as pitch, petroleum coke, etc. 

Heat-treatment below the graphitization temperature will lead to turbostratic disordered carbon 

in which lithium cannot be readily accommodated and thus, low specific capacities are observed.  

 

Titanium-based materials 

Another important class of materials belonging to the insertion reaction family are the titanium-

based materials. In the last years they became quite important thanks to their properties such as 

biocompatibility, natural abundance, readiness to bulk production, and long cycle life (59; 60). 

They can be divided into two classes i.e., the polymorph TiO2 and the spinel Li4Ti5O12 (LTO), 

shown in Figure 1-8. 
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Figure 1-8. Crystal structure of a) brookite TiO2, b) anatase TiO2, c) rutile TiO2 and d) spinel Li4Ti5O12 

In both materials, the intercalation reaction takes place at a relatively high working potential of 

E > 1.5 V vs Li+/Li. This can lead to significant improvements in terms of safety by eliminating the 

risk of lithium plating and dendrite formation. Furthermore, the SEI is not formed at such high 

potential, which means that there is a negligible irreversible specific capacity in the first cycle and 

thus, no loss of cyclable lithium. However, they need to be coupled with high-voltage cathodes 

to have an energy density competitive with other LIB chemistries. 

TiO2 polymorphs. TiO2 is a promising anode material thank to its biocompatibility, cost, and 

readiness to bulk production. Indeed, it has been targeted as possible anode material for LIBs in 

HEV (61). It has a theoretical specific capacity similar to graphite of 330 mAh g-1, corresponding 

to 1 mole of Li per mole of TiO2. However, such value has never been reached experimentally, 

with the limitation for micro-sized TiO2 at ≈ 170 mAh g-1, corresponding to 0.5 mole of Li per TiO2 

(62). To improve the electrochemical properties of TiO2, the effect of different crystal structures 

was tested along with different particle sizes and specific surface areas (63; 64; 65). TiO2 has eight 

known crystal structures i.e., brookite, anatase, rutile, TiO2-R, TiO2-B, TiO2-H, TiO2-II, and TiO2-

III. Among them, rutile, anatase, and TiO2-B are the most studied TiO2-based anodes in the LIBs 

research field. Rutile has a crystal structure with tetragonal symmetry and space group P42 / mnm 

with TiO6 octahedra sharing edges in the c-axis direction. Only a small amount of Li can be 

inserted in rutile-TiO2 (≈ 0.1 mole of Li per mole of Ti), due to the Li diffusion into rutile, which 

is favorable only along the c axis channels and hindered in the ab planes (66). TiO2-B crystal 

structure belongs to the monoclinic family with a space group C2m. TiO2-B can store Li without 
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any volume change thanks to its “open” crystal structure. Furthermore, a pseudocapacitive 

behavior has been reported, which can be translated in higher diffusion rate and higher rate 

capability (61). Anatase, as rutile, has a tetragonal structure with a space group I41 / amd. Anatase 

is the preferred crystal structure for LIBs application since it can exceed the stoichiometry of 

Li0.5TiO2 (Q > 170 mAh g-1). Furthermore, the intercalation reaction is accompanied with a small 

volume change of 4 %, thanks to the simultaneous increase and decrease of the b-axis and c-axis 

lattice parameter, respectively (67).  

Reducing the particle size of anatase TiO2 is an effective way to enhance its electrochemical 

properties, improving the specific capacity and the rate performances (66). As the particle size 

decreases, the surface area increases and the diffusion path is shortened, improving the diffusion 

of Li+ ions and electrolyte access. Indeed, in (64), a comparison study of anatase TiO2 from micro- 

to nanoparticles evidenced how using smaller particles greatly enhance the specific capacity and 

rate capability (68). It has been proven that particles with Ø < 7 nm can be fully transformed in 

Li1TiO2, and thus reaching the maximum theoretical specific capacity (64).  

Spinel Li4Ti5O12. Another important Ti-based material for LIBs is the spinel Li4Ti5O12 (LTO), also 

known as “zero-strain material” for its negligible volume change during (de-)insertion reaction 

and outstanding stability upon cycling. Its working potential is close to the one of TiO2, with a 

value of ≈ 1.55 V vs Li+/Li, which can be translated in no SEI formation and no Li plating/dendrite. 

The only disadvantage is the relatively low specific capacity of 175 mAh g-1. Despite its 

drawbacks, LTO-based cells are already produced by EnerDel and Toshiba group for its HEV 

battery modules thanks to its power capability, safety, and reliability (69). LTO crystallizes in a 

spinel structure with a Fd3̅m and a cubic symmetry (70). The oxygen ions occupy the 32e sites. 

Lithium ions are in the tetrahedral 8a sites and ⅙ of octahedral 16d sites, while the remaining ⅚ 

sites are occupied by the tetravalent Ti4+ ions. The tetrahedral 8b and 48f sites along with the 

octahedral 16c sites are unoccupied and available for insertion reaction (71). The insertion of Li+ 

ions into LTO is summarized in Equation 9. 

 

𝐿𝑖4𝑇𝑖5𝑂12(𝑠𝑝𝑖𝑛𝑒𝑙) + 3𝐿𝑖+ + 3𝑒− → 𝐿𝑖7𝑇𝑖5𝑂12(𝑟𝑜𝑐𝑘−𝑠𝑎𝑙𝑡)     Eq. 9 

 

During the insertion reaction, the tetravalent Ti4+ ions are reduced to Ti3+ and there is the 

topotactic transition from a spinel structure to a rock-salt one. The insertion reaction can be 
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electrochemically observed as a long plateau at 1.55 V vs Li+/Li in galvanostatic profiles and as a 

sharp peak in potential-controlled techniques, due to the two-phases transition. 

As already mentioned, LTO has many advantages such as safety, negligible volume change, 

reliability, and improved stability. However, since Ti is present at its highest oxidation state of 

4+, LTO possesses a relatively low electronic conductivity which hinders the practical specific 

capacity to values ranging from 140 up to 160 mAh g-1. As for the polymorph TiO2, several 

strategies have been implemented to improve its electrochemical properties i.e., reduction of 

particle size to nanometer range (72), ion lattice doping (73; 74; 75), and surface coating (76; 77). 

For instance, the partial substitution of Li+ in the tetrahedral 8a sites with the Zn2+ ions or the 

partial substitution of Ti4+ with V5+ in the octahedral 16d sites, can lead to a mixture of Ti4+/Ti3+ as 

charge compensation, and thus increase the local electrons concentration (73; 74; 75). With the 

synthesis of nanostructured LTO, the Li+ diffusivity as well as the electronic conductivity are 

almost unaltered. However, thanks to a larger surface area, and thus a larger electrode/electrolyte 

contact area, the kinetics of the insertion reaction can be improved (78; 79). At last, surface coating 

with conductive materials such as conductive carbon (76) or conducting polymers (77) can greatly 

improve the electrochemical properties of LTO in terms of capacity retention, rate capability, and 

specific capacity. 

 

Conversion anodes 

Anode materials based on the conversion reaction are a relatively new concept respect to other 

two families of (de-)intercalation and (de-)alloying materials. Indeed, they were discovered only 

in 2000 by Prof. Tarascon group (80), which reported the very first reversible storage of Li in 

nanosized TMOs anode. This late discovery was due to the fact that TMOs and sulfides were 

discarded due to the lack of presence of vacancies, and thus for their inability of intercalating 

lithium. However, these phases started to be taken into consideration after being proven their 

ability to store Li with specific capacities up to three times of carbon materials. Since then, binary 

compounds M-X, with X = O, F, N, P, S, and even H have been studied as alternative anode 

materials (27). The key factor, which ensure the reversibility of the conversion reaction, is that 

upon full lithiation there is the formation of the metal nanoparticles possessing large specific 

surface area. Therefore, when the polarization is reversed (discharge of the full cell) they are quite 

active towards the decomposition of the LinX matrix in which they are embedded. The working 

potential of conversion anode materials strongly depends on both M and X species, and thus the 
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ionicity of the M-X bond (81) (Figure 1-9). Indeed, by changing the anion, the working potential 

can be tailored for specific applications.  

 

Figure 1-9. Working potential (V vs Li+/Li) as a function of the anion used in conversion materials. Image taken from 

(81). 

As clearly depicted in Figure 1-9, compounds containing halides have working potential higher 

than 2 V vs Li+/Li and, therefore, are mainly studied as cathode materials for Li metal batteries 

(82). Oxides and sulfides work at an intermediate potential, while nitrides and phosphide 

commonly react at rather low potentials. 

Their “electrochemical fingerprint” is characterized by sloping lines in the galvanostatic profiles, 

with a length equivalent to the amount of Li stored, and broad peaks in potential controlled 

techniques. In some cases, very large capacities can be obtained with metals able to 

electrochemically form alloys with Li such as In, Sn, Ge, Pb, Sb, and Bi (83; 84; 85). In that case, a 

higher amount of Li is stored, and the average working voltage is lower than conventional 

conversion materials. Despite their appealing properties, their practical use in commercial cells 

is still hindered because of the poor capacity retention, due to the volume and structural change 

during charge/discharge, and thus pulverization of the electrode along with loss of electrical 

contact. Furthermore, the conversion and oxidation reaction are accompanied by a large voltage 

hysteresis which lower the energy efficiency of the charge/discharge cycle. 

Iron Oxide anodes. Iron oxide-based electrodes are attractive candidates because of their cost, 

earth crust abundancy, and biocompatibility (86). Their specific capacities range from 744 mAh 

g-1 for FeO (87) up to 1007 mAh g-1 for Fe2O3 (88). In addition, thanks to their high density, the 

obtained volumetric capacities are much higher than that of graphite (88). Thanks to their 
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properties, several researchers focused their efforts on the study of novel and sustainable iron 

oxide-based batteries (27). As an example, in (89) Prof. Edström proposed a novel, green, and 

fluorine-free LIB based on iron oxide anode coupled to an LiFePO4 (LFP) cathode.  

However, as other conversion materials, issues such as poor capacity retention, and high voltage 

hysteresis must be addressed. The former is usually addressed by (i) employing nanostructured 

materials (90; 91; 92), to have free space for the structural change, or (ii) by synthesizing 

nanocomposite with active or inactive matrices able to withstand the volume changes upon 

cycling. The latter is mainly addressed by tailoring the cycling parameters of the electrode and 

pre-lithiation (89; 93). 

 

Tin oxide anodes. Tin oxide-based electrodes are attractive candidates thanks to the extra capacity 

given by the alloying reaction of Li with tin metal (94). Furthermore, since the potential of the 

alloying reaction is at ≈ 0.2 V vs Li+/Li, the resulting average working potential is lower than 

“pure” conversion materials, which means higher energy density in full cell setup (94). The 

overall reaction mechanism is summarized in Equations 10-11. 

 

𝑆𝑛𝑂2 + 4𝐿𝑖+ + 4𝑒− → 𝑆𝑛0 + 2𝐿𝑖2𝑂      (𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛, 𝑝𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒)  Eq. 10 

𝑆𝑛0 + 4.4𝐿𝑖+ + 4.4𝑒− ↔ 𝐿𝑖4.4𝑆𝑛            (𝐴𝑙𝑙𝑜𝑦𝑖𝑛𝑔 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛, 𝑓𝑢𝑙𝑙𝑦 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒)   Eq. 11 

 

SnO2 possess a theoretical specific capacity of 1494 mAh g-1 which is the result of the sum given 

by the conversion reaction (711 mAh g-1) and the alloying reaction (783 mAh g-1). However, the 

practical specific capacity does not reach the theoretical one because the conversion reaction is 

only partially reversible (95). This behavior can be attributed to several reasons i.e., (i) formation 

of large metal particles which hinder the kinetic of the conversion reaction and isolate itself from 

the Li2O matrix (95), and (ii) larger energy barrier for the oxidation reaction compared to other 

transition metal oxides (95). This is mainly due to the larger atomic radius and lower temperature 

of recrystallization of Sn (T = 224 K) compared to other TMs (86). This will inevitably lead to 

coarsening and migration of Sn0 particles towards the surface of the electrode. For these reasons, 

the synthesis of nanostructured SnO2, along with caging it in active or inactive matrices, is of 

paramount importance to maintain a close contact between Sn and Li2O and avoid Sn particle 

coarsening. Furthermore, when Sn performs the alloying reaction there is a volume expansion of 

≈ 300 % which must be considered. 
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Alloying anodes 

The study of metals and semimetals able to electrochemically form alloys with Li and other alkali 

metal was conducted parallel to the discovery of intercalation materials in the 70s. Indeed, the 

first trial to substitute Li metal was done by employing a Li-Al alloy (96), which solved the 

dendrite issue, but as discussed earlier, alloying electrodes suffer of large volume expansion, and 

thus poor capacity retention. Three cluster of elements can form alloys with Li i.e., alkali earth 

metals, transition metals, and p-block metals and metalloids. In Figure 1-10, a periodic table with 

highlighted the elements able to form alloys with Li is shown. 

 

 

Figure 1-10. Periodic table with highlighted the elements able to electrochemically form alloys with lithium 

The study of the alloying reaction of Li with alkali earth metal has received poor attention, 

probably due to the intrinsic poor kinetic of the reaction and the air sensitivity of the materials. 

Among them, Mg has been the most studied, especially as component in alloys with Si (97; 98). 

Between transition metals, only Zn and Ag seems to be viable options. In the other cases, high 

cost and toxicity hindered their practical use and study (98). On the p-block, the carbon group 

and the pnictogens brought a lot of interest and, in some cases (Si and Sn), they have been used 

in commercial LIBs. Indeed, a Sn-based anode was included in the “Nexelion” battery 

commercialized by Sony in 2005 (99), while silicon has been appointed as the anode material of 
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choice for the upcoming LIBs generations 3a and 3b, as mixture with graphite or nanocomposite 

with carbon, respectively (100).  

Common attractive features of alloying materials are the low working potential in the range of 

0.2 – 1 V vs Li+/Li, which overcome the penalty given by Ti-based and conversion materials, and 

the large specific capacities ranging from 700 up 3579 mAh g-1 (given by Si forming the phase 

Li15Si4). However, the alloying reaction is always accompanied by a large volume expansion 

which can lead to loss of electrical contact because of the particle detachment, and pulverization 

of the electrode. Several strategies have been implemented to overcome this issue by acting not 

only on the anode materials itself, but also optimizing other cell components such as the 

electrolyte, the binder, and the current collector. In the former case, nanostructured materials can 

offer free space to accommodate the volume expansion (101). Other common ways are the use of 

nanocomposite with active or inactive matrices able to withstand the volume stresses (102) or 

employing alloys with active or inactive metals (98). Specific reductive additives such as VC and 

FEC have been implemented in the electrolyte to build a more robust SEI (103). The PVdF binder 

is being substituted by green water-processable polymer with improved mechanical properties 

such as Na-carboxymethyl cellulose and polyacrylic acid (104; 105). At last, nanostructured 

current collector have been proven to partially release the stresses given by the volume expansion 

(106).  

 

1.1.1.2 Cathode materials 

The cathode material is the positive electrode in which the oxidation reaction takes place during 

charge. Commonly it acts as Li+ sources, so that Li-free anode materials can be used on the other 

side. Cathode materials should satisfy the following requirements (107): 

• High working potential to maximize the energy density of the full cell. 

• Stable structure to ensure the reversibility of the (de-)insertion reaction. 

• Chemical stability and compatibility with the electrolyte at high potential. 

• Reasonable electronic and ionic conductivity to improve the rate performance and lower 

the energy barrier of the insertion reaction, respectively. 

• Low cost, nontoxic, and environmentally friendly. 

The most used cathode materials are oxides of lithium with transition metals, and their reaction 

pathway belongs to the family of the intercalation reaction. Only for the next generations of LIBs 
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(gen. 4 and 5 (108)) conversion cathode materials such as S8, O2, FeF3 will be implemented. 

However, their practical use is still hindered by the poor reversibility of the conversion reaction 

(109).  

The insertion cathode materials can be divided into three classes according to their crystal 

structure, and thus Li diffusion pathway i.e., (i) olivine compounds with a 1-D Li-diffusion 

pathway, (ii) layered oxides with a 2-D Li-diffusion pathway, and (iii) spinel oxides with a 3-D 

Li-diffusion pathway (97; 107). In Figure 1-11, the three classes of insertion cathode materials are 

shown. 

 

 

Figure 1-11. Crystal structure of a) olivine LiMPO4, b) layered LiMO2, and c) spinel LiM2O4 

Layered oxides. The layered oxide with the general formula of LiMO2, with M = Co, Ni, Mn, or a 

combination of them, are the most used cathode materials in commercial LIBs. They crystallize 

with a trigonal structure as α-NaFeO2 with a space group R3m in which Li and M atoms are 

located at the octahedral sites of alternating layers with ABCABC as stacking sequence. This 

structure is also known as O3-type according to Delmas nomenclature (110), in which Li+ ions are 

inserted in octahedral sites. The first studied material belonging to this class was LiCoO2 

proposed by J. Goodenough et al (25). It was commercialized by Sony in 1991, and since then is 

still used in LIBs for portable electronics. The theoretical specific capacity of LiCoO2 is 274 mAh 

g-1, calculated as the extraction of 1 mole of Li. However, extracting more than 0.5 mole of Li from 

LiCoO2 will result in an irreversible structural change from trigonal to monoclinic, and thus the 

practical specific capacity is limited in the range of 130 – 150 mAh g-1. Nowadays, LiCoO2 is being 

substituted by other layered oxides because of the low specific capacity, cost, the toxicity of Co, 

and its limited sources (mainly presents in area subjected to geopolitical risks) (107). Dahn et al 

(111) proposed as an alternative LiNiO2, which is isostructural of LiCoO2 having as advantages 
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higher volumetric and specific capacities, and raw material cost. However, its practical use has 

been impeded by the tendency of nickel to migrate to the Li sites. To overcome these issues, as 

well as lowering the Co content, the combination of Co, Ni, and/or Mn has been investigated. 

Several compounds with the general formula of LiNiyM1-y-xCoxO2 (NMC) have been studied, 

reporting improved structural stability and lower costs due to the lower content of Co.  

 

Spinel oxides. Compared to layered oxides, spinel oxides represent a safer, and cheaper 

alternative. The first material proposed in literature was LiMn2O4 (LMO) by Thackeray et al. (112). 

It possesses a cubic structure with a space group Fd3̅m in which Mn and Li occupy the octahedral 

16d and the tetrahedral 8a sites, respectively. Oxygen ions are placed in the 32a site. The main 

issue of this material is the capacity fading upon cycling. This phenomenon is due to two causes 

i.e., (i) Mn2+ dissolution, and (ii) Jahn-Teller effect. In the first case, the disproportionation of Mn3+ 

will lead to the formation of Mn2+ and Mn4+. The former is soluble in the electrolyte, and thus 

there is the loss of the redox center and capacity. In the second case, when the concentration of 

Mn3+ (d4) increases, the crystal symmetry changes from cubic to tetragonal, which will inevitably 

lead to poor electrochemical performances. Another important spinel oxide cathode is 

LiNi0.5Mn1.5O4 (LNMO). Its average working potential is 4.8 V vs Li+/Li thanks to the partial 

substitution of Mn with Ni2+ (113). Furthermore, it possesses a specific capacity of 147 mAh g-1, 

making it an attractive cathode material for the next generation batteries (100). This material can 

crystallize into two different crystal structure according to the annealing temperature i.e., the 

face-centered cubic phase with space group Fd3̅m also called disordered phase, and the primitive 

cubic with space group P4332 known as ordered phase (114). Despite the appealing properties, 

issues such as surface instability given by Li-rich and Li-poor domains, Mn2+ dissolution, and 

electrode/electrolyte interphase instability must be overcome to reach commercialization. 

 

Olivine phosphates. Olivine phosphates cathode materials were firstly proposed by Goodenough 

et al. in 1997 (115). Among them, triphylite LiFePO4 has attracted particular attention thank to its 

properties such as safety, stability upon cycling, low raw material cost, and good thermal and 

chemical stability. It crystallizes with an orthorhombic structure with space group Pnma, in 

which both Li and Fe ions occupy the octahedral sites, P occupies the tetrahedral site, and O ions 

are in hexagonal close-packed arrangement. The theoretical specific capacity is 170 mAh g-1, 

corresponding to the extraction of 1 mole of Li per formula unit. The insertion/extraction reaction 
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is characterized by a flat plateau at ≈ 3.4 V vs Li+/Li, indicating a two-phases region reaction. The 

principal issues of this material are the rather low working potential compared to other cathode 

classes, the poor electronic conductivity, and the limited Li+ ions diffusion. For these reasons, 

LFP-batteries have been commercialized mainly for stationary storage in which the power 

demand is low and the energy efficiency as well as safety are the priorities. 

Phosphates with higher working potential have been thorough studied. In particular, the partial 

or complete substitution of Fe with Mn can increase the working potential up to 4.1 V vs Li+/Li, 

while the complete substitution of Fe with Co can increase the working potential as high as 4.8 V 

vs Li+/Li (116). 

 

1.1.1.3 Electrolyte 

The electrolyte is an essential component in every electrochemical device and is the medium 

which allows the flow of the ionic current between the electrodes. Several battery properties rely 

on the electrolyte such as the working temperature, charge and discharge cut-off voltage, rate 

capability etc. A good electrolyte must satisfy the following requirements: 

• High ionic conductivity (σLi > 10-4 S cm-1) to minimize the internal resistance in the widest 

temperature range. 

• Low electronic conductivity (σe < 10-10 S cm-1) to avoid short-circuit between the electrodes. 

• Low viscosity. 

• Chemically stability and lack of reactivity towards the other cell components. 

• Wide voltage range, larger than the anode and cathode working potentials. 

• Cheapness, acceptable safety characteristic and environmental benignity. 

The electrolyte can be either liquid, solid, or a hybrid. Liquid electrolytes are constituted by two 

components i.e. the Li salt and the solvent. The Li salt provide the charge carriers needed for the 

ionic current flow, while the solvent must be able to dissolve high amount of salt while having a 

low viscosity and a wide working temperature range. The most used electrolyte in LIBs is a 

solution of LiPF6 dissolved in a mixture of carbonate solvents. Despite the issues connected with 

the use of LiPF6, it is the most used Li salt because of a compromise between electrochemical 

properties and safety. The other candidates such as LiAsF6, LiClO4, and LiBF4 cannot be used 

because of their toxicity, fire hazard, and poor passivation properties, respectively (117). The 

solvent choice is restricted to polar organic aprotic solvent, since water cannot be used due to 
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large cell potential and acidic protons can lead to H2 formation. In particular, polar solvents based 

on ethers, esters, and alkyl carbonate are the most used in battery applications. Their anodic 

stability is ethers < esters < carbonates (118). Furthermore, ethers and esters cannot be used with 

carbon anode due to their poor passivation properties. For these reasons, the most used solvents 

are a mixture of alkyl carbonate (Figure 1-12), able to ensure a low viscosity, a high conductivity, 

and a wide working temperature range. 

 

 

Figure 1-12. Structure of the main carbonate-based solvent used in LIBs 

Ethylene carbonate is the most used solvent thanks to its high dielectric constant (≈ 89) higher 

than that of water (≈ 79). Its use in LIBs electrolytes was established in 1990 by Dahn et al., which 

reported the electrochemical behavior of a mixture of EC and PC with graphitic anodes (119). 

Thanks to its high passivation ability, the EC-derived SEI was able to block any further solvent 

decomposition and co-intercalation of PC into graphite, which can lead to its exfoliation and 

electrode pulverization. However, EC is solid at room temperature and must be mixed with other 

alkyl carbonate-based solvents. Nowadays, common electrolyte solutions include LiPF6 as Li salt 

in a binary mixture of EC with DMC, DEC, or EMC. Ternary mixtures are often used in batteries 

working at low temperature. Furthermore, additives (from 2 % up to 10 % by weight) such as 

vinylene carbonate (VC) or flurorethylene carbonate (FEC), which gets reduced before the SEI 

formation, can be used for the buildup of a more flexible SEI (120). 

 

1.1.2 Sodium-ion batteries 

In 2018, 70 % of LIBs produced worldwide were used in EVs application. By forecasting the 

transport electrification market growth, 25 % of the Li reservoir will be depleted by 2025 (121). 

Furthermore, the recycling rate of Li from spent batteries is still rather low (≈ 1 %) (122). For these 

reasons, an alternative battery technology based on cheaper, sustainable, and more abundant 

elements is needed. 
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Sodium is the 4th most abundant element worldwide with unlimited resources everywhere, even 

seawater and salts deposit can be taken into consideration as reservoirs. In Table 3, a comparison 

of Li and Na properties is reported. 

 

Table 3. Comparison of Li and Na properties 

Characteristic Lithium Sodium 

Cation radii 0.7 Å 1 Å 

Carbonate-based cost 5000 $ ton-1 150 $ ton-1 

Capacity 3829 mAh g-1 1165 mAh g-1 

Voltage vs SHE -3.04 -2.71 

Availability Limited places: Chile, 

Australia, Argentina and 

China 

Everywhere. Sea water 

can be a possible source 

Thanks to the availability of Na, its similar chemical properties to Li as well as its cheaper price, 

Na-based batteries have attracted considerable attention as potential alternative energy storage 

to LIBs (123). 

The research of Na-based batteries started in the same period as LIBs. Indeed, the first reversible 

intercalation of sodium in layered TiS2 was reported in 1980 (124), right after the work of 

Whittingam et al. with Li metal. In the same period, Braconnier et al. (125) proposed the layered 

NaxCoO2 as cathode material. However, the rapid development of LIBs eclipsed further 

development of NIBs in that period of time.  Prior to commercialization of the first LIBs by Sony, 

few US and Japanese companies proposed a Na battery which employed a Na-Pb alloy and 

NaxCoO2, as anode and cathode, respectively (126; 127). However, the nominal voltage (E < 3 V) 

was lower than that of carbon // LiCoO2 (3.7 V), and thus it didn’t attract much attention. The 

chemistry of Li and Na are quite similar, apart from the standard reduction potential (-3.04 V vs 

SHE for Li and -2.71 V vs SHE for Na) and the larger ionic radii (0.7 Å vs 1 Å for Li and Na, 

respectively). These differences will inevitably lead to lower energy densities and rate 

performances of NIBs compared to LIBs. Despite these drawbacks, Na-based batteries can offer 
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some advantages over LIBs such as cheaper raw material costs (150 $ ton-1 for NaCO3 vs. 15000 $ 

ton-1 for LiCO3 / LME 30/08/2021), and Al current collector can be used in both anode and cathode, 

and thus lower the electrode production cost. Most of the research work for NIBs is based on the 

transposition of the acquired knowledge on LIBs in the alternative energy storage system. In the 

following sections, a description of the materials as well as the difference with LIBs counterpart 

is given.  

 

1.1.2.1 Anode materials 

As in the case of Li metal, use of Na metal is hindered by safety issues such as dendrite formation, 

which can lead to short-circuit in prolonged cycling. In this regard, several materials which can 

act as host for Na+ have been developed and tested (128; 129). Their classification follows the same 

rules applied to Li anodes materials i.e., insertion anodes, conversion anodes, and alloying 

anodes. 

 

Carbon based materials 

While graphite is the state-of-the-art anode material in LIBs, its electrochemical properties with 

Na are rather poor. In fact, when sodium is intercalated into graphite, poor specific capacities of 

30-50 mAh g-1 are observed (130; 131). Computational studies suggest that the formation of highly 

sodiated graphite compounds such as NaC6 or NaC8 is thermodynamically not favorable (132). 

However, as demonstrated by Adelhelm et al., the reversible co-intercalation of Na and diglyme 

can be used to improve the specific capacity up to 100 mAh g-1 (133). Despite the high reversibility 

of the co-intercalation reaction, the specific capacities obtained are too low for practical 

applications. In this regard, the storage of Na+ ions into disordered carbon has shown promising 

results, with specific capacities higher than that of graphite. Indeed, in 2000 Dahn et al. 

demonstrated that hard carbon obtained by the pyrolysis of glucose can achieve specific 

capacities as high as 300 mAh g-1 (134). Since then, several hard carbons produced from different 

and sustainable sources such as biowaste have been studied (135; 32).  

 

Titanium based materials 

As for LIBs, Ti-based materials have been thoroughly studied as anode candidates in NIBs. The 

sodiation reaction mechanism of anatase TiO2 is strongly different from the lithiation. At first, a 
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metastable sodium titanate phase is formed, which is then converted as Ti0, sodium superoxide, 

and an amorphous titanate phase (136). The maximum content of Na per formula unit is 0.69. 

However, the reversible content which can be extracted is only about 0.41.  

The reversible intercalation of Na+ ions in LTO has been demonstrated (137). The material was 

able to deliver a specific capacity of 145 mAh g-1 with an average potential of 1 V vs Na+/Na. In 

this case, the intercalation reaction occurs through a three-phase reaction according to Equation 

12. 

 

2𝐿𝑖4𝑇𝑖5𝑂12 + 6𝑁𝑎+ + 6𝑒− → 𝐿𝑖7𝑇𝑖5𝑂12 + 𝑁𝑎6𝐿𝑖𝑇𝑖5𝑂12     Eq. 12 

 

As a result of the large ionic radii, Na+ ions tend to occupy the octahedral 16c sites, leading to a 

phase separation giving the two rock-salt phases Li7Ti5O12 and Na6LiTi5O12 (137). 

Another important Ti-based material for NIBs is Na2Ti3O7, which can store up to 2 mole of Na per 

unit formula at the average potential of 0.3 V vs Na+/Na (138). 

 

Conversion materials 

As for LIBs, transition metal oxides, sulfides, and phosphides have been thoroughly studied as 

potential anode candidates. They follow the same reaction mechanism, in which the transition 

metal is reduced and there is the formation of Na2O matrix. However, they suffer from the same 

issues as in LIBs i.e., large voltage hysteresis, and the structural change which can lead to the 

electrode pulverization. In addition, in some cases the conversion reaction does not go to 

completion because of the formation of a dense Na2O layer, which acts as a transport barrier; 

hence, specific capacities lower than the theoretical ones are observed (139). The strategy to 

overcome these issues rely on the use of nanostructured materials, nanocomposite materials, and 

surface coatings (129; 140). 

 

Alloying materials 

Metal and semi-metals of the carbon and pnictogens group can electrochemically form binary 

NaxA compounds via the alloying reaction. These alloys are quite attractive as potential anode 

materials thanks to their relatively low working potential compared to Ti-based and conversion 

materials, as well as their high specific capacity. Even if c-Si has been appointed as the next gen 

anode material for LIBs, it cannot accommodate Na+ ions into its structure (123). Computational 
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studies proved that a-Si can accommodate 0.76 Na+ ions per mole of Si with a resulting specific 

capacity of 725 mAh g-1 (141); however, this value has never been reached experimentally. For 

these reasons, Sn and Sb have been appointed as the alloying anode materials of choice for 

sodium-ion batteries. Sn has a promising theoretical capacity of 847 mAh g-1 which correspond 

to the stoichiometry of Na15Sn4. The reaction mechanism occurs via a series of two-phase reaction 

steps: β-Sn, NaSn2, a-Na1.2Sn, Na5-xSn2, and Na15Sn4 (142). In addition, micrometric Sn particles 

have shown a highly reversible sodiation when glyme-based electrolytes are used, maintaining 

specific capacity of 800 mAh g-1 for 50 cycles (143). Sb can deliver a specific capacity of 660 mAh 

g-1 based on the stoichimetry of Na3Sb. The reaction mechanism involves the amorphization of c-

Sb upon sodiation, in which an amorphous Na1.7Sb appears as intermediate phase. At the end of 

the reduction, a crystalline Na3Sb phase is formed (144). However, the large ionic radii of Na+ can 

lead to volume expansions higher than the one encountered on the Li counterpart. As a result, 

several morphologies as well as containment active/inactive matrices have been studied to 

improve the structural stability of the electrodes. 

 

1.1.2.2 Cathode materials 

Thanks to the similar chemistry of Li and Na, comparable Na counterparts of LIBs cathode 

materials have been studied in Na cells. Therefore, in the last decade several cathode materials 

have been proposed as potential candidates for practical applications (145); they can be divided 

in layered oxides, polyanionic compounds, prussian blue analogs, and organic compounds. 

Several improvements are still needed in terms of structural stability, kinetic of Na 

insertion/extraction, and electronic conductivity as well as ionic conductivity (146). 

 

Layered oxides 

Layered oxides with the general formula of NaxMO2 (with M = transition metal) have been 

proposed by Braconnier et al. in 1982 (125). Their unique construction provides short Na diffusion 

path which can be beneficial for cycling stability and rate performances. As for LIBs, their 

structure can be divided in two groups (110): (i) On types in which the alkali ions are located in 

an octahedral environment, whereas (ii) in Pn types are in a prismatic environment. The number 

n indicates the number of transition metal layer per each unit cell. In Figure 1-13, the crystal 

structures of O3/P3 and O2/P2 types is shown (147). The sodium extraction from O3 type leads 
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to the formation of the corresponding P3 type, the same process occurs for the P2 type. However, 

the variation from the O3/P3 system to O2/P2 system and vice versa is not possible without 

breaking the M-O bonds (148; 149). The first studied material, NaxCoO2, can be synthesized in the 

three configurations O3, P2, and P3 depending on the amount of Na present in the structure. The 

P2-Na0.7CoO2 seems to be the best performing in terms of specific capacity (149).  

Several O3-type materials such as NaCrO2 and NaFeO2 can intercalate Na+ ions, even if they are 

electrochemically inactive with Li. However, as in the case of LIBs, extracting more than 0.5 Na 

mole per formula unit will results in irreversible structural change. 

In addition, binary metal oxide systems have been studied as well to improve the structural 

stability and the Na insertion/extraction kinetic (145). 

 

Figure 1-13. Crystal structures of layered NaxMO2 oxides and phase transitions between insertion and extraction of 

Na+ ions. Image taken from (147). 

Polyanionic compounds 

Polyanionic compounds refers to the family of cathode materials in which the anion can be 

generalized as (XOm)n-, with X = P, S, As, W, and other (150; 151). Among them, phosphates, 

NASICON (Na Super Ionic CONductor) phosphates, pyrophosphates, and fluorophosphates 

have attracted particular interest as potential cathode materials. The sodium counterpart of LFP, 

NaFePO4 have been extensively studied in literature (152; 153). It can exist with two different 



1-46 

 

crystal structure i.e., (i) maricite NaFePO4 which is electrochemically inactive, and (ii) triphylite 

NaFePO4 which is active towards sodium insertion/extraction. However, the latter cannot be 

synthesized and must be obtained with the electrochemical delithiation LFP (154). In addition, 

the extraction mechanism is different compared to the lithium counterpart, with the formation of 

an intermediate phase Na≈0.7FePO4. 

The NASICON type cathode materials have attracted particular interest thanks to their 

remarkable Na+ conductivity, relatively high working potential, and thermal stability. They are 

characterized by the general formula Na3M2(XO)3, in which X = Si4+, P5+, S6+, Mo6+, As5+ (150; 151). 

Among them, Na3V2(PO4)3 (NVP) has shown promising properties for practical applications (155). 

Moreover, thanks to the V3+ ions, it can act as both anode and cathode material. When employed 

as cathode material, two Na+ ions can be extracted at about 3.4 V vs Na+/Na with the oxidation of 

V3+ to V4+. When employed as anode, one Na+ ion can be inserted at about 1.6 V vs Na+/Na with 

the reduction of V3+ to V2+. Thanks to these features, symmetric cell employing NVP as both anode 

and cathode can be assembled. 

 

1.1.2.3 Electrolyte 

Analogous to LIBs, a good electrolyte for NIBs should display a high ionic conductivity, a low 

electronic conductivity, a large electrochemical window, chemical compatibility with other cell 

components, and at last thermal stability. Liquid electrolytes for both Li and Na share almost the 

same “recipe” thanks to the transposition of the scientific work done with Li. In fact, as early as 

1980, electrolytes comprising NaClO4, NaPF6, or NaI dissolved in PC were already studied (156). 

However, some differences between the two systems are present. The solvent PC can be used in 

NIBs since there is no co-intercalation of it into hard carbon. In addition, the additive VC seems 

to be detrimental for the performance of a Na cell (157). The most used electrolyte in literature 

studies is 1 M NaClO4 in PC, with few reports with NaPF6 and other solvents (158). The 

formulation 1 M NaPF6 in glyme solvent has attracted the interest of the scientific community 

since it allows the reversible sodiation of Sn without the need of nanostructured electrode nor 

nanocomposite formulation (143). 
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1.2 Electrochemical energy conversion systems  

The term electrochemical energy conversion systems (EECS) comprehends all the devices which 

can convert electrical energy into chemical energy and vice versa. It includes systems able to 

generate electrical current from different sources such small molecule fuels and/or light radiation, 

or systems able to use electrical energy for producing small molecules which can be used as 

energy sources in other processes. The most studied technologies with commercial application in 

this regard are: 

• Fuel cells (gas-to-power conversion). 

• Electrolyzers (power-to-gas conversion). 

• Photoelectrochemical cells (light-to-power conversion). 

However, advanced systems such as the electrochemical reduction of CO2 (159), 

electromethanogenesis (160), and electrohydrogenesis (161) attracted the attention of the 

scientific community in the last years for their ability to produce fuels such as H2, CH4, and 

HCOOH by a green process. 

 

1.2.1 Fuel cells 

Fuel cells have attracted a lot of attention from both the scientific community and the industrial 

market thanks to their high fuel-to-power efficiency. Indeed, since they are not subjected to the 

Carnot cycle, efficiencies as high as 40-50 % for energy conversion can be achieved. As shown in 

Figure 1-3, FCs offer higher-energy densities compared to Li-ion batteries at the expense of a 

lower rated power density. They have potential for various applications such as portable power, 

stationary electricity generation, and vehicle propulsion (162; 163). Several types of fuel cells exist, 

and their classification is based on the type of the ionic conductor (electrolyte) i.e., proton 

exchange membrane fuel cells (PEMFCs), direct methanol fuel cells (DMFCs), alkaline fuel cells 

(AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), solid oxide fuel 

cells (SOFC), and protonic SOFCs. As shown in Figure 1-14, as the ionic conductor changes, the 

conducted ions, the electrode catalysts as well as the working temperature are different. 

In addition, as the working temperature increases, the rated power increases, and fuels other than 

H2 can be used (164). In the following section, an overview on SOFCs is given. 
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1.2.2 Solid Oxide Fuel cells 

Two types of SOFC exist based on the electrolyte used i.e., SOFC in which the electrolyte is an 

oxygen-ion conductor (normally called SOFCs), and the relatively new protonic-SOFC in which 

the electrolyte is a H+ ions conductor (H-SOFCs). In this thesis, the focus will be on SOFC in which 

the electrolyte is an O2- ions conductor. 

 

Figure 1-14. Different types of fuel cells classified according to the type of ionic conductor used.  

Reduction of O2 to O2- ions occurs at the cathode side, in which a La1-xSrxMO3 (with M = Mn, Fe, 

and/or Co) catalyst is present. The O2- ions are conducted by the electrolyte to the cermet anode 

in which the oxidation of the fuel (H2) as well as the formation of the “combustion” product (H2O 

in the case of H2 is used as fuel) occurs. The electrolyte consists of a ZrO2 doped with 8 % Y to 

stabilize the crystal structure (8-YSZ). The anode consists of Ni metal catalyst sintered with the 8-

YSZ powder, also called cermet anode for having a metal embedded in a ceramic matrix. SOFCs 

have several advantages respect to the other classes of FCs (165): higher electric efficiency, and 

flexible designs for low- and high-power application (ranging from 1kW up to 1MW). 

Furthermore, they support the reversible operation (fuel cell + electrolyzer), which is interesting 

for coupling this technology with renewable energy production plants (166). At last, the heat 

involved during operation can be used for cogeneration (167). However, under real operation the 
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temperature and load variations (168), as well as fuels containing impurities (169) can pose 

serious threats for the cell life, involving side reactions and loss of performances. These problems 

could be more pronounced when the cell is used as electrolyzer or in reversible mode (reversible 

solid oxide cells, rSOCs) (170; 171). In this regard, the SOFCs lifetime can be increased by 

optimizing the cell materials and operating parameters. In the former case, the scientific 

community is focused on the development of materials with improved electrochemical 

properties, gas diffusion and porosity, as well as chemical and thermomechanical resistance. In 

the latter case, researchers are focused on diagnostic systems as well as optimized operating 

conditions to avoid irreversible damages on the cell. In this thesis work, the focus is on the 

characterization of polarization losses by means of electrochemical impedance spectroscopy and 

its use as diagnostic tool for the early detection of degradation phenomena. Further details will 

be given in section 4. 
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2.  Tin-based anodes for lithium-ion batteries 

SnO2-based anodes are considered one of the most promising candidates among alloying and 

conversion-alloying materials as anode materials for next gen Li-ion batteries. This is due to its 

high theoretical capacity (i.e. 1494 mAh g-1), environmental friendliness, natural abundance, and 

low cost (1; 2). SnO2, as summarized in Equations 10-11, firstly react via a conversion mechanism 

giving a theoretical specific capacity of 711 mAh g-1, and then via an alloying mechanism of Sn0 

with an associated specific capacity of 783 mAh g-1. As a result, the overall theoretical specific 

capacity and volumetric specific capacity are 1494 mAh g-1 (4 times the value of graphite) and 

10.383 Ah cm-3 (12.4 times the value of graphite), respectively (2). The theoretical specific capacity 

of SnO2 is lower than Si (3579 mAh g-1 considering the phase Li15Si4) and Ge (1624 mAh g-1). 

However, is higher than Sn (711 mAh g-1) and transition metal oxides (500-1000 mAh g-1). 

Furthermore, SnO2 nanomaterials and nanocomposites can be synthesized by employing 

relatively low temperature methods while Si and Ge commonly require high temperature and 

expensive routes such as CVD (3), plasma synthesis (4), or electron beam evaporation (5). Thanks 

to its properties as well as its simple preparation, SnO2 has been studied in various 

electrochemical energy storage applications (2; 6).  

However, its practical application as anode material in commercial LIBs is still hindered by the 

specific capacity lower than the theoretical one, and the capacity decay upon cycling. The former 

can be attributed to several reasons i.e., (i) formation of large metal particles which hinder the 

kinetic of the conversion reaction and isolate itself from the Li2O matrix (7), and (ii) larger energy 

barrier for the oxidation reaction compared to other transition metal oxides (7). This is mainly 

due to the larger atomic radius and lower temperature of recrystallization of Sn (T = 224 K) 

compared to other TMs (1). The latter can be attributed to the large volume expansion (≈ 300 %) 

which occurs during the alloying reaction of Sn. The prolonged volume expansion/contraction 

can lead to the active material particles detachment, loss of electrical contact, and eventually 

pulverization of the electrode. For these reasons, the synthesis of nanostructured SnO2, along with 

caging it in active or inactive matrices, is of paramount importance to maintain a close contact 

between Sn and Li2O and avoid Sn particle coarsening. Nanosizing SnO2 shorten the Li+ diffusion 

path, enhancing the reaction kinetic, and increase the free space to accommodate the volume 

expansion. These features reflect in improved electrode stability and rate capability. 

Morphologies such as 0D nanosphere (8), 1D nanowires (9; 10), nanotubes (11; 12) have already 
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shown remarkable improvements. However, the high specific surface area can lead to particles 

aggregation and Sn coarsening upon cycling, and thus loss of performances. For these reasons, a 

robust physical barrier must be used to avoid the coarsening of active material particles and 

maintain a close contact between Sn0 and Li2O. The containment matrices can be either active or 

inactive towards lithium and can be divided into carbonaceous materials, conductive polymers, 

and inorganic materials. The former, thanks to its chemical stability, mechanical properties, as 

well as high electronic conductivity can improve not only the cycling stability of SnO2 but also its 

rate capability. This class includes amorphous carbon (13; 2), carbon nanotubes (14; 15), as well 

as graphene-based materials (16; 17). On the other hand, conductive polymer coatings can form 

a flexible barrier able to withstand the volume expansion while providing an electronic 

conducting path. The most employed polymers are polypyrrole (18), polyaniline (19), and the 

copolymer PEDOT:PSS (20). At last, the synthesis of SnO2 nanocomposites with inorganic 

materials (commonly metals or metal oxides) can simultaneously alleviate the volume stresses 

and avoid Sn0 particles coarsening. Metal oxides such as TiO2 (21), Fe2O3 (22), and NiO (23) can 

also provide an additional specific capacity thanks to the conversion reaction, so that the overall 

specific capacity of the composite is higher compared to inactive matrices such as conductive 

polymers. 

This chapter is divided in three sections according to the strategy adopted to stabilize the SnO2-

based anode. Specifically, in the first two sections the effect of the employment of an inorganic 

and a carbonaceous matrix is deeply studied in terms structural, morphological, and 

electrochemical characterization. In the last section, the effect of a tailored morphology is studied. 

All the nanocomposite materials have been structurally and morphologically characterized by 

FE-SEM, X-Ray Diffraction, and Raman Spectroscopy. TGA has also been employed to assess the 

carbon content in all the materials. Electrochemical characterization includes galvanostatic 

cycling with potential limitation (GCPL), cyclic voltammetry (CV), rate capability, potentiostatic 

electrochemical impedance spectroscopy (PEIS), and galvanostatic intermittent titration 

technique (GITT). 

 

2.1 Experimental 

All the nanocomposite materials presented in sections 2.2, 2.3, and 2.4 share the same 

experimental procedure; thus, all the details about structural, morphological, and electrochemical 
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characterizations are summarized in this section. Only the synthesis methods will be addressed 

specifically in each subsection. 

2.1.1 Structural and morphological characterization 

The structural characterization was pursued by Raman scattering and X-Ray Diffraction (XRD). 

Specifically, a Horiba iH320 Raman spectrometer equipped with a 532 nm laser source, and a 

Philips diffractometer equipped with a Cu-Kα source (λ=1.540 Å) were used for Raman 

spectroscopy and XRD, respectively. The morphological characterization was done by using a 

field-emission scanning electron microscope Zeiss Sigma series 300.  

 

2.1.2 Thermal characterization 

The carbon content in the composite materials was assessed by using a Perkin-Elmer STA6000 

TGA-DTA, from r.t. up to 800 °C with a rate of 10 °C min-1 in oxidizing atmosphere. 

 

2.1.3 Electrode processing 

The electrode layers were prepared by doctor blade technique. All the slurries were prepared 

with the formulation of 70:20:10 of active material, Super C65 (Timcal C-Energy™) as conductive 

carbon additive, and polyacrylic acid (PAA, Sigma-Aldrich m.w. = 450000 g mol-1) as binder, 

respectively. Firstly, the polymeric binder was dissolved in ethanol to obtain a 5 %ww solution. In 

the meantime, active material and the conductive carbon additive were finely grounded in an 

agata mortar. The mixed powders were then added to the binder solution reaching a solid content 

of ca. 40 % and stirred overnight. Eventually, the slurries were casted onto copper foil (thickness 

= 10 µm) with a wet thickness of 150 µm. Electrode layer were than dried at 70 °C for 2h. Circular 

electrodes of Ø = 9mm were cut using an electrode puncher (EL-Cut, EL-CELL). Eventually, the 

electrodes were pressed at 4.7 tons cm-2, weighted, and vacuum dried at 120 °C overnight. The 

average loading of active material was ≈ 1.5 mg cm-2. 

 

2.1.3 Electrochemical characterization 

Three-electrode cells have been used for the electrochemical characterization employing the 

active material as working electrode, and Li metal as both counter and reference electrodes. 1 M 

LiPF6 in EC:DMC (1:1 v:v) + 2 % VC was used as electrolyte, and Whatman GF/A glassfiber discs 

as separator. Swagelok-type cells were used for CV, GCPL, rate capability, and GITT. Prior any 
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electrochemical characterization, an open circuit voltage period of 12 h was used. Cyclic 

voltammetries were acquired from 50 µV s-1 up to 500 µV s-1 with 50 µV s-1 increment steps. 

Galvanostatic cycling were performed by applying specific currents ranging from 50 mA g -1 up 

to 10 A g-1. ECC-REF (EL-CELL) cells have been used for potentiostatic electrochemical 

impedance spectroscopy. Impedance spectra were acquired every 10th cycle at selected bias 

potential by applying a sinusoidal voltage perturbation of ΔE = 5 mV in the frequency domain 7 

mHz < f < 200 kHz, and with 10 points per decade in logarithmic spacing. All the electrochemical 

measurements have been performed in the potential window 0.010 V < E < 3.000 V. All the 

potential values are referred to the Li+/Li redox couple (-3.041 V vs SHE). 

All the cell assembly procedures were carried out by using an Ar filled glovebox (Jacomex GP-

Campus) with H2O and O2 < 1 ppm. All the electrochemical measurements have been performed 

on a VMP-3 multichannel galvanostat/potentiostat (BioLogic, France). 

 

2.2 Synthesis and Characterization of TiO2@SnO2 Nanocomposite as Viable Anode for 

Lithium-Ion Batteries 

 

2.2.1 Synthesis 

SnO2 nanopowder (Sigma-Aldrich, < 100 nm) were dispersed in isopropanol by ultrasonic 

treatment (50 W power; continuous mode) to achieve a homogeneous dispersion. Triton X-100 

was added as capping agent (24) and a magnetic stirring was maintained for 2 h. Titanium (IV) 

isopropoxide (Sigma-Aldrich) was added and the temperature was raised to 80 °C. Eventually, 

aqueous ammonia solution (30% v/v) and ultrapure water were added dropwise to the solution, 

and the formation of a pale-yellow precipitate was observed. After the solvent evaporation 

overnight (T = 70 °C), the powder was treated in a tubular furnace at 600 °C for 4 h under Ar 

atmosphere (thermal gradient: 5 °C min-1) to obtain Anatase crystal phase (25). The weight ratio 

between SnO2 and TiO2 is 3:1. The synthesis procedure is summarized in Figure 2-1. 
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Figure 2-1. Schematic illustration of the synthesis of TiO2@SnO2 

 

2.2.2 Results and discussion: structural, morphological, and thermal characterization 

In Figure 2-2, the SEM micrographs of TiO2@SnO2, as well as commercial SnO2 nanopowder are 

shown. 

 

Figure 2-2. SEM micrographs of a) commercial SnO2 nanopowder at 40000 x, and TiO2@SnO2 at b) 10000 x, c) 40000 x, 

and d) 80000 x 

The morphology of commercial SnO2 (Figure 2-2a) is characterized by spherical shape with a 

diameter ranging from 10 up to 100 nm. The composite (Figure 2-2b-d) is characterized by large 

aggregates probably due to magnetic stirring. However, at high magnifications the presence of 

the SnO2 nanoparticles is confirmed, suggesting that their morphology was not modified, and the 

larger grains are probably TiO2 crystals. The large particle size of TiO2 can effectively sustain the 

volume stresses and avoid the agglomeration of Sn particles. 
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In Figure 2-3, the experimental diffractogram of TiO2@SnO2, as well as the reference cards of 

cassiterite SnO2 and anatase TiO2 are shown. The diffractogram of the composite reports a 

reflection pattern consistent with the rutile-type structure of cassiterite SnO2 with space group 

P42/mnm (JCPDS 41-1445). A small reflection at 25.23 ° can be indexed to the 101 set of planes of 

anatase TiO2. No other reflections of anatase TiO2 are detectable probably due to the lower 

amount of it in the composite as well as the broadened shape of the reflections due to the 

nanometer size of the powder.  The average SnO2 crystallite size was estimated as ≈ 18.08 nm by 

applying the Scherrer’s equation (Equation 13), the main reflection 110 has been used for the 

calculation: 

 

𝐿 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
           Eq. 13 

 

Where L is the average crystallite size, K = 0.94, λ = 0.15418 nm (Cu Kα wavelength), β = peak 

broadening and θ = Bragg angle.  

In Figure 2-4, the Raman spectra of the composite anode as well as the reference of cassiterite 

SnO2 and anatase TiO2 (taken form RUFF database) are shown. The Raman spectra of TiO2@SnO2 

is consistent with the spectra of both cassiterite SnO2 and anatase TiO2. Specifically, the peaks 

located at 134 and 415 cm-1 can be assigned to Eg and B1g mode of Anatase TiO2 (26; 27), while the 

peaks located at 240 and 597 cm-1 can be assigned to the Eu - TO and A1g mode of cassiterite SnO2 

(28). 

Three peaks are clearly visible at 1337, 1583, and 2865 cm-1, which are assigned to the D, G, and 

2D mode of amorphous carbon, respectively. This phase is probably produced by thermal 

decomposition of the capping agent Triton X-100 under Ar. 
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Figure 2-3. a) Experimental diffractogram of TiO2@SnO2. b) and c) reference cards of anatase TiO2 and cassiterite SnO2, 

respectively.  
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Figure 2-4. a) Raman spectra of TiO2@SnO2. b) and c) reference spectrum of cassiterite SnO2 (RUFF ID R040017.3) and 

anatase TiO2 (RUFF ID R060277.3), respectively. 

In Figure 2-5, the TGA analysis of the nanocomposite material is shown. 
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Figure 2-5. TGA of TiO2@SnO2 nanocomposite in oxidizing atmosphere 

From r.t. up to 200 °C there is a small loss of weight of 0.85 % which can be ascribed to loss of 

adsorbed water. From 300 °C up to 500 °C the decomposition of amorphous carbon into CO2 takes 

place, giving a loss of weight of 12.44 %. Thus, the formulation of the nanocomposite material can 

be calculated as 66:22:12 of SnO2, TiO2, and C, respectively. 

 

2.2.3 Results and discussion: electrochemical characterization 

In Figure 2-6, the cyclic voltammetry of TiO2@SnO2 obtained at 0.050 mV s-1 is reported. In the 

first cathodic scan the peak A at 1.75 V can be assigned to the lithium insertion into anatase TiO2 

lattice (29; 30; 31) according to Equation 14: 

 

𝑇𝑖𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝑇𝑖𝑂2         Eq. 14 

 

Peak B located at 1.05 V is assigned to the reduction VC additive in the electrolyte, which 

polymerizes at the electrode surface giving a stable film made of poly alkyl Li-carbonate species 

(32). The sharp peak C at 0.85 V is due to the conversion reaction (33; 7; 2; 9), summarized in 

Equation 15: 

 

𝑆𝑛𝑂2 + 4𝐿𝑖+ + 4𝑒− → 𝑆𝑛0 + 2𝐿𝑖2𝑂        Eq. 15 
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As mentioned in sections 1.1.1.1 and 2, this process is only partially reversible, indeed in the 2nd 

cycle the peak is almost not detectable. In this potential region, also the formation of a passivation 

layer due to decomposition of the electrolyte starts (34; 35). 

Peak D correspond to the alloying reaction of Sn with Li (33; 7; 2; 9) (Equation 16): 

 

𝑆𝑛0 + 4.4𝐿𝑖+ + 4.4𝑒− ↔ 𝐿𝑖4.4𝑆𝑛        Eq. 16 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-600

-400

-200

0

200

C''C'

D'

D

C

B

I 
/ 
m

A
 g

-1

E / V vs Li+/Li

 1st cycle

 2nd cycle

A

 

Figure 2-6. Cyclic voltammetry of TiO2@SnO2 obtained in the voltage window 0.010 < E < 3.000 V vs Li+/Li with a scan 

rate of 0.05 V s-1. 

In the anodic scan, peak D’ at 0.52 V is assigned to the reversible dealloying reaction, while the 

peaks C’ and C’’ located at 1.25 V and 1.94 V, respectively, suggest a partial oxidation of Sn to 

higher oxidation state (36). The peak of deinsertion of Li+ from TiO2 is not observed since is 

probably overlapped with peak C’’. In the 2nd cycle the shape of the cyclic voltammogram is 

preserved apart from the peak C of the conversion reaction, which is replaced by a broad hump. 

Preliminary galvanostatic cycles were obtained by applying a specific current Ispec = 1000 mA g-1 

with a constant voltage until the current reached a ICV = 100 mA g-1. The specific capacity values 

obtained are reported as a function of cycle number in Figure 2-7. 
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Figure 2-7. a) Specific capacity as a function of cycle number of TiO2@SnO2. Galvanostatic b) E vs. Q and c) dQ dE-1 vs. 

E profiles. 

In the first lithiation/delithiation, a specific capacity of 1763 mAh g-1 and 1013 mAh g-1 was 

reached respectively, with an efficiency of 57,5 %. The low coulombic efficiency clearly reflects 

first cycle irreversible processes like SEI formation, and the conversion of SnO2 to Sn0. After a 

slight decrease in the first 10 cycles, the cells stabilize with an average specific capacity of Q100 = 

908 mAh g-1 and an efficiency close to 100 %. The extracted galvanostatic E vs. Q profiles are 

shown in Figure 2-7b. In the first cycle there is a plateau at 0.88 V which can be ascribed to the 

conversion reaction of SnO2, and a large slope reaching the lower cut-off voltage which can be 

ascribed to the alloying reaction of Sn with lithium. During delithiation, there are a quasi-plateau 

and a sloping line at 0.4 V and 1.2 V which can be ascribed to the dealloying reaction of Li4.4Sn 

phase and oxidation of Sn, respectively. From the 2nd lithiation forward the plateau due to the 

conversion reaction disappear leaving a sloping line. A large voltage hysteresis is evidenced, 

which is a common drawback for conversion and conversion-alloying materials. The differential 

galvanostatic dQ dE-1 vs. E profiles are in good agreement with the results obtained by CV. 

However, in the first lithiation the peak A associated to the Li+ insertion into TiO2 lattice was not 

detected. 

In Figure 2-8, the voltage hysteresis is graphically demonstrated vs. a theoretical LFP cathode. 
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Figure 2-8. Voltage hysteresis at the 50th cycle calculated vs. a theoretical LFP cathode. 

The voltage hysteresis was calculated by using the galvanostatic profile obtained at the 50th to be 

sure that all the irreversible processes have taken place and the specific capacity is stable. The 

energy efficiency was calculated vs. a theoretical LFP cathode. As is clearly depicted in Figure 

2-8, there is a large gap (highlighted in red) between the “virtual” charge and discharge due to 

the hysteresis of the anode material. The energy efficiency was calculated according to Equation 

17: 

 

𝜂𝐸 = 𝜂𝑄 × 𝜂𝑈 = 𝜂𝑄
�̅�𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

�̅�𝐶ℎ𝑎𝑟𝑔𝑒
=

∫ 𝑈(𝑄)𝑑𝑞
𝑄𝑓𝐷𝑖𝑠

0

∫ 𝑈(𝑄)𝑑𝑞
𝑄𝑓𝐶ℎ

0

     Eq. 17 

 

Where ηE, ηQ and ηU are the energy, coulombic, and voltage efficiencies respectively. The terms 

𝑈Discharge and 𝑈Charge refers to the average voltage of discharge and charge, respectively, while Qf 

and Qi refers to the initial and final amount of charge in the half-cycle. Thus, the calculated energy 

efficiency at the 50th cycle is ηE = 73.22 %, lower than LIBs employing the state-of-the-art graphite 

anode (37; 38). Afterwards, the effect of capacity limitation during delithiation on the energy 

efficiency was studied by performing galvanostatic cycles at ISpec = 1000 mA g-1, and capacity 

limited to 70 % of the obtained in Figure 2-7 (QLim = 700 mAh g-1). The specific capacity vs. cycle 

number as well as the galvanostatic profiles vs. a theoretical LFP cathode are reported in Figure 

2-9. 
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Figure 2-9. a) Galvanostatic cycles with capacity limitation QLim = 700 mAh g-1. b) Voltage hysteresis at the 50th cycle 

calculated vs. a theoretical LFP cathode. 

In the first 10 cycles, the coulombic efficiency raises from 45.52 % in the first cycle reaching 99.12 

% in the 10th cycles. This is due to the irreversible processes such as SEI formation and conversion 

reaction. Capacity limitation is a common strategy to further improve the energy efficiency of the 

full cell (39; 40; 41). In this case, by applying a capacity limitation of 70 % during delithiation 

(discharge of the “virtual” full cell), the anode reaction was limited mostly to the alloying reaction 

of Sn, thus the energy efficiency improved from 73.22 % to 80.76 %. Other strategies to improve 

the energy efficiency of conversion-alloying materials-based full cells could be applying a 

prelithiation or using a high-voltage cathode material (39). In the first case, the anode material 

will be partially lithiated, limiting Li loss due to irreversible processes such as SEI formation. 

Furthermore, the anode material will be already in the “alloying zone”. In the second case, by 

using a high-voltage cathode the amount of stored energy (the green area in Figure 2-8 and Figure 

2-9) will be higher than using a low-voltage cathode such as LFP. However, due to time 

constraints these routes were not studied and will be subject for future works. 

The rate capability of TiO2@SnO2 was assessed by applying specific currents ranging from 100 

mA g-1 up to 2000 mA g-1 for 10 cycles. The obtained specific capacity values as well as 

galvanostatic E vs. Q and dQ dE-1 vs. E profiles are reported in Figure 2-10. The rate capability 

results are summarized in Table 4.  

Remarkable specific capacities were obtained at all current rates, ranging from 707 mAh g-1 at 

2000 mA g-1 to 1131 mAh g-1 at 100 mA g-1. When the current was restored to 100 mA g-1, a high 
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specific capacity of 939 mAh g-1 was recovered. However, at the low current rates 100 and 200 

mA g-1, the coulombic efficiency was about 97 %, while at 500 mA g-1 and the further cycles the 

coulombic efficiency stabilizes at 99 %. 
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Figure 2-10. a) Specific capacity vs. cycle number. Galvanostatic b) E vs. Q and c) dQ dE-1 vs. E profiles. Specific current 

applied: A = 100 mA g-1, B = 200 mA g-1, C = 500 mA g-1, D = 1000 mA g-1, E = 2000 mA g-1, and F = 100 mA g-1.  

E vs. Q and dQ dE-1 vs. E galvanostatic profiles were extracted to understand the current-

controlled behavior of TiO2@SnO2 at different current rates. In both plots, the profiles preserve 

their shape even if the effect of polarization is visible. In the galvanostatic profile, the sloping line 

due to the alloying reaction at ≈ 0.6 V and the quasi-plateau at 0.4 V for the dealloying reaction 

are visible and in accordance with the previous results. In the differential dQ dE-1 vs. E profiles, 

both humps at 1.0 V during reduction and at 1.2 V and 1.9 V during oxidation almost disappears 

at higher current rates. 
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Table 4. Average specific lithiation capacity and coulombic efficiency as a function of the applied current. 

Step Current rate / mA g-1 Average specific capacity / mAh g-1 Average efficiency / % 

A 100 1131 96.8 

B 200 974 97.7 

C 500 858 99.2 

D 1000 786 99.0 

E 2000 707 99.8 

F 100 939 99.9 

 

Electrochemical investigation of transport and interfacial properties 

CV, GITT, and PEIS were used to investigate the transport and interfacial properties of 

TiO2@SnO2 electrodes. In Figure 2-11, the cyclic voltammetries acquired at different scan rates as 

well as the I vs. ν1/2 plot are reported. 
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Figure 2-11. Cyclic voltammetries acquired at different scan rates. b) I vs. ν1/2 plot with linear fit. 

As the scan rate increases, the exchanged current proportionally increases. In fact, by plotting the 

peak current (peak D has been used for the calculation) as a function of the square root of the scan 

rate, a linear relationship between them is observed. Indeed, by linear fitting the experimental 

data, a R2 = 0.99787 is obtained, suggesting a diffusion-controlled behavior (42). 
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GITT was used for the calculation of the practical specific capacity as well as the Li+ diffusion 

coefficient as a function of the electrode potential. The GITT curve as well as the DLi vs. E curve 

are reported in Figure 2-12. 
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Figure 2-12. a) GITT curve and b) DLi vs. E plot. 

The electrode was cycled 4 times with a specific current ISpec = 100 mA g-1 prior GITT measurement. 

For the titration experiment, a specific current IGITT = 100 mA g-1 was applied for 10 minutes with 

a rest time of 1 h. In Figure 2-12a, the stepwise GITT curve as well as an inset showing a single 

titration step are reported. From the titration experiment an experimental specific capacity Qexp = 

1233 mAh g-1 was calculated. The titration was continued until potential 0.2 V was reached, in 

which the stoichiometry Li4.4Sn is formed. The lithium diffusion coefficient can be estimated by 

the Equation 18 (43; 44): 

 

𝐷𝐿𝑖 =
4

𝜋
(𝐼

𝑉𝑚

𝐹𝑆
)

2
(

𝑑𝐸

𝑑𝛿
𝑑𝐸

𝑑𝑡1/2

⁄ )

2

 ,       𝑡 ≪ 𝑙2/𝐷𝐿𝑖             Eq. 18 

 

Where I is the applied current, Vm is the molar volume of the active material, F Faraday constant 

(96485 C mol-1), S electrode surface, dE/dδ the derivative of the potential according to δ (where 0 

< δ < 4.4 in LiδSn), dE/dt1/2 the derivative of the potential according to the square root of time. The 

calculated DLi values fall in the range order between 10-13 to 10-12 cm2 s-1. As the potential decreases 

and the lithiation degree increases, the DLi decreases with several local minima. These features 
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can be indexed to the three-phase equilibria introduced by Huggins in (45) between two different 

LiδSn and Liδ+xSn phases, and the amorphous Li2O matrix. All the minima potential as well as the 

phase compositions are summarized in Table 5. 

 

Table 5. Summary of the local minima potential and corresponding three-phases equilibrium (45). 

 Potential range Li+/Li LiδSn Phases 

A 0.76 – 0.70 V Li2O-Sn-Li0.4Sn 

B 0.65 V Li2O-Li0.4Sn-Li0.714Sn 

C 0.55 V Li2O-Li0.714Sn-Li2.33Sn 

D 0.49 V Li2O-Li2.33-Li2.6Sn 

E 0.40 V Li2O-Li2.6Sn-Li3.5Sn 

F 0.26 – 0.23 V Li2O-Li3.5Sn-Li4.4Sn 

The electrode/electrolyte interface stability was studied by potentiostatic electrochemical 

impedance spectroscopy. Impedance spectra were acquired every 10th cycle at the bias potential 

of E = 0.020 V. All the dispersion are characterized by the following features: (i) an intercept in 

the real axis, (ii) a small arc in the high-frequency region, (iii) an arc in the mid-frequency region, 

and (iv) a straight line in the low-frequency region. These features are commonly attributed to (i) 

migration of charges in the electrolyte, (ii) migration of Li+ ions through the SEI layer, (iii) charge-

transfer process and surface accumulation of charges in the active material, and (iv) diffusion of 

Li+ ions in the active material (46). As the number of cycles increases, the overall impedance 

increases, especially in the medium-frequency region caused by the electrode/electrolyte interface 

worsening due to possible aggregation or electrode pulverization. 
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Figure 2-13. a) Nyquist plot acquired every 10th cycle and b) resistance values obtained by CNLS-fit. 

In order to have an in-depth analysis, Relaxis 3 (rhd instruments, Germany) software was used 

for the mathematical fit of the acquired data. In this case, an equivalent circuit model consisting 

of Rel(RSEICSEI)(RctCdl)W (Boukamp’s notation (47)) was used, where Rel is the electrolyte resistance, 

RSEI and CSEI are the resistance and the capacitance of the passivation layer, Rct and Cdl are the 

resistance correlated to the charge-transfer reaction and the double-layer capacitance, and W is 

the Warburg element used to describe the low-frequency polarization. All the capacitive elements 

were fitted by using a constant phase element (46) to consider roughness and electrode surface 

inhomogeneity. All the χ2 obtained from the analysis were in the 10-5 order. The results of the 

CNLS fitting procedure are presented in Figure 2-13b. The resistance associated to the electrolyte 

does not change upon cycling, suggesting that no degradation of the electrolyte occurs. The 

resistances associated to the charge-transfer process and to the SEI layer increase upon cycling. 

The increase of the Rct can be ascribed to the volume expansion/contraction of the active material 

upon cycling. Specifically, the resistance sharply increases in the first 40 cycles reaching a relative 

stabilization, suggesting that some structural reorganization occurs in the electrode. The increase 

of the RSEI can be attributed to a breakage and re-formation of SEI due to the volume 

expansion/contraction of the active material. 
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2.2.4 Conclusions 

A high-energy density composite anode material has been synthesized by sol-gel assisted 

method. The structural characterization revealed the presence of two different phases i.e., 

cassiterite SnO2 and anatase TiO2. Furthermore, the presence of 12.44 % of amorphous carbon was 

confirmed by both Raman spectroscopy and TGA. The SnO2 nanopowder is characterized by a 

spherical shape with an average diameter of 18 nm. TiO2 is present as larger grains in which SnO2 

nanoparticles are attached, suggesting a possible buffering effect. High specific capacities were 

obtained at different currents rates, ranging from 707 mAh g-1 at 2000 mA g-1 up to 1131 mAh g-1 

at 100 mA g-1. The investigation of transport properties by CV and GITT revealed a diffusion-

controlled behavior. Furthermore, an experimental specific capacity of Qexp = 1233 mAh g-1 was 

calculated. By calculating the DLi from GITT measurements, the formation of three-phases 

equilibrium was exploited giving six local minima due to different degree of lithiation of Sn. The 

investigation of electrode-electrolyte interface revealed an increasing polarization related to the 

SEI breakage and re-formation as well as structural rearrangements of the active material. 

 

2.3 Synthesis and Characterization of High-performance and Stability SnO2/C 

Composite Anode for Li-ion Batteries 

 

2.3.1 Synthesis 

SnO2/C was synthesized following a simple and fast procedure. Firstly, a certain amount of ACS 

sucrose (Sigma-Aldrich) was dissolved in ethanol. Then, commercial SnO2 nanopowder (Sigma 

Aldrich, average particle size ≤ 100 nm) was dispersed into the above solution with the help of 

ultrasonic immersion stirrer (operated at 50 W, continuous mode), considering a final ratio of 

SnO2:C 1:1. After 1 h the dispersion was heated at 70 °C until complete evaporation of the solvent. 

The obtained powder was ball-milled (Retsch S100 planetary ball mill) by using an agata jar and 

agata spheres of Ø = 10 mm (ball to powder weight ratio 10:1) at 400 rpm for 2 h. Eventually, the 

powder was collected and treated in a tubular furnace at 600 °C for 4 h under Ar atmosphere 

(thermal gradient: 5 °C min-1) to obtain the amorphous carbon matrix. The synthesis procedure is 

summarized in Figure 2-14. 
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Figure 2-14. Schematic illustration of the synthesis of SnO2/C. 

 

2.3.2 Results and discussion: structural, morphological, and thermal characterization 

The SEM micrographs of SnO2/C are presented in Figure 2-15. At low magnification levels, the 

nanocomposite is characterized by large grains of ≈ 100 µm; however, with only secondary 

electrons is not possible to discern the exact morphology. For this reason, a micrograph at the 

same spot and magnification level was taken by using backscattered electrons. The large grains 

are characterized by a porous structure with embedded SnO2 nanoparticles (assumption given 

by lighter spots on the grains). At higher magnification levels (40000 and 80000 x) the SnO2 

nanoparticles can be observed. They are characterized by a spherical shape with a diameter 

ranging from 10 up to 100 nm.  

The structure of the nanocomposite material was characterized by both X-Ray Diffraction and 

Raman spectroscopy. The experimental diffractogram of SnO2/C as well as the cassiterite SnO2 

reference card are shown in Figure 2-16. The reflections pattern of SnO2/C clearly correspond to 

the rutile-type structure of cassiterite SnO2 with a space group P42/mnm. An average crystallite 

size of ≈ 30 nm was estimated by applying Scherrer’s equation (Equation 13). No signals of 

amorphous carbon were observed in the diffractogram. For this reason, Raman spectroscopy was 

employed to check the presence of carbonaceous materials. The Raman spectra of SnO2/C is 

shown in Figure 2-17. 
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Figure 2-15. SEM micrographs of a) SnO2/C nanopowder at 500 x with secondary electrons, at b) 500 x with 

backscattered electrons, c) 40000 x with secondary electrons, and d) 80000 x with secondary electrons.  
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Figure 2-16. a) Experimental diffractogram of SnO2/C. b) Reference card of cassiterite SnO2. 

The Raman spectrum of SnO2/C is characterized by signals of both SnO2 and amorphous carbon. 

Specifically, the four signals at 500, 623, 683, and 766 cm-1 can be ascribed to the A2u ν(TO), A1g, A2u 

ν(TO), and B2g modes of cassiterite SnO2 (28). The two signals at 1351, and 1584 cm-1 can be assigned 

to the D and G bands of amorphous carbon, respectively.  
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The amount of C, and thus the ratio SnO2:C was assessed by TGA in oxidizing atmosphere (Figure 

2-18). The sample presented a weight loss from 400 up to 500 °C due to the decomposition of the 

carbon matrix into CO2, giving a percentage of amorphous carbon of 44.04 %. 

500 1000 1500 2000 2500 3000

250 500 750

b)

B2g

G
N

o
rm

a
liz

e
d
 i
n
te

n
s
it
y
 /
 a

.u
.

Raman shift / cm-1

A1g

D

B
2

g

a)

N
o
rm

a
liz

e
d

 i
n
te

n
s
it
y
 /
 a

.u
.

Raman shift / cm-1

A
1
g

A
2

u
 

(L
O

)

A
2

u
 

(T
O

)
 

Figure 2-17.a) Raman spectra of SnO2/C. b) Inset image of signals coming from SnO2. 
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Figure 2-18. TGA of SnO2/C composite. 

 

2.3.3 Results and discussion: electrochemical characterization 

In Figure 2-19, the cyclic voltammetry of SnO2/C obtained at 0.100 mV s-1 is reported. In the first 

cathodic scan the peak A at 0.86 V can be assigned to the conversion reaction of SnO2 as previously 
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described in Equation 15 (33; 7; 2; 9). In the same potential region, the decomposition of the 

electrolyte leading to the formation of the SEI starts (34; 35). The peak of the conversion reaction 

is not as sharp as peak C of TiO2@SnO2 (Figure 2-6); this behavior can be explained by (i) the 

lower amount of SnO2 in the composite, (ii) overlap with the intercalation of Li+ into amorphous 

carbon, and (iii) overlap with the SEI formation. The peak B at 0.25 V can be assigned to the 

alloying reaction of Sn with lithium described in Equation 16 (33; 7; 2; 9). During the first anodic 

scan, to peaks B’ and B’’ at 0.47 V and 0.64 V, respectively, can be assigned to the reversible 

dealloying reaction of different LixSn phases.  
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Figure 2-19. Cyclic voltammetry of SnO2/C acquired on cycle 1 and 2 with a scan rate of 0.100 mV s-1. 

At higher potentials, the two peaks A’ and A’’ can be assigned to the partial oxidation of Sn to 

higher oxidation states (36). During the second scan, the shape of the voltammogram is preserved 

apart from peak A which is replaced by a broad hump. 

Preliminary galvanostatic cycles were performed by applying a specific current Ispec = 500 mA g-1 

in the potential window 0.010 < E< 3.000 V vs. Li+/Li (Figure 2-20). A constant voltage period was 

applied during lithiation until the current reached ICV = 50 mA g-1. 
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Figure 2-20. a) Specific capacity vs. cycle number of SnO2/C. Galvanostatic b) E vs. Q and c) dQ dE-1 vs. E profiles. 

During the 1st cycle, specific capacities of 1562 mAh g-1 and 966 mAh g-1 were measured for 

lithiation and delithiation, respectively, with a coulombic efficiency of ηQ = 62 %. A small capacity 

drop is present in the first 10 cycles probably due to structural rearrangements of the electrode 

material. Afterwards, an average specific capacity of 100 cycles Q100 = 798 mAh g-1 and a ηQ of 

almost 100 %. Looking at the galvanostatic E vs. Q profiles in Figure 2-20b, the voltage plateau at 

≈ 0.90 V in the first lithiation can be assigned to the conversion reaction of SnO2 with the formation 

of Sn metal and Li2O matrix (33; 7; 2; 9). Then, a sloping line from ≈ 0.60 V down to the lower cut-

off voltage can be assigned to the alloying reaction of Sn with lithium (33; 7; 2; 9). In the same 

potential region of the processes described above, the SEI formation and intercalation of Li+ into 

amorphous carbon occur. During delithiation, two sloping lines are clearly visible i.e., at 0.4 V 

and 1.2 V assigned to the reversible dealloying reaction of LixSn and partial oxidation of Sn. Form 

the second cycle, the plateau at 0.9 V of the conversion reaction is replaced by a sloping line. The 

galvanostatic dQ dE-1 vs. E profiles clearly reflect the behavior observed by cyclic voltammetry. 

A large voltage hysteresis is clearly visible form the galvanostatic E vs. Q profiles, thus the energy 

efficiency ηE has been calculated in the 50th cycle vs. a theoretical LFP cathode (Figure 2-21). 
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Figure 2-21. Graphical demonstration of the voltage hysteresis calculated at the 50th cycle vs. a theoretical LFP cathode. 

A slightly higher energy efficiency ηE = 77.04 % than TiO2@SnO2 has been obtained. This feature 

can be ascribed to (i) the lower content of SnO2 (from 66 % down to 56 %), and (ii) to the presence 

of amorphous carbon who has a slightly lower working potential compared to conversion 

materials. In Figure 2-22, the galvanostatic cycles with capacity limitation during delithiation as 

well as the voltage hysteresis profile are reported. By limiting the capacity to a 70 % of the one 

obtained in Figure 2-20, the storage mechanism is mostly limited to the alloying reaction. Indeed, 

a smaller voltage hysteresis, and thus a higher energy efficiency of 86.53 % was obtained. 
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Figure 2-22. a) Galvanostatic cycles with capacity limitation QLim = 560 mAh g-1. b) Voltage hysteresis at the 50th cycle 

calculated vs. a theoretical LFP cathode. 
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The rate capability of SnO2/C was assessed by galvanostatic cycling with specific current rates 

ranging from 50 up to 5000 mA g-1. The obtained specific capacity values as well as galvanostatic 

E vs. Q and dQ dE-1 vs. E profiles are reported in Figure 2-23. 
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Figure 2-23. a) Specific capacity vs. cycle number. Galvanostatic b) E vs. Q and c) dQ dE-1 vs. E profiles. Specific current 

applied: A = 50 mA g-1, B = 100 mA g-1, C = 200 mA g-1, D = 500 mA g-1, E = 1000 mA g-1, F = 2000 mA g-1, G = 5000 mA 

g-1, and H = 500 mA g-1.  

The rate capability results are summarized in Table 6. 

 

Table 6. Average specific lithiation capacity and coulombic efficiency as a function of the applied current. 

Step 

Specific current / mA g-1 

Average lithiation specific 

capacity / mAh g-1 

Average coulombic 

efficiency / % 

A 50 1146 92.1 

B 100 986 96.8 

C 200 789 98.1 

D 500 676 98.3 

E 1000 579 98.4 
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F 2000 542 99.2 

G 5000 532 99.8 

H 500 655 99.9 

High specific capacities were obtained at all current rates, especially at the high current load of 5 

A g-1 where the composite was able to deliver a specific capacity of 532 mAh g-1. When the current 

was restored to 500 mA g-1, the active material was able to retain an average specific capacity of 

655 mAh g-1. High average specific capacity values of 1146 and 986 mAh g-1 were also obtained at 

50 and 100 mA g-1, respectively. However, the associated coulombic efficiencies were 92.1 and 

96.8 %, respectively, suggesting a poor reversibility of the lithiation reaction as well as concurrent 

parasitic reactions at the electrode/electrolyte interface. Galvanostatic E vs. Q and differential dQ 

dE-1 vs. E profiles were extracted in each current step to understand the current-controlled 

behaviour (Figure 2-23b-c). In both cases, as the current increases the profiles preserve their 

shapes. The two sloping lines observed in Figure 2-20b during lithiation at 1.2 and 0.4 V for the 

conversion reaction and alloying reaction are clearly visible, as well as the quasi-plateau at 0.5 V 

during delithiation due to the dealloying reaction. In the dQ dE-1 vs. E profiles, there is only a 

small effect of polarization, in which the alloying peak becomes smaller and shifts to lower 

potential, while the dealloying peak shifts to higher potentials. 

 

Electrochemical investigation of transport and interfacial properties 

CV, GITT, and PEIS were used to investigate the transport as well as interfacial properties of 

SnO2/C electrodes. In Figure 2-24, the cyclic voltammetries acquired at different scan rates as well 

as the Ip vs. ν1/2 plot are reported. As the scan rate increases, the exchanged current proportionally 

increases. In fact, by plotting the peak current (peak B has been used for the calculation) as a 

function of the square root of the scan rate, a linear relationship between them is observed. 

Indeed, by linear fitting the experimental data, a R2 = 0.99798 is obtained, suggesting a diffusion-

controlled behavior (42).  

GITT was performed in a similar way as for TiO2@SnO2. The SnO2/C electrode was cycled 5 times 

at ISpec = 50 mA g-1 prior the experiment. The titration was performed by applying a specific current 

of IGITT = 50 mA g-1 for 10 min followed by an OCV period of 2 h. 
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Figure 2-24. a) Cyclic voltammetries acquired at different scan rates. b) Ip vs. ν1/2 plot. 

The GITT curve as well as the DLi vs. E are reported in Figure 2-25. 
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Figure 2-25. a) GITT curve of SnO2/C electrode. b) DLi vs. e plot. 

From the titration experiment an experimental specific capacity Qexp = 782 mAh g-1 was calculated. 

The titration was continued until reaching the voltage threshold of E = 0.2 V, in which the phase 

Li4.4Sn is formed. The DLi was estimated using Equation 18 as for TiO2@SnO2. The DLi decreases 

with the increase of the lithiation degree with values in the order of 10-12 - 10-13 cm2 s-1. Six different 

local minima are observed as the previous SnO2-based composite anode, representing the 

formation of different three-phases equilibrium (45). The potential range as well as the 

corresponding three-phases equilibrium are reported in Table 7. 

Table 7. Summary of the local minima potential and corresponding three-phases equilibrium (45). 
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The stability of the electrode/electrolyte interface was assessed by potentiostatic electrochemical 

impedance spectroscopy every 10th cycle at bias potential E = 0.180 V. The -Zim vs. Zre complex 

plot as well as the fitted resistance parameter are reported in Figure 2-26. 

 

0 10 20 30 40 50 60 70 80 90 100 110
0

10

20

30

40

50

60

70

80

90

100

110

0 10 20
0

10

20

0 20 40 60 80 100
0

5

10

15

20

 

 

-Z
 i
 /
 

Zr / 

 Cycle 2

 Cycle 10

 Cycle 20

 Cycle 30

 Cycle 40

 Cycle 50

 Cycle 60

 Cycle 70

 Cycle 80

 Cycle 90

 Cycle 100

a)

-Z
i

Zr

WRctRSEI

 R
e
s
is

ta
n
c
e
 / 

 

Cycle number

 RSEI

 Rel

 Rct

b)

Rel

QSEI Qdl

 

Figure 2-26. a) -Zim vs. Zre complex plot acquired every 10th cycle. b) Fitted resistance parameters as a function of cycle 

number. 

All the dispersions are characterized by (i) a straight line in the low-frequency range, (ii) a 

suppressed arc in the medium-frequency range, and (iii) an intercept in the real axis. These 

features are commonly accounted for (i) the diffusion of Li+ ions into the active material, (ii) the 

charge transfer resistance as well as the electrochemical double layer, and (iii) migration of Li+ 

ions in the electrolyte. A further feature i.e., the arc in the high-frequency region, commonly 

associated to the migration of Li+ ions through the SEI layer, is probably overlapped with the arc 

related to the charge-transfer process. The impedance spectrums were CNLS-fitted by using 

 Potential range Li+/Li LiδSn Phases 

A 0.80 V Li2O-Sn-Li0.4Sn 

B 0.66 V Li2O-Li0.4Sn-Li0.714Sn 

C 0.50 – 0.46 V Li2O-Li0.714Sn-Li2.33Sn 

D 0.39 – 0.37 V Li2O-Li2.33-Li2.6Sn 

E 0.33 – 0.28 V Li2O-Li2.6Sn-Li3.5Sn 

F 0.2 V Li2O-Li3.5Sn-Li4.4Sn 
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Relaxis 3 software (rhd instruments). An ECM consisting of Rel(RSEICSEI)(RctCdl)W (Boukamp’s 

notation (47)) was used, where Rel is the electrolyte resistance, RSEI and CSEI are the resistance and 

the capacitance of the passivation layer, Rct and Cdl are the resistance correlated to the charge-

transfer reaction and the double-layer capacitance, W is the Warburg element used to describe 

the low frequency polarization. All the capacitive elements were fitted by using a constant phase 

element (46) to consider roughness and electrode surface inhomogeneity. All the χ2 obtained from 

the fitting procedure were in the 10-5 order. The results of the CNLS fitting procedure are 

presented in Figure 2-26b. The resistance associated to the electrolyte has a small increase upon 

cycling, suggesting a possible degradation of its components. The resistance associated to the SEI 

layer has a small increase between the 20th and the 80th cycle. This change can be explained by the 

structural rearrangement with the exposure of “fresh” surface of the active material in which the 

electrolyte can decompose. The resistance associated with the charge-transfer process increase 

upon cycling up to the 70th cycle, in which relatively stabilize. This behavior can be explained by 

the structural rearrangement of the active material as well as the unwanted coarsening of the Sn0 

particles.  

 

2.3.4 Conclusions 

A high-energy density composite anode material has been synthesized by simple method i.e., 

pyrolysis of sucrose. The structural characterization revealed the presence of two different phases 

i.e., cassiterite SnO2 and amorphous carbon. TGA revealed a 44 % of C, as expected from the 

synthesis procedure. The SnO2 nanopowder is characterized by a spherical shape with an average 

diameter of 30 nm. Amorphous carbon is present as larger grains in which SnO2 nanoparticles 

are embedded, suggesting a possible buffering effect. High specific capacities were obtained at 

different currents rates, ranging from 532 mAh g-1 at 5000 mA g-1 up to 798 mAh g-1 at 500 mA g-

1. The investigation of transport properties by CV and GITT revealed a diffusion-controlled 

behavior. Furthermore, an experimental specific capacity of Qexp = 782 mAh g-1 was calculated. By 

calculating the DLi from GITT measurements, the formation of three-phases equilibrium was 

evidenced by six local minima due to different degrees of lithiation of Sn. The investigation of 

electrode-electrolyte interface revealed an increasing polarization related to the SEI breakage and 

re-formation as well as structural rearrangements of the active material. 
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2.4 Synthesis and Characterization of C/SnO2 Nanorods as High-Performance Anode 

Material for Li-ion Batteries 

 

2.4.1 Synthesis 

SnO2 nanorods have been synthesized by a modified polyol-mediated oligomerization of SnC2O4 

nanowires (48; 49; 50). Briefly, 200 mL of ethylene glycol were heated at T = 160 °C. Afterwards, 

2 g of ACS SnC2O4 and 1 g of Pluronic P123 were dissolved in EG. The solution was left at T = 160 

°C for 12 h. Eventually, the powder was collected by centrifugation and thoroughly washed with 

u.p. H2O and EtOH. The SnC2O4 was finally converted into SnO2 by a thermal annealing in a tube 

furnace at 500 °C for 4 h (ramping rate = 1 °C min-1, air flow 1 L min-1). 

The carbon composite was prepared by dehydration of sucrose in presence of H2SO4. SnO2 

nanorods were dispersed in a solution of sucrose in u.p. water (sucrose:SnO2 ratio of 3:1). Then, 

10 µL of conc. H2SO4 were added to the above solution and heated at T = 100 °C for 4 h. Eventually, 

the temperature was raised to T = 160 °C until the solution was evaporated. The powder was then 

collected, grounded, and treated in a tube furnace at T = 600 °C in Ar atmosphere (ramping rate 

= 1 °C min-1, Ar flow 1 L min-1). The synthesis procedure is summarized in Figure 2-27. For sake 

of clarity, the composite C/SnO2 nanorods will be called “C/SnO2NR”. 

 

 

Figure 2-27. Schematic view of the synthesis of C/SnO2NR. 

2.4.2 Results and discussion: structural, morphological, and thermal characterization 

The SEM micrographs of both SnO2NR and C/ SnO2NR are presented in Figure 2-28.  
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Figure 2-28. SEM micrographs of SnO2NR at a) 10000x and b) 80000x, respectively. C/SnO2NR micrographs at c) 5000x 

and d) 20000x, respectively. 

The SnO2NR are characterized by a rod-like morphology with uneven dimension. At a higher 

magnification level, the rods are composed by arranged SnO2 nanoparticles with a diameter < 100 

nm. The composite is characterized by rod-like SnO2 surrounded by larger carbon grains. The 

synthesis method is adapted from the synthesis of SnC2O4 nanowires in (48; 49; 50), however a 

rod-like morphology was obtained. This is probably due to the thermal treatment for the 

conversion of SnC2O4 to SnO2.  
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Figure 2-29. Experimental diffractogram of a) C/SnO2NR and b) SnO2NR. c) Reference diffractogram of tetragonal 

(cassiterite9 and orthorombic SnO2 

In Figure 2-29, the experimental diffractogram of both C/SnO2NR and SnO2NR are shown. In both 

cases, the main phase observed in the tetragonal cassiterite SnO2 with space group P42/mnm. 

However, the presence of a second phase i.e., orthorhombic SnO2 was also observed. No broad 

peak due to the presence of amorphous carbon was observed in the C/SnO2NR diffractogram. By 

applying Scherrer’s equation (Equation 13) an average crystallite size of 11.22 and 9.37 nm was 

calculated for SnO2NR and C/SnO2NR, respectively.  

The Raman spectrum of C/SnO2NR (Figure 2-30) is characterized by signals of both SnO2 and 

amorphous carbon. Specifically, the four signals at 500, 623, 683, and 766 cm-1 can be ascribed to 

the A2u ν(TO), A1g, A2u ν(TO), and B2g modes of cassiterite SnO2 (28). The three signals at 1351, 1584, 

and 2894 cm-1 can be assigned to the D, G and 2D bands of amorphous carbon, respectively.  
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Figure 2-30. a) Raman spectra of C/SnO2NR. b) Inset image of signals coming from SnO2. 

The amount of amorphous carbon in C/SnO2NR was assessed with TGA in oxidising atmosphere 

(Figure 2-31). 
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Figure 2-31. TGA of C/SnO2NR in oxidising atmosphere at 10 °C min-1. 

The composite has a weight drop starting from 300 °C up to 500 °C, due to the decomposition of 

carbon into CO2. The amount of amorphous carbon was assessed as 11.64 %, thus the SnO2:C ratio 

can be calculated as 88:12.  
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2.4.3 Results and discussion: electrochemical characterization 

 

In Figure 2-32, the cyclic voltammetry of C/SnO2NR obtained at 0.100 mV s-1 is reported. In the 

first cathodic scan, the sharp peak A at 0.8 V can be assigned to the conversion reaction of SnO2 

(33; 7; 2; 9). In the same potential region, the SEI formation is triggered (34; 35). At lower 

potentials, the broad peaks B1 and B2 located at 0.5 and 0.2 V, respectively, can be assigned to the 

formation of different LixSn phases (33; 7; 2; 9). In the anodic scan, the peak B’ at 0.51 V can be 

assigned to the reversible dealloying reaction, while the broad peaks A’ and A’’ at 1.27 and 1.87 

V can be assigned to the partial oxidation of Sn0 to its higher oxidation states (36). In the second 

cathodic scan, the sharp peak A at 0.8 V is replaced by a smaller and broader peak, suggesting a 

poor reversibility of the conversion reaction. 

Preliminary galvanostatic cycles were performed by applying a specific current Ispec = 1000 mA g-

1 in the potential window 0.010 < E< 3.000 V vs. Li+/Li (Figure 2-33). A constant voltage period 

was applied during lithiation until the current reached ICV = 100 mA g-1. 
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Figure 2-32. Cyclic voltammetry of C/SnO2NR acquired at 100 µV s-1 during the first two cycles. 

During the 1st cycle, specific capacities of 1744 mAh g-1 and 1137 mAh g-1 were measured for 

lithiation and delithiation, respectively, with a coulombic efficiency of ηQ = 65 %. The low 

coulombic efficiency clearly reflects first cycle irreversible processes like SEI formation, and the 

conversion of SnO2 to Sn0. 
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Figure 2-33. a) Specific capacity vs. cycle number of C/SnO2NR. Galvanostatic b) E vs Q and c) dQ dE-1 vs. E profiles. 

The specific capacity is stable in the first 70th cycles with an efficiency close to 100 %. However, 

after the 70th cycle, a capacity drop as well as a decrease of the coulombic efficiency were 

observed. The average specific capacity 100 cycle is Q100 = 1007 mAh g-1. The extracted 

galvanostatic E vs. Q profiles are shown in Figure 2-33b. In the first lithiation, the plateau at E = 

0.8 V and the following sloping line can be assigned to the conversion reaction of SnO2 to Sn0, and 

the alloying reaction, respectively (33; 7; 2; 9). Three features were observed during delithiation 

i.e., a quasi-plateau at E = 0.5 V due to the reversible dealloying reaction, and two sloping lines at 

E = 1.26 V and E = 1.9 V which can be assigned to the oxidation of Sn0 to its higher oxidation states 

(36). In the further lithiation profiles, the plateau at E = 0.8 V was not observed and is replaced by 

a sloping line. The differential galvanostatic profiles dQ dE-1 vs. E shown in Figure 2-33c, confirm 

the results obtained from cyclic voltammetry measurements. A large voltage hysteresis is clearly 

visible form the galvanostatic E vs. Q profiles, thus the energy efficiency ηE has been calculated 

in the 50th cycle vs. a theoretical LFP cathode (Figure 2-34). As for the previous SnO2-based anode 

materials, the energy efficiency without any capacity limitation is around 75 %. For this reason, a 

capacity limitation during delithiation (70 % of the obtained capacity in Figure 2-33, Qlim = 700 

mAh g-1) was applied. The capacity vs. cycle number as well as the voltage hysteresis at the 50th 
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cycle are shown in Figure 2-35. By limiting the storage mechanism mostly to the alloying reaction, 

thus mostly avoiding the voltage hysteresis of the conversion reaction, a higher energy efficiency 

ηE = 86.04 % was obtained.  
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Figure 2-34. Voltage hysteresis curve of C/SnO2NR calculated vs. a theoretical LFP cathode. 
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Figure 2-35. a) Galvanostatic cycles with capacity limitation QLim = 700 mAh g-1. b) Voltage hysteresis at the 50th cycle 

calculated vs. a theoretical LFP cathode. 

The rate capability was assessed by applying different specific currents ranging from 100 mA g-1 

up to 10 A g-1. The obtained specific capacity as well as the extracted galvanostatic E vs. Q and 

dQ dE-1 vs. E profiles are shown in Figure 2-36. The obtained results are summarized in Table 8. 

Good specific capacities were obtained at all current rates, especially at the high current load of 
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10 A g-1 where a specific capacity of 393 mAh g-1 was retained. When the current was restored to 

1000 mA g-1, the active material was able to retain an average specific capacity of 763 mAh g-1. 

High average specific capacity values of 1222 and 1049 mAh g-1 were also obtained at 100 and 200 

mA g-1, respectively. However, the associated coulombic efficiencies were 93.6 and 97.6 %, 

respectively, suggesting a poor reversibility of the lithiation reaction as well as concurrent 

parasitic reactions at the electrode/electrolyte interface. Galvanostatic E vs. Q and differential dQ 

dE-1 vs. E profiles were extracted in each current step to understand the current-controlled 

behaviour (Figure 2-36b-c). 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-4

-3

-2

-1

0

1

2

3

0 200 400 600 800 1000 1200

0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30 40 50 60

250

500

750

1000

1250

1500

1750

2000

c)b)

Cycle number

 Lithiation

 Delithiation

 Efficiency

S
p

e
c
if
ic

 c
a
p

a
c
it
y
 /

 m
A

h
 g

-1

A    B    C   D   E    F    G               H

a)

25

50

75

100

E
ff

ic
ie

n
c
y
 /
 %

d
Q

 d
E

-1
 /
 m

A
h
 g

-1
 V

-1

E / V vs Li+/Li

E
 /
 V

 v
s
 L

i+
/L

i

Specific capacity / mAh g-1

 A = 100 mA g-1

 B = 200 mA g-1

 C = 500 mA g-1

 D = 1000 mA g-1

 E = 2000 mA g-1

 F = 5000 mA g-1

 G = 10000 mA g-1

 H = 1000 mA g-1

 

Figure 2-36. a) Rate capability of C/SnO2NR. Extracted galvanostatic b) E vs. Q and c) dQ dE-1 vs. E profiles. 

In both cases, as the current increases the profiles preserve their shapes at the exception of step G 

(10 A g-1). The two sloping lines observed in Figure 2-33b during lithiation at 1.2 and 0.4 V for the 

conversion reaction and alloying reaction are clearly visible, as well as the quasi-plateau at 0.5 V 

during delithiation due to the dealloying reaction. In the case of step G (10 A g-1) the effect of the 

polarization of the electrode is clearly visible. Indeed, by observing the extracted galvanostatic 

dQ dE-1 vs. E profile, the conversion reaction peak is almost not visible while the alloying peak 

shifts at lower potential. 
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Table 8. Summarized results of the rate capability test of C/SnO2NR.  

 

Electrochemical investigation of transport and interfacial properties 

 

CV, GITT, and PEIS were used to investigate the transport as well as interfacial properties of 

C/SnO2NR electrodes. In Figure 2-37, the cyclic voltammetries acquired at different scan rates as 

well as the Ip vs. ν1/2 are reported.  
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Figure 2-37. a) Cyclic voltammetries acquired at different scan rates. b) Ip vs. ν1/2 plot with linear fit. 

As the scan rates increases, the shape and the peaks intensity proportionally increase. Indeed, by 

plotting the peak current (the alloying peak B has been considered for the calculation) as a 

Step Specific current / mA g-1 

Average lithiation specific 

capacity / mAh g-1 

Average coulombic 

efficiency / % 

A 100 1222 93.6 

B 200 1049 97.6 

C 500 929 98.9 

D 1000 844 99.3 

E 2000 748 99.7 

F 5000 598 99.7 

G 10000 393 99.1 

H 1000 763 99.1 
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function of the square root of the scan rate, a linear behavior was found (R2 = 0.98109). This feature 

can be translated in a diffusion-controlled behavior for the alloying reaction (42).  

GITT was performed in a similar way as TiO2@SnO2 and SnO2/C. The electrode was cycled 5 times 

with a specific current ISpec = 50 mA g-1 before conducting the titration experiment. The titration 

was pursued by applying a specific current IGITT = 50 mA g-1 for 10 min followed by a rest of trest = 

3 h. The GITT curve as well as the calculated DLi as a function of the potential are reported in 

Figure 2-38. 
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Figure 2-38. a) GITT curve of C/SnO2NR. b) Calculated DLi as a function of the potential. 

From the titration experiment an experimental specific capacity Qexp = 1289 mAh g-1 was 

calculated. The titration was continued until reaching the voltage threshold of E = 0.2 V, in which 

the phase Li4.4Sn is formed. The DLi was estimated using Equation 18. The DLi decreases with the 

increase of the lithiation degree with values in the order of 10-11 - 10-13 cm2 s-1. Six different local 

minima are observed as the previous SnO2-based composite anodes, representing the formation 

of different three-phase equilibria (45). The potential ranges as well as the corresponding three-

phases equilibria are reported in Table 9. 
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Table 9. Summary of the local minima potential and corresponding three-phases equilibrium (45). 

 

 

 

 

 

 

 

 

The stability of the electrode/electrolyte interface was assessed by PEIS every 10th cycles at the 

bias potential of E = 0.180 V. The -Zim vs. Zre complex plot as well as the fitted resistance parameter 

are reported in Figure 2-39. All the dispersions are characterized by three common features i.e., 

(i) a shift in the real axis, (ii) two overlapped semicircles in the high- medium- frequency region, 

and (iii) a straight line in the low frequency region. These features are commonly ascribed to (i) 

the migration of charges through the electrolyte, (ii) the migration of charges through the 

passivation layer and the charge-transfer process, and (iii) the diffusion of Li+ ions in the active 

material. 
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Figure 2-39. a) -Zim vs. Zre complex plot acquired every 10th cycle. b) Fitted resistance parameters as a function of cycle 

number. 

 Potential range Li+/Li LiδSn Phases 

A 0.72 V Li2O-Sn-Li0.4Sn 

B 0.57 V Li2O-Li0.4Sn-Li0.714Sn 

C 0.41 V Li2O-Li0.714Sn-Li2.33Sn 

D 0.37 V Li2O-Li2.33-Li2.6Sn 

E 0.32 V Li2O-Li2.6Sn-Li3.5Sn 

F 0.27 V Li2O-Li3.5Sn-Li4.4Sn 
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The impedance spectra were CNLS-fitted by using Relaxis 3 software (rhd instruments). An ECM 

consisting of Rel(RSEICSEI)(RctCdl)W (Boukamp’s notation (47)) was used, where Rel is the electrolyte 

resistance, RSEI and CSEI are the resistance and the capacitance of the passivation layer, Rct and Cdl 

are the resistance correlated to the charge-transfer reaction and the double-layer capacitance, W 

is the Warburg element used to describe the low frequency polarization. All the capacitive 

elements were fitted by using a constant phase element (46) to consider roughness and electrode 

surface inhomogeneity. All the χ2 obtained from the fitting procedure were in the 10-5 order. The 

results of the CNLS fitting procedure are presented in Figure 2-39b. The resistance associated to 

the electrolyte does not show any significant changes upon cycling, suggesting that its chemical 

composition as well as the physico-chemical properties were not subjected to changes upon 

cycling. The resistance associated to the passivation layer and to the charge-transfer process 

increase upon cycling. This behavior can be explained by the remarkable structural changes of 

active material occurring upon cycling which can lead to (i) agglomeration of Sn particles towards 

the surface of the electrode, (ii) loss of electrical contact, and (iii) increase of the thickness of the 

passivation layer.  

 

2.4.4 Conclusions 

A high-energy density composite anode material has been synthesized by polyol-mediated 

oligomerization of SnC2O4. The structural characterization revealed the presence of two different 

phases i.e., cassiterite SnO2 and amorphous carbon. TGA revealed a 12 % of C, as expected from 

the synthesis procedure. The SnO2 is characterized by spherical nanoparticles arranged with a 

rod architecture. Amorphous carbon is present as larger grains above the surface of SnO2 

nanorods. High specific capacities were obtained at different currents rates, ranging from 393 

mAh g-1 at 10 A g-1 up to 1222 mAh g-1 at 100 mA g-1. The investigation of transport properties by 

CV and GITT revealed a diffusion-controlled behavior. Furthermore, an experimental specific 

capacity of Qexp = 1289 mAh g-1 was calculated. By calculating the DLi from GITT measurements, 

the formation of three-phase equilibria was exploited giving six local minima due to different 

degree of lithiation of Sn. The investigation of electrode-electrolyte interface revealed an 

increasing polarization related to the SEI breakage and re-formation as well as structural 

rearrangements of the active material. 
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2.5 Chapter summary 

Three different SnO2-based anode materials with different stabilizing matrices and morphologies 

have been synthesized and characterized. The effect of an active anatase-TiO2 matrix, an inactive 

amorphous carbon matrix, and an improved morphology has been investigated. Concerning the 

specific capacity, and thus the energy density, the C/SnO2NR has shown the highest specific 

capacity in 100 cycles, with a Q100 = 1007 mAh g-1 (Figure 2-40). 
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Figure 2-40. Comparison of the obtained Q100 for the three SnO2-based anode materials. 

As regards the rate performance, both TiO2@SnO2 and C/SnO2 have shown the best capacity 

retention under high current rates (Figure 2-41). 
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Figure 2-41. Comparison of the rate performances of the three SnO2-based anode materials. 
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In terms of energy efficiency, versus a theoretical LFP cathode, SnO2/C has the highest energy 

efficiency (77.04 % without capacity limitation, 86.53 % with capacity limitation), obtaining the 

A+ label according to the European Union Energy label (Figure 2-42). These findings confirms 

that SnO2 can be a suitable, green, and especially versatile candidate anode material for the next 

generation of Li-ion batteries, with tailored performances according to the end-user application. 

 

 

Figure 2-42. Classification of the energy efficiency of the three SnO2-based anode material with and without capacity 

limitation according to the European Union Energy label (51). 
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3. Iron oxide-based anode for LIBs and NIBs 

Iron oxides have attracted a lot of interest in both LIBs and NIBs systems thanks to their high 

theoretical specific capacity (ranging from 744 mAh g-1 for FeO (1) up to 1007 mAh g-1 for Fe2O3 

(2)) as well as their cost, nontoxicity, and abundancy (3). However, the poor capacity retention 

due to the continuous structural rearrangement given by the conversion reaction must be 

overcome to ensure its practical application in commercial LIBs and NIBs. Common strategies 

involve the preparation of nanostructured materials and/or nanocomposite materials. 

Nanostructured materials have the advantages of higher rate performances and higher stability 

upon cycling given by the higher specific surface areas, the shorter diffusion path, and the smaller 

volume changes. Morphologies such as 0D nanoparticles (4), nanotubes (5), and chain-like 

particles (6) have shown remarkable improvements.  

The preparation of nanocomposite materials with an active or inactive matrix can effectively 

alleviate the volume stresses occurring during cycling. Carbon-based materials are one of the 

mostly used buffering matrices thanks to their remarkable electronic conductivity and low cost 

(7). Graphene has already been studied as active material thanks to its high electronic 

conductivity, reliable mechanical properties, and high aspect ratio (8; 9; 10). However, its use in 

ESSs is still questioned by drawbacks such as high cost and trends to restack to form amorphous 

carbon, and eventually graphite (11). Nevertheless, its use in nanocomposite formulation can 

buffer the volume changes and improve the mechanical instability of the electrode. Furthermore, 

the overall electrode conductivity may be enhanced. For these reasons, graphene has already been 

used as containment matrix for conversion and conversion-alloying materials for both LIBs and 

NIBs systems (12). Nevertheless, some drawbacks regarding the synthesis of Fe3O4/graphene-

based composite materials need to be overcome. In most case, hydrothermal and high 

temperature calcinations are used which can hinder the scale-up of the synthesis process (13). 

 

3.1 Experimental 

3.1.1 Synthesis of Fe3O4 nanoparticles and Fe3O4@rGO 

The synthesis procedure is summarized in Figure 3-1. 

A base-promoted coprecipitation was used for the synthesis of pristine Fe3O4 nanoparticles. 

Briefly, stoichiometric amounts of FeCl2·4H2O and FeCl3·6H2O were dissolved in 40 mL of 

demineralized water. 100 mL of 10 % NH4OH solution were added to the precursor solution 
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giving a black precipitate. The solution was heated and stirred until reaching 80 °C. Afterwards, 

further 30 mL of concentrated NH4OH were added and left to react for 8 h. The obtained black 

precipitate was recovered and thoroughly washed with ultrapure water, acetone, and ethanol. 

Eventually, the powder was vacuum dried at 50 °C. 

A sonochemical approach was used for the embedding of Fe3O4 nanoparticles into reduced 

graphene oxide. 200 mg of graphene oxide (C:O ratio of 5:4.3 from Nanoinnova technologies SL) 

were dispersed in 150 mL of ultrapure water and sonicated for 1 h. Then, 500 mg of pristine Fe3O4 

nanoparticles were added to the above dispersion under magnetic stirring and sonicated again 

for 1 h. Afterwards, 10 mL of hydrazine hydrate was added to the solution to reduce graphene 

oxide. An ice bath was used to control the heat of the reaction. The dispersion was further 

sonicated for 2 h. Eventually, the composite material was vacuum filtered with Millipore filtering 

system (0.2 µm GTTP), thoroughly washed with ethanol, and vacuum dried at 50 °C. 

 

Figure 3-1. Synthesis procedure of Fe3O4/rGO. 

3.1.2 Structural and morphological characterization 

The structural characterization was pursued by Raman scattering and X-Ray Diffraction (XRD). 

Specifically, a Horiba iH320 Raman spectrometer equipped with a 532 nm laser source, and a 

Philipps diffractometer equipped with a Cu-Kα source (λ=1.540 Å) were used for Raman 

spectroscopy and XRD, respectively. The morphological characterization was done by using a 

field-emission scanning electron microscope Zeiss Sigma series 300.  
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3.1.3 Thermal characterization 

The rGO content in the composite material was assessed by using a Perkin-Elmer STA6000 TGA-

DTA, from r.t. up to 800 °C with a rate of 10 °C min-1 in oxidizing atmosphere 

 

3.1.4 Electrode processing 

The electrode layers were prepared by doctor blade technique. All the slurries were prepared 

with the formulation of 70:20:10 of active material, Super C65 (Timcal C-Energy™) as conductive 

carbon additive, and polyacrylic acid (PAA, Sigma-Aldrich m.w. = 450000 g mol-1) as binder, 

respectively. Firstly, the polymeric binder was dissolved in ethanol to obtain a 5 %ww solution. In 

the meantime, active material and the conductive carbon additive were finely grounded in an 

agata mortar. The mixed powders were then added to the binder solution reaching a solid content 

of ca. 40 % and stirred overnight. Eventually, the slurries were casted onto copper foil (thickness 

= 10 µm) with a wet thickness of 150 µm. Electrode layer were than dried at 70 °C for 2h. Circular 

electrodes of Ø = 9mm were cut using an electrode puncher (EL-Cut, EL-CELL). Eventually, the 

electrodes were pressed at 4.7 tons cm-2, weighted, and vacuum dried at 120 °C overnight. The 

average loading of active material was ≈ 1-1.5 mg cm-2. 

 

3.1.5 Electrochemical characterization 

Three-electrode cells have been used for the electrochemical characterization employing the 

active material as working electrode, and Li or Na metal as both counter and reference electrodes. 

1 M LiPF6 in EC:DMC (1:1 v:v) + 2 % VC and 1 M NaClO4 in EC:PC (1:1 v:v) were used as 

electrolyte in LIB and NIB configuration, respectively. Whatman GF/A glassfiber discs were as 

separator. Swagelok-type cells were used for CV, GCPL, rate capability. Prior any electrochemical 

characterization, an open circuit voltage period of 12 h was used. Cyclic voltammetries were 

acquired from 50 µV s-1 up to 500 µV s-1 with 50 µV s-1 increment steps. Galvanostatic cycling were 

performed by applying specific currents ranging from 50 mA g-1 up to 10 A g-1. ECC-REF (EL-

CELL) cells have been used for potentiostatic electrochemical impedance spectroscopy. 

Impedance spectra were acquired every 10th cycle at selected bias potential by applying a 

sinusoidal voltage perturbation of ΔE = 5 mV in the frequency domain 7 mHz < f < 200 kHz, and 

with 10 points per decade in logarithmic spacing. All the electrochemical measurements have 
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been performed in the potential window 0.010 V < E < 3.000 V. All the potential values are referred 

to the Li+/Li redox couple (-3.041 V vs SHE) or Na+/Na redox couple (-2.710 vs SHE).  

Ex-situ Raman measurements have been performed on samples which had been brought to 

selected states of charge (SOC) during the first cycle, by galvanostatic discharge/charge at 500 

mA g-1 followed by 6h-constant voltage step to ensure electrode equilibration. Subsequently, the 

cells were disassembled in glove-box under Ar atmosphere, then washed three times with 

dimethyl carbonate (anhydrous DMC, Sigma-Aldrich) to remove electrolyte components which 

could interfere with the Raman analysis, and finally put between two microscope slides sealed 

with epoxy resin. 

All the cell assembly/disassembly procedures were carried out by using an Ar filled glovebox 

(Jacomex GP-Campus) with H2O and O2 < 1 ppm. All the electrochemical measurements have 

been performed on a VMP-3 multichannel galvanostat/potentiostat (BioLogic, France). 

 

3.2 Results and discussion: structural and morphological characterization 

The SEM micrographs of Fe3O4 nanoparticles as well as the composite Fe3O4/rGO are shown in 

Figure 3-2. The morphology of pristine Fe3O4 is characterized by large aggregates probably due 

to magnetic stirring. However, at high magnification levels spherical particles with a diameter 

ranging from 5 to 10 nm can be visually estimated. 
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Figure 3-2. SEM micrographs of Fe3O4 nanoparticles at a) 40000X and b) 275000X. SEM micrographs of Fe3O4/rGO at a) 

40000X and b) 275000X. 

Regarding the composite material (Figure 3-2c-d), the nanoparticles appear to be aggregated in 

even larger clusters. However, at high magnification levels (Figure 3-2d) the effective embedding 

of Fe3O4 nanoparticles is confirmed.  

The Raman spectra of Fe3O4, rGO, and Fe3O4/rGO are shown in Figure 3-3a-c. 
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Figure 3-3. Raman spectra of a) Fe3O4 nanoparticles, b) rGO, and c) Fe3O4/rGO. Experimental diffractogram of d) Fe3O4 

nanoparticles, and e) Fe3O4/rGO. Reference XRD cards of f) α-Fe2O3, and g) Fe3O4. 
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The observed Raman pattern of pristine Fe3O4 is consistent with the Raman spectrum of both 

hematite (α-Fe2O3) and magnetite (Fe3O4) (14; 15; 16). The peaks labelled in red and located at 229 

cm-1, 414 cm-1, 484 cm-1, 615 cm-1, and 1288 cm-1 can be indexed to the A1g, Eg, A1g, Eg, and 2Eu modes 

of α-Fe2O3. The peak labeled in black located at 667 cm-1 can be indexed to the A1g mode of Fe3O4 

(14; 15; 16). The peak located at 271 cm-1 can be ascribed to an overlapping of the Eg and T1g modes 

of α-Fe2O3 and Fe3O4, respectively. The Raman pattern of rGO (Figure 3-3b) clearly shows the 

three characteristic peaks of carbonaceous material (17).  Specifically, the D- and G-band located 

at 1302 cm-1 and 1581 cm-1 confirm the recovery of sp2 carbon pattern with defects (17). The high 

ID/IG ratio (≈1.31) suggest a high number of structural defects on rGO surface. The Raman 

spectrum of Fe3O4/rGO (Figure 3-3c) retained all the features observed for pristine Fe3O4 

nanoparticles and rGO, suggesting that the embedding relies only by electrostatic interactions 

without any chemical modifications. In Figure 3-3d, the experimental diffractogram of pristine 

Fe3O4 nanoparticles is reported. The reflections pattern can be ascribed to the spinel Fe3O4 with 

space group Fd-3m (JCPDS 19-0629). The broad shape of the peaks suggests a small crystallite 

size which was estimated to be L ≈ 5.65 nm by applying the Scherrer’s equation (Equation 13, 

reflection 311 has been used for the calculation). Concerning the Fe3O4/rGO composite, the 

experimental diffractogram preserved the reflections pattern observed with Fe3O4 nanoparticles. 

However, a further reflection corresponding to the 104 set of planes of α-Fe2O3 with space group 

R-3c has been identified (JCPDS 89-0598). A crystallite size L ≈ 5.80 nm was calculated from the 

Scherrer’s equation for the Fe3O4 phase in the composite, suggesting no coarsening of the particles 

after the embedding of Fe3O4 into the rGO matrix. The broad peak at 2θ = 26° in the XRD of the 

composite can be indexed to the amorphous carbon rGO phase.  

The rGO content was assessed by thermogravimetric analysis in oxidizing atmosphere (Figure 

3-4). 
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Figure 3-4. TGA curve of Fe3O4/rGO composite in oxidising atmosphere. 

Two features with different slope have been evidenced: (i) from r.t. up to 300 °C there is a small 

weight drop due to the loss of adsorbed water, and (ii) a large weight drop at T > 400 °C due to 

the decomposition of rGO into CO2. Thus, the Fe3O4:rGO ratio has been calculated as 79:21. The 

theoretical capacity was thus calculated as 881 mAh g-1, considering the theoretical capacity of 

Fe3O4 (924 mAh g-1) and graphene (744 mAh g-1). 

 

3.3 Results and discussion: electrochemical characterization in LIBs 

In Figure 3-5, the cyclic voltammetry of Fe3O4/rGO obtained at 100 µV s-1 is reported. In the first 

cathodic scan three features can be observed i.e., a small hump at 1.5 V denoted as *, and two 

peaks at 1.05 V (B) and at 0.75 V (A). The broad hump at 1.5 V has also been observed for other 

transition metal oxides (18) and can be ascribed to irreversible interfacial properties occurring 

only on the first reduction. Peak B, as proposed by Thackeray et al (19), can be ascribed to the Li+ 

ions intercalation into the spinel Fe3O4 (Equation 19). 

 

𝐹𝑒3𝑂4 + 2𝐿𝑖+ + 2𝑒− → 𝐿𝑖2𝐹𝑒3𝑂4        Eq. 19 

 

Peak A can be indexed to the reduction of Fe3+ to Fe0 according to Equation 20. 
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𝐿𝑖2𝐹𝑒3𝑂4 + 6𝐿𝑖+ + 6𝑒− → 3𝐹𝑒 + 4𝐿𝑖2𝑂       Eq. 20 

 

In the same potential region, the formation of the passivation layer towards the electrode surface 

occurs.  
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Figure 3-5. Cyclic voltammetry of Fe3O4/rGO obtained at 100 µV s-1. 

During the anodic scan, two broad peaks at 1.57 V and 1.89 V can be ascribed to the oxidation of 

Fe0 to Fe2+ and Fe2+ to Fe3+, respectively. During the cathodic scan in the subsequent cycles, peak 

B disappear and peak shift to a higher potential E = 0.8 V.  

In Figure 3-6a, the galvanostatic cycling of Fe3O4/rGO at 1C-rate (881 mAh g-1) are reported. 

In the first cycle, specific capacities of 1634 and 1186 mAh g-1 during lithiation and delithiation 

were obtained, respectively, with a corresponding coulombic efficiency of 72 %. In the first 40 

cycles, specific capacity values higher than 1000 mAh g-1 were obtained. Specific capacities higher 

than the theoretical one have already been encountered for conversion materials by several 

authors and can be ascribed to several phenomenon. Two main hypotheses have been proposed, 

i.e.: (i) interfacial Li storage (20) and (ii) reversible Li storage due to the reversible 

formation/dissolution of carbonates and semicarbonates (21) in the external layers of SEI, 

commonly described as “gel-type” layer (22). Upon long-term cycling, the specific capacity drops 

at 700 mAh g-1 at the 100th cycle, with a coulombic efficiency close to 100 %. The galvanostatic E 
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vs. Q profiles in Figure 3-6b reveals a small plateau at E = 1.02 V, and a larger one at E = 0.81 V in 

the first cycle. These two plateaus can be indexed to the Li+ insertion into Fe3O4 and the conversion 

reaction, respectively. During delithiation, two slopping plateaus at E = 1.54 V and E = 1.83 V can 

be indexed to the oxidation of Fe. During the second lithiation, the small plateau at E = 1.02 V 

disappear and only a large plateau is visible at E = 0.89 V due to the conversion reaction. These 

features are clearly reflected in the galvanostatic dQ dE-1 vs. E plot in Figure 3-6c, in which two 

peaks at E = 1.02 V and E = 0.81 V were observed in the first lithiation, while two peaks,  due to 

the oxidation of Fe, were observed during delithiation at E = 1.54 V and E = 1.83 V. In Figure 3-7, 

the galvanostatic cycling at 2C- (1848 mAh g-1) and 4C-rate (3696 mAh g-1) are reported. 
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Figure 3-6. a) Specific capacity of Fe3O4/rGO as a function of cycle number. Galvanostatic b) E vs. Q and c) dQ dE-1 vs. 

E profiles. 
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Figure 3-7. Galvanostatic cycling of Fe3O4/rGO at 2C- (1848 mAh g-1) and 4C-rate (3696 mAh g-1). 

In both cases, the material shows a high specific capacity and an improved stability upon cycling. 

This behavior can be explained by both the electronic conductivity of reduced graphene oxide as 

well as the small particle size of Fe3O4. At 2C-rate, the material was able to deliver a specific 

capacity higher than 1100 mAh g-1 for the first 50 cycles, for then decreasing at around 700 mAh 

g-1 at the 100th cycle probably due to a mechanical collapse of the electrode structure. At 4C-rate, 

specific capacities of 1393 and 993 mAh g-1 were obtained during the first lithiation and 

delithiation, respectively. The material was able to deliver an average specific capacity of 980 

mAh g-1 during 100 cycles with an efficiency close to 100 %. The stability upon cycling remarkably 

improved, suggesting that the Fe3O4/rGO works better at high current rates.  

This behavior was also confirmed by the rate capability test, by cycling Fe3O4/rGO in the current 

range from C/10 (88.1 mAh g-1) up to 10C (8810 mAh g-1). The rate capability test is shown in 

Figure 3-8, and summarized in Table 10. 
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Figure 3-8. a) Rate capability test of Fe3O4/rGO. b) E vs. Q galvanostatic profiles extracted at the different scan rates. c) 

dQ dE-1 vs. E profiles extracted at the different current rates. 

 

Table 10. Summarized results of the rate capability test of Fe3O4/rGO. 

 C-rate Capacity / mAh g-1 Efficiency / % 

A C/10 1253 88.6 

B C/5 1069 93.6 

C C/2 925 96.4 

D 1C 834 97.7 

E 2C 742 98.0 

F 5C 610 99.1 

G 10C 484 99.2 

H 1C 874 99.6 

 

The rate capability test confirms that the Li storage behavior of Fe3O4/rGO is greatly affected by 

the current rate and is more stable at high C-rate. Indeed, up to C/2 a large irreversible capacity, 

as well as a capacity decay is observed. As the C-rate increases, the irreversibility decreases with 

a coulombic efficiency approaching 100 %. This behavior can be tentatively explained by parasitic 

irreversible processes concurrent to the storage mechanism, which can lead to a possible 

decomposition of the electrode material. The irreversible processes as well as the SEI formation 

at low C-rates are enhanced by the high specific surface area of reduced graphene oxide. On the 
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other hand, by cycling at high C-rates the electrochemical storage processes become predominant, 

and the performances of the electrode are very stable. 

Thanks to the small particles size of Fe3O4, as well as the electronic conductivity of rGO, a high 

specific capacity of 484 mAh g-1 was retained at 10C. When the current rate was restored to 1C, 

an average specific capacity of ≈ 900 mAh g-1 was retained. The small increase in capacity during 

the final long-term cycling can be ascribed to structural rearrangements of the active material as 

well as the increased wetting by the electrolyte, which increase the number of active sites for Li 

storage. 

The Li exchange kinetics was studied by potentiostatic electrochemical impedance spectroscopy, 

with regard to the role played by the rGO matrix. For this reason, the impedance response of both 

electrodes made with pristine Fe3O4 and Fe3O4/rGO was studied as a function of the cycle number.  

In Figure 3-9, the Nyquist plot of both Fe3O4 and Fe3O4/rGO as well as the fitted resistance value 

are reported. 
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Figure 3-9. Nyquist plot of a) pristine Fe3O4 and b) Fe3O4/rGO. c) Fitted charge-transfer resistance and d) fitted 

passivation layer resistance. 

The impedance responses were acquired at the bias potential E = 0.75 V in the first cycle and E = 

0.90 V for the further cycles, corresponding to the peak A in Figure 3-5. All the dispersions are 

characterized by four common features i.e., (i) a positive shift in the real axis, (ii) a small semicircle 

in the high-frequency region, (iii) a larger semicircle in the medium-frequency region, and (iv) a 

low frequency polarization visualized as a straight line. These features, which are typical for a Li-

ion battery anode, can be ascribed to (i) the electrolyte resistance, (ii) the migration of Li+ ions 

through the passivation layer with a corresponding accumulation of charges on its surface, (iii) 

the charge-transfer reaction couple to the formation of a charged double-layer, and (iv) Li 

diffusion in the active material. In both materials, the overall impedance increases upon cycling 

manly due to structural rearrangements. The main contribution to this growth is given by the 

medium-frequency arc, which can be caused by structural rearrangements of the active material, 
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electronic contact loss, and large inter-particle resistance. When comparing the dispersion of the 

two materials, Fe3O4/rGO had a more limited growth compared to the pristine Fe3O4 

nanoparticles. However, the high-frequency arc of Fe3O4/rGO had a larger growth compared to 

the parent material, which can be explained by the larger specific surface area of rGO exposed to 

the passivation process in the first cycles.  

The dispersion have been fitted by CNLS-fit procedure using Boukamp’s software EQVCRT (23) 

by using the equivalent circuit Rel(RSEICSEI)(RctCdl)W (written in Boukamp’s notation) (23). Rel, RSEI, 

CSEI, Rct, Cdl, and W are the electrolyte resistance, the resistance of the passivation layer, the 

capacitance of the passivation layer, the charge-transfer resistance, the double layer capacitance, 

and the Warburg diffusion, respectively. All the pure capacitor elements have been substituted 

by a constant phase element to consider the inhomogeneities and roughness of the electrode (24). 

The calculated resistance values of Rct and RSEI are reported in Figure 3-9c-d, respectively. In both 

cases, the obtained resistance values increase upon cycling. However, the composite Fe3O4/rGO 

has a lower Rct given by the improved electronic conductivity due to the rGO matrix. On the other 

hand, the RSEI of Fe3O4/rGO is larger compared to the parent material, which can be explained by 

the large specific surface area of rGO. 

 

3.4 Results and discussion: electrochemical characterization in NIBs 

The cyclic voltammetry of Fe3O4/rGO in Na-ion battery configuration is reported in Figure 3-10. 
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Figure 3-10. Cyclic voltammetry of Fe3O4/rGO in NIB configuration. 
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In the first cathodic scan, two main features are evidenced i.e., a broad peak labeled as (A) at E = 

0.80 V, which can be assigned to the conversion reaction of Fe3O4 (Equation 21) (25; 26), and a 

sharp peak labeled as (B) at low potential which can be attributed to a Na+ storage into rGO 

(Equation 22) (27). 

 

𝐹𝑒3𝑂4 + 8𝑁𝑎+ + 8𝑒− → 4𝑁𝑎2𝑂 + 3𝐹𝑒       Eq. 21 

 

𝑟𝐺𝑂 + 𝑥𝑁𝑎+ + 𝑥𝑒− → 𝑁𝑎𝑥𝑟𝐺𝑂        Eq. 22 

 

Furthermore, part of the activity assigned to peak (A) can be indexed to the reduction of the 

electrolyte and formation of the passivation layer, which is triggered at E < 0.8 V in Na-ion 

batteries (28). During the oxidation scan, three features are evidenced i.e., a sharp peak labeled 

as (B’) at low potential indexed to the removal of Na+ ions from rGO matrix, and a couple of broad 

peaks labeled as (A’) and (A’’) at E > 0.80 V which can be attributed to the oxidation of Fe to Fe2+ 

and from Fe2+ to Fe3+, respectively.  
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Figure 3-11. Specific capacity values and coulombic efficiency values obtained at a) 500 mA g-1 and b) 1000 mA g-1. 

Galvanostatic E vs. Q profiles at c) 500 mA g-1 and d) 1000 mA g-1. Differential dQ dE-1 vs. E plot obtained at e) 500 mA 

g-1 and f) 1000 mA g-1. 

The Na-storage capability of Fe3O4/rGO was assessed by galvanostatic cycling at the current rates 

of ISpec = 500 mA g-1 and ISpec = 1000 mA g-1. The specific capacity values, as well as the coulombic 

efficiencies at 500 and 1000 mA g-1 are reported in Figure 3-11a-b.  

At both applied currents, there is a capacity decay in the initial cycles which can be indexed to 

the irreversible SEI formation as well as the partially irreversible Fe3O4 conversion reaction. 

Indeed, a large irreversibility was assessed in the first cycle at both conditions, with coulombic 

efficiencies values of 53.75 % and 42.85 % for 500 and 1000 mA g-1, respectively. The 

irreversibilities progressively decrease upon cycling, in which the specific capacity stabilizes at ≈ 
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300 mAh g-1 in both cases. The E vs. Q galvanostatic profiles (Figure 3-11c-d) confirm the first-

cycle irreversibility of the electrodes. No clear plateaus are evidenced by the 

sodiation/desodiation profiles of the first two cycles, suggesting that completion of the several 

phase transitions, related to the (de)conversion processes, is kinetically hindered. Looking at the 

differential dQ dE-1 vs. E plots, a large capacity contribution in the first cycle is given in the same 

potential region of peak A, while in the following desodiation step the electrodes did not yield 

the same amount of charge. This behavior confirms that the irreversibilities are mainly due to the 

irreversible SEI formation as well as the partially irreversible conversion reaction of Fe3O4. 

The behavior of Fe3O4/rGO at different current rates was assessed by applying a rate capability 

protocol. In this regards, specific current of 100, 200, 500, 1000, 2000, and 5000 mA g-1 were applied 

to the electrode for 5 cycles. Eventually, a specific current of 1000 mA g-1 was applied to assess 

the capacity retention of the active material. The rate capability results are shown in Figure 3-12, 

and summarized in Table 11. 
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Figure 3-12. a) Rate capability test of Fe3O4/rGO. b) E vs. Q galvanostatic profiles at different current rates. c) dQ dE-1 

vs. E profiles at different current rates. 
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Table 11. Summarized results of the rate capability test of Fe3O4/rGO with Na. 

 C-rate / mA g-1 Capacity / mAh g-1 Efficiency / % 

A 100 274 98.88 
B 200 220 99.08 
C 500 191 99.07 
D 1000 174 99.27 
E 2000 138 99.21 
F 5000 112 99.11 
G 100 280 99.66 

 

The rate performance tests confirm that the active material can withstand high current rates. As 

expected, as the current rate increases, the specific capacity decreases. Nevertheless, a capacity 

retention of 50 and 40 %, respect to the initial capacity obtained at 100 mA g-1, was observed at 

2000 and 5000 mA g-1, respectively. When the current is restored to the initial value of 100 mA g-

1, a stable capacity of ≈ 280 mAh g-1 was observed. However, some cycles exhibit capacity spikes 

during desodiation which are probably due to the breakage of the passivation layer, and thus 

release of Na+ ions which are plated back to the counter electrode. This is a common behavior for 

anode material in Na-ion batteries, due to the instability of the passivation layer (29). 

 

Electrochemical investigation of transport and interfacial properties 

The investigation of transport and interfacial properties of Fe3O4/rGO with Na was assessed by 

cyclic voltammetry at different scan rates, potentiostatic electrochemical impedance 

spectroscopy, and Ex-situ Raman spectroscopy. The cyclic voltammetries at different scan rates 

are reported in Figure 3-13. 
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Figure 3-13. a) Cyclic voltammetries at different scan rates. b) I vs. ν1/2 and its linear fit. c) Calculated b-value from 

power-law as a function of the electrode potential. 



3-124 

 

As expected, as the scan rate increases the peaks area and intensity increase. Indeed, a linear 

relationship between the peak current IP and the square root of the scan rate ν1/2 was found (R2 = 

0.99838), which suggest that the storage of Na+ ions occur with a diffusion-controlled behavior. 

However, if both capacitive current iCap and faradaic current iFar are considered, the measured 

current at each potential step can be approximated by the empirical relationship in Equation 23, 

known as power-law (30; 31; 32). 

 

𝑖(𝜈) = 𝑖𝐶𝑎𝑝 + 𝑖𝐹𝑎𝑟 = 𝑎𝜈𝑏         Eq. 23 

 

Where iν is the measured current, while a and b are adjustable dimensionless parameters. The b-

value can be calculated as the slope in the log i vs. log ν plot (Equation 24). 

log 𝑖(𝜈) = log 𝑎 + 𝑏𝑙𝑜𝑔 𝜈         Eq. 24 

 

When b = 0.5 the process is purely faradaic and controlled by solid-state diffusion, while when b 

= 1 the process is purely capacitive. Intermediates values of b are commonly assigned to 

pseudocapacitive behaviors, or as in this case, to redox pseudocapacitive behaviors i.e., 

adsorption of charge to the electrode material surface accompanied by a fast faradaic reaction 

(33). 

In Figure 3-13c, the calculated b-value as a function of the electrode potential is reported. At 

potential values close to the reduction peaks A and B observed in cyclic voltammetry (Figure 

3-10), the b-value approaches 0.5, consistent with a pure faradaic process. At E values far from 

the mentioned peaks, the b-value approaches 1, suggesting a storage of charge on the surface of 

the electrode material. During desodiation, in the potential region of the oxidation peaks A’ and 

A'’, the b parameter assumes the intermediate value of 0.75, suggesting that the release of Na+ 

ions is redox pseudocapacitive process.  

To further characterize the kinetics of the storage process, impedance spectra were acquired over 

the bias potential E = 0.5 V every 10th cycle. The Nyquist plot as well as the fitted resistance 

parameters are shown in Figure 3-14.  
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Figure 3-14. Nyquist plot of a) the 2nd cycle and b) of the further cycles. Equivalent circuit models and graphical fir of 

c) the 2nd cycles and d) of the 10th cycle. e) Fitted resistance parameters as a function of cycle number.  

The Nyquist plot of the 2nd cycle is characterized by a positive shift in the real axis, a large, 

suppressed arc in the medium-frequency region, and a low-frequency polarization represented 

as a straight line. The Nyquist plot was analyzed by the Equivalent Circuit method (23) and the 

fitting parameters have been calculated by CNLLS-fit using Relaxis 3 software (rhd instruments). 

The shift in the real axis, describing the migration of charges through the electrolyte, can be 

modelled as a pure resistive element Rel. The medium-frequency arc, describing the migration of 

Na+ ions through the passivation layer as well as the charge-transfer process, can be modelled by 

two resistive elements RSEI and Rct, respectively. Coupled to them, there are two capacitor element 

CSEI and Cdl, which describe the accumulation of charges at the surface of the passivation layer, 

and the electrical double-layer capacitance, respectively. Finally, the low-frequency polarization, 

describing the semi-infinite diffusion to a blocking electrode, can be modelled by using a 
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Warburg element in series with a capacitor Ci. The equivalent circuit used for fitting is 

Rel(RSEICSEI)([RctW]Cdl)Ci, written in Boukamp’s notation (23). During the fitting procedure, all the 

capacitor elements have been replaced by constant phase element to consider electrode 

inhomogeneities and roughness (24). The impedance response after the 2nd cycle was subjected to 

a drastic change. This event, as well as the specific capacity lower than the theoretical one can be 

explained by the formation of large cluster of Na2O during the conversion reaction, which act as 

transport barrier. This behavior has already been encountered for SnO2-based electrodes in Na-

ion battery configuration, in which specific capacities way lower than the theoretical one were 

observed, and ascribed to the formation of large clusters of Na2O (34). Therefore, the ac-

dispersions of the 10th cycle and onwards have been fitted by deconvoluting the (RctCdl) arc into 

two (R3C3) and (R4C4) features, resulting into the equivalent circuit Rel(RSEICSEI)(R3C3)([R4W]C4)Ci. 

The deconvolution of the 2nd and 10th cycle, as well as the used equivalent circuit model are shown 

in Figure 3-14c-d. The fitted resistance parameter Rel, RSEI, and Rct from the ECM in Figure 3-14c 

for the 2nd cycle, as well as R3 and R4 obtained with fitting from the 10th cycle onwards with the 

ECM in Figure 3-14d are reported in Figure 3-14e. For the cycles other than the 2nd, Rct represents 

the sum of R3 and R4.  

As expected, Rel is practically stable upon cycling. RSEI shows a small increase in the initial cycles, 

which can be assigned to the breakage and subsequent reformation of the passivation layer in the 

initial cycles. This phenomenon confirms the irreversible capacity, and thus the low coulombic 

efficiency, observed in the initial cycles in Figure 3-11a. After the 30th cycle, RSEI values decrease 

reaching a relative stabilization. This feature can be tentatively explained by the anisotropic 

growth of the SEI layer upon cycling. In the case of Rct, the overall resistance increases after the 

2nd due to the aforementioned formation of large Na2O clusters during the conversion reaction. 

The reversibility of Na storage in the active material was assessed by ex-situ Raman spectroscopy 

at selected potential values in the first sodiation/desodiation. The points highlighted in red in 

Figure 3-15a, represents the following conditions during sodiation: (i) fresh electrode before the 

conversion reaction of Fe3O4 and formation of the SEI (E = 1.5 V); (ii) initial stages of the 

conversion reaction and formation of the passivation layer (E = 0.72 V); (iii) complete formation 

of the passivation layer and initial stages of Na-C processes (E = 0.25 V); (iv) electrode fully 

sodiated (E = 0.02 V). The points highlighted in blue in Figure 3-15a, represents the following 

conditions during desodiation: (v) electrode after the release of most of Na by C matrix (E = 0.12 

V); (vi) intermediate stages of Fe oxidation (E = 0.81 V); (vii) final stages of Fe oxidation (E = 1.4 
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V); (viii) electrode fully desodiated (E = 3 V). All the spectra contains the D and G band due to 

the presence of rGO and SuperC65 in the electrode. In the spectra from (i) to (iii) in the first 

sodiation, the peak at 667 cm-1 can be assigned to the A1g mode of Fe3O4. Compared to the Raman 

spectra in Figure 3-3a&c, no signals of α-Fe2O3 are clearly discernible (only a glimpse of the Eu 

mode of α-Fe2O3 is visible and overlapped with the D-band of amorphous carbon). This can be 

ascribed to the sealing of the electrode in glovebox under Ar atmosphere, so that no laser-induced 

oxidation of Fe2+ to Fe3+ occurs. This feature suggests that the observed signal of α-Fe2O3 which 

were observed in Figure 3-3a&c, were actually due to the oxidation induced by the laser 

irradiation under air atmosphere. 
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Figure 3-15. a) E vs. Q galvanostatic profile with highlighted points in which Raman spectra were acquired. b) Raman 

spectra acquired during sodiation. c) Raman spectra acquired during desodiation. 

As the sodiation proceeds, the intensity of the A1g peak of Fe3O4 decreases leaving a small hump 

at point (iv) in which the electrode is fully sodiated (E = 0.02 V). This result confirms that the 

conversion reaction of Fe3O4 to Fe occurs. However, the A1g peak is still present, suggesting that 

the conversion reaction does not go to completion. Indeed, an experimental specific capacity 

lower than the theoretical one was observed upon cycling. This behavior can be tentatively 

explained by the formation of large Na2O clusters, as hypothesized with EIS, which by acting as 

transport barriers also limits the sodiation of the active material. The two constant peaks located 

at 250 cm-1 and 1000 cm-1 (labelled as *) can be indexed to both inorganic SEI components such as 

Na2CO3 or organic alkyl carbonates (35; 36; 37; 38). Specifically, the band located at 1100 cm-1 can 

be ascribed to the stretching ν C-O-C bonds in alkyl carbonates. 

During desodiation, an opposite trend was observed. Indeed, from point (vii) to (viii), the 

intensity of the A1g peak progressively increases. This feature confirms that the oxidation of Fe to 
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Fe2+ and Fe3+ occurs, and thus the reversibility of the conversion reaction which leads back to 

Fe3O4. 

 

3.5 Conclusion  

It was demonstrated that Fe3O4 nanoparticles, synthesized by a green and facile method, are a 

suitable anode material for both Li- and Na-ion batteries. When composite electrodes, with high 

Fe3O4 loading (Fe3O4:rGO 80:20) are cycled in Li half-cells, specific capacities in the order of 1000 

mAh g-1 are obtained. Furthermore, excellent capacity retention was obtained at high current 

rates, with specific capacities in the order of 500 mAh g-1 at 10C. The EIS meauraments confirm 

that its outstanding performances with Li are given by the embedding of Fe3O4 nanoparticles into 

the rGO matrix, resulting in a lower charge-transfer polarization. 

When cycled in Na half-cells, stable specific capacities of ≈ 300 mAh g-1, with an excellent capacity 

retention at high rates of 50 and 40 % at the current of 2 and 5 A g-1, respectively. The investigation 

of transport properties done by cyclic voltammetries at different scan rate highlights that the 

storage of Na+ ions during sodiation occurs mainly by a Faradaic process, while on sodiation the 

material behaves as a redox pseudocapacitive material. EIS measurements evidenced the 

formation of a new interface given by the formation of large Na2O clusters. Ex-situ Raman 

spectroscopy proved that the conversion reaction does not go to completion upon sodiation; 

however, the Fe nanoparticles are reversibly oxidized back to Fe3O4 during desodiation. 

These findings, together with the easiness of the synthesis procedure, suggest that the composite 

Fe3O4 is a suitable green, sustainable, and reliable candidate anode material for both Li- and Na-

ion batteries. 
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4. Electrochemical Characterization of Commercial Anode-

Supported Solid Oxide Fuel Cells 

As mentioned in section 1.2.2, SOFCs offer several advantages respect to other fuel-cell types i.e., 

highest H2-to-power efficiency, modularity without losing efficiency (from 1 kW up to 1 MW), 

and possibility to work in reversible mode (fuel cell – electrolyzer) coupled to a renewable energy 

system (1; 2; 3; 4; 5). However, their use under real operating conditions intrinsically implies 

temperature and load variations, as well as impurities in the feeding gases (6; 7; 8; 9). These 

unwanted conditions can lead to several degradation pathways on the three main components of 

the cell i.e., the anode, the cathode, and the electrolyte. In Table 12, the main degradation 

phenomena occurring in the three components of SOFCs are summarized. 

 

Table 12. Summary of the main degradation phenomena occurring in the three main components of a SOFC. 

Fuel electrode Air electrode Electrolyte 

Coarsening and oxidation of 

Ni catalyst (10) 
Chromium poisoning (11) Crystal phase change 

Crack formation Crystal phase change 
Delamination at the 

electrode/electrolyte interface 

Carbon deposition   

Sulfur poisoning (12)   

 

According to recent literature reports, operation as electrolyzer may cause even harsher damages 

to the SOFC materials (13). To reach a widespread commercialization, properties such as lifetime, 

cost, and maintenance must be optimized. 

Three possible strategies can be investigated to improve the aforementioned properties i.e., (i) 

development of new high-performance and resilient materials, (ii) optimization of operating 

conditions, and (iii) operando measuraments for the assessment of the SoH of the cell and 

detection of degradation phenomena in the early stage. 
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Operando measurements in SOFCs 

Performance losses are a macroscopic effect of degradation phenomena. A precise assessments of 

performance losses can be done by polarization measurements. However, they are not able to 

provide any information regarding the single-process and the cause of it. Several spectroscopic 

and electrochemical techniques are available to monitor the SoH of SOFCs in detail. With former, 

techniques such as Raman (14; 15), Electron microscopy (16; 17), and X-Ray based (18), such as X-

Ray diffraction and X-Ray absorption can provide the perfect picture of what is occurring inside 

the cell. However, their implementation is hindered by the difficulty to implement the system 

while the cell is running, and the complexity and cost of the instrument itself. On the other hand, 

electrochemical characterizations such as Electrochemical Impedance Spectroscopy (EIS) can be 

applied while the cell is running without any complex setup. EIS is a non-destructive technique 

able to distinguish polarization losses given by reaction kinetics, mass transport, and ohmic 

features. In SOFCs, the impedance response is determined by material properties (grain size, 

porosity, layer thickness, morphology, etc.) and operating conditions (working temperature, 

current density, fuel composition and flow, air flow and composition). EIS has already proven to 

be able to detect chromium- (19),and sulfur-induced poisoning phenomena (20), and even 

degradation of the electrode microstructure (21).  

This chapter can be divided into two sections: (i) the identification of polarization losses and 

establishment of a meaningful electrochemical model, and (ii) validation of the obtained model. 

In the former, an extended experimental campaign in which EIS spectra were acquired at 

different operating conditions i.e., working temperature, current density, fuel flow and 

composition was pursued. In the latter, the electrochemical model obtained in the first phase has 

been validated by applying an a priori known stress agent. Further details will be given in the 

next sections. 

 

EIS measurement in SOFCs 

Usually, EIS responses are approximated by complex non-linear least square (CNLS) fit by using 

a proper equivalent circuit model (ECM). Common circuital elements are resistors (R), capacitors 

(C), constant phase elements (Q), inductors (L), Warburg-based diffusion elements (W), or a 

series/parallel combination of them. However, finding a proper ECM requires a priori knowledge 

of the system under study. Furthermore, processes having relaxation times close each other are 

often overlapped in the Nyquist plots, and thus are not distinguishable. Therefore, multiple 
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ECMs, having different physio-chemical meanings, can fit the same ac-dispersion with the same 

quality. To facilitate the monitoring of the EIS response, as well as the creation of a meaningful 

electrochemical model, ac-responses can be deconvoluted according to their relaxation time with 

a technique called distribution of relaxation time (DRT). Since the EIS response is affected by both 

operating conditions and material properties, the DRT function can provide in detail information 

about each single physicochemical process. Therefore, by using the DRT output it is possible to 

build a meaningful ECM. 

 

Distribution of relaxation times 

Distribution of relaxation time is a function which is used to transform a frequency dispersion in 

the τ-domain (22). DRT has already been used for the electrochemical characterization of SOFC, 

by the pioneristic work of the group of Ivers-Tiffée (23), Li-ion batteries (24), and solar cells (25; 

26). In SOFC, the measurements of each peak position and area under different operating 

condition can provide useful information about the transport, and interfacial properties of the 

cell itself (23).  

The transformation into the τ-domain is defined by Equation 25: 

 

𝑍(𝜔𝑖) = 𝑅∞ + 𝑅𝑝 ∫
𝛾(𝜏)

1+𝑗𝜔𝑖𝜏
𝑑𝜏

∞

0
         Eq. 25 

 

Where Z(ω) is the impedance response, Rꚙ 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 (Equation 26): 

 

∫ 𝛾(𝜏)𝑑𝜏
∞

0
= 1           Eq. 26 

 

Unfortunately, Equation 25 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. Several routes are available 

to approximate the distribution function such as: Fourier-transform (27; 28), Tikhonov 

regularization (29; 30; 31), Maximum entropy (32; 33), and multiple (RQ) fit (34; 28). In the 

Fourier-transform method, a window function must be applied which can have significant effect 
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on the shape of the DRT. In the case of Tikhonov regularization and maximum entropy, the 

adjustment of a “special” parameter is mandatory to avoid under- or overestimation of the 

impedance spectra.  Common ways to display impedance spectra are Nyquist or Bode plot. 

However, it is impossible to distinguish two individual processes with time constants or 

frequency very similar. 

In Figure 4-1, there is an example of how DRT can help to understand the physical processes 

hiding behind an ac-dispersion. A (R1C1)( R2C2) circuit with close time constants τ2 = 2 τ1, is 

represented as a single arc in the Nyquist plot. However, its DRT deconvolution can highlight 

two different time constants. 

 

 

Figure 4-1. a) Nyquist plot of an (R1C1)(R2C2) circuit with τ2 = 2τ1. b) DRT computation of the ac-dispersion. 

In a more complex system, such as a SOFC, DRT deconvolution can reveal several time constants 

which are greatly affected by the operating conditions. In Figure 4-2, there is an example of an 

impedance response of a SOFC operated at T = 800°C, fuel electrode flowrate = 200 mL min-1 H2, 

air electrode flowrate = 300 mL min-1 air. 
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Figure 4-2. a) Impedance response of a SOFC operated at T = 800 °C, FE = 200 mL min-1 H2, AE = 300 mL min-1 air. b) 

DRT deconvolution of the obtained DRT plot with λ = 10-3. 

In this case, the Nyquist plot is characterized by a smaller high-frequency arc and larger arc in 

the medium-/low-frequency region. However, by DRT (regularization parameter λ = 10-3) it was 

possible to highlight at least 5 different time constants. 

In this work, an extended experimental campaign in which EIS spectra were acquired at different 

temperatures (640 < T < 820 °C with 20 °C steps), fuel flow rates(150 + 50 mL min-1), fuel 

compositions (100 % H2, 50 % H2, and 25 % H2 balanced with N2), and current densities (0 < i < 

1500 mA cm-2).  

 

 

4.1 Identification of Polarization Losses in Solid Oxide Fuel Cell by means of 

Electrochemical Impedance Spectroscopy and Distribution of Relaxation Time 

 

4.1.1 Experimental 

Materials 

Experiments have been conducted on a commercial planar NiYSZ/8YSZ/GDC-LSCF cell with 

active surface area of 1 cm2. In Figure 4-3, the cell used for the characterization is presented. The 

fuel electrode consists of a cermet of NiO (reduced to Ni after the start-up of the cell) with yttria-

doped zirconia (8% yttria, 8YSZ). The air electrode is a mixed ionic-electronic conductor 

belonging to the family of lanthanum strontium cobalt ferrites LaxSr1-xCoyFe1-yO3-δ (LSCF). The 

structural support is given by the NiYSZ cermet fuel electrode (Ø = 28 mm) in which the 8YSZ 
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electrolyte is sintered. The LSCF air electrode is screen-printed on the fuel electrode-electrolyte 

assembly. An interlayer of gadolinium-doped ceria (GDC) is interposed between the electrolyte 

and the air electrode. 

 

 

Figure 4-3. SOFC used for the impedance characterization. Large green circle is the fuel electrode support made of 

NiO/8YSZ (reduced to Ni after the start-up of the cell). The black circle with a surface area of 1 cm2 is the GDC-LSCF 

air electrode. 

The experimental setup is summarized in Figure 4-4. 

 

Figure 4-4. Schematic of the experimental setup. 

The cell was placed in a corundum housing sealed with Schott G018-311, a glass paste compatible 

with the thermal expansion of SOFC. The assembly was placed in an electric furnace with a 

temperature measurement given by two k-thermocouples. The fuel electrode was fed with 

technical purity H2 and N2, with supply control given by Vögtlin Red-y Smart digital flow meter 

controller. The fuel is humidified by a water bubbler. Ni and Au meshes with 99.999 % purities 

have been used for the electrical contact in the air and fuel electrode, respectively.  

 

Electrochemical characterization 
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All the electrochemical characterizations have been performed by using a SP-240 

galvanostat/potentiostat from Bio-Logic. Polarization curves were acquired in potentiostatic 

mode by applying a voltage ramp of -40 mV min-1 from OCV to 0.7 V, and a voltage ramp of 40 

mV min-1 from 0.7 V back to OCV. EIS spectra were acquired in galvanostatic mode (GEIS) in the 

frequency range 200 kHz < f < 50 mHz. GEIS spectra were acquired at different points in the 

polarization curve (from OCV up to 1.5 A cm-2) by applying a current sinusoidal perturbation of 

+20 mA. Any impedance data elaboration has been performed by using the software Relaxis 3 

from rhd instruments. A λ = 10-3 has been chosen as proper DRT regularization parameter to 

avoid under- and overestimation of the impedance spectra. The inductive feature present in the 

high-frequency region has been cut prior the DRT computation. CNLS-fit has been pursued, after 

finding the proper ECM, until reaching χ2 ≈ 10-7. 

 

Experimental campaign 

An extended experimental campaign has been pursued to isolate the single physicochemical 

processes occurring in the cell. Therefore, the effect of several operating parameters has been 

studied, by using a centered-body approach i.e., varying systematically, one by one, a few 

significant user-defined parameters. The parameters in the test matrix are: temperature (660 < T 

< 820 °C), current density (OCV < i < 1.5 A cm-2), fuel flowrate (QFuel = + 150 mL min-1), and fuel 

composition (from pH2 = 1 to 0.5 and 0.25, balanced with N2). The air electrode was constantly 

fed with atmospheric air with pO2 = 0.21.  

The experimental campaign is summarized in Table 13. 
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Table 13. Summary of the extended experimental campaign conditions. On top there are the temperature dependent 

experiments. On the bottom there are the remaining EIS mapping experiments. 

T-dependent experiments  

Temperature 

/°C 

Anode Total 

Flowrate /mL 

min-1 

Anode Composition 

H2:N2  

/%vol, dry basis 

Anode 

humidification 

/%vol, wet basis 

Cathode Total 

Flowrate /mL 

min-1 

Cathode 

composition O2:N2 

/%vol, dry basis 

660 – 680 – 700 – 

720 – 740 – 760 – 

780 – 800 – 820 

150 100:0 3% 300 21:79 

 

EIS mapping experiments  

Temperature 

/°C 

Anode Total 

Flowrate  

/mL min-1 

Anode Composition 

H2:N2  

/%vol, dry basis 

Anode 

humidification 

/%vol, wet basis 

Cathode Total 

Flowrate /mL 

min-1 

Cathode composition 

O2:N2 

/%vol, dry basis 

800 

200 

150 

100 

100:0 

3% 300 21:79 

200 

50:50 150 

100 

200 

25:75 150 

100 

775 

200 

150 

100 

100:0 

200 

50:50 150 

100 

200 

25:75 150 

100 

750 

200 

150 

100 

100:0 

200 

50:50 150 

100 

200 

25:75 150 

100 
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4.1.2 Results and discussion 

Preliminary assessment 

As mentioned, the DRT function is greatly affected by the regularization parameter λ: too large 

values of λ will lead to an underestimation of the function with smoothening of the peaks, while 

a too small λ will lead to an overestimation of the function with the creation of artifact peaks. 

An example of how the DRT function shape is affected by the λ values is reported in Figure 4-5. 

 

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103

0.00
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Log10  /s

  = 10-1

  = 10-2

  = 10-3

  = 10-4

 

Figure 4-5. Comparison of the shape of the DRT function with different regularization parameters. 

At λ = 10-1, the function is characterized by 4 peaks with two of them being overlapped. On the 

other hand, at λ = 10-4 the shape is characterized by 6 sharp peaks. Choosing the proper λ values 

is crucial for the correct estimation of the polarization losses occurring inside a SOFC. Our 

strategy to assess the proper λ value was to calculate the DRT function with different λ. Nyquist 

plots were then reconstructed from the obtained DRT and, at last, residuals from the DRT-

reconstructed Nyquist and the experimental Nyquist were calculated. The residuals for λ = 10-1, 

10-2, 10-3, 10-4, as well as the sum square residuals vs. λ are reported in Figure 4-6. 
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Figure 4-6. a) Residuals calculated from DRT-reconstructed Nyquist vs. experimental Nyquist at different λ values. b) 

Sum of square residuals at different λ values. 

 For λ > 10-3, large residual values on the imaginary part were observed. The relative residuals 

decrease with the decrease of the adopted λ. No further improvements were detected at λ < 10-3. 

Looking at the sum of square residuals vs. λ plot in Figure 4-6b, the SSR decreases with the 

decrease of the regularization parameter reaching an asymptote at λ < 10-3. For this reason, a λ = 

10-3 was chose for the DRT computation of all EIS responses, since going lower will not improve 

the SSR and residuals with the risk of creating artifact peaks. 

 

Effect of temperature 

In Figure 4-7, the EIS responses acquired at different temperatures (FE = 150 mL min-1 H2, AE = 

300 mL min-1 air) and their DRT are shown. 
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Figure 4-7. a) Nyquist plot acquired in the temperature range 660 < T < 820 °C (20 °C steps). b) DRT of the acquired EIS 

responses. i = OCV, FE = 150 mL min-1 H2, and AE = 300 mL min-1 air. 

As expected, the overall impedance decreases with the increase of temperature and the intercept 

with the real axis becomes smaller. In the DRT plot, all the peaks are affected by the temperature 

change. However, two peaks, namely PA2 and PC1, have a high dependency on the temperature 

change, while the peaks PA1, PA3, and PC2 show a negligible change. This behavior suggests that 

PA2 and PC1 are electrochemical reactions which are usually thermally activated (35). Thus, it is 

reasonable to assume that PA2 and PC1 are charge-transfer processes while the remaining peaks 

are associated to transport phenomena. 

 

Effect of current density 

The second parameter explored was the current density from OCV < i < 1.5 A cm-2. The EIS 

responses at different current densities as well as different T and fuel compositions are shown in 

Figure 4-8. Looking at the Nyquist plot in Figure 4-8a, as the current density increases the overall 

impedance decreases, however it is not possible to discern what is occurring inside the cell. In the 

DRT computation, Figure 4-8b, all the peaks intensities decrease with the increase of the current 

density. Notably, two couples of peaks start merging as the current load increases (PA2 with PA3 

and PC1 with PC2). A possible reason to this behavior is that at high current rates, the diffusion is 

the rate-determining step. In a similar way as it occurs in the polarization curve, in which the 

high-current end is called “mass-transport region”, the reactants are quickly consumed at the 

electrode interface and the overall rate of the reaction is determined by the supply of the reactants 
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i.e., diffusion processes. By that, it is reasonable to assume that both consumption and transport 

phenomena are occurring in the same time scale. 
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Figure 4-8. a) Nyquist plot acquired at different current densities. Operating conditions T = 800 °C, FE = 200 mL min-1 

H2, AE = 300 mL min-1. b) Corresponding DRT plot of a). c) DRT plot at different current densities. Operating conditions 

T = 775 °C, FE = 200 mL min-1 H2:N2 25:75, AE = 300 mL min-1. d) DRT plot at different current densities. Operating 

conditions T = 750 °C, FE = 200 mL min-1 H2:N2 25:75, AE = 300 mL min-1. 

This behavior was also encountered in other experiments at different T and fuel compositions, 

suggesting that it is strictly connected by the applied current density. Indeed, in the DRT plots in 

Figure 4-8c-d (T = 775 °C, FE = 200 mL min-1 H2:N2 25:75; T = 750 °C, FE = 200 mL min-1 H2:N2 

25:75), the two couples of peaks overlap in the same way encountered at T = 800 °C, FE = 200 mL 

min-1 H2.  

 

Effect of fuel electrode feeding: total flow and composition 

To understand the impedance response at different fuel electrode feedings, experiments at 

different fuel compositions from 100 %vol down to 25 %vol (balanced with N2), different fuel flows 

Qfuel = 150+50 mL min-1, and different temperatures T = 775+25 °C were carried out. In Figure 4-9, 
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the DRT spectra in which the peaks PA2 and PA3 start overlapping are reported, according to the 

operating temperature, fuel flow, and composition. At T = 800 °C, the two peaks start overlapping 

at a current density i = 400 mA cm-2, with no changes in their intensities. However, with a fuel 

composition as low as pH2 = 0.25, PA3 slightly shifts to higher relaxation times (lower frequencies). 

At T = 775 °C, the two peaks start merging at higher current densities, especially at low fuel flow 

and composition. Indeed, the PA2 and PA3 start overlapping at the higher current density i = 1000 

mA cm-2 at T = 775 °C, pH2 = 0.25, and fuel flow of 150 and 100 mL min-1, compared to the i = 400 

mA cm-2 seen in the experimental dataset at T = 800 °C. 
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Figure 4-9. DRT spectra in which PA2 and PA3 start overlapping. a) T = 800 °C, FE = 200 mL min-1. b) T = 800 °C, FE = 150 

mL min-1. c) T = 800 °C, FE = 100 mL min-1. d) T = 775 °C, FE = 200 mL min-1. e) T = 775 °C, FE = 150 mL min-1. f) T = 775 

°C, FE = 100 mL min-1. g) T = 750 °C, FE = 200 mL min-1. h) T = 750 °C, FE = 150 mL min-1. i) T = 750 °C, FE = 100 mL min-

1. The green, purple, and orange line stands for pH2 = 1, 0.5, and 0.25, respectively. AE = 300 mL min-1 air for all the 

experiments. 
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A similar behavior was observed also at T = 750 °C in which even at i = 1500 mA cm-2 the two 

peaks did not overlap. Furthermore, the intensity of PA3 progressively increases as the fuel flow 

decreases at pH2 = 0.25. Since PA3 was the most affected peak by the fuel electrode feeding 

conditions, it was assigned to the fuel transport process in the fuel electrode. Furthermore, as 

seen in the temperature effect and current density effect sections, PA2 is a charge-transfer process 

strictly connected with PA3. Therefore, the charge-transfer process PA2 was assigned to the 

Hydrogen Oxidation Reaction (HOR) at the triple-phase boundary. On the other hand, the peak 

PA1 did not show any dependence to the fuel electrode feeding. A similar behavior was observed 

in (36), in which a high-frequency polarization was independent by the pH2 and pH2O in the fuel. 

For this reason, PA1 was assigned as the oxygen transport in the fuel electrode. The two remaining 

peaks PC1 and PC2 were assigned to the Oxygen Reduction Reaction (ORR) and to the Oxygen 

surface exchange and diffusion in the air electrode, respectively. 

 

Equivalent circuit model analysis 

The equivalent circuit model is created according to the experimental results obtained with the 

previous DRT analysis. The proposed ECM is composed by 7 elements and shown in Figure 4-10. 

The charge-transfer processes (PA2-HOR and PC1-ORR) have been modelled by two (RQ) parallel 

(RA2QA2) and (RC1QC1). A finite-length Warburg was used to model the gas-diffusion in the fuel 

electrode (PA3) (35), while a Gerischer element was used for modelling the Oxygen surface 

exchange and diffusion in the air electrode (PC2) (37; 38). An (RQ) has been used for modelling 

the peak PA1 assigned to the oxygen transport in the fuel electrode. At last, a pure resistive element 

R0 has been used for the electrolyte resistance in series with an inductor needed to model the 

high-frequency inductive feature due to electrical wiring and cell geometry. 
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Figure 4-10. a) Proposed ECM LR0(RA1QA1)(RA2QA2)WFLWG(RC1QC1). b) Experimental and fit Nyquist plot at T = 800 °C, 

FE = 200 mL min-1 H2, AE = 300 mL min-1 air. c) Residual analysis. 

Thus, the experimental data have been fitted with the ECM LR0(RA1QA1)(RA2QA2)WFLWG(RC1QC1), 

in Boukamp’s notation (39), by using Relaxis3 software from rhd instruments. The fit procedure 

was done until reaching a χ2 = 10-6. The values of the resistance parameters vs. the fuel flow and 

composition are shown in Figure 4-11. As expected, since the specimen is an anode-supported 

cell, which implies a higher thickness of the fuel electrode, the resistance parameters associated 

to the fuel electrode are higher than the one for the air electrode. The resistances R0 and RC1 have 

a constant behavior with small fluctuation as the fuel flow and composition change. The 

resistance RA1 (oxygen transport in the fuel electrode) has a small decrease as the pH2 increases. 

The resistance RA2 (associated to the HOR) drastically decreases with the increase of pH2, 

suggesting that, as expected, the HOR is affected by the supply of the fuel.  

In Figure 4-12, the ln(1/R) vs. 1000/T plot is reported. The fitted resistance parameters RA1, RA2, 

and RC1 have a linear relationship with the operating temperature and have been fitted with an 

Arrhenius relation. An activation energy Ea = 1.36 eV, and Ea = 1.41 eV have been calculated for 

the oxygen transport in the fuel electrode and the HOR, respectively. These values are in good 

agreement with the literature reports (37; 38; 35). Only the Ea related to the ORR has a slightly 

lower value (Ea = 0.80 eV) compared to the literature reports, probably due to different air 

electrode chemistry and feeding conditions.  
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Figure 4-11. Values of the resistance parameters R0, RA1, RA2, and RC1 vs. the fuel flow and composition. 
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Figure 4-12. ln(R-1) vs. 1000/T plot with linear fir of RA1, RA2, and RC1 
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4.1.3 Conclusions 

This section presents a methodology to assess the different losses occurring in a Solid Oxide Cell 

operated in fuel cell mode by varying the operating temperature, the current density, and both 

fuel composition and flow. The electrochemical characterization relies on electrochemical 

impedance spectroscopy and its elaboration done by distribution of relaxation times, and 

complex nonlinear least square fit. Five different time constants have been exploited by this 

procedure which, thanks to the extended experimental campaign, allowed the elaboration of the 

equivalent circuit model LR0(RA1QA1)(RA2QA2)WFLWG(RC1QC1). Two time constants, PA2 and PC1, 

have been assigned to the charge-transfer processes HOR and ORR, respectively, and fitted with 

two (RQ) parallels. The gas-diffusion in the fuel electrode has been modeled by using a finite-

length Warburg element, while a Gerischer element has been used to model the Oxygen surface 

exchange and diffusion in the air electrode. The impedance response has been analyzed at 

different current densities, which highlights that under high polarization, some time constants 

are not anymore resolved and overlap, due to the limitation of the supply of the reactants. To 

provide a proper nondestructive, operando diagnosis tool, the electrochemical model has been 

validated by applying a priori known stress agent. The methodology, as well as the results of the 

validation test will be discussed in Section 4.2.  

 

4.2 Electrochemical Impedance Spectroscopy as Early Diagnosis Tool for Solid Oxide 

Fuel Cells 

4.2.1 Experimental 

Materials 

The experiments were carried out on a planar two-electrode cell, with a surface area of 1 cm2. The 

cell composition and geometric features are the same as in Section 4.1. The cell is sealed in a 

corundum housing by using Schott G018-311 paste. The experimental set-up is the same used in 

Section 4.1. Electrical measurements have been performed by using a Keysight DAQ system 

(accuracy 0.0004%). The operation of the cell is managed by using a Lab-view software developed 

in-house. All the impedance measurements have been performed by using a 

galvanostat/potentiostat Bio-Logic Sp-240.  
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Methods 

The test conditions are summarized in Table 14. The current and voltage of the cell are constantly 

measured during all the tests.  

 

Table 14. Summary of the test protocol adopted. Legend: X = volume composition [%vol dry basis], Q = volume flow rate 

[mL min-1], T = temperature [K]. 

TEST Fuel 
Electrode 

Air 
Electrode 

Operating 
Settings 

Duration 

ID X Q x Q T Load hours 

Start-up 100% N2 50 
21% O2 + 

79% N2 
300 

RT1 

→1073 
OC 

16 h 

Reduction 
100% N2 

→100% H2 
150 

21% O2 + 

79% N2 
300 1073 OC 

1.5 h 

Stabilization 100% H2 150 
21% O2 + 

79% N2 
300 1073 

Constant 

j=250 mA/cm2 
100 h 

Begin Ref 
25% H2 + 

75% N2 
200 

21% O2 + 

79% N2 
300 1048 

i-V: OC→ 0.7 V 

EIS: 0, 100, 250, 

500, 750 mA/cm2 

30 min 

1 h 

Stress test 

(repeated) 

 

25% H2 + 

75% N2 
200 

21% O2 + 

79% N2 
300 1048 

Constant j=1500 

mA/cm2 

EIS: 0, 100, 250, 500 

mA/cm2 

4 h 

30 min 

End Point 
25% H2 + 

75% N2 
200 

21% O2 + 

79% N2 
300 1048 

i-V: OC→ 0.7 V 

EIS: 0, 100, 250, 500, 

750 mA/cm2 

30 min 

1 h 

Shut down 
5% H2 +  

95% N2 
100 100% N2 100 

1073→

RT 
OC 

c.a. 12 h 

 

The test phases are described below: 

 

1. Start-up: The sealing paste is cured according to the producer instructions with a 

temperature ramp of 1 K min-1. During this phase, the fuel electrode is fed with nitrogen 

and the air electrode with air. Once 1073 K are reached, the NiO catalyst reduction begins. 

2. Reduction: The nitrogen on the fuel electrode is gradually substituted with H2 reduce Ni2+ 

to Ni.  

3. Stabilization: The cell is kept at 1073 K for at least 100 h. A mild current load of 250 mA 

cm-2 is set. 

4. Begin reference: The temperature is set at T = 775 K. The fuel electrode is fed with a 

mixture of H2 (50 mL min-1) and N2 (150 mL min-1). The air electrode is fed with air (300 

mL min-1). Polarization curve and impedance measurement are used as reference 

characterization before the stress test. The i-V curve is acquired in potentiostatic mode, 

varying the potential from Open Circuit (OC) to 0.7 V with a rate of -40 mV min-1 and 
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back with a rate of 40 mV min-1. Impedance responses are acquired in galvanostatic mode 

within the frequency range 100 mHz < f < 100 kHz, with 10 points per decade 

logarithmically spaced. A perturbation of + 20 mA over the current densities of 0, 100, 250, 

500, and 750 mA cm-2. 

5. Stress test: The cell temperature, as well as the air/fuel compositions and flows are the 

same of the reference characterization. The cell is continuously operated at a current 

density of i = 1.5 A cm-2 for time intervals of 4 hours. After each interval, the cell is brought 

back to OC and impedance measurement are acquired. The GEIS settings are the same of 

the reference characterization. The impedance responses have been acquired over the 

current densities 0, 250, and 500 mA cm-2. This process is repeated until the cell reaches 

the voltage value E = 0.6 V. 

6. End point: The final characterization is performed in the same condition and with the 

same settings as in the reference characterization. 

7. Shut down: The cell is disconnected from the electric load. Eventually, the cell is cooled 

down to room temperature with a decreasing rate of -1 K min-1, fuel electrode is fed with 

H2:N2 5:95 (100 mL min-1), and air electrode is fed with N2 (100 mL min-1). 

 

Cell morphological and structural characterization 

After the test, the exhausted SOFC specimen is extracted from the experimental setup for the 

morphological and structural characterization. Both cell face and section are morphologically 

characterized by using a FE-SEM Zeiss Sigma Series 300. Raman spectra were acquired by using 

a Horiba iH320 spectrometer with a 532 nm laser source. A new cell from the manufacturer and 

a new cell after the reduction of NiO have been analyzed as reference materials. 

 

Impedance data elaboration 

The DRT has been done by using Tikhonov regularization with a regularization parameter λ = 

10-3. The inductive feature in the high-frequency region has been cut prior DRT calculation. All 

the impedance data processing has been done by using Relaxis3 software for rhd instruments. 
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4.2.2 Results and discussion 

Stress test 

The stress test lasted until the cell reached the voltage threshold of E = 0.6 V, which occurred after 

32 hours (after the 8th interval of 4 h). In Figure 4-13, the polarization curve before and after the 

stress test are reported. There is small gap between the two polarization curves, which increases 

in the high current density region of the curve. However, as discussed in the introduction, it is 

not possible to discern what occurred inside the cell. 

 

 

Figure 4-13. Polarization curves before and after the stress test. Blue = i-V curve prior the stress test. Red = i-V curve 

after the stress test. 

In Figure 4-14, the E vs. time curve of the stress test is reported.  

 

 

Figure 4-14. E vs. time curve during the stress test. 
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In the first three 4h-intervals, the cell was stable with an average potential value of E = 0.643 V. 

During the IV interval, a sudden voltage drop of -30 mV occurred. The cell remained stable 

during the V and VI interval, then the voltage gradually decreased during the VII and VIII 

intervals, eventually reaching the voltage threshold of 0.60 V.  

 

Diagnosis investigation 

Figure 4-15 reports an example of the impedance responses acquired at three checkpoints during 

the stress test.  
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Figure 4-15. Nyquist plots acquired a) before the stress test, b) during the stress test at 28 h, and c) after the stress test. 

DRT plots acquired d) before the stress test, e) during the stress test at 28 h, and f) after the stress test. Orange = 0 mA 

cm-2. Green = 250 mA cm-2. Blue = 500 mA cm-2. 

Looking at the Nyquist plots, as the applied current density increases the shape is preserved and 

the overall impedance decreases. Interestingly, as the stress test proceeds, the overall impedance 

becomes slightly smaller. In the DRT plots, as the current density increases the intensities of all 

peaks decreases. Furthermore, while the stress test goes forward, some peaks areas and relaxation 
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times change, especially two anode-related peaks PA2 and PA3 (HOR and gas diffusion in the fuel 

electrode). To have a better understanding, the DRT plots have been fitted with a Gaussian 

function (Equation 27) to monitor the changes in the peaks area (impedance related to the peak) 

and centre point (relaxation time). 

 

𝑦 = 𝑦0
𝐴

𝑤√
𝜋

2

𝑒
−2(𝑥−𝑥𝑐)2

𝑤2           Eq. 27 

 

Where A, w, y0 and xc stand for the area, the width, the minimum height, and the centre point of 

each peak, respectively. The DRT plots have been fitted until reaching a χ2 = 10-9. An example of 

a fitted DRT plot is given in Figure 4-16. 
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Figure 4-16. Example of a fitted DRT plot with a Gaussian function. 

Figure 4-17a reports the relaxation times and area of the DRT peaks acquired at 250 mA cm-2. In 

all the peaks, a small fluctuation of the relaxation time was evidenced. This behavior can be due 

to the data acquisition as well as the elaboration within the experimental error. In a macroscopic 

view, two fuel electrode-related peaks, PA2 and PA3, had a sudden change in both area and 

relaxation time at t ≈ 16 h. This feature agrees with the sudden voltage drop observed in the E vs. 

t plot in Figure 4-14, in which a voltage drop of -30 mV occurred in the IV interval. PA2 area and 
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relaxation time increased, suggesting that somehow the HOR kinetics started worsening, giving 

a higher contribution in the overall impedance. In the case of PA3, the area increased until 16 h, 

for then decreasing as the test proceeded. PA1 had only a very small decrease in area after few 

hours of the experiment. Concerning the air electrode peaks, PC2 (Oxygen surface exchange and 

diffusion) was practically constant along the experiment, while PC1 had a sudden decrease in the 

area at 16 h, for then going back to its original values. A similar behavior was also observed for 

the measurements acquired at 500 mA cm-2 (Figure 4-17b). However, the changes in peaks areas 

and relaxation times are less appreciable since the overall impedance is decreased due to the 

increased current density. The peak PA1 had a similar behavior as in Figure 4-17a, with a small 

change after few hours the experiment started. In the case of PA2 and PA3, their relaxation time 

was almost constant during the stress test, while their area was subjected to changes. In the case 

of the air electrode peaks, PC2 was practically constant while PC1 had small fluctuation during the 

test. This behavior can be explained by the HOR and ORR interrelation. 
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Figure 4-17. Relaxation times and areas of the DRT peaks vs. elapsed time of the stress test at a) 250 mA cm-2 and b) 

500 mA cm-2. 

Diagnosis validation 

The validation of the diagnostic tool was achieved by the post-mortem characterization of the 

exhausted SOFC specimen. The cell who underwent the stress test was extracted from the testing 

apparatus and characterized by FE-SEM and Raman spectroscopy. In Figure 4-18, the 

micrographs of both section and fuel electrode face of the exhausted specimen are reported. A 

fresh-reduced cell was also characterized for comparison. The section images are characterized 

by three different layers which are, from the left, the fuel electrode, the electrolyte, and the air 

electrode. The fuel electrode faces are characterized by two types of particles which, by elemental 

mapping, have been recognized as the Ni catalyst and the 8YSZ electrolyte. In both section and 

face micrographs there are no signs of delamination at the electrode-electrolyte interface, nor 

noticeable signs of the Ni catalyst particle coarsening. However, by calculating the distribution 
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of the Ni catalyst particle size (ImageJ has been used for the measurement), a small variation was 

detected (Figure 4-19). 

 

 

Figure 4-18. FE-SEM micrographs of both section and fuel electrode face of fresh-reduced cell (A1 & A2) and exhausted 

specimen (B1 & B2). 
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Figure 4-19. Distribution of the Ni catalyst particle size of a) fresh-reduced cell and b) exhausted specimen. 
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To have a better insight, the microstructure of the fuel electrode was characterized by Raman 

spectroscopy (Figure 4-20). The fresh cell presented all the characteristic peaks of YSZ and NiO. 

Indeed, the signals at 157, 271, 33, 474, and 650 cm-1 (labelled as Δ) can be assigned to the 

tetragonal ZrO2 (40). At a Raman shift higher than 700 cm-1 there are four peaks which can be 

assigned to NiO. Specifically, the signals at 730, 906, 1090, and at 1500 cm-1 can be assigned to the 

two-phonon 2nd order transverse optical mode (Ni2P), the two-phonon transverse optical mode + 

longitudinal mode (Ni2P), the two-phonon 2nd order longitudinal optical mode, and two-magnon 

mode, respectively (41; 42). No signals of the one-phonon modes were observed, probably 

because were overlapped bby the scattering of YSZ. During the start-up of the cell, the NiO 

catalyst is reduced to Ni. Indeed, all the peaks related to NiO scattering are no more visible, 

suggesting a complete reduction of NiO to Ni. To study the microstructure of exhausted 

specimen, Raman spectra were acquired both at the centre and on the side of the fuel electrode. 

The signals related to tetragonal ZrO2 are still visible. However, two peaks which were at 474 cm-

1 and 650 cm-1, shifted to 478 cm-1 and 640 cm-1, respectively. A new set of signals appeared from 

190 up to 730 cm-1. Specifically, the peaks at 190, 380, 570, and 730 cm-1 were assigned to the zone-

boundary phonon mode, one-phonon transverse optical mode, one-phonon longitudinal mode, 

and two-phonon 2nd order transverse optical mode of NiO. The intensity of the one-phonon mode 

is higher compared to the fresh cell because of the defect-rich surface of the catalyst particle, 

which is reasonable after the stress test (41). On the other hand, the two-phonon modes of NiO 

(>700 cm-1) could be weak due to two factors, i.e.: (i) the surface layer is amorphous, (ii) there are 

adsorbate species such as water and oxygen on the surface of the particles (42). At last, the absence 

of the two-magnon peak at 1500 cm-1 can be due to the laser-induced heating above the Néel 

temperature, and thus destruction of magnetic ordering (42). 
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Figure 4-20. a) Raman spectra of stressed cell at both centre and side. The spectra of a fresh cell and fresh reduced cell 

have been included for comparison. b) Comparison between fresh and stressed cell from 600 up to 1800 cm-1. 

4.2.3 Conclusions 

In this methodology, a priori known stress agent was applied, along with a constant monitoring 

of the impedance response of the SOFC specimen. The experiment was stopped after 36 h because 

the cell reached the voltage threshold of E = 0.6 V. The comprehensive analysis of the evolution 

of DRT peaks (both centre and area) confirmed the effect of the stress test. Furthermore, two peaks 

were the most affected by the stress test i.e., PA2 and PA3, HOR and gas diffusion in the fuel 

electrode, respectively. The post-mortem morphological characterization did not evidence any 

sign of delamination at the electrode/electrolyte interface, nor catalyst particle coarsening. 

However, the microstructural analysis done by Raman spectroscopy confirmed the presence of 

an amorphous layer of NiO on the surface of the Ni catalyst. Thanks to the electrochemical model, 

as well as the non-destructive impedance analysis, it was possible to detect a degradation 

phenomenon in the early stage, right before the cell was irreversibly damaged. 
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5. General conclusions 

In this work, the interfacial and transport properties of electrochemical energy storage and 

conversion systems have been studied. Regarding EESs, three viable anode materials based on 

SnO2 have been studied for Li-ion batteries, according to the different stabilizing strategies 

adopted. A further composite material based on Fe3O4 has been synthesized and characterized as 

a sustainable and high-performance anode material for Na-ion batteries. All the materials have 

been characterized in terms of structure, morphology, and electrochemical performance. Then, 

interfacial and transport properties have been studied by means of cyclic voltammetry at different 

scan rates, galvanostatic intermittent titration technique (GITT), and potentiostatic 

electrochemical impedance spectroscopy (PEIS). Ex-situ Raman spectroscopy has been applied to 

the Fe3O4-based anode material to check the reversibility of the conversion reaction. 

Concerning EECs, an extended experimental campaign based on EIS has been carried out on a 

commercial Solid Oxide Fuel Cell to develop a meaningful equivalent circuit model for the SoH 

assessment of the cell. Then, the model has been validated by applying an a priori known stress 

agent and post-mortem analysis. 

The electrochemical performance of SnO2-based anode materials has been stabilized by applying 

three different strategies, i.e.: (i) use of inorganic active matrix (TiO2, TiO2@SnO2), (ii) use of 

carbonaceous active matrix (C, SnO2/C), and (iii) use of a tailored morphology (nanorod SnO2, 

C/SnO2NR). In terms of electrochemical performance, TiO2@SnO2 and C/SnO2NR have shown the 

highest retained capacity during the rate capability tests, with the latter having the highest 

average specific capacity in 100 cycles Q100 = 1007 mAh g-1. Regarding the energy efficiency, 

C/SnO2 is the most efficient vs. a LiFePO4 cathode, with estimated ηE values being 86.53 % and 

77.04 % with and without capacity limitation, respectively. In all three materials, the cyclic 

voltammetries acquired at increasing scan rates highlights a linear relationship between the peak 

current of the alloying reaction vs. the ν1/2, suggesting a diffusion-controlled behavior. A similar 

behavior for all the three materials was observed with the galvanostatic intermittent titration 

technique, characterized by a decreasing Li+ diffusion coefficient as the lithiation proceed. Six 

different local minima were observed on the DLi vs. E curves which can be indexed to the 

formation of the three-phases equilibria Li2O-LiαSn-Liα+βSn. The material C/SnO2NR has shown 

the highest DLi among the SnO2-anode materials thanks to its tailored morphology (nanorods 

made of hierarchically assembled 10 nm nanoparticles). The CNLS-fit of EIS data revealed a 
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growth of the resistances associated with the charge-transfer process and migration of Li+ through 

the SEI layer, suggesting structural rearrangements of the electrode upon cycling, and exposure 

of fresh active material surface towards electrolyte reduction. These findings confirms that SnO2 

can be a suitable, green, and especially versatile candidate anode material for the next generation 

of Li-ion batteries, with tailored performances according to the end-user application. 

Regarding the Fe3O4-based anode material, it was demonstrated that the Fe3O4 nanoparticles, 

synthesized by a green and facile method, stabilized with reduced graphene oxide are a suitable 

candidate anode material for both Li- and Na-ion batteries. Despite the low amount of rGO, the 

composite material showed remarkably improved cycling stability with specific capacity in the 

range order of 1000 mAh g-1 in Li-half cells. Furthermore, an excellent capacity retention was 

observed during the rate capability test with a retained capacity of ≈ 50 % at 10 C-rate. The EIS 

measurements confirm that its outstanding performances with Li are given by the embedding of 

Fe3O4 nanoparticles into the rGO matrix, resulting in a lower charge-transfer polarization. When 

cycled in Na half-cells, stable specific capacities of ≈ 300 mAh g-1, with an excellent capacity 

retention at high rates of 50 and 40 % at the current of 2 and 5 A g-1, respectively. The investigation 

of transport properties given by cyclic voltammetries at different scan rates highlights a linear 

relationship between the peak current of the conversion reaction vs. ν1/2, suggesting a faradaic 

behavior. However, by calculating the b-value of the Power law, it was observed a redox 

pseudocapacitive behavior, i.e.: the simultaneous adsorption of charges onto the active material 

surface and a fast faradaic reaction. EIS analysis highlighted the presence of a further interface 

which is probably given by the formation of large Na2O clusters acting as transport barriers. At 

last, ex-situ Raman spectroscopy demonstrated the reversibility of the conversion reaction despite 

the incomplete reduction of Fe3O4 during the sodiation.  

In the last section, a methodology to assess the polarization losses in a Solid Oxide Cell operated 

in Fuel Cell mode is presented. By acquiring EIS spectra within an extended experimental 

campaign, in which different working temperatures, current densities, fuel flows and 

compositions were used, it was possible to observe at least 5 different time constants. The peaks 

PA2 and PC1, have been assigned to the charge-transfer processes HOR and ORR, respectively. The 

peaks PA3 and PC1 have been assigned to the gas diffusion in the anode support layer and oxygen 

surface exchange coupled to O2- diffusion in the cathode, respectively. The peak PA1 has been 

assigned to the transport of O2- by 8YSZ in the anode layer. An equivalent circuit model 

LR0(RA1QA1)(RA2QA2)WFLWG(RC1QC1) (written in Boukamp’s notation) has been elaborated for the 
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CNLS-fit. The model was then validated by applying an a priori known stress agent, along with a 

constant monitoring of the EIS response during the stress test. The comprehensive analysis of the 

evolution of DRT peaks (both center and area) confirmed the effect of the stress test. Furthermore, 

two peaks were the most affected by the stress test i.e., PA2 and PA3, HOR and gas diffusion in the 

anode support layer, respectively. The post-mortem morphological characterization did not 

evidence any sign of delamination at the electrode/electrolyte interface, nor catalyst particle 

coarsening. However, the microstructural analysis done by Raman spectroscopy confirmed the 

presence of an amorphous layer of NiO on the surface of the Ni catalyst. Thanks to the 

electrochemical model, as well as the non-destructive impedance analysis, it was possible to 

detect a degradation phenomenon in the early stage, right before the cell was irreversibly 

damaged. 

In summary, electrochemical impedance spectroscopy, analyzed by equivalent circuit method 

and distribution function of relaxation times, has been proven to be a reliable tool for the 

assessment of the interfacial phenomena, of the SoH and thus, the ageing of electrode materials 

and electrochemical system under study. On EESs, EIS measurements upon cycling allowed the 

quantification of the degradation of active material, solid electrolyte interphase, and electrolyte. 

In the case of Fe3O4/rGO, it allowed to detect a further interface probably due to the formation of 

large Na2O clusters. On EECs, thanks to “deconvolution” analysis by DRT, it allowed the creation 

of a meaningful equivalent circuit model based on the evolution of the impedance response at 

different operating conditions. When applied as operando diagnosis tool, it was able to detect  

degradation in the early stage, without the need to stop the cell or perform any destructive 

measurement. 

 


