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PREFACE 

 
This thesis is divided into two parts. Part 1 deals with using a boron-doped graphene 

anode for alkali-ion batteries and also the influence of SEI formation followed by 

tin/carbon composite as anode for Li-ion batteries. Part 2 covers the synthesis and 

application of Pd-based electrocatalysts for Zn-air and Zn-CO2 batteries. 

 

Part 1: 

Chapter 1.1 offers an in-depth analysis of anode materials for alkali-ion batteries, 

i.e., lithium, sodium, and potassium ions. It delves into the fundamental properties 

required of anode materials, such as capacity, stability, rate capability, and safety. 

Various anode materials, including graphite, silicon/tin, and phosphides/sulfides, are 

discussed, focusing on their ion-hosting abilities and associated challenges. Strategies 

like nanostructuring to enhance performance are examined. Additionally, the chapter 

addresses the significant influence of electrolytes and the solid electrolyte interphase 

on battery efficiency and the preparation methods of electrodes and electrolytes. 

Furthermore, the necessary measurements for evaluating anode and electrolyte 

performance are reviewed. This chapter is an essential guide for comprehending the 

progress and obstacles in the anode/ electrolyte technology field specific to alkali-ion 

batteries. 

 

Chapter 1.2a focuses on boron-doped thermally exfoliated graphene (BTEG) as a 

universal anode material for alkali-ion batteries. BTEG demonstrates promising 

capacity values of 1014 mAh g-1, 315 mAh g-1, and 369 mAh g-1 at 25 mA g-1 for Li, 

Na, and K ion batteries respectively. Long-term cycling stability at a high current 

density of 1 A g-1 shows capacity retention of 75%, 100%, and 87% for Li, Na, and K 

ion batteries, respectively. Mechanistic studies are carried out to understand the type 

of active sites for alkali ion charge storage, which are responsible for their universal 

performance as an anode. Operando Raman measurement helps track microstructural 

changes on cycling with Li/ Na/ K. Diffusion and reaction kinetics are monitored for 

BTEG with Li, Na, K on charge/discharge by galvanostatic intermittent titration 

technique and in-situ electrochemical impedance spectroscopy. 
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Chapter 1.2b discusses the understanding of solid electrolyte interphase (SEI) that 

forms on BTEG and Li/ Na/ K metal surfaces. Symmetric cell studies of alkali metals 

show higher polarization losses associated with potassium-based electrolytes, i.e., 

KPF6, than LiPF6 and NaPF6. The optimization from 0.8M KPF6 to 5M KFSI reduces 

polarization losses and, therefore, increases the reversibility of BTEG for K ion 

batteries. X-ray photoelectron spectroscopy (XPS) technique was used to analyze SEI 

on BTEG for all electrolytes. It shows higher inorganic content for 5M KFSI than 

0.8M KPF6, which helps attain high-capacity retention values, as shown in Chapter 

2a. This comprehensive study underscores the importance of electrolyte composition 

in the performance and durability of alkali ion batteries (half -cell configuration). 

 

Chapter 1.3 presents an industrially viable synthesis strategy of soot-derived tin-

carbon with core shell morphology, followed by argon/ hydrogen annealing for Li-

ion batteries. The composite is engineered to withstand the extensive volumetric 

fluctuations inherent in battery anodes' alloying and de-alloying processes. A 

graphitic carbon matrix ensures a stable electrical conduit to the tin nanoparticles, a 

critical factor in preserving the anode's structural integrity. Sn/C after H2 treatment 

demonstrates remarkable cycle stability, retaining 94.6% after 700 cycles at a high 

current density of 500 mA g-1.  

 

Part 2: 

Chapter 2.1 underscores the development of zinc-gas batteries, particularly Zn-air 

and Zn-CO2 batteries, which blend innovation with environmental sustainability. It 

delves into the electrochemical processes, material science challenges, and the 

technical aspects of these systems. While Zn-air batteries have evolved from primary 

to rechargeable forms, furthering Zn-CO2 batteries' potential in sustainable energy, 

key challenges remain. These include electrode stability and the reaction kinetics of 

electrocatalysts for oxygen and CO2 reduction/evolution reactions. Overcoming these 

barriers requires a multidisciplinary approach focused on material science and 

electrochemistry, with ongoing efforts to optimize efficiency by designing various 

electrocatalysts guided by evaluation and scalability considerations.  
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Chapter 2.2 discusses an innovatively employed bifunctional boron-carbon-

nitrogen (BCN) matrix to anchor palladium nanoparticles and cobalt oxide (Co 3O4) 

nanosheets (BCN@CoPd) for oxygen reduction/evolution reaction (ORR/ OER) and 

zinc-air  

battery. Notably, the synergistic interaction of Pd with Co3O4 on BCN leads to 

substantially lower overpotentials, achieving an impressive ultra-low voltage gap 

(OER and ORR) of just 0.58 V with a low mass loading of 2 g cm-2. For ORR, 

BCN@CoPd reached a half-wave potential (E1/2) of 0.87V (730 A g-1
Pd) with mass 

activity surpassing platinum/carbon (Pt/C) by 20 times at 0.9V. In OER performance, 

BCN@CoPd exhibited an overpotential (η10) of 220 mV, better than RuO2 (300 mV), 

and showed mass activity which is 317 times higher than RuO2 at 1.45V (η10). 

Operando Fourier transform infrared, and Raman spectroscopy revealed O-O 

stretching and the structural evolution of Pd and Co3O4. Leveraging this bifunctional 

electrocatalytic performance, we achieved a high-capacity, long-lasting rechargeable 

zinc-air battery with 904 mAh g-1
Zn at 50 mA cm-2 and stable operation for 330 hours. 

 

Chapter 2.3 presents a detailed analysis of Zn-CO2 batteries using a nickel-

palladium (NiPd) catalyst, which exhibits enhanced Faradaic efficiency and stability 

compared to pure palladium (Pd). The NiPd catalyst achieved a Faradaic efficiency of 

83% for formate production over 1.5 hours of discharge as compared to pure Pd's 

45% efficiency over 1 hour at 0.5 mA cm⁻². Notably, the NiPd catalyst maintained its 

Faradaic efficiency even at increased current densities, showcasing its robustness. In 

contrast, pure Pd exhibited reduced stability under similar conditions. Furthermore, 

the NiPd catalyst demonstrated a peak power density of 5 mW cm⁻², markedly higher 

than the 0.7 mW cm⁻² achieved by pure Pd. 
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Chapter – 1.1 

Introduction on anodes for alkali-ion batteries 

Summary 

This chapter provides a comprehensive overview of anode materials in alkali-ion 

batteries, focusing on lithium (Li), sodium (Na), and potassium (K) ions.  It starts by 

exploring the fundamental requirements of anode materials, including high capacity, 

stability, rate capability, and safety. Focusing on anode design, the chapter reviews 

materials like graphite (intercalation), silicon/ tin (alloying), and phosphides/ sulfides 

(conversion), emphasizing their ion hosting capacities. Key challenges like volume 

expansion during ion intercalation are discussed alongside mitigation strategies such as 

nanostructuring and composite materials to improve performance and longevity.  The 

critical role of electrolytes and the solid electrolyte interphase (SEI) is explored. 

Preparation methods for electrodes and electrolytes are analyzed for their impact on 

battery characteristics. The chapter concludes with the essential measurements and 

analyses to assess anode and electrolyte performance. This comprehensive 

understanding serves as an academic and concise resource, offering insights into current 

challenges and innovations in anode technology for alkali-ion batteries. 
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1.1.1 Relevance of energy storage 

The global population has surpassed 8 billion, significantly impacting economic and 

technological advancement. [1]Consequently, this surge in population has spurred an 

immense worldwide demand for energy, primarily met by the rapidly depleting fossil fuel 

resources, resulting in severe environmental crises linked to accelerated climate 

change.[2] The imminent exhaustion of fossil fuels poses a grave threat, making it 

imperative to explore sustainable alternatives to meet our energy needs. Renewable 

energy sources, such as wind, solar, nuclear, and hydropower, emerge as the most viable 

solutions.[3] However, it is essential to acknowledge that wind and solar energy are 

intermittent, potentially lacking the reliability necessary to satisfy the surging global 

electricity demand. 

To address this challenge, batteries have been introduced into the energy storage market. 

Batteries are crucial for load leveling in power distribution and storage for renewable 

energy sources.[4] Batteries dominate the energy market from small-scale products 

(pacemakers, smoke detectors, wristwatches) to large-scale products (electric motors, 

submarines, electronic devices). This year, the International Energy Agency (IEA) 

projects an investment of over USD 1.7 trillion in clean energy initiatives. [5] 

1.1.2 History 

Batteries have evolved over many years to become a high-performing energy storage 

solution. It all started around 150 BC and 223 AD with the discovery of the first battery, 

i.e., the Baghdad battery (Figure 1).[6] Although batteries progressed to the invention of 

the voltaic pile in 1748 by Alessandro Volta, followed by Daniel's cell (1836), they could 

not be recharged (primary battery). [7]Since then, there have been rapid advancements 

to achieve rechargeable batteries such as Ni-Cd (1899), Ni-MH (1989), Li-ion (1980), 

and finally Li-polymer battery (1997). In 2019, Goodenough, Whittingham, and Yoshino 

won the Nobel Prize for their significant contributions to the development of LIB, which 

dominates the entire electronic market.[8][9] 
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Figure 1. The development of battery.[10] 

Li-ion batteries (LIBs), with their high energy density and good cycling stability, are used 

for various applications, from smartphones, laptops and plug-in hybrid EVs.[11] Such 

wide applications have convinced automakers and battery companies to commit nearly 

300 billion USD to build a raft of gigafactories worldwide. Gigafactories started by 

Nissan (UK) and followed by Tesla (US) envision supplying Giga Watt hour (GWh) 

levels of battery manufacturing output with a 1GWh facility providing enough batteries 

for approximately 17,000 vehicles (Figure 2). Large-scale battery production is also used 

for pharmaceuticals/microchip manufacturing along with car manufacturing 

facilities.[12] 

 

Figure 2. Evolution of significant companies with initiatives for establishing 

Gigafactories.[12] 

Such a humongous leap in the development of the LIB industry has resulted in significant 

demand for mineral resources, thus challenging its sustainability. We now face lithium 
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deficiency due to their limited reserve on the earth's crust with a total mass % of 

0.0017.[13] Therefore, focussing on alternatives to Li metal to maintain sustainable 

development is a desperate need of the hour. Batteries with elements having high crustal 

abundances, such as Na-ion (SIB) (2.3 mass%), K-ion (PIB) (1.5 mass%), Metal-air, Al-

S, and solid-state batteries can help reduce the burden on Li production. 

LIB surpasses all rechargeable batteries, such as Ni-MH, Ni-Cd, and lead-acid batteries, 

in terms of their high energy and power density (Figure 3a.), as represented in the Energy 

density plot. [14]This superiority of LIBs makes them desirable for portable electronics, 

EVs, backup power supplies, and grid storage. With their low cost as a limiting factor for 

large-scale applications, PIB is a viable candidate with volumetric energy density 

(Figure 3b.) equivalent to LIBs.[15]  

 

Figure 3. a) Ragone plot[14] and b) energy density for various rechargeable batteries 
where LIB outperforms. Reproduced with permission from ref. [15] 

Current electrified vehicle types are targeting development towards low-cost, fast-

charge, low cycle life fade (~20%) (reduced energy density with time).[16] So, the 

design, development, and optimization of electrode materials must be done to achieve 

the desired goals in the battery industry. 

1.1.3 Configuration, principle, and evaluation parameters for Alkali-ion Batteries 

To improve the performance of Li/Na/K-ion batteries, it is crucial to have a good 

understanding of the working mechanism. LIBs have been chosen as a simplified 

overview of the components of ion batteries and how they work.  

The main components of the battery are (Figure 4)[17]:  
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• Anode (Negative Electrode): The anode of a lithium-ion battery is 

typically made of carbon. During discharge, lithium ions are released from 

the anode and move towards the cathode.  

• Cathode (Positive Electrode): The cathode is usually made of a lithium 

metal oxide, such as lithium cobalt oxide (LiCoO2) or lithium iron phosphate 

(LiFePO4). When the battery is discharged, the cathode interacts with lithium 

ions, creating a flow of electrons.  

• Electrolyte: A lithium salt dissolved in a solvent (commonly, a mixture 

of organic carbonates) separates the anode and cathode. It allows lithium ions 

to move between the two electrodes without electronic conductivity to avoid 

an internal short circuit. 

• Separator: A porous separator material keeps the anode and cathode 

physically separated to prevent short circuits. It also allows the passage of 

lithium ions.  

 

Figure 4. Schematic diagram of commercial rechargeable LIB.[17] 
The basic working mechanism for discharge and charge cycles is a rocking-chair model 

and is as follows:  

Discharge:  

• When a battery is used to power a device, lithium ions move from the 

anode to the cathode through the electrolyte.  

• As the lithium ions move, electrons are released at the anode and flow 

through an external circuit to the cathode, creating an electric current that can 

power a device.  

• At the cathode, lithium ions combine with electrons and are stored in the 

cathode material.  
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Charge:  

• On charging, the electrons are supplied to the anode, causing lithium ions 

to move back from the cathode to the anode through the electrolyte.   

• This process stores energy in the battery by moving lithium ions back to 

the anode.  

The evaluation parameters to understand the role of each alkali-ion have been highlighted 

below. To improve the performance of alkali-ion batteries, researchers and engineers 

focus on several key areas:  

• Capacity: Electrode materials' theoretical gravimetric capacity [18]is 

dependent on number of reactive electrons (n) per formula unit and molar 

mass of active material (M) and can be expressed by[19], 

                    Ct = n x F/3.6xM          (1) 

Where F is the Faraday's constant. According to the equation, the lighter the element and 

the more the number of electrons provide high theoretical specific capacity. With a 

similar number of electrons for alkali ions, Li exhibits the highest theoretical gravimetric 

capacity compared to Na and K, respectively, as shown in Table 1. On replacing mass 

with volume of metal, volumetric capacity can be calculated.  

Alkali metal Gravimetric capacity (mAh g-1) Volumetric capacity (mAh cm-3) 

Li 3860 2062 

Na 1165 1128 

K 591 2047 

 

Table 1. Comparison of theoretical capacity for Li/Na/K metal for battery.[20][21,22] 
 

• Energy Density: Increasing the energy density of ion batteries allows them to 

store more energy in the same size or weight. The gravimetric energy density (Wh 

kg-1) is the crucial parameter for lightweight electronics, and it is the product of 

operating voltage (V) and capacity (mAh g-1). Li has a higher reduction potential 

vs. standard hydrogen electrode (SHE) (-3.04V) than Na (-2.71V) and is 

equivalent to K (-2.93V). Therefore, Li exhibits the highest gravimetric energy 

density, as seen in Figure 3, compared to Na and K batteries. The volumetric 

energy density of Li and K are equivalent and better than Na.[15] This makes Li 

the first choice for application in lightweight batteries for electronics 
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(smartphones, EVs), while for large-scale application making, potassium is an 

ideal choice.[23] 

• Cycle Life: Enhancing the number of charge-discharge cycles a battery can 

undergo before capacity significantly degrades is essential. This can be achieved 

through better electrode materials, electrolyte chemistry, and design. 

• Safety: Safety is paramount, and efforts are made to reduce the risk of thermal 

runaway and fires, especially in high-performance applications like electric 

vehicles.  

• Charging Speed: Faster charging without degrading battery life is a significant 

focus area to improve user convenience.  

• Environmental Impact: Reducing the environmental impact of LIBs by using 

sustainable materials and recycling strategies is also a priority.   

 

1.1.4 Thermodynamic consideration 

To attain a high-performance battery, the thermodynamic evaluation of electrodes and 

electrolytes is crucial to understand. The spontaneity and energetics of battery can be 

clarified by Gibbs free energy. 

 

Figure 5. Schematic open circuit energy diagram with A and C for anode and cathode, 

respectively, and electrolyte degradation to form Solid Electrolyte Interphase (SEI).[17] 
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The free energy change G is related to its electrochemical cell voltage (E) by 

G = -nFE,    (2) 

Where n is the number of electrons involved in the reaction, and F is Faraday's constant 

(96487 C/mol). Cell voltage is determined by the anode, cathode, and electrolyte 

compatibility and can be understood by thermodynamics. The spontaneity of the process 

varies with the cell voltage. 

The working voltage or open circuit voltage (VOC) is the difference between the chemical 

potential of anode (A) and cathode (C)(Figure 5)[17] 

VOC = A-C/e ≤ Eg          (3) 

Where e is the magnitude of electronic charge, and Eg is the electrolyte's electrochemical 

stability window. Most importantly, Voc is limited by the thermodynamic stability of 

organic electrolytes used with anode and cathode. The choice of anode and cathode 

should be that A lies below LUMO (lowest unoccupied molecular orbital) and C lies 

above HOMO (highest occupied molecular orbital). Otherwise, the electrolyte is reduced 

on the anode (/ on the cathode) to form an irreversible solid electrolyte interphase (SEI) 

film. SEI formation is inevitable in alkali-ions due to their high reduction potential vs. 

SHE (Li: -3.04V, Na: -2.71V, and K: -2.93V). Notably, SEI allows Li+ diffusion under a 

uniform electric field and prevents aggregation of electrochemically active materials. 

[24]Additionally, due to its electronically isolating nature, it acts as a barrier to avoid 

further electrolyte decomposition. SEI forms at both anode and cathode and is known as 

anode/electrolyte interphase (AEI) and cathode/electrolyte interphase (CEI), 

respectively. 

1.1.5 Kinetic consideration 

From the above commercial battery setup and thermodynamic understanding from the 

energy diagram, an elaborate discussion of Li+ kinetics of battery components (Figure 

6a) is of utmost importance.  

During charging (Figure 6b) in LIB, the following steps are known to occur[25][26]: 

1) Li+ ion diffuses within the cathode;  

2) Li+ ion diffuses through the cathode electrolyte interface (CEI);  

3) Li+ ion is solvated by the solvation molecule at the CEI-electrolyte interface;  
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4) diffusion of solvated Li+ in the bulk electrolyte;  

5) De-solvation of solvated Li+ at the electrolyte-AEI;  

6) Li+ ion diffuses through AEI and interacts with graphite interphase;  

7) Li+  ion diffusion in bulk graphite and lattice rearrangement. 

Li+ ion diffusion is driven by an electric field, concentration gradient, and convection 

(electrolyte movement).[27][28] The net flux density JLi is: 

JLi = -zLiuLiFcLi ∇Φ – DLi∇cLi+ cLiv          (4) 

Where zLi is the product of charge number, uLi is mobility, F is Faraday constant, cLi is 

Li+ concentration, Φ is the gradient of electrolyte potential, and v is movement velocity. 

The first term represents migration kinetics, while the second and third terms represent 

diffusion and convection kinetics, respectively, where the convection term is ignorable 

due to lack of external force (such as stirring). 

At nominal charging rates (<2C), the external electric field is mainly from solid-liquid 

interphase, and migration in the bulk electrolyte is negligible. Therefore, Li+ transport 

kinetics can be described by Fick’s law[28]: 

           (5) 

Where c(x.t) is the Li-ion concentration at specific position x (supposed one-dimensional 

diffusion for simplicity) at time t, and D is the corresponding diffusion coefficient.  

At high charging rates (>2C), the migration rate of Li+ conductivity and electronic 

conductivity across solid-liquid interphase is highly critical. [29]The diffusion coefficient 

Di usually defines Li+ conductivity in solid materials, which indicates diffusion flux per 

unit concentration gradient. The diffusion time (t) of Li+ in electrode materials is: 

t = 
𝑥2

𝑞𝐷𝑖
        (6) 

Here, x represents the diffusion distance of Li+ in anodes: q is the dimensionality 

constant, which is 2, 4, and 6 for 1D, 2D, and  3D  diffusion,  respectively. To attain a 

small t, nanomaterial synthesis can help tune diffusion distance (x) to achieve 3D 
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diffusion (q). The electron mobility ()considering holes and free electrodes in solid 

anode materials can be expressed by: 

 = nieme + piemh        (7) 

Where ni and pi are the concentration of electrons and holes respectively and  represent 

the mobility of electrons and holes respectively. For fast charging applications, high 

intrinsic electronic conductivity materials such as carbon, metals, and alloys with zero or 

negligible bandgap or materials can be modified externally by adding an optimum 

amount of conducting carbon to assist electronic movement.[26] Modifying the chosen 

material by tuning porosity, conductive networks can assist in Li+ transport and electronic 

moment to facilitate capacity, rate capability, and stability. 

 

Figure 6. Schematically presented kinetic processes in LIB.[30] b) Three fundamental 
processes: anode, cathode, and electrolyte.  

1.1.6 Criteria for element selection for anode/cathode 

The choice of electrode materials depends on varying parameters, i.e., natural abundance 

and electrochemical performance. In the design of anode and cathode materials, lighter 

elements with low cost, low toxicity, and high alkali-ions storage are preferred.  
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1.1.6.1 Anode materials 

The anode is a very crucial part of the rechargeable battery in terms of capacity and 

cyclability. Based on the choice of the element, the overall performance of the battery 

can be hugely affected. The elements from the periodic table (Figure 7a), which can be 

used as anode materials, have been highlighted. The commercially used anode for LIBs 

is graphite due to its low cost, nominal capacity, and stability.[31] In order to replace 

graphite with better-performing anodes, we need to understand the fundamental 

chemistry involved in various anode materials that have been exploited so far.  

 

Figure 7. a)Elements in the periodic table that are suitable for interacting with Li for 
LIBs. [32]b) Different anode materials listed against the Li/Na system. [33] 
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Anodes follow three different types of reaction chemistries[34] (Figure 7b): 

i) Intercalation-based anodes: 

The mechanism of intercalation-type anode materials is mainly the reversible 

intercalation and extraction of alkali ions in the lattice of material with a layered 

structure. The intercalation depends on the crystal and interlayer spacing and the cation 

size (Li+/Na+/K+). Graphite is the most commonly used example, along with titanium-

based materials such as TiO2, Li4Ti5O12[35], Na2Ti3O7,[36] and NaTi2(PO4)3[37] have 

gained much attention in the past two decades, due to their natural abundance, 

nontoxicity, facile synthesis, and high chemical stability.  

In order to understand charging and discharging in intercalation compounds, graphite is 

the best example, and the equation is as follows: 

xLi+ + xe- + C6           LxC6                        (8) 

The overall stoichiometry of LiC6 is the highest possible lithium content at ambient 

conditions, attributing to the theoretical specific capacity of 372 mAh g -1 and volumetric 

capacity of 850 mAh cm-3. To accommodate such high lithium content, the interlayer 

distance between the graphene layers increases by around 10.4% from 3.35 Å for lithium-

free graphite to 3.7 Å for LiC6. Depending on the content of Li, the de-/lithiation occurs 

as a staging mechanism, as shown in Figure 8. On lithiation, there are consecutive 

occurrences of the stages n= 1L, 4, 3, 2L, and 2 before eventually reaching stage 1 

(completely lithiated). "L" indicates Li+ arranged in a liquid-like manner and not 

perfectly ordered within layers.[38] Conclusively, graphite has been most widely studied 

because of its high stability and commercial relevance. However, certain drawbacks of 

graphite include low rate and specific capacity, and most importantly, safety risks have 

prompted further research into modifications of graphite. 
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Figure 8. Illustration of staging mechanism on de-/lithitation into graphite with Li as a 
counter electrode. [38] 

Graphite exhibits a capacity of 279 mAh g-1 (KC8) for PIB but merely 30 mAh g-1 for 

SIB (NaC64).[39] Sodium does not undergo intercalation in graphite due to unfavorable 

thermodynamics.[40] This is due to the positive formation energy of NaC6, and it can be 

explained that as ion size decreases, the formation energy becomes less negative (less 

stable). But, in the trend, Li is an exception due to the formation of covalent interaction, 

which gives negative formation energy. Due to such limitations, various carbonaceous 

materials, such as graphene, CNT, SWCNT, hard carbon, etc., are being exploited 

nowadays (Chapter 1.2a).[41] 

ii) Alloying-based anodes 

In order to overcome the poor capacity of graphite, another class of materials explored is 

alloy-based materials, which include Si, Sn, Ge, Sb, P, etc. [42]Alloy anodes are known 

to have higher capacity than graphite, as shown in Table 2. Reported alloy materials are 

mainly composed of elements from Groups IV and V, in which Si and P are nonmetals 

while others are metals.[43] 
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Element Gravimetric capacity 

(mAh g-1) 

Lithiated phase Volume change 

(LIB) (%) 

Si 3579 Li4.4Si 400 

Sn 994 Li4.4Sn 260 

Al 993 LiAl 96 

Ge 1384 Li4.4Ge 370 

Sb 660 Li3Sb 147 

P 2600 Li3P 300 

Table 2. Theoretical gravimetric capacity for alloy materials as anodes for Li-ion 
battery.[43][44] 

Among various alloys, Si exhibits the highest capacity, is environmentally friendly, and 

has a high crustal abundance. The highest capacity of Si with LIB is attributed to Li22Si5 

(Li-Si alloy) formation (Figure 9) and low molecular weight compared to any other alloy.  

 

Figure 9. Li-Si phase diagram was reproduced with permission from ref. [45] 

However, when Si, Sn, or P is used as the active material, its volume expands (Figure 

10) and shrinks tremendously during Li+ insertion and extraction.[46] On alloying, they 

undergo a volume expansion, and on dealloying, contraction occurs, eventually leading 

to severe degradation on numerous cycles.[47] Finally, this leads to a decline in 

performance and delamination, making the battery worthless. However, the irreversible 

SEI layer formation (SEI that forms from electrolyte degradation) on anode materials in 
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the first cycles helps protect the electrode from further electrolyte degradation. Repetitive 

charge/discharge and volume expansion rupture the SEI at the electrode/electrolyte 

interface, thereby exposing the fresh electrode surface.[48] This increases electrode 

resistance due to the thickening of SEI, which also lowers the overall battery 

performance. 

 

Figure10. Degradation mechanism of silicon particles and unstable SEI on continuous 
cycling with de-/lithitation.[49] 

 

Figure 11. Li-Sn phase diagram with T (temperature) and varying Si and Li content in 
Sn.[50,51] 

Since volume expansion is highest in the case of Si (400%) [52] (Table 1.), the attention 

has shifted to other alloy materials like Sn (Li4.4Sn) (Figure 11) with a capacity of 991 

mAh g-1. (Chen et al. 2022) Sn has an electrical resistivity of 1.1 × 10−7 Ω m at room 

temperature, which is nearly an order of magnitude lower than that of graphite and, due 

to higher discharge voltage (0-400 mV), reduces safety concerns (Chapter 1.3). 

[53]Pulverization, continuous SEI formation, and delamination from current collectors 

https://www.sciencedirect.com/topics/chemistry/ambient-reaction-temperature
https://www.sciencedirect.com/topics/chemistry/ambient-reaction-temperature


 Introduction on anodes for alkali-ion batteries 

~ 17 ~ 
 

are still the biggest challenges in alloy-based systems, drastically reducing battery 

performance. (Chen et al. 2022) In the case of Na, high theoretical capacities of 725 mAh 

g-1 for NaSi and 847 mAh g-1 for Na15Sn4 were observed. However, the practical capacity 

and increase in volume expansion ( 114% Na-Si, 420% in Na-Sn) with an increase in size 

from Li+ to Na+ reduces battery performance.[46] Such shortcoming, i.e., volume 

expansion, is mitigated by various morphologies (nanoparticles, nanotubes,  etc.) of Sn, 

Si, and other alloys pairing with an inactive element (Fe, Co, Ni) or composites with 

carbon.[54] 

iii) Conversion-based anodes 

Transition metal compounds such as transition metal oxides, sulfides, fluorides, 

phosphides, and nitrides [55] undergo conversion reactions with Li to give a moderate 

theoretical capacity in the range of 500 to 1500 mAh g -1.[56,57] The electrochemical 

reaction can be written in a generalized manner as follows: 

TMaXb + (bxc)Li+ + (bxc)e-          aTM0 + bLicX            (9) 

Where TM denotes a transition metal (Ni, Cu, Mn, Zn, Co) and X is 

oxide/sulfide/fluoride/phosphide. Among various conversion-based compounds, 

particular interest has been in sulfide and phosphides because of their high theoretical 

capacity of 1675 mAh g-1 and 2596 mAh g-1, respectively.[58] However, sulfide and 

phosphide have low electrical conductivities of elemental form and lithiated S/P, which 

results in low utilization (particularly at high current densities). [59,60]Additionally, 

polysulfide shuttle on recharging is known to cause severe self-discharge.[61] Selenides 

are another alternative with a lower capacity (675mAh g -1), but due to their higher 

electrical conductivity than S, they are less prone to shuttling-based degradation.[62] The 

structure tunability by designing composites of conversion materials with carbonaceous 

materials assists in high structural stability and rate capability.[63] 

It is worth mentioning that on increasing size from Li+ to Na+ to K+, volume expansion/ 

pulverization of electrodes increases immensely.[64] Therefore, morphological control 

and composites of conversion materials with carbonaceous materials assist in high 

structural stability and rate capability. 
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1.1.6.2 Electrolytes and Electrode/Electrolyte interface 

State-of-the-art electrolytes for LIBs are based on organic solvents, i.e., carbonate esters 

solvent and lithium hexafluorophosphate (LiPF6) salt.[65] Similarly, NaPF6 and KPF6 in 

carbonate esters-based solvents are commonly used. Commonly used carbonate esters 

are ethylene carbonate (EC) (crucial for all electrolytes), dimethyl carbonate (DMC), 

diethyl carbonate (DEC), and ethyl methyl carbonate (EMC) (Figure 12) Solvents are 

chosen on the basis of various factors such as melting point, boiling point and flash point 

(Figure 12b), permittivity, viscosity (Figure 12c), and dipole moments (Figure 

12d).[66] Organic electrolytes with low melting point and high safety (flash point) are 

highly desired. EC is a typical carbonate ester used and exists in solid (mp: 36.4⁰C), and 

due to the highest dielectric constant, it can be used with other solvents and dissolve 

metal salts easily. Ester-based solvents are considered better than ether-based solvents 

for real-time applications (full-cell ion batteries).[67] 

In the case of salts, various salts such as LiPF6, LiClO4, LiBF4, LiN(SO2F2)2, 

LiN(SO2CF3)2, etc. (Figure 12e) and their analogs for Na and K have been chosen. The 

criteria for choice are on the basis of their electrochemical stability, thermal stability, 

moisture sensitivity, and conductivity. Li+/Na+/K+ are weakly coordinated to anions such 

(ClO4)-, (BF4)-, (PF6)-, N(SO2F2)2
-, N(SO2CF3)2

-.[68] The electron-withdrawing groups 

in anions delocalize the negative charges. Therefore, the interaction between cations and 

anions is significantly reduced.[69] Therefore, M+ (M = Li/Na/K) can exist as an M+-

solvation sheath-like structure in bulk electrolytes.  

The solvation sheath is understood by comparing the stoke's radii of metal ions. Li+ (4.8 

Å) is larger than Na+ (4.6 Å) and K+ (3.6Å) in the most commonly used propylene 

carbonate (PC)[70] due to the strong Lewis acidity of Li+-solvent. Therefore, the bulkier 

size of K+ exhibits higher ionic conductivity, unlike unfavorable for solid-state diffusion 

in electrode materials. [64]So far, there are no reports on any single solvent that has high 

dielectric permittivity (for salt dissolution), low viscosity (facilitate ion transport) as well 

as electrochemical stability with anode and cathode.  
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Figure 12. a) Geometrical structure of organic solvents used in ion batteries. The physical 
properties of a solvent are b) melting point, boiling point, and flash point, and c) 
permittivity and viscosity. [71] d) Geometric structure of salts used in 

electrolytes.Reproduced with permission from reference [72] 

The inevitable instability of electrolytes with electrodes leads to the reduction of 

electrolytes on the interface and the formation of SEI. In 1979, Peled et al. coined the 

term SEI and claimed Li+ transport via SEI grain boundaries.[73][74] SEI formation 

takes place due to the electrochemical reduction of salt and solvent at electrode 

interphase. Since esters are prone to undergo electrochemical reduction on anode 

surfaces, SEI formed organic and inorganic moieties from electrolyte decomposition.[75] 

Solvents such as EC DEC degrade to give organic components such as Li2CO3, LiF, 

LiOCH2CH2OCO2Li, ROH, CH2=CH2, etc. Salt such as LiPF6 in solvents degrades to 

give LiF, Li2CO3, LiPxFy, LiPxOFy, etc. The layer close to the Li metal surface 

comprises low oxidation states, i.e., the inorganic layer, and the outer part of surface films 
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comprises a higher oxidation state, i.e., the organic layer. Li+ (Figure 13) desolvation 

occurs at the pore diffusion stage and is a rate-limiting step (50 kJ mol-1), which is 

followed by migration of Li+ (naked) through interfaces (only 20 kJ mol-1). [76] 

 

Figure 13. Schematic illustration of a) mosaic model of SEI structure Reproduced with 
permission from ref. [77]and b) Li+ transfer and desolvation. Reproduced with permission 
from ref [78] 

Such Li+ solid-state flux helps in uniform electroreduction on the anode side. An ideal 

SEI layer has the following properties: high cation conductance, high electrical resistance 

(to control further electrolyte decomposition), and stable thickness (close to a few 

nanometers), high mechanical toughness (strength and ductility) so that it controls 

volume expansion in anodes on cycling.(Adenusi et al. 2023) Recent reports are now 

focussing on the use of inorganic rich-LiF in the interfacial layer (SEI), which can reduce 

SEI dissolution in organic electrolytes and keep it intact, thereby improving battery 

cyclability (Chapter 1.2b).[80][81,82] 

1.1.6.3 Electrode preparation and Cell Assembly 

1.1.6.3.1 Electrodes for Anode 

To achieve consistency of active material to be tested for battery, a homogeneous and 

defect-free coating is required with uniform targeted weight throughout the layer. This 

enables uniform current density and Li+/Na+/K+ ion transport between the anode and 

cathode. To maintain uniformity in cell cycling, additional conducting carbon (such as 

Vulcan carbon XC-72/ carbon black, etc.) and binders (such as polyvinylidene 

fluoride(PVDF), carboxymethyl cellulose (CMC), etc.) are used. The conducting carbon 

ensures electron movement from redox active sites in active material to the current 

collector (Cu or Al foil) on charging/discharging. Additive binder increases elasticity, 
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viscidity, and mechanical strength. Ratios vary for active material: carbon: binder from 

9:0.5:0.5 to 7:1.5:1.5, depending upon the electrical conducting nature of active material 

and its delamination tendency (volume expansion). 

The coatings are dependent on slurry rheology and drying process. A consistent slurry is 

achieved by grinding the above mixture in a solvent that has high solubility for binder, 

i.e., N-Methyl-2-pyrrolidone (NMP) for PVDF. The homogeneous mixture is cast on the 

current collector, and with a doctor blade, a homogeneous coating can be attained. The 

optimization of the drying process is needed for every solvent, or else a higher drying 

rate will result in an uneven distribution of soluble and dispersible binder throughout the 

electrode, which can cause the binder to accumulate on the surface. This can lead to 

electrode delamination due to a reduction in adhesion strength. 

On the laboratory scale, the assessment of battery chemistry generally starts with a half-

cell/two-electrode configuration made up of a working electrode comprising active 

material (80% commonly) on the current collector and Li/Na/K as a counter 

electrode(/reference electrode).[83] They are physically separated by a separator soaked 

up in a nonaqueous electrolyte. This type of cell setup can help investigate some basic 

properties of electrode capacity and stability or electrolyte stability with electrodes. 

1.1.6.3.2 Electrolytes 

Symmetric cells have been intensively applied to investigate electrodes as well as various 

electrolytes (Chapter 1.2b).[83] Proper use of symmetric cells can provide information 

on electrode interfacial properties, electrode stability on long-term cycling, and 

electrolyte screening for batteries. The symmetric cell is a two-electrode system with the 

same electrode on both sides and provides the study of the evolution of electrolytes at the 

interface by charge-discharge and EIS study. 

With cell assembly completed for electrodes and electrolytes, evaluation parameters are 

discussed. 

1.1.6.4 Electrochemical Performance evaluation  

1.1.6.4.1 Electrode materials 

Different techniques with assembled cells are used to determine the battery performance. 
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i) Charge-discharge 

A preliminary experiment to evaluate the performance of a new electrode material is a 

charge-discharge study. (Figure 14a) Charging and discharging are comprised of one 

cycle, and just discharging is considered a half cycle. It is carried out galvanostatically, 

and the potential is terminated after a certain potential (cut-off voltage in discharge) or 

else other side reactions occur, such as electrolyte decomposition at lower voltages. Due 

to polarization losses (IR drop), discharge potential decreases below OCV, and charging 

potential increases above OCV, creating a voltage hysteresis for most electrodes. [84] IR 

drop (Figure 14b) arises due to resistances from electrodes, electrolytes, and connectors 

and affects battery efficiency. So, capacity tends to fade with cycling, and to evaluate it, 

we use Coulombic efficiency(%) of each cycle, which is given by: 

100 x Qdis/Qch 

 

Figure 14. a) Schematic of charge/discharge plot for an electrode material. b) Illustration 

of potential drop (IR) from charge to discharge. [84]. 

ii) Cyclic Voltammetry 

Cyclic voltammetry (CV) (Figure 15a) is a technique to measure current with changing 

potential with time. The voltage changes with time (dV/dt), which is the scan rate (mV s-

1). This study defines the rate of electron transfer depending on the electrochemical 

reactivity of electrode material under testing. The electrodes exhibit faradaic and non-

faradaic reactions, and which process is dominant can understood from the power law 

between current and scan rate (equation 6). With varying scan rates, the current changes 

and is given by equation (Figure 15b)[83]: 

I= a b             (9) 
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I is the current (A), v is the scan rate (mV s-1) and a and b are adjustable values (Figure 

15b). b value is the sum of diffusion-controlled and capacitive current. 0<b<0.5 implies 

capacitive dominant reaction and 0.5<b<1 implies diffusion-controlled process. The 

contribution of current can be calculated by equation given by Bruce Dunn's (Figure 15c) 

group: 

I = k1 + k2  1/2      (10) 

Where k1  contributes to capacitive current and k2  1/2 contributes to faradaic current. 

Which can be rearranged for analysis to: 

I/  1/2 (V) = k1  1/2 + k2      (11) 

On plotting i/  1/2 vs.  1/2, we can obtain k1 (slope) and k2 (intercept) values from linear 

fit and find the contribution of capacitive and faradaic behavior at a certain potential. 

 

 

Figure 15. Scheme for a) cyclic voltammetry (CV) studies, b) and c) analysis from a 

change in scan rate of CV. [85] 

iii) Electrochemical Impedance Spectroscopy (EIS) 

A high impedance in LIBs comes from large overpotential (difference between the 

equilibrium and measured potentials), giving rise to low energy efficiency, low capacity, 

and rate capability and can cause thermal runaway.[86] So, it is paramount to observe the 

impedance of electrode materials over long-term cycling and each state of 

charge/discharge.[87] Overpotentials can arise from ohmic loss, charge transfer or 

activation polarization, and concentration polarization. 

EIS is a very powerful technique to probe electrochemical processes in the system via a 

series of alternating oscillating voltage (/current). PEIS is a commonly used technique, 
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and the current response to an applied potential at varying frequencies is recorded. Li-

ion cells are very non-linear, and generally, a potentiostatic perturbation of voltage 1-

10mV is applied with frequencies in the range of mHz to MHz at a certain controlled DC 

voltage or OCV of a cell. Nyquist plot (Figure 16) is commonly used in batteries when 

real and imaginary axes at different frequencies explain impedance associated with 

different processes.  

The basic processes can be[88]:  

1) transfer of electrons from current collector to active materials; (2) transfer of electrons 

across the electrode layer comprising of active material; (3) diffusion of ions through the 

electrolyte; (4) diffusion and migration of ions through the separator; (5) diffusion of ions 

in the porous electrode; (6) double-layer charging (Cdl) in the solid/electrolyte interface; 

(7) electrochemical insertion process in active material; and (8) coupled diffusion of ion 

and electron inside the active material particles. The limitation of EIS is that all 

interactions tend to overlap, which makes it difficult to convolute. Therefore, they are 

fitted with elements to clarify the processes occurring. 

 

Figure 16. a) Schematic of Nyquist plot of LIBs through a wide frequency range with 
four components and b) Randles equivalent circuit.[89] 

In order to deconvolute, the equivalent circuit model is used. It is based on prior 

knowledge and characteristics of Nyquist plots. Explanation of various elements 

(Figures 16a and 16b): 
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1) Inductor (L): Resistance associated with wound wires (high frequency) and 

specific adsorption or degradation processes (low frequency).  

2) Resistor (R): Ionic resistance (electrolyte), SEI, charge transfer at 

electrode/electrolyte interface. 

3) Constant phase element (CPE): With an electrode material in ion batteries, instead 

of pure capacitive behavior, CPE is used due to deviation in frequency. 

4) Warburg element (W): It contributes to the diffusion process under the 

assumption of an infinite stagnant layer. 

5) Randles circuit: (Figure 16b) This is the typical fitted model for the interfacial 

electrochemical process. 

Other techniques like distribution of relaxation times (DRT) are also used to analyze 

electrochemical systems.  

iv) Galvanostatic Intermittent Titration Technique (GITT) 

The kinetic analysis of electrode materials can also be carried out by GITT at various 

state of charge (SOCs) simply by voltage change and resting the cell after specific time 

intervals. W. weppner and R.A. Huggins first developed the GITT method in 1977 for 

the kinetic investigation of Li3Sb.[90] GITT is derived from Fick's law by calculating the 

number of mobile ions moving at the interface between the electrolyte and the electrode 

phase boundary, correlating with the transient and steady-state voltage measurements. In 

the experiment, a series of constant pulses, each followed by a relaxation period (no 

current applied).[91] As shown in Figures 17b and 17c. 

1) The initial equilibrium state has a homogeneous distribution of ions (Li+), and on 

applying a constant pulse (I0) at time t0, a sudden voltage step occurs from E1 to 

E2 owing to current flux in form or IR drop. 

2) In case I0 is positive/deintercalation of Li+ occurs in the current duration time () 

and voltage changes to E3. 

3) Then, on applying a constant current pulse, a voltage drop again shows up owing 

to IR drop, in which case, eventually, Li+ diffusion is homogeneous in the 

material, and voltage reaches another equilibrium state (E4). This state is now 

initial potential(E1) for the next GITT step. 
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Figure 17. Schematic illustration of a) cell arrangement and components involved. GITT 

experiment with b) a constant current pulse (I0) imposed for duration time () at a time 
to and c) associated voltage changes. d) Stepwise mobile ions movement during GITT 
measurement. 

To calculate the chemical diffusion coefficient: 
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Where mB is the mass of the host material in the electrode (g), MB is the molecular weight 

of material (g mol-1), S is the contact area of electrode/electrolyte interface (cm2), VM is 

the molar volume of the host material (cm3 mol-1), L is the electrode thickness (cm), 

ES=E4-E1 (steady-state voltage change) and E=E3-E2 (transient voltage change). The 

assumption is that the molar volume change is not large enough and that the current 

should be a low value with a short duration. 
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1.1.6.4.2 Electrochemical performance evaluation for electrolytes 

Charge-discharge and EIS 

Li-Li or metal-metal (M-M) symmetric cells provide an important platform for the 

quantitative evaluation of Li (/metal) without the need for electrode materials. 

Galvanostatic cycling of Li-Li (or M-M) showing voltage vs. time profiles helps in 

understanding electrode stability and failure with a certain electrolyte.[83] The voltage 

shape and polarization losses at a particular current density electrolyte composition can 

help in choosing an electrolyte for long cycling. The continuous 

electrodeposition/dissolution from Li-Li (/M-M) affects the cell polarization, which 

shows an increase in overpotential in voltage vs time plots. The change in thickness of 

SEI due to the electroreduction of electrolytes on both metal sides can be clearly recorded 

from the EIS study. 

1.1.7 Conclusion: 

This chapter highlights the evolution of energy storage systems, highlighted by the 

commercial success of lithium-ion batteries (LIBs) and the emerging interest in sodium-

ion (SIB) and potassium-ion batteries (PIB). This chapter provided a comprehensive 

overview of anode materials in alkali-ion batteries, emphasizing design considerations 

for anode to attain desirable capacity. It delved into the limitations faced by anodes, such 

as volume expansion, and strategies to mitigate them. The intricate relationship between 

electrolytes and the solid electrolyte interphase (SEI) and their pivotal role in battery 

performance is of significant focus. Techniques for electrode and electrolyte preparation 

and essential measurements to evaluate anode and electrolyte performance were 

thoroughly discussed. This knowledge is integral to guiding future advancements in 

battery technology, marking a significant stride toward optimized energy storage 

solutions. 
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Chapter 1.2a 

Boron-doped thermally exfoliated graphene as universal anode for alkali-ion 

batteries 

Summary 

In this chapter, we have established that BTEG carbon excels as an anode material in 

Lithium, Sodium, and Potassium ion batteries. It shows high reversible capacities (1014 

mAh g-1 for LIB, 295 mAh g-1 for SIB, and 369 mAh g-1 for PIB) at a current density of 

25 mA g-1. Notably, at 1 A g-1, BTEG demonstrates remarkable capacity retention over 

1000 cycles: 75% for LIB, 100% for SIB, and 87% for PIB. Our electrokinetic studies 

also underline that BTEG follows an intercalation-adsorption reaction, while SIB and 

PIB follow a dominant reaction. 

 

  



Chapter 1.2a 

~ 38 ~ 
 

 

  



 Boron doped thermally exfoliated  graphene for alkali-ion batteries 

~ 39 ~ 
 

1.2a.1 Introduction 

Lithium-ion batteries (LIBs) have significantly advanced battery technology, 

transforming portable electronics and electric vehicles.[1,2] However, lithium scarcity 

(only 0.0017% of Earth's crust) is causing a "lithium crisis" due to high demand.[3] This 

has sparked interest in sodium (Na) and potassium (K) as alternatives. Although Sodium 

and Potassium ion batteries have lower energy densities due to their higher reduction 

potentials compared to lithium, they remain significant for large-scale energy storage.[4] 

Their importance is emphasized in scenarios where the availability of materials is a 

priority over energy density, particularly in enhancing the incorporation of renewable 

energy sources into power grids.[5,6] Developing anodes with high specific capacity is 

critical for enhancing energy density in these batteries. The ionic size increases from Li+ 

to Na+ to K+ ions, slowing reaction kinetics and causing volume expansion and 

electrolytic decomposition.[7]  

Carbon-based anodes are crucial as they are abundant and economical and have been 

widely used in various forms in ion batteries.[8] Graphite electrodes, invented by Yazami 

in 1980, are anode materials for commercial LIBs, as they offer high capacity and 

stability.[9] Graphite faces challenges in Sodium and Potassium ion batteries due to poor 

intercalation thermodynamics and significant volume expansion, respectively.[9,10] 

Therefore, tailored carbon materials need to be prepared to attain high energy density in 

all alkali-ion battery types.[11] 

Amorphous carbons, including hard (non-graphitizable) and soft (graphitizable) types, 

outperform graphite in Li/Na/K-ion batteries due to their defects, porosity, and better 

volume change accommodation (Figure 1).[12] Hard carbons show less volumetric 

expansion than graphite, but their capacity primarily comes from a low potential charge 

storage plateau (<0.2 V).[13] This leads to sodium plating at a fast cycling rate and 

thermal issues, making batteries unsafe. Soft carbons, like few-layer graphene 

nanosheets[14][15] and obtained from coal tar[16], provide sloping charge storage, 

offering a better alternative. Their tunability in pore size and surface defects create more 

adsorption sites for Li+/Na+/K+.[17] Introducing heteroatoms like nitrogen, phosphorus, 

boron, and sulfur improves charge storage by altering carbon's electronic properties, 

adding defects, and creating optimal redox reaction sites.[18] This heteroatom doping 

enhances alkali ion binding and electron transfer, boosting storage capacity.  
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Figure 1. Schematic structure of graphite, soft carbon, and hard carbon.[19] 

Boron, in particular, alters carbon's electronic and structural properties, thereby 

improving performance.[20] The lower electronegativity of boron can create an electron-

rich environment on carbon, enhancing alkali-ion interactions. Theoretical studies show 

that boron-doped carbon, with BC3 and B-C-O species, facilitates Na+ movement by 

lowering diffusion energy barriers.[21] While boron-doped graphene (BDG) boosts 

lithium-ion battery performance[22], its impact on Na and K batteries remains 

unexplored. 

1.2a.2 Scope of investigation 

In this study, we introduce a novel boron-doped thermally exfoliated graphene (BTEG), 

showing enhanced performance in all three alkali-ion batteries for the first time. The 

BTEG demonstrates impressive reversible discharge capacities of 1014 mAh g-1 for 

LIBs, 295 mAh g-1 for SIBs, and 369 mAh g-1 for PIBs at a current density of 25 mA g-

1. Electrokinetic analysis using Dunn's equation, operando Raman spectroscopy, and the 

galvanostatic intermittent titration technique (GITT) reveal that the charge storage in 

LIBs is primarily through intercalation-adsorption. At the same time, it is predominantly 

adsorption-based for SIBs and PIBs, contributing to universally high capacities. 

Electrochemical impedance spectroscopy (EIS) is used to investigate the diffusion 

dynamics and reversibility of BTEG in relation to Li, Na, and K storage.  
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1.2a.3 Experimental section: 

i. Materials and characterization techniques: 

Graphite powder and sodium nitrate were supplied by Sigma Aldrich. Concentrated 

sulfuric acid (95-95%), hydrogen peroxide (30%), and boric acid were acquired from 

Emparta, Merck. Potassium permanganate was acquired from Thomas Baker. Lithium 

hexafluorophosphate in ethylene dicarbonate, diethyl carbonate (EC: DEC), sodium 

hexafluorophosphate, potassium hexafluorophosphate, EC, and DEC battery grade were 

procured from Sigma Aldrich. Potassium bisfluorosulfonylimide was sourced from TCI 

chemicals. Whatman glass fibre separator was procured from Sigma Aldrich.  

ii. Synthesis of boron-doped thermally exfoliated graphene (BTEG): 

The synthesis of BTEG involved thermal shock treatment of graphite oxide (GO), which 

was produced using the Modified Hummers method.[23] GO was placed in a preheated 

tube furnace at 350°C in the air for 5 minutes, yielding thermally exfoliated graphene 

(TEG-350). To create a homogeneous dispersion, 50 mg of TEG-350 was mixed with an 

equal amount of boric acid (50 mg) in 70 ml of water. This mixture was dried overnight 

at 70°C in an oil bath and ground into a fine powder. The powdered mixture was heated 

in an argon-atmosphere tube furnace at 800°C for 3 hours, with a temperature increase 

of 5°C per minute. The resulting product, which contained additional boron oxide 

residues, was rinsed with warm water at 70°C centrifuged three times at 10,000 rpm for 

5 minutes. This was finally washed with ethanol before being dried at 60°C overnight to 

obtain BTEG. 

iii. Control Experiments: 

To evaluate the impact of boron doping, we compared the initial reversible capacity of 

TEG annealed at 800°C for 3 hours (without boric acid) to that of BTEG. Additionally, 

thermal shock treatment of GO (TEG-350) served as a control to understand the effects 

of pyrolysis and boron doping.  

iv. Electrochemical Characterization: 

The BTEG and TEG electrode was made by blade-coating a slurry (80wt% BTEG, 

10wt% Vulcan carbon XC-72, 10wt% polyvinylidene fluoride) onto copper foil, 

followed by drying in a vacuum oven at 80°C for over 24 hours. TEG-350 was formed 
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into pellets using a cold press, each weighing 17mg, as it does not adhere to Cu foil. 

BTEG had an active material loading of 1mg with a diameter of 10mm. Electrochemical 

testing was conducted in Swagelok cells, with BTEG as the working electrode and 

lithium, sodium, and potassium foils as the counter/reference electrodes (11mm 

diameter). Glass fibre separator was punched into 12 mm dimensions, and a single 

separator was used for LIB and SIB. For PIB, two separators were used to avoid any 

possible short circuit. Separator was soaked with the electrolytes 1M LiPF6 (LIB), 1M 

NaPF6 (SIB), 0.8M KPF6 (PIB), 1M KFSI, and 5M KFSI in a 1:1 mixture of ethylene 

carbonate and diethyl carbonate, stirred for 24 hours. The cell used for electrochemical 

measurement is shown in Figure 2. 

 

Figure 2. A homemade stainless steel cell is used for battery assembly. 

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) tests were performed using an electrochemical 

workstation (battery cycler). EIS measurements spanned from 600kHz to 10mHz at a 

10mV amplitude. All tests were conducted at room temperature, with batteries 

equilibrated for 24 hours before CV, GCD, and EIS testing. 

v. Operando Raman Cell: 

An optical cell (El-Cell ECC-Opto-Std) was used to carry out operando Raman 

measurements. BTEG, the working electrode, was observed through the glass 

window.[24] The current collector used was copper mesh. The separator and alkali metal 

foils were pierced in the center to allow the laser to pass through and assess the BTEG 

electrode. A green laser (532nm) at 5% power with 30 seconds exposure and 3 

accumulations provided data. The time duration for data recording was kept 20 minutes 

apart in order to prevent sample burning. Raman spectra were taken at a low current 

density of 15 mA g-1 to monitor gradual change in Raman active carbon peaks. 
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vi. Galvanostatic Intermittent Titration Technique (GITT): 

This technique helps to analyze solid-state diffusion and kinetics of alkali ions. The GITT 

potential profiles (Figure 3) and corresponding diffusion coefficients for M+ ions were 

calculated as follows[25]: 

D = 4π𝜏(nmVm/S)²(ΔEs/ΔEt)² (3) 

In this formula, nm, Vm, 𝜏, and S represent the mole of the electrode material, molar 

volume, relaxation time, and electrode-electrolyte contact area, respectively. 

 

Figure 3. a) The GITT plot and b) enlarged version showing a change in the potential for 
discharge process on applying a constant current pulse of 25 mA g-1, followed by 

relaxation. ΔE is the voltage change of constant current discharging, which is calculated 
by the equal E1 -E2; ΔEs is the voltage change caused by the pulse (relaxation), which is 
calculated by the equal E0 -E3. 

vii. Characterization techniques 

Powder X-ray diffraction (PXRD) analysis of the Cu foil was recorded with a 

PANalytical diffractometer (Empyrean) having monochromatic Cu Kα1 radiation 

(λ = 1.5404 Å) with an accelerating voltage of 40 kV and current of 40 mA. 

Thermogravimetric analysis (TGA) was done with a Mettler Toledo TGA-850 TG 

analyzer at the ramping rate of 5°C min−1 in an oxygen atmosphere. Raman spectra were 

obtained from Renishaw equipped with a green laser (532 nm). Brunauer–Emmett–Teller 

(BET) analysis for N2 (ultra-high purity of 99.9995%) sorption studies were conducted 

at 77 K by Autosorb-iQ2, and samples were degassed for 12 h at 423K. JEM 2100 PLUS 

electron microscope of 200 KV was used to acquire the samples' transmission electron 

microscope (TEM) images. ZEISS GEMINI 500 was used to procure field emission 

scanning electron microscopy (FESEM) images. X-ray photoelectron spectroscopy 

(XPS) measurements were carried out by an X-ray photoelectron spectrometer (Thermo 
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K-alpha+) using micro-focused and monochromated AlKα radiation with energy 

1486.6 eV. The FESEM, TEM, and XPS samples were prepared by sonicating the 

powdered sample in 99.99% pure ethanol and uniformly drop casting on Cu foil, Cu grid, 

and Si wafer, respectively. Battery cycler Biologic BCS-810 was used for battery studies.  

1.2a.4 Results and discussion 

Physico-chemical analyses comparing BTEG, TEG, and TEG-350 were conducted using 

Powder X-ray Diffraction (PXRD), Raman spectroscopy, X-ray Photoelectron 

Spectroscopy (XPS), and nitrogen adsorption techniques. The PXRD pattern of graphite 

oxide in Figure 4a exhibits a low angle peak at 10.9° corresponding to the interlayer 

spacing of 0.81 nm attributed to the (002) plane of graphite. While on annealing, PXRD 

patterns for BTEG and TEG in Figure 4b display broad peaks between 23°-26°, 

indicating their poor crystallinity. Both materials exhibit an interlayer spacing of 0.36 

nm, slightly larger than the typical graphite spacing of 0.336 nm. At the same time, the 

PXRD pattern of TEG-350 exhibited a vast peak, indicating the amorphous nature of 

carbon. 

 

Figure 4. PXRD pattern of a) graphite oxide, b) BTEG, TEG, and TEG-350. 

Figure 5 presents the Raman spectra of BTEG, highlighting its rich defect content with 

an ID/IG ratio of 0.95. This is marginally higher than the ratio observed for TEG and TEG-

350, which have an ID/IG value of 0.93 and 0.87, respectively. 
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Figure 5. Raman spectra of BTEG, TEG, and TEG-350. 

The nitrogen adsorption analysis reveals that the BET (Brunauer–Emmett−Teller) 

specific surface area, as depicted in Figure 6a (type I isotherm), is 312 m2 g-1 for TEG-

350, 203 m2 g-1 for TEG and 129 m2 g-1 for BTEG.  

 

Figure 6. a) N2 adsorption/ desorption isotherms and b) FT-IR spectra of BTEG, TEG, 
and TEG-350. 

In the Fourier transform infrared (FTIR) spectra of BTEG, as illustrated in  Figure 6b by 

Romanos et al. (2013), there are distinctive peaks that correlate with the vibrations of B-

O at 781 cm-1 and 1321 cm-1 and B-C at 1100 cm-1. 

The X-ray photoelectron (XPS) analysis in Figure 7a of BTEG shows the C-C peak at 

284.8 eV for C 1s spectra. Figure 7b shows O 1s spectra, which reveal C-O 

functionalities and weak signatures of the B-O functional group. Figure 7c shows B 1s 

spectra, revealing boron content to be 2.7 wt%. In Figure 7d, the B 1s peak of BTEG is 

resolved into four types of boron species: BC3 (188 eV), BC2O (190 eV), BCO2 (191.5 

eV), and B-OH (193.2 eV). Predominantly, boron species are found as BC2O (41.1 wt%) 
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and BCO2 (51.1 wt%), indicating boron's replacement of carbon atoms at the edges or 

defects in the graphene structure.[26,27] A minor presence of BC3 species (4.4 wt%) 

suggests that the substitution of carbon by boron in the graphitic lattice is relatively 

limited. 

 

Figure 7. High-resolution XPS spectra of a) C 1s, b ) O 1s, and c) B 1s elements for 
BTEG. d) Weight percentage content of various boron species present.  

Boron content was calculated from thermogravimetric analysis (TGA) (Figure 8).  

Boron wt.% = (100-weight loss)% / molecular weight of boron * molecular weight of 

boric acid 

= 12%/ 69.62 * 21.62 

= 3.7wt.% 

The boron content determined from TGA analysis is approximately 2.7 wt%, comparable 

to the boron content measured from XPS. 
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Figure 8. TGA curve of BTEG. 

 

Figure 9. a) FESEM, b) TEM and d) AFM image of BTEG. d) TEM image of TEG. 

The Field emission scanning electron microscopy (FESEM) and Transmission Electron 

Microscopy (TEM) image of BTEG, shown in Figures 9a and 9b, displays ultrathin, 

wrinkled nanosheets. The Selected Area Electron Diffraction (SAED) pattern reveals 

diffused diffraction rings for both TEG and BTEG, as shown in the inset of Figure 9b. 
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The TEM image of TEG is akin to that observed for BTEG, as shown in Figure 9c. The 

Atomic Force Microscopy (AFM) measurements, as seen in Figure 9d, indicate that the 

BTEG nanosheets are approximately 2.5 nm thick. Given that the standard thickness of 

a single graphene layer is about 0.4 nm, these 2.5 nm sheets are likely composed of 

around 7 graphene layers, as reported in [28] 

Electrochemical Evaluations for alkali-ion batteries 

Half-cell experiments were performed using BTEG/ TEG/ TEG-350 for LIB, SIB, and 

PIB to assess the impact of boron doping on TEG. For LIB, SIB, and PIB performance 

testing of BTEG, the selected electrolyte was 1M LiPF6 (EC: DEC), 1M NaPF6 

(EC:DEC: FEC(10vol%)), and 5M KFSI (EC: DEC). Before initiating the 

electrochemical experiments, BTEG, when paired with Li/ Na/ K metal in a half-cell 

configuration, underwent a stabilization period of 24 hours, as depicted in  Figure 10. 

During this phase, the open circuit voltage (OCV) for the LIB, SIB, and PIB showed a 

slight change of 92%, 98%, and 99%, respectively. All electrodes were equilibrated 

similarly, which was followed by battery studies. 

 

Figure 10. Comparison of open circuit voltage of BTEG for LIB, SIB, and PIB. 

Firstly, the galvanostatic charge-discharge profile was studied for TEG-350 at a low 

current density of 25 mA g-1. It exhibited poor reversibility through 5 cycles for LIB, 

SIB, and PIB, as shown in Figure 11. TEG-350 showed irreversibility with LIB and 

capacity value of 128 mAh g-1 and 83 mAh g-1 for SIB and PIB, respectively, after 5 

cycles. Notably, TEG-350 exhibits poor reversibility on cycling at even low current 

density for LIB, SIB, and PIB. 
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Figure 11. Galvanostatic charge-discharge (GCD) profiles of TEG-350 for a) LIB, b) 
SIB, and c) PIB at 25 mA g-1. 

After annealing TEG-350, the resulting TEG obtained showed reversible capacity values 

of 826 mAh g-1 for LIB, 83 mAh g-1 for SIB, and 225 mAh g-1 for PIB, seen in Figure 

12. 

 

Figure 12. GCD profiles of TEG for a) LIB, b) SIB, and c) PIB at 25 mA g-1. 

Finally, after annealing with boron dopant, the resulting BTEG obtained (main sample) 

was tested thoroughly for electrochemical studies. The lithium storage behavior in BTEG 

was primarily analyzed using cyclic voltammetry (CV). Displayed in Figure 13a are the 

first five continuous CV curves ranging from 3.0 to 0.01 V (V vs. Li/Li+) at a scan rate 

of 0.01 mV s-1. The initial cycle revealed a significant cathodic peak between 1.2 and 

0.6V, which is linked to the decomposition of the electrolyte and the consequent 

formation of a solid electrolyte interphase (SEI).[29] This peak diminishes in later cycles 

as the SEI becomes stable. The overlapping CV curves from the second cycle onwards 

indicate a highly reversible interaction of lithium ions with the boron-doped graphene 

layers in BTEG. These findings align with the galvanostatic charge-discharge (GCD) 

curves for the BTEG electrode, as seen in Figure 13b. BTEG demonstrates an initial 

Coulombic efficiency (ICE) of 51%, surpassing TEG's value of 35%. TEG exhibits lower 

ICE, likely due to its high surface area (203 m2 g-1) compared to BTEG (129 m2 g-1),  

leading to more electrolyte decomposition and irreversible Li+ capture. After five cycles, 
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BTEG showed a reversible charge storage capacity of 1014 mAh g-1 at 25 mA g-1, 

exceeding TEG's capacity of 825 mAh g-1, as illustrated in Figures 14b and 13a.  

 

Figure 13. a) Cyclic voltammogram (0.01 mV s-1) and b) GCD profile (25 mA g-1) of 

BTEG electrode with Li-ion battery.  

At a high current density of 1 A g-1, BTEG and TEG exhibited an initial capacity of 276 

mAh g-1 and 269 mAh g-1, respectively (Figure 14a). BTEG shows an average 

Coulombic efficiency of 99.7% and 75% capacity retention following 1000 lithiation/ 

delithiation cycles for long-term cycling.  

 

Figure 14. a) Comparison of long-term cycling for BTEG and TEG at 1 A g-1. b) 

Comparison of Nyquist plots of BTEG before and after cycling and inset fitted data (solid 
line). 
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Figure 15. An equivalent circuit is used for fitting Nyquist plots for BTEG.[30] 

To analyze the kinetics of lithium-ion reaction in BTEG before and after cycling at two 

different current densities (25 mA g-1 and 1 A g-1), electrochemical impedance 

spectroscopy (EIS) measurements were conducted, as seen in Figure 14b. EIS typically 

encompasses three segments, each linked to a specific frequency range. The high -

frequency range corresponds to the bulk resistance (RS), whereas the medium-frequency 

range represents the solid electrolyte interface resistance (RSEI) and the charge transfer 

resistance (RCT) (Figure 15).[31][32] The low-frequency range's slope is associated with 

lithium ions' diffusional impedance (ZW) within the electrode. RS, indicative of unstable 

ohmic impedance due to electrolyte resistance and often unchanged in battery aging, was 

not considered in this analysis. A notable decrease in RCT was observed, from 107 Ω in 

the charged state at open circuit voltage to 12 Ω after 5 cycles at 25 mA g-1, indicating 

electrode activation and stabilization due to gradual electrolyte penetration and SEI 

formation.[33] Additionally, the ZW at open circuit voltage (OCV) initially exhibits 

capacitive-type behavior, likely due to the interaction of the electrolyte with graphene 

layers. This behavior shifts to a diffusive pattern after 5 cycles, post-SEI formation on 

the surface, at 25 mA g-1. The stabilization of the RCT value at 17 Ω, even after 200 cycles 

at 1 A g-1, suggests that BTEG maintains robust performance over time. 

The rate capability of BTEG was characterized by reversible capacities of 1014 mAh g-

1, 731 mAh g-1, 615 mAh g-1, 506 mAh g-1, 342 mAh g-1, and 261 mAh g-1 at current 

densities of 25 mA g-1, 100 mA g-1, 200 mA g-1, 500 mA g-1, 800 mA g-1, and 1000 mA 

g-1 respectively, as depicted in Figure 16. In contrast, TEG displayed reversible 

capacities of 825 mAh g-1, 665 mAh g-1, 594 mAh g-1, 484 mAh g-1, 342 mAh g-1, and 

261 mAh g-1 at the same respective current densities (refer to Figure 16). BTEG and 

TEG retained over 80% of their initial capacity when the current density was reduced to 

25 mA g-1, with BTEG at 81% and TEG at 90%. Following the rate performance tests, 

long-term charge-discharge cycling at 100 mA g-1 was carried out with the BTEG 

electrode. This test further revealed an increase in BTEG's capacity from 735 mAh g-1 to 
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W
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1042 mAh g-1, indicating TEG material's stability and enhanced performance upon boron 

integration. 

 

Figure 16. Comparison of rate performance of BTEG and TEG for LIB. 

Cyclic voltammetry for BTEG shows a highly reversible battery with SIB and PIB at a 

low scan rate of 0.01 mV s-1, as shown in Figures 17a and 17b. 

 

Figure 17. Cyclic voltammograms of BTEG with a) SIB and b) PIB at a scan rate of 0.01 
mV s-1. 

The BTEG sample displays an initial Coulombic efficiency (ICE) of 27% for SIB and 

29% for PIB, markedly surpassing the ICE values of TEG, which are 10% for SIB and 

16% for PIB, as illustrated in Figures 18a,b and 12b,c respectively. Moreover, BTEG 

achieves a reversible discharge capacity of 295 mAh g-1 for Na+ and 369 mAh g-1 for K+ 

at a current density of 25 mA g-1. The higher capacity value of BTEG for PIB, compared 

to SIB, is likely due to the employment of a highly concentrated 5M KFSI salt instead of 

the 1M NaPF6.  
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Figure 18. GCD profiles of BTEG with a) SIB and b) PIB at a low current density of 25 
mA g-1. 

This claim is supported by the evidence that when BTEG is tested with a 1M KFSI 

electrolyte for charge-discharge cycles at 25 mA g-1, it exhibits a discharge capacity value 

of 270 mAh g-1 (Figure 19). 
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Figure 19. GCD profile of BTEG with PIB using electrolyte 1M KFSI at a low current 

density of 25 mA g-1. 

Conversely, TEG displayed significantly lower capacities of just 83 mAh g-1 for SIB and 

225 mAh g-1 for PIB, as shown in Figures 12b and 12c, respectively. 

At a high current density of 1 A g-1, BTEG demonstrated a capacity of 147 mAh g-1 for 

SIB, which is approximately eight times greater than TEG's capacity of 21 mAh g-1, as 

depicted in Figure 20a. For PIB, BTEG recorded a capacity of 184 mAh g-1, 

approximately double the 84 mAh g-1 capacity achieved by TEG, shown in Figure 20b. 

This enhanced performance is likely due to increased surface defects associated with 

boron dopant species (primarily BCO2 and BC2O) in BTEG, as discussed in reference 
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[21]. BTEG exhibited impressive capacity retention in terms of long-term cycling, 

maintaining over 100% capacity for SIB and 87% for PIB after 1000 cycles (Figures 20a 

and 20b). Additionally, BTEG showed exceptionally high average Coulombic 

efficiencies of 99.9% for SIBs and 99.95% for PIBs. 

 

Figure 20. Comparison of long-term cycling for BTEG and TEG with a) SIB and b) PIB 
at 1 A g-1. 

Electrochemical Impedance Spectroscopy (EIS) analyses of BTEG reveal a modest rise 

in the charge transfer resistance (RCT) value, increasing from 170 Ω to 215 Ω after 200 

cycles at a current density of 1 A g-1 for SIB (Figure 21a). Conversely, for Potassium-

Ion Batteries (PIB), there was a significant decrease in RCT, from 721 Ω to 332 Ω, 

observed after the same 200 cycles at 1 A g-1 (Figure 21b). This reduction in PIB can be 

attributed to enhanced reaction kinetics resulting from continuous 

potassiation/depotassiation processes.[20] 

 

Figure 21. Comparison of Nyquist plots for BTEG with a) SIB and b) PIB with cycling. 
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BTEG showed enhanced rate performance compared to TEG for both SIB and PIB, as 

depicted in Figures 22 and 23, respectively. The reversible capacities at various current 

densities for SIB and PIB using TEG and BTEG are detailed in Tables 1 and 2. 

Specifically, BTEG retained 92% of its capacity with SIB when the current density 

returned to 25 mA g-1 after 40 cycles and maintained 95% at 100 mA g-1 after 300 cycles. 

For PIB, BTEG exhibited 96% capacity retention after 40 cycles when reverting to 25 

mA g-1 and an impressive 100% retention at 100 mA g-1 after 284 cycles. This consistent 

and reversible charge storage capability of BTEG for both SIB and PIB can be ascribed 

to the electrolyte's role in forming a stable solid electrolyte interphase (SEI), which 

mitigates volume changes during the repetitive insertion and extraction of alkali ions.[34] 

 

 

Figure 22. Comparison of rate performance for BTEG and TEG with SIB. 

 

 

Figure 23. Comparison of rate performance for BTEG and TEG with PIB. 
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SIB 

Current density (mA g-1) 

BTEG  

(Capacity, mAh g-1) 

TEG  

(Capacity, mAh g-1) 

25 295 75 

100 246 38 

200 220 27 

500 195 18 

800 172 13 

1000 154 12 

25 272 70 

Table 1. Discharge capacity values were compared for BTEG and TEG at different 

densities from the rate performance plot with SIB. 

 

PIB 

Current density (mA g-1) 

BTEG  

(Capacity, mAh g-1) 

TEG  

(Capacity, mAh g-1) 

25 344 225 

100 283 191 

200 246 158 

500 211 129 

800 189 113 

1000 182 105 

25 331 211 

Table 2. Discharge capacity values were compared for BTEG and TEG at different 
densities from the rate performance plot with PIB. 

Electrochemical kinetic analysis for understanding alkali-ion storage mechanism in 

BTEG: 

Detailed electrokinetic studies were conducted to understand further the enhanced 

electrochemical performance of the BTEG electrode in storing Li, Na, and K ions. 

Mechanistic investigations of the BTEG anode involved using electrolytes 1M LiPF6 

(EC: DEC) for LIB, 1M NaPF6 (EC: DEC: FEC) for SIB, and 5M KFSI (EC: DEC) for 

PIB. The charge storage mechanism can be either diffusion-controlled or capacitive-

controlled. The reaction kinetics were analyzed using cyclic voltammetry (CV) curves at 

various scan rates ranging from 0.01 mV s-1 to 0.7 mV s-1 for LIB, SIB, and PIB, as shown 

in Figures 23a-c. The relationship between the peak current (i) and the scan rate (𝜈) is 
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expressed by a specific equation, indicating how the peak current changes with varying 

scan rates[35,36]. 

i = a𝜈b                                                                   (1) 

In this equation, a and b are constants, where the value of b can be deduced from the 

slope of the plot between log(𝜈) and log(i).  

 

Figure 23. Cyclic voltammograms for BTEG at different scan rates from 0.01-0.7 mV s-

1 in a) LIB, b) SIB, and c) PIB. 

A b value of 0.5 suggests a diffusion-controlled process, whereas a value of 1 indicates 

a surface-controlled reaction. Figure 24a presents a log(𝜈) versus log(i) plot, 

demonstrating a linear correlation with an R2 value of 0.99. For LIB using BTEG, a 

pseudocapacitive process is indicated, as evidenced by a b value of 0.57 for the anodic 

peak (close to 1) and 0.92 for the cathodic peak.[37] This suggests a diffusion-controlled 

process for the anodic reaction and a capacitive process for the cathodic reaction in LIB. 

The calculated b values for SIB are 0.77 (anodic) and 0.98 (cathodic), and for PIB, they 

are 0.84 (anodic) and 0.89 (cathodic). These higher b values point towards a capacitive-

controlled process for both SIB and PIB, likely due to the larger size of Na+ and K+ than 

Li+. 
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Figure 24. a) Comparison of b values for anodic and cathodic peaks in LIB, SIB, and 
PIB. B) Relative capacitive contribution histogram of BTEG for LIB, SIB, and PIB at 
different scan rates. 

Additionally, to quantitatively assess the contributions from both capacitive-controlled 

and diffusion-controlled processes, the cyclic voltammetry (CV) curves were further 

examined using Dunn's equation[38]: 

i(V) = k1𝜈 + k2𝜈1/2                   (2) 

In this context, 𝜈 represents the scan rate, and the constants k1 and k2 are derived from 

the plot of i(V)/𝜈1/2 versus 𝜈1/2. Here, k1𝜈 corresponds to the capacitive effect, while k2𝜈1/2 

is indicative of the diffusion-controlled insertion process. At a scan rate of 0.01 mV s-1, 

the diffusion-controlled process accounted for 37% of the total current (charge-

discharge) for LIB, 41% for SIB, and 49% for PIB, (Figure 24b) and as shown in the 

CV profiles (Figures 25-27). When the scan rate was increased to 0.7 mV s -1, the 

contribution from capacitive-controlled processes rose to 83% for LIB, 85% for SIB, and 

91% for PIB (Figure 24b). The pseudocapacitive mechanism, highlighted in the shaded 

areas of the cyclic voltammograms, is evident across all scan rates in  Figures 25-27 for 

LIB, SIB, and PIB. This dominant non-faradaic contribution at higher scan rates, which 

enhances the rate performance, is attributed to the B-O/C-O functionalities in BTEG.[39] 
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Figure 25. Pseudocapacitive contribution for BTEG a) 0.01mV s -1, b) 0.05mV s-1, c) 

0.1mV s-1, d) 0.3mV s-1, e) 0.5mV s-1 and f) 0.7mv s-1 in LIB. 

 

Figure 26. Pseudocapacitive contribution for BTEG a) 0.01mV s -1, b) 0.05mV s-1, c) 
0.1mV s-1, d) 0.3mV s-1, e) 0.5mV s-1 and f) 0.7mv s-1 in SIB. 
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Figure 27. Pseudocapacitive contribution for BTEG a) 0.01mV s -1, b) 0.05mV s-1, c) 
0.1mV s-1, d) 0.3mV s-1, e) 0.5mV s-1 and f) 0.7mv s-1 in PIB. 

To investigate the charge storage sites in BTEG during charge/discharge for LIB, SIB, 

and PIB, operando Raman spectroscopy studies were performed. These measurements 

helped to track microstructural changes while discharging from 3 V (denoted as D3V) to 

0.01 V (denoted as D0.01V) and recharging back to 3 V (denoted as C3V). The pristine 

BTEG comprises G and D peaks, as shown in Figure 5. G-peak in Raman spectra is 

associated with first-order scattering from sp2-bonded carbon atoms in crystalline 

graphene (in-plane E2g symmetry phonon).[24][40] Meanwhile, the D-peak indicates 

disorder scattering near the K-point in the graphene Brillouin zone.[41] D and G-peak 

energy and width are sensitive to charge transfer involving Li, Na, and K ions.  

For LIB (Figure 28), lithiation broadens the D and G band peaks below 1.25 V, 

signifying Li+ interaction with defect and graphitic sites in BTEG. As intercalation 

progresses, a downshift in the G peak energy occurs, indicating electron doping in 

graphene sheets. This downshift is caused by charge transfer from Li atoms to the π* 

antibonding orbitals of carbon, elongating the C–C bonds.[42] Similarly, the D peak 

intensity changes due to alterations in phonon energies and lifetimes from electron 

doping.[43] The gradual effect on average phonon energy suggests a homogeneously 

delocalized charge transfer across BTEG. At 0.01V, the disappearance of G and D peaks 

is observed, likely due to the formation of highly conducting LiCx, reducing optical skin 

depth.[44] 
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Upon delithiation in LIB, a reverse trend is noticed with the gradual re-emergence of D 

and G peaks, supporting the intercalation-adsorption model and aligning with the 

dominant diffusion-controlled process observed in Figure 24.  

 

Figure 28. Operando Raman spectra of BTEG with charge/ discharge profile for LIB. 

The G peak shows a redshift during SIB discharge, but its intensity stays intact even at 

full discharge (Figure 29a). In contrast, the D peak intensity significantly diminishes, 

and both D and G peaks are reversibly restored upon de-sodiation. Figure 29b shows 

PIB, which reveals a similar trend as seen for SIB in Figure 29a, and the Raman results 

for both SIB and PIB align with a capacitive controlled mechanism, suggesting dominant 

defect-related interaction with Na+ and K+ (Figure 24).  

 

Figure 29. Operando Raman spectra of BTEG with charge/ discharge profile for a) SIB 
and b) PIB. 
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Additionally, LIB's ID/IG ratio shows the simultaneous disappearance of D and G peaks, 

while SIB and PIB display a reduced ratio (Figure 30), indicating different interaction 

mechanisms.[45] Notably, the ID/IG ratio for LIB (initial: 0.88; final: 0.91), SIB (initial: 

0.85; final: 0.85), and PIB (initial: 0.88; final: 0.83) are restored after cycling, 

demonstrating the high reversibility of BTEG. 

 

Figure 30. Comparison of ID/IG ratio of BTEG for LIB, SIB, and PIB obtained from 
operando Raman measurements. 

The D and G peak positions in the Raman spectra for BTEG are reversible with both LIB 

and SIB, as demonstrated in Figure 31. However, for PIB, a slight variation in these peak 

positions is observed for BTEG when they are compared for discharge and charge at 3V. 

This discrepancy may be attributed to the use of 1M KFSI electrolyte for operando 

Raman measurements in PIB instead of the 5M KFSI. The decision to use 1M KFSI over 

5M KFSI is due to the high concentration of the latter. Acquiring clear D and G peaks 

for BTEG electrodes is not easy. Therefore, 1M KFSI is preferred for operando Raman 

analysis in PIB. 
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Figure 31. Comparison of a) D peak and b) G peak positions of BTEG for LIB, SIB, and 

PIB obtained from operando Raman measurements. 

The diffusion kinetics of alkali metal ions at the charge storage sites in BTEG were 

evaluated using the Galvanostatic Intermittent Titration Technique (GITT). Here, a 

constant pulse current of 25 mA g-1 was applied, followed by a relaxation period for LIB, 

SIB, and PIB (Figure 32). Changes in potential during relaxation periods indicated 

overpotentials at various insertion/extraction stages. The diffusion coefficients were 

calculated at all stages except the first and last two due to significant voltage fluctuations. 

 

Figure 32. Charge discharge profile for GITT measurement for a) LIB, b) SIB, and c) 
PIB. 

Figure 33 illustrates that the highest diffusion coefficient occurs at 2.5 V during 

discharging, after which the diffusion coefficient of alkali metal ions (DM+) shows a sharp 

decline. This initial rapid diffusion is attributed to the availability of vacant sites in 

BTEG. However, diffusion slows as the sites progressively fill, and ions face a repulsive 

charge gradient created by the previously bound ions at defect sites, hindering further 

diffusion. The DM+ values above 1.25 V are associated with the adsorption of alkali 

metals on the surface of graphene layers. Below 1.25 V, the diffusion coefficient for 
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lithium ions (DLi+) varies from 10-11 to 10x10-11, indicative of staging-type charge storage 

(dominant intercalation) into the graphitic layers.[46]  

 

Figure 33. Comparison of diffusion coefficient values for BTEG in LIB, SIB, and PIB. 

In contrast, there is a smoother decrease in the potential for SIB and PIB, reflecting the 

interaction of Na+/K+ with surface defects/ heteroatom dopants. LIB exhibits a higher 

diffusion coefficient than SIB and PIB (10-11 to 5x10-11). This is due to the full coverage 

of active sites in BTEG with Li+ (intercalation-defect), in contrast to the predominantly 

defect-based coverage for Na+/K+. This finding aligns with the Raman analysis results in 

Figures 27 and 29, suggesting different interaction mechanisms for Li+, Na+, and K+ in 

BTEG. Also, on charging, expectedly, alkali ion diffusion is high initially and reduces 

with an increase in potential. 
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Figure 34. Comparison of diffusion coefficient value for BTEG in PIB utilizing 0.8M 

KPF6, 1M KFSI, and 5M KFSI. 
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Additionally, BTEG exhibits similar diffusional coefficient values with electrolytes 0.8M 

KPF6, 1M KFSI, and 5M KFSI (Figure 34).  

In-situ Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was employed to 

investigate the reaction dynamics of both the working electrode (BTEG) and the counter 

electrode (alkali metal) in a half -cell configuration during the charge/discharge 

process.[46] The EIS results, presented in Figure 35, were acquired after 10 cycles to 

ensure a stabilized Solid Electrolyte Interface (SEI). The Nyquist plots indicate that 

during discharging in BTEG, the charge transfer resistance (RCT) for alkali metal ions 

(M+) increases as the potential decreases, consistent with an increase in charge storage. 

This observation aligns with the findings from the Galvanostatic Intermittent Titration 

Technique (GITT) results, further supporting the electrochemical behavior of BTEG in 

the charge/discharge process. Unlike GITT, EIS considers the role of counter electrode 

in reaction kinetics.  

 

Figure 35. Comparison of Nyquist plots for BTEG during charge/ discharge with a) LIB, 
b) SIB, and c) PIB. 

Nyquist plots were fitted for LIB, SIB, and PIB at different potentials and compared, as 

shown in Figure 36.  
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Figure 36. Fitted Nyquist plots with a solid line for BTEG with a) discharge and b) 
charge for LIB, c), d) SIB, and e), f) PIB, respectively. 

Upon analyzing the fitting results (Figure 37), it was found that at 3V (initial state), the 

charge transfer resistance (RCT) for LIB, SIB, and PIB was 10 Ω, 110 Ω, and 574 Ω, 

respectively. At full discharge (0.01 V), the RCT for LIB, SIB, and PIB increased to 9 Ω, 

717 Ω, and 2206 Ω, respectively. LIB showed minimal variation in RCT during charging 

and discharging, indicating superior and more facile kinetics compared to SIB and PIB. 

The resistance tends to increase with the size of the alkali metal ion as it considers the 

resistance process of the alkali metal side (counter electrode) as well. 
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Figure 37. Comparison of charge transfer resistance values on charge/ discharge for LIB, 
SIB, and PIB. 

Furthermore, Figure 38b shows that the bulk resistance (RS) for LIB (6 Ω) and SIB (8 

Ω) was similar, whereas PIB exhibited a much higher value of 30 Ω. This could be due 

to the increased viscosity associated with the higher concentration of electrolyte (5M 

KFSI) used for potassium. There was a negligible change in both RS and RSEI for LIB, 

SIB, and PIB during charging and discharging, indicating the excellent stability of BTEG 

(Figure 38). Additionally, the resistance values for LIB, SIB, and PIB demonstrate 

efficient charge transfer kinetics and a robust SEI, contributing to long-term cycling 

performance, as seen in Figures 14b and 21. 

 

Figure 38. Comparison of a) solution resistance and b) solid electrolyte interphase 

resistance values on charge/ discharge for LIB, SIB, and PIB. 

Despite K experiencing higher resistance than Li and Na, BTEG maintains stability for 

up to 1000 cycles. This stability is credited to using the 5M KFSI electrolyte, a deviation 

from the traditional 0.8M KPF6 electrolyte system. The importance of selecting and 

optimizing an appropriate electrolyte for specific applications is further examined in the 

subsequent chapter 1.2b. 
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1.2a.5 Conclusion: 

In this study, we have successfully demonstrated the superior performance of BTEG 

carbon as an anode material across alkali-ion batteries. BTEG carbon exhibited 

impressive reversible capacities of 1014 mAh g-1 for LIB, 295 mAh g-1 for SIB, and 369 

mAh g-1 for PIB, all measured at a current density of 25 mA g-1. Furthermore, at a higher 

current density of 1 A g-1, BTEG maintained capacity retentions of 75% for LIB, 100% 

for SIB, and 87% for PIB over 1000 cycles. Our electrokinetic and in -situ analyses 

revealed that BTEG carbon is a universally effective anode material for alkali-ion 

batteries with a diffusion-dominated process for LIB and a capacitive-dominated process 

for SIB and PIB. 
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Chapter 1.2b  

Understanding of SEI formation on the performance of alkali-ion batteries 

Summary  

This chapter examines how the SEI formation and composition affect the stability and 

performance of alkali-ion batteries (AIBs). Compared to LIB and SIBs,  potassium-ion 

batteries (PIBs) produce less stable SEIs, thus affecting their efficiency and longevity. 

This chapter highlights how the electrolyte concentration affects the SEI composition, 

influencing its performance. The findings underscore the importance of tailored SEI 

compositions for optimizing PIB stability. 
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1.2b.1  Introduction: 

To accelerate the commercialization of batteries, gaining an in-depth understanding of 

electrolytes is crucial, as they play a significant role in determining the capacity and 

stability of electrode materials.[1] Electrolytes, the essential medium for ionic 

movement, involve complex interactions among cations, anions, solvent molecules, and 

the solid electrolyte interphase (SEI).[2,3] Understanding these interactions is vital for 

assessing battery performance. The SEI, a key element in battery technology, primarily 

forms during the first cycle of battery use. It comprises various inorganic (like metal 

fluorides, oxides, and carbonates) and organic components that influence the stability of 

SEI.[4,5] Organic compounds, such as metal ethylene dicarbonates (MEDC) and 

polyolefins, provide flexibility but can reduce SEI stability due to their dissolution in the 

organic electrolytes they are used. Inorganic components such as metal fluorides, oxides, 

and carbonates are insoluble in organic electrolyte, mechanically stronger, and compact, 

enhancing SEI stability.[6–8] The stability and homogeneity of the SEI post-initial cycle 

play a pivotal role in promoting consistent ion diffusion throughout its structure. An 

effectively engineered SEI layer is crucial for inhibiting undesired side reactions and 

enhancing stability.[9] Consequently, tailored electrolyte formulations are essential to 

ensure optimal electrochemical and mechanical compatibility with various anode 

materials used for distinct alkali ions. 

Due to each alkali ion's characteristic chemistry, extrapolating the SEI's physical and 

chemical behavior from lithium-ion systems to sodium and potassium-ion systems 

becomes a complex endeavor.[10] The conventional electrolytes used for anodes involve 

metal (M = Li, Na, K) hexafluorophosphate salt in a mixture of ethylene carbonate (EC) 

and diethyl carbonate (DEC) solvent.[11] Although alkali metal hexafluorophosphate 

salts work better for LIBs and SIBs, they significantly reduce the Coulombic efficiency 

in the case of PIBs due to the creation of an unstable SEI.[12][13] By carefully selecting 

the appropriate salts and solvents in the electrolyte composition, it is possible to 

significantly reduce unwanted side reactions, especially those leading to the deterioration 

of SEI during battery cycling.  
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Figure 1. Illustration of solvation and interface model for different electrolyte 
concentrations. a) Conventional electrolytes (1M) and b) super high concentration 
(>3M)electrolytes.[14]  

Modification in the choice of salts, solvents, and additives can refine the solvation 

structure that influences the SEI.[15,16] Use of electrolytes at high concentrations has 

yielded significant improvements in battery stability in recent years. In conventional 

electrolytes, typically at a concentration of around 1M, there is a balanced ratio of anions 

and solvent molecules, leading to the formation of the SEI predominantly through the 

decomposition of salts and solvent molecules (Figure 1). However, with an increase in 

electrolyte concentration, the reduced availability of solvent molecules results in the 

formation of ion pairs between cations and anions and anion aggregates.[17,18] The SEI 

primarily comprises decomposition products from anions in high-concentration 

electrolytes. This results in a higher proportion of inorganic components, typically more 

stable than the more soluble organic components.[19] 

1.2b.2   Scope of the present investigation:  

This chapter thoroughly assesses traditional electrolytes' chemical and electrochemical 

behavior for alkali-ion batteries. This analysis is instrumental in establishing a correlation 

between the SEI chemistry for different alkali ions and the corresponding stability of the 

anode material. Of particular significance is the investigation of a potassium 

bis(fluorosulfonyl)imide (KFSI) salt-based carbonate electrolyte with varying 

concentrations, compared with traditional electrolytes' performance.  
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1.2b.3   Experimental Procedure: 

i. Materials and characterization techniques: 

Lithium ribbons, sodium cubes (preserved in mineral oil), and potassium chunks (also in 

mineral oil) were obtained for the research. Additionally, 1M LiPF6 in an EC: DEC 

(50/50 v/v) solution of battery grade, along with NaPF6, KPF6, ethylene carbonate (EC), 

and diethyl carbonate (DEC), were sourced from Sigma Aldrich. Potassium 

bis(fluorosulfonyl)imide (KFSI) with a purity greater than 95% was procured from TCI 

Chemicals. Glass microfiber filters required for the study were also acquired from Sigma 

Aldrich. 

Renishaw Invia Reflex Raman spectrometer with a 785 nm laser, detector grating of 1200 

l/mm, and spectral resolution of 0.5 cm-1 was used to characterize liquid electrolytes. 

Raman spectroscopy was performed on the electrolytes, which were placed in NMR 

tubes and sealed with parafilm. A red laser with 10% intensity was used, setting the 

exposure time to 50 seconds and carrying out two accumulations. X-ray photoelectron 

spectroscopy (XPS) analysis used a Thermo K-alpha+ spectrometer with a micro-focused 

and monochromated Al Kα radiation source at 1486.6 eV. This characterization was 

intended to determine the composition of the SEI. The pass energy set for capturing 

individual core-level spectra was 50 eV. Ar+ sputter etching was performed for 120 

seconds to analyze the SEI layers further. Polarization measurements were executed 

using an electrochemical workstation EC-Lab from Biologic Science Instruments-VSP. 

ii. Preparation of Electrolytes: 

The electrolytes for the experiments were meticulously prepared in a glovebox under an 

argon atmosphere, ensuring an environment with ultralow levels of contaminants: less 

than 0.1 ppm of H2O and less than 0.1 ppm of O2. This controlled setting is crucial to 

prevent any unwanted reactions or degradation of the electrolytes, which could be caused 

by exposure to moisture or oxygen, thereby ensuring the accuracy and reliability of the 

experimental results. 
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iii. Preparation of 1M NaPF6, 0.8M KPF6, 1M KFSI, and 5M KFSI in EC: DEC 

solvent 

The preparation of the electrolytes was conducted as follows: A volume/volume (v/v) 

mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) was stirred for two 

hours at room temperature to achieve a transparent and precise solution. It is important 

to note that while EC and DEC typically dissolve within thirty minutes, lingering small 

chunks of EC can hinder complete solubility, particularly in the case of NaPF6 and KPF6 

salts. After the salts of the desired concentration were added, the electrolyte mixture was 

left to stir vigorously for 24 hours in a tightly sealed glass vial. While solutions of 1M 

NaPF6 and 0.8M KPF6 in EC: DEC appeared translucent, both 1M and 5M concentrations 

of KFSI in the same solvent system dissolved to form clear solutions.  

For the Raman spectroscopy analysis, 500 μl of the freshly prepared electrolytes were 

transferred into NMR tubes, which were then adequately sealed to ensure the integrity of 

the samples during the spectroscopic examination. 

iv. Preparation of symmetric cell 

In fabricating symmetric cells, meticulous cleaning of metal surfaces constitutes the 

initial step. The lithium ribbon is carefully cleansed using a scalpel to eliminate any 

superficial lithium oxide layer. Sodium and potassium, preserved in mineral oil, are rid 

of oil residues via immersion in dry hexane. Subsequently, these metals are sliced and 

fashioned into discs of 11 mm diameter. To preclude short-circuiting, glass fiber 

separators, slightly larger at 12 mm diameter, are employed, ensuring they extend beyond 

the metal foils. Each cell incorporates two separators to ensure safety and reliability. 

Assembled in Swagelok cells with the chosen electrolytes, the cells are then allowed a 

24-hour equilibration period prior to the commencement of electrochemical 

measurements. 

v. Preparation of electrode for ex-situ XPS 

The previously prepared BTEG electrode (chapter 1.2a), whose cell preparation details 

are outlined in the preceding chapter, was the working electrode and cycled with metal 

foils at a low current density. Post-cycling, the BTEG electrode was carefully removed 

and immersed in DEC solvent during disassembly. This step was crucial to dissolve and 

remove any residual salt deposits from the electrode's surface. Following this, the 
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electrodes were dried overnight under vacuum conditions to ensure complete removal of 

the solvent. The dry electrodes were then transferred from the glovebox to the XPS 

system using a vacuum transfer module (VTM) to prevent exposure to air and moisture, 

thereby maintaining their integrity for accurate surface compositional analysis.  

vi. Electrochemical studies: 

• Polarization and Impedance Studies:  

Galvanostatic charge-discharge testing at a current density of 1 mA cm -2 was conducted 

for 1 hour per cycle to study the metal plating and stripping behavior in symmetric metal-

to-metal (M//M) cells containing various prepared electrolytes (120 µl each). An excess 

of electrolytes was intentionally added in the case of the Swagelok cells to compensate 

for the volume occupied by the spring, a critical cell component. This precaution helps 

in preventing the drying out of the cell during cycling. Following the cycling process, 

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) measurements were 

conducted over 800 kHz to 1 mHz. This analysis was crucial to elucidate the cells' 

electrochemical properties and interfacial characteristics. 

• Charge-discharge studies with BTEG:  

Galvanostatic charge-discharge experiments were performed using the BTEG electrode 

as the working electrode, complemented by metal foils serving as the counter and 

reference electrodes. The electrochemical experiments were conducted within a voltage 

window ranging from 3 V to 0.01 V. 

1.2b.4    Results and Discussion: 

Firstly, the solvation of cations in electrolytes was investigated by Raman spectroscopy, 

represented in Figure 2. As seen in Figure 2a, the Raman spectrum of the EC: DEC 

solution displays distinct peaks at 713 cm -1 and 887 cm-1.[20] These peaks correspond to 

the vibrational modes of free EC molecules, denoting O-C-O ring breathing and C-C ring 

deformation vibrations. Upon the addition of salts to the solution, a new peak emerges in 

the Raman spectrum, indicative of metal ion solvation resulting from interactions with 

the carbonate solvent.[21] The peak area associated with K+ solvation is weak compared 

to Li+ and Na+, as shown in Figure 2b.[22][23] Li+ and Na+ show stronger solvation 

compared to K+, implying less parasitic reactions between Li/ Na and solvent molecules 

compared to K. With the substitution of KPF6 salt by KFSI, an enhancement in the 

solvation of K ions is observed as shown from 1M KFSI in Figure 2d. Notably, at higher 
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concentrations, such as 5M, the existence of contact ion pairs (CIP) and aggregates 

(AGG) was also detected (Figure 2d).[24,25] The formation of CIP and AGG in 5M 

KFSI assists in alleviating parasitic reactions due to increased interaction with accessible 

solvents.[23] 

 

Figure 2. a) Raman spectra of solvent (EC: DEC), salt (NaPF6, KPF6), and solution (1M 
LiPF6, 1M NaPF6, and 0.8M KPF6) and b) solvation structure compared. c) Raman 
spectra of salt (KPF6 and KFSI) and solution (0.8M KPF6, 1M KFSI, and 5M  KFSI) and 
corresponding d) solvation structure compared. 

Polarization behavior in symmetric cells was investigated to unveil the impacts of the 

electrolyte chemistry on alkali metals. Figure 3a illustrates the potential profiles of 

conventional electrolytes in symmetric cells (Li//Li, Na//Na, and K//K) across 

successive cycles for 120 hours at a current density of 1mA cm -2. It was observed that 

polarization increased progressively in the order of Li, Na, and K (using 1M LiPF6, 1M 

NaPF6, and 0.8M KPF6, respectively). This trend is attributed to the comparatively poorer 

conduction of Na and K ions within the solid electrolyte interphase (SEI). The 

polarization values of alkali metal symmetric cells were compared after SEI stabilization 
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(10 hours) and after 120 hours of long-duration cycling. For the Li//Li cells, the 

overpotential, initially at 5.0 mV (10 hours), escalated to 6.9 mV (120 hours). In Na//Na 

cells, initial stabilization of the SEI on the Na metal foil was noted, after which the 

overpotential altered from 14 mV (10 hours) to 22 mV (120 hours). For 0.8M KPF6 

electrolytes in K//K cells (Figure 3b), the polarization value of 42 mV (10 hours) 

increased to 103 mV (120 hours). In the case of 1M KFSI, higher polarization was 

observed than in 0.8M KPF6 and 5M KFSI. The polarization values vary from 88 mV (at 

10 hours) to 120 mV after 120 hours of cycling, which shows that 1M KFSI is more 

stable than 0.8M KPF6. 5M KFSI overcomes the limitation of 0.8M KPF6 and 1M KFSI 

and shows insignificant change on cycling from 53 mV to 56 mV at 10 and 120 hours,  

respectively.  

 

Figure 3. Comparison of symmetric cells with electrolyte a) 1M LiPF6, 1M NaPF6, and 
0.8M KPF6. b) Potassium metal plating-stripping behavior for 0.8M KPF6, 1M KFSI, 
and 5M KFSI electrolyte. 

Electrochemical impedance spectroscopy (EIS) measurements were taken for the Li//Li, 

Na//Na, and K//K symmetric cells to understand their polarization losses with long-term 

cycling.[23] The resistances are associated with the interfaces between the liquid 

electrolyte and the solid electrolyte interphase (RLE/SEI) and between the SEI and the 

anode (RSEI/A), as represented in Figure 4f. The EIS profiles exhibited solution 

resistance (RS) and semicircular patterns indicative of solid electrolyte interface (RSEI) 

and charge transfer resistance (RCT). For the Li//Li and Na//Na cells, outlined in  Figures 

4a  and  4b, the total interfacial resistance was within a spectrum of 40-1000 . 

Meanwhile, the K//K cells (Figures 4c, 4d,  and  4e) exhibited a markedly higher range 

of interfacial resistance, spanning from 1500 to 7500  for various electrolytes. 
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Specifically, the RS, RSEI, and RCT for the K//K cells using a 0.8M KPF6 electrolyte 

(Figure 4c and 5) showed a significant increase throughout the cycling process. The rise 

in resistance (RS) over cycles suggests the degradation of the electrolyte, leading to the 

formation of more solid electrolyte interphase (SEI) and increasing diffusion resistance 

of K+ diffusion through SEI. An unstable SEI with potassium (K) metal contributes to a 

fluctuating interface, adversely affecting potassium plating and stripping, further 

elevating RCT. The K//K cells with 1M KFSI electrolyte (Figure 4e and 5b-c) 

experienced the highest RSEI and RCT but showed lower cycling change than 0.8M 

KPF6. In the case of cells with 5M KFSI electrolyte (Figure 4d and 5b-c), there was 

minimal change in the RSEI and RCT over successive cycling, indicating a stable charge 

transfer and SEI performance.  

 

Figure 4. Nyquist plots for a) 1M LiPF6, b) 1M NaPF6, c) 0.8M KPF6, d) 1M KFSI, and 
e) 5M KFSI before and after cycling. f) The electrical circuit was fitted for Nyquist plots.  

 

Figure 5. Comparison of fitted resistance from EIS associated with a) solution (RS), b) 
SEI (RSEI), and c) charge transfer (RCT) for electrolyte 1M LiPF6, 1M NaPF6, 0.8M KPF6, 
1M KFSI and 5M KFSI electrolyte for symmetric cell. 
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Exploring the interaction between electrolytes and the metal surface and their effect on 

the performance of  BTEG electrodes reveals significant insights for alkali-ion batteries 

in a half-cell configuration. BTEG was tested primarily by cyclic voltammetry (CV) 

studies at a low scan rate of 0.01 mV s-1 and a potential limitation of 3-0.01 V, as shown 

in Figure 6. After SEI stabilization, CV studies show curves overlap in the case of 

electrolytes 1M LiPF6 and 1M NaPF6, but a continuous change in current density in 0.8M 

KPF6 (Figure 6a-c). The BTEG electrode shows unstable SEI with 0.8M KPF6 compared 

to 1M LiPF6 and 1M NaPF6. This is overcome by 5M KFSI with high reversibility of 

BTEG electrode after SEI stabilization (Figure 6d).[26] 

 

Figure 6. Cyclic voltammograms for BTEG electrode with a) 1M LiPF6, b) 1M NaPF6, 
c) 0.8M KPF6, and d) 5M KFSI. 

X-ray photoelectron spectroscopy (XPS) measurements were undertaken to assess the 

composition of the SEI layer stabilized on a BTEG anode following cycles of operation 

by CV in alkali-ion batteries. The XPS analysis focused on the BTEG surface interactions 

before (0 nm) and after etching (approximately 30 nm deep) with different electrolytes, 

i.e., 1M LiPF6, 1M NaPF6, and 0.8M KPF6 in an EC: DEC solution. 
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Figure 7. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) P 2p, and e) Li 1s of 
surface of BTEG with 1M LiPF6. f) The calculated percent composition of surface 
elements.  

Elements Species Binding Energy (eV) 

C 1s C-C 284.8 

C-O 286.5 

C=O 288.4 

CO3
2- 290 

O 1s C=O/CO3
2- 532  

C-O 533.6 

Li-O 530 

F 1s Li-F 684.9 

LixPFy 686.8 

C-F 687.8 

P 1s LixPFy 136.9 

LixPOFyFz 133.8 

Li 1s Li-F 55.3 

Table 1. Binding energy values of S 2p and N 1s element for SEI in 1M LiPF6 in EC: 
DEC.[27,28] 

The XPS results reveal that the topmost layer of SEI comprises a mixture of organic 

(carbon-based decomposition products) and inorganic constituents. For SEI formed by 
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1M LiPF6, the C1s spectra (Figure 7a), O1s spectra (Figure 7b), F1s spectra (Figure 

7c), P 2p spectra (Figure 7d) and Li1s spectra (Figure 7e). 

For a quantitative understanding of the elemental composition within the SEI layer, the 

areas of individual peaks were calculated and correlated with relative sensitivity factors 

(RSFs) for each element, as indicated in equation 1. This analysis provides deeper 

insight into the SEI layer's complex molecular structure and composition, shedding light 

on the interfacial chemistry and stability factors critical to battery performance.  

Atomic % = 
(Area/RSF.)element

Total (Area/RSF)all elements
∗ 100 %                                                                     (1) 

The normalized content for each element is summarised in Figure 7f.  

 

Figure 8. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) P 2p, and e) Li 1s of 
surface of BTEG with 1M LiPF6 after etching. f) The calculated percent composition of 
surface elements.  

Similarly, after Ar+ etching of the BTEG surface, SEI was evaluated to observe the 

change in elemental composition, as seen in Figure 8a-f. After sputtering, carbon content 

(indicative of organic content) decreases from 54 at% to 35 at%, with an increase in 

inorganic content (F species particularly).  

In the case of the SEI surface formed by 1M NaPF6, characteristic XPS peaks were 

observed similar to 1M LiPF6, as shown in Figure 9a-d. O1s spectra exhibit an additional 

Na Auger peak at 536.2 eV, as seen in Figure 9b, and Figure 9e shows the Na signature 
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with the existence of NaPF6. Figure 10a-f shows XPS spectra after Ar+ etching of SEI 

formed by 1M NaPF6. Similar to 1M LiPF6, the carbon content reduces after etching from 

45% to 29%, as seen from the comparison between Figure 9f and 10f.  

 

Figure 9. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) P 2p, and e) Na 1s 

of surface of BTEG with 1M NaPF6 before etching. f) The calculated percent 
composition of surface elements.  

Figure 10. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) P 2p, and e) Na 1s 
of surface of BTEG with 1M NaPF6 after etching. f) The calculated percent composition 

of surface elements.  
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Figure 11. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) P 2p, and e) K 2p 

of surface of BTEG with 0.8M KPF6 before etching. f) The calculated percent 
composition of surface elements.  

 

Figure 12. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) P 2p, and e) K 2p 
of surface of BTEG with 0.8M KPF6 after etching. f) The calculated percent composition 

of surface elements.  

Surface XPS spectra formed by 0.8 M KPF6 are presented in Figure 11a-f, and unlike 

LiPF6 and NaPF6, the carbonate peak disappeared (Figure 11a). Similar to Li and Na 
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analogs, KPF6-based SEI decreases organic content from 46% to 36% when comparing 

Figures 11f and 12f.  

On comparing conventional electrolytes for alkali-ion batteries (Figure 13a), the surface 

XPS analysis (without etching) shows lesser carbon content for Na (~46 at%) and K (~46 

at%) compared to Li (~54 at%). [29]This can be due to the dissolution of organic 

components by electrolyte, which is more for K and Na than Li on the surface.[30] On 

comparing the organic and inorganic species of SEI after etching (Figures 13b and 14), 

the content is similar with ~ 35 at% inorganic species. However, the stability of BTEG 

was observed to be poor with 0.8 M KPF6 electrolyte, which implies that the SEI is fragile 

for bigger-sized K+ conduction while is stable for smaller-sized Li+ conduction, as shown 

in CV studies (Figure 6a-c). 

 

Figure 13. The elemental composition of conventional electrolytes compared for alkali 

ion batteries before (0 nm) and after etching (30 nm). b) The comparison of calculated 
percent composition of decomposed products of alkali-ion batteries after etching. M 
denotes Li, Na and K. 

 

Figure 14. Comparison of organic-like and inorganic content percentage before (0 nm) 
and after etching(30 nm) for conventional electrolytes LiPF6, NaPF6, and KPF6 in EC: 

DEC. 
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Figures 15 and 16 show species' content corresponding to individual elements for 

conventional electrolytes before and after etching compared to alkali-ion batteries. The 

individual species content of the elements C, P, O, and F show their distribution on 

heterogeneous SEI.  

 

Figure 15. The composition of species for a) C 1s and b) P 2p on BTEG surface before 
and after etching for conventional electrolytes for alkali-ion batteries. M denotes Li, Na, 
and K metal. 
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Figure 16. The species composition for a) O 1s and b) F 1s peak on BTEG surface before 

and after etching for conventional electrolytes for alkali-ion batteries. M denotes Li, Na, 
and K metal. 

Therefore, optimizing SEI contents is essential and directly related to BTEG stability for 

PIBs (Figures 17-20).[31] On changing the electrolyte from 0.8M KPF6 to 1M KFSI, 

XPS deconvoluted spectra show additional deconvoluted peaks of S 2p and N 1s (Table 

1).  

Element Species Binding Energy (eV) 

S 2p R-S (R- alkyl) 167.8 

K2SO4 170 

N 1s =N- 398.3 

-N- 399.8 

Table 2. Binding energy values of S 2p and N 1s element for SEI in 1M KFSI.  
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Figure 17. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) N 1s, e) S 2p , and 
f) K 2p of surface of BTEG with 1M KFSI before etching. 

Figure 18 shows XPS spectra after etching of SEI formed by 5M KFSI electrolyte. C 1s 

spectra (Figure 18a) show the presence of a C-C peak and complete elimination of C-O, 

C=O, and CO3
2- contrary to the before-etched surface (Figure 17a). Figure 18c shows 

the emergence of a new peak associated with K2SO3 after etching at 162.8 eV.  

 

Figure 18. Deconvoluted XPS spectra of a) C 1s, b) O 1s, c) F 1s, d) N 1s, e) S 2p , and 

f) K 2p of surface of BTEG with 1M KFSI after etching. 
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5M KFSI-based SEI shows similar peaks to 1M KFSI before and after etching but with 

varying species composition, as seen in Figures 17-21. Although C 1s spectra show the 

absence of all peaks C-O, C=O, and CO3
2- after etching (Figure 20a). 

 

Figure 19. XPS spectra of a) C 1s, b) O 1s, c) S 2p, and d) N 1s peaks of BTEG with 5M 
KFSI electrolyte before etching.  

 

Figure 20. XPS spectra of a) C 1s, b) O 1s, c) S 2p, and d) N 1s peaks of BTEG with 5M 
KFSI electrolyte after etching.  
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Figure 21 compares the composition of SEI associated with 0.8 M KPF6 and 5M KFSI, 

examining the differences before (0 nm) and after etching (30 nm). The nature of fluorine 

species dictates the stability of SEI in a battery. Figure 20a illustrates F 1s spectra, 

showing higher C-F species intensity in 0.8M KPF6 and dominant K-F in 5M KFSI SEI. 

Post-etching, the complete disappearance of C-F species indicates SEI stability in 

PIB.[32] Correspondingly, C 1s spectra were analyzed (Figure 21b) to understand the 

organic species in SEI. It was observed that C-C content diminishes dramatically for 5M 

KFSI compared to 0.8M KPF6, making SEI stable enough to allow bulkier-sized K+ 

conduction for 5M KFSI. 

 

Figure 21. XPS spectra comparing the SEI post-formation on BTEG a) F 1s and b) K 
2p-C 1s spectra for 0.8M KPF6 and 5M KFSI electrolyte before (0 nm) and after etching 

(30 nm).  

The quantitative analysis was performed with segregated organic and inorganic-like 

species, as shown in the histogram in Figures 22a and 23. 5M KFSI-based SEI exhibits 

highest inorganic content before (35 at%) and after etching (65 at%) compared to 0.8M 

KPF6 (23 at%; 31 at%) and 1M KFSI (25 at%; 23.6 at%). These results indicate that 

KFSI decomposition is aggravated in the case of HCE, i.e., 5M KFSI. This can be 

correlated with stability and potential profiles obtained in symmetric cells shown in 

Figure 3b-d. Looking closely at species of interest, i.e., K-F, which is maximum up to 

20 at% in case of 5M KFSI (after etching) compared to 12 at% in 0.8M KPF6 (Figure 

22b).  
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Figure 22. a) Bar charts showing the relative percentage of different species in the SEI 
of electrolyte 0.8M KPF6, 1M KFSI, and 5M KFSI. b) Bar charts comparison of 0.8M 
KPF6 and 5M KFSI electrolyte for C 1s and F 1s. 

 

Figure 23. Comparison of organic-like and inorganic content percentage before (0 nm) 
and after etching(30 nm) for conventional electrolytes KPF6, 1M KFSI, and 5M KFSI in 

EC: DEC. 

When utilizing conventional electrolytes, the BTEG demonstrates varied capacity 

retentions for different battery types: 80% and 75% for LIBs and SIBs, respectively 

(Figures 24a and 24b). However, PIBs' capacity noticeably deteriorates, plunging 

drastically after 200 cycles at a current density of 1 A g-1, as indicated in Figure 24c. In 

contrast, incorporating a 1M KFSI exhibits an impressive 87% capacity retention at a 

current density of 1 A g-1 over 200 cycles, as showcased in Figure 24d. Furthermore, 

5M KFSI shows the highest capacity retention of 99.4% after 200 cycles, as shown in 

Figure 25. A plausible explanation for this enhanced performance could be the reduced 
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presence of free solvent molecules in the HCE, as suggested by Raman spectroscopic 

analysis, and the highest inorganic content (particularly KF species) in SEI. 

 

Figure 24. Long-term stability of BTEG electrodes with electrolytes a) 1M LiPF6, b) 1M 

NaPF6, c) 0.8M KPF6, and d) 1M KFSI at 1 A g-1.  

 

Figure 25. Long-term stability of BTEG electrode with electrolytes 5M KFSI at 1 A g-1. 
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1.2b.5   Conclusion 

The analysis of SEI layers in alkali-ion batteries reveals that electrolyte composition 

significantly influences SEI formation and, consequently, battery performance. 

Potassium-based electrolytes, especially at higher concentrations like 5M KFSI, produce 

an SEI layer rich in inorganic components, offering enhanced stability and performance 

in potassium-ion batteries (PIBs). This contrasts with the SEI formed from lithium and 

sodium-based electrolytes, which show similar compositions but less optimal 

performance in PIBs. The findings underline the importance of electrolyte and SEI 

chemistry in improving battery efficiency, stability, and longevity, with particular 

implications for advancing PIB technology. 
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Chapter 1.3 

Sn@C composite as an anode for Li-ion battery 

Summary 

The work presented herein details the development of a tin nanoparticle-embedded 

carbon composite synthesized through a single-step combustion process. This composite 

is noteworthy for its ability to endure the substantial volumetric changes typically 

associated with the alloying and dealloying processes in battery anodes. The carbon 

matrix, enriched with graphitic content, ensures a stable electrical connection to the tin 

nanoparticles, which is crucial for maintaining the structural integrity of the anode 

material. The batteries display a reversible 184 mA h g-1 capacity at a current density 

of 500 mA g-1, maintaining 94.6% of its capacity after 700 cycles. These findings suggest 

that the composite material has significant potential for use in batteries, providing a 

balance of capacity and longevity. 
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1.3.1 Introduction 

The development of lithium-ion batteries (LIBs) has been paramount in powering a 

variety of portable electronic devices for over two decades, with the performance of these 

batteries heavily depending on the advancement of anode materials.[1] High capacity, 

high energy density, and lower potential against Li+/Li[2,3] are critical benchmarks in 

anode selection. Despite their wide usage, traditional graphite anodes have a low 

theoretical capacity at 372 mA h g−1 due to their intercalation mechanism.[4] 

To transcend these limitations, researchers have turned their attention to alternative 

elements such as Si[5][6], Ge[7,8], and Sn[9,10], which are theorized to offer vastly 

superior capacities through an alloying reaction.[11] Among these, tin-based materials 

are particularly noteworthy for their high theoretical capacities 994 mA h g−1 for Sn, 1244 

mA h g−1 for SnO, and 1467 mA h g−1 for SnO2 alongside their low environmental 

impact, natural abundance, and favorable thermodynamic stability.[12] Tin undergoes 

direct alloying upon lithiation, while SnO and SnO2 first experience a reduction step 

(equation 1), followed by alloying (equation 2) reaction[2]. 

SnO2 + 4Li+ + 2e-      Sn + 2Li2O           (1) 

Sn + 4.4Li+ + 4.4e-      Li4.4Sn                 (2) 

In anode materials utilizing SnO2 and SnO, the generation of Li2O through the reduction 

step tends to be non-reversible due to the larger particle size of the oxides.[13] This 

reduces the theoretical reversible/ irreversible capacities of 846/ 398 mAh g-1 and 756/ 

711 mAh g-1. These values are calculated based on Li2O and Li4.4Sn final phase.[14] 

However, this challenge can be mitigated by scaling down Sn/ SnOx particle sizes to sub-

5 nm dimensions, where enhanced kinetic properties can render the process reversible. 

Additionally, during the alloying phase, tin undergoes a dramatic volume expansion of 

approximately 300%[15], which inflicts significant mechanical strain, leading to material 

pulverization and loss of electrical connectivity after several cycles (Figure 1). This 

compromises the innate properties of tin, i.e., its ductility[16], malleability, and high 

crystallinity. 



Chapter 1.3 

~ 106 ~ 
 

 

Figure 1. Illustration depicting the lithium-tin (Li-Sn) alloy formation process and the 
challenges during prolonged cycling.[17] 

Developing intermetallics or composite anodes containing tin addresses these drawbacks 

and has been shown to improve structural stability. This approach was adopted in Sony's 

"Nexelion" battery,[18] which uses an amorphous Sn-Co-C composite, resulting in a 

30% boost in volumetric capacity compared to traditional LIBs. However, cobalt's costly 

and potentially harmful nature, along with its limited lifespan, restricts widespread 

adoption.[19] 

Recent advances suggest that tin-carbon hybrids, such as those with graphene,[20] 

carbon,[21,22] and carbon nanotubes,[23] hold potential. The performance of these 

materials largely depends on the characteristics of the carbon involved, the size of the Sn 

particles, and their interaction, which are all products of the chosen synthesis method. 

Maintaining the morphology of Sn nanoparticles on carbon substrates across multiple 

cycles poses a challenge, particularly when the composite is derived from Sn precursors 

and pre-existing carbon structures. Functionalized carbon could facilitate enhanced tin-

carbon interactions but at the cost of electrical conductivity due to charge-transfer 

inefficiencies. Thus, a simplistic approach to developing a tin-carbon composite with 

nanoparticles of tin well-embedded in a graphite-rich matrix is highly sought after. 

1.3.2 Scope of investigation: 

A cost-effective method using fractal-like interconnected carbon nanoparticles from 

candle soot has been explored for Li-ion batteries.[24] In a previous study, we fabricated 

Co3O4@C composites via a liquid-fuel combustion method, an in-situ approach for the 
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oxygen evolution reaction.[25] This in-situ fabrication process confers distinct 

advantages by enhancing the metal-carbon interfacial interaction, a challenge often 

encountered with conventional ex-situ synthesis methods.[26,27] In the current 

investigation, we have synthesized a composite embedding of tin nanoparticles within a 

turbostratic carb to achieve optimized battery performance. For comparison, carbon soot 

(CS)[28,29] was produced through the combustion of n-decane, serving as a reference 

material. 

1.3.3 Experimental procedure: 

i. Materials and characterization techniques: 

Tetrabutyl tin was acquired from TCI Chemicals, and n-Decane was acquired from 

Spectrochem. HNO3 (69%) was bought from Merck, and H2O2 (30%) from SD Fine 

Chemicals. LiPF6 (1 M) in a 1:1 v/v mixture of ethylene carbonate (EC) and diethyl 

carbonate (DEC) liquid electrolyte, Li metal, and glass fiber (GF) separator were 

obtained from Sigma–Aldrich. 

ii. Synthesis of Sn@C composite 

Tetrabutyltin (5 wt%) was added to n-Decane (95 wt%) and collected in a 5 ml glass vial 

(3.6 ml of solution). On controlled combustion with a cotton wick, soot was accumulated 

on a glass slide (Figure 2) placed (at a height of 70%) parallelly above the flame (∼1200-

1300°C). The flame temperature, particle sizes, and chemical species depend on the 

height at which the glass slide is positioned from the flame. The glass slide's height was 

optimized to collect the maximum yield of highly porous interconnected carbon soot with 

maximum uptake of tin. Sn@C was collected on a glass slide and subjected to a heat 

treatment in a mixture of H2 (5%) and Ar (95%) atmosphere at 700°C for 1 h with a ramp 

rate of 5°C/min from the room temperature. Control experiments were carried out with 

the as-prepared sample. Additionally, hydrogen-treated Sn@C with higher Sn loading is 

briefly mentioned. 

iii. Material characterization 

Powder X-ray diffraction (PXRD) analysis of the Cu foil was recorded with a 

PANalytical diffractometer (Empyrean) having monochromatic Cu Kα1 radiation 

(λ = 1.5404 Å) with an accelerating voltage of 40 kV and current of 40 mA. 

Thermogravimetric analysis (TGA) was done with a Mettler Toledo TGA-850 TG 
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analyzer at the ramping rate of 5°C min−1 in an oxygen atmosphere. Raman spectra were 

obtained from Jobin Yvon LabRam HR spectrometer equipped with frequency-doubled 

Nd: YAG solid-state green laser (532 nm). Brunauer–Emmett–Teller (BET) analysis for 

N2 (ultra-high purity of 99.9995%) sorption studies were conducted at 77 K by Autosorb-

iQ2, and samples were degassed for 12 h at 373K. JEM 2100 PLUS electron microscope 

of 200 KV was used to acquire the samples' transmission electron microscope (TEM) 

images. Technai F30 UHR electron microscope operating at an accelerating voltage of 

200 kV was used for scanning transmission electron microscope (STEM) imaging. 

ZEISS GEMINI 500 was used to procure images for Field Emission Scanning Electron 

Microscopy (FESEM). X-ray photoelectron spectroscopy (XPS) measurements were 

carried out by an X-ray photoelectron spectrometer (Thermo K-alpha+) using micro-

focused and monochromated AlKα radiation with energy 1486.6 eV. The pass energy 

was kept at 50 eV for individual core levels, and charge compensation was done using 

an electron flood gun. The FESEM, TEM, and XPS samples were prepared by sonicating 

the powdered sample in 99.99% pure ethanol and uniformly drop casting on Cu foil, Cu 

grid, and Si wafer, respectively. 

iv. Sample preparation for ICP-OES analysis 

Inductively coupled plasma optical emission spectroscopic (ICP-OES) analysis data was 

acquired from the Perkin Elmer Optima 7000DV instrument. 

Four milligrams of hydrogen-treated Sn@C sample was taken in a 30 ml vial and 

dispersed in 2 ml of 30% hydrogen peroxide. Subsequently, heat treatment was carried 

out at 90°C, increasing to 120°C. This was carried out to eliminate carbon in the form of 

carbon dioxide. This step was repeated three times. It was observed that carbon residue 

was retained in the sample. So, HNO3 (69%) was added to leach out Sn accompanied by 

heat treatment. Finally, only white residue adhered to the walls of the glass vial. 

Subsequently, the white residue was dissolved in 2 ml of aqua regia (HCl: HNO3 = 3:1 

(v/v)) and diluted up to 10 ml for sample analysis. 

v. Electrode preparation and electrochemical measurement 

The electrode was prepared by mechanically grinding Sn@C (85 wt%), Vulcan carbon 

(10 wt%), and PVDF (Polyvinylidene fluoride) (5 wt%) with NMP (N-methyl-2-

pyrrolidone) for 3–4 h. The doctor blade applicator film-coated the slurry on copper foil 

(current collector), followed by drying it at 120°C overnight in a vacuum oven. After 
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drying, the working electrode was punched to acquire an 11 mm diameter electrode. 

1.0M LiPF6 in EC and DEC was chosen as electrolytes with Li metal foil as the counter 

electrode. Half cells were fabricated in a high pure Ar (>99.999%) filled glove box.  

Swagelok cells 316 were tested on BCS-810 BioLogic Science Instruments with cut off 

voltage range of 0.1 V-3.0 V. Cyclic voltammetry (CV) and Electrochemical Impedance 

Spectroscopy (EIS) was recorded on electrochemical workstation (760E, USA) obtained 

from CH Instruments, Inc. CV was carried out at a scan rate of 0.1 mV s-1 and EIS for a 

frequency range of 0.01 Hz to 100KHz with an amplitude of 5 mV. 

1.3.4 Results and discussion 

The Sn@C composite was synthesized using a homogenous mixture of tetrabutyltin and 

n-decane as the liquid fuel. The combustion process, facilitated by the wick action, 

yielded soot, which was then deposited onto a glass slide to form the Sn@C composite  

(Figure 2). This material was subjected to a hydrogen treatment at 700°C for an hour to 

achieve the final product. 

 

Figure 2. Digital images showing (a) the solubility of tetrabutyl tin in n-decane and (b) 
the accumulation of soot on a glass slide resulting from combustion.  

Thermogravimetric analysis (TGA) was utilized to evaluate the thermal stability and tin 

content within the Sn@C composite. The hydrogen-treated composite demonstrated 

stability up to 500°C in an air atmosphere. Upon increasing the temperature beyond this 

point, complete combustion of carbon was observed at 675°C. The initial sample 

exhibited significant weight loss at around 400°C, attributed to the decomposition of 

oxygen-containing functional groups. The residual weight obtained from TGA 

measurement suggests a 20 wt% tin content in the Sn@C composite, further confirmed 

by inductively coupled plasma optical emission spectroscopy (ICP-OES), as depicted in 

Figure 3. 
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Figure 3. Thermogravimetric Analysis (TGA) was performed in an oxygen environment 
for both hydrogen-treated and untreated Sn@C samples. 

The powder X-ray diffraction (PXRD) patterns of the Sn@C composite, presented in 

Figures 4a and 4b, reveal a pronounced peak at 29.7° (2θ), which can be ascribed to the 

(200) lattice plane of metallic tin (referenced from JCPDS Card No. 00-004-0673). 

Furthermore, there is a signature peak for tin dioxide (SnO2)[30] at 26.6° (2θ), which 

corresponds to the (110) lattice plane, as per JCPDS Card No. 04-003-0649. The patterns 

shown in Figure 4b illustrate the partial reduction of SnO2 to SnO after the hydrogen 

treatment process. 

 

Figure 4. Powder X-ray Diffraction (PXRD) patterns of the Sn@C composite: (a) prior 
to hydrogen treatment and (b) following hydrogen treatment.  

Field emission scanning electron microscopy (FESEM) reveals that Sn@C comprises an 

interconnected three-dimensional porous carbon network, as shown in Figure 5c. 

Morphological and microstructural analysis through transmission electron microscopy 

(TEM) and high-resolution transmission electron microscopy (HRTEM) demonstrate the 

evolution of Sn@C before and after hydrogen treatment. The TEM images (Figures 5a 

and 5d) indicate the distribution of tin nanoparticles, ranging from 5 to 20 nm in size, 
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evenly encapsulated within the porous carbon matrix. The HRTEM images (Figure 5b) 

initially display tin oxide particles with an amorphous structure, which transform into a 

crystalline form post-hydrogen treatment (Figure 5e and f). The hydrogen treatment also 

visibly induces partial graphitization of carbon. The structural alterations, including the 

shedding of functional groups from tin and carbon leading to partial crystallinity, are 

evident from the HRTEM results. Notably, the HRTEM images of  hydrogen-treated 

samples (Figures 5e and 5f) show nanoparticles of Sn and SnO2 with interplanar 

spacings of 0.34 nm and 0.29 nm, respectively, corresponding to the lattice planes (200) 

and (110). These findings are congruent with the earlier PXRD results,  affirming the 

consistency of the structural data obtained through different characterization techniques. 

 

Figure 5. (a) TEM image before hydrogen treatment, illustrating uniformly distributed 

Sn particles within the carbon matrix in the as-prepared sample, and (b) HRTEM image 
displaying the amorphous structure of carbon. (c) FESEM image of hydrogen-treated 
Sn@C revealing an interconnected network, and (d) TEM image showing SnOx 
nanoparticles (5-20 nm) well dispersed in the carbon matrix. HRTEM images for (e) Sn 

and (f) SnO2, respectively.  

In some cases, the carbon support was found to have larger tin nanoparticles with a void, 

a core-shell-like morphology for Sn@C with and without hydrogen treatment, with Sn 

size approximately 50-70 nm, as depicted in Figure 6. Moreover, the HRTEM image of 

Sn@C hydrogen treated reveals a SnO layer on the surface of Sn (Figure 7).  
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Figure 6. TEM image of the Sn@C composite a) before and b) after hydrogen annealing 
reveals 50 nm-sized hollow tin nanoparticles. 

 

Figure 7. HRTEM image of Sn@C hydrogen treated.  

The core-shell morphology of hydrogen annealed Sn@C was further explored through 

scanning transmission electron microscopy (STEM) imaging. Figure 8 shows larger 

Sn@C particles exhibit a core-shell structure, with an oxidized surface layer on the tin 

particles, which is clearly identified through elemental mapping.  
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Figure 8. (a) STEM image of the Sn@C composite post hydrogen annealing, displaying 
a 60 nm hollow tin nanoparticle encased in carbon, accompanied by elemental mapping 

images for (b) tin (Sn), (c) oxygen (O), and (d) carbon (C). 

Moreover, a hydrogen-treated Sn@C sample with a higher tin content of 30 wt% 

displayed Sn nanoparticles that were significantly larger, ranging from 50 to 100 nm in 

size, as observed in TEM images (Figure 9). This suggests that the hydrogen treatment 

process affects not only the crystallinity and distribution of the tin particles but also their 

size, potentially influencing the overall electrochemical performance of the material.  

 

Figure 9. TEM image showing the Sn(30wt%)@C composite after hydrogen treatment, 
exhibiting a core-shell structure with an uneven distribution within the carbon matrix.  

The high-resolution transmission electron microscopy (HRTEM) image showcases the 

turbostratic graphitic configuration of carbon encasing the tin nanoparticles. This 

graphitic arrangement is corroborated by Raman spectroscopy data presented in Figure 
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10, which features prominent peaks at 1345 cm−1 and 1580 cm−1, representing the 

disordered (sp3-hybridized) and graphitic (sp2-hybridized) forms of carbon, respectively. 

Notably, the graphitic peak's intensity increases, denoted by an ID/IG ratio of 0.987 for 

the hydrogen-treated Sn@C, as opposed to a ratio of 1.020 for the carbon soot (CS).[31] 

This enhancement suggests that tin's presence promotes the in-situ conversion of carbon 

soot to a more graphitic form. Also, post-hydrogen treatment, the ID/IG ratio is lowered 

to 0.987 from 0.999, indicating a reduction in carbon defects or functional groups.  

 

Figure 10. (a) Raman spectra display the distinctive D and G bands, and (b) BET 
(Brunauer–Emmett–Teller) plot contrasts the Sn@C samples before and after hydrogen 

treatment with CS. 

Nitrogen adsorption-desorption analysis, performed at the temperature of liquid nitrogen 

(77K), reveals a type II isotherm, with hysteresis evident at elevated relative pressures 

(p/p0), hinting at mesopore formation due to the aggregation of carbon nanoparticles, as 

depicted in Figure 10b. The pore size distribution, calculated using the quenched solid 

density functional theory (QSDFT)[32] and illustrated in Figure 11, indicates a broad 

range of meso and micropores. Surface area measurements via the Brunauer-Emmett-

Teller (BET) method show that the as-prepared Sn@C possesses a surface area of 127 

m2 g−1, which increases to 159 m2 g−1 following hydrogen treatment, reflecting an 

augmentation in specific surface area consequent to structural modifications.  
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Figure 11. Distribution of pore sizes in the Sn@C composite: a) before and b) after 

hydrogen treatment. 

The X-ray photoelectron spectroscopy (XPS) analyses helped to decipher the chemical 

states and the nature of oxygen bonds in the Sn@C composite before and after the 

hydrogen reduction treatment. The O1s XPS spectra (Figures 12a and 12d) delineate 

the peaks corresponding to oxygen bound within the Sn-O-C configurations. A notable 

decrease in the intensity of these linkages was observed after the reduction process, 

suggesting a decrease in the oxygenated species on the surface of the Sn nanoparticles. 

 

Figure 12. XPS spectra for the Sn@C composite: (a-c) as-prepared and (d-f) after 
hydrogen treatment, corresponding to (a, d) O 1s, (b, e) Sn 3d, and (c, f) C 1s.  

In the Sn3d scans of the hydrogen-treated sample (Figure 12e), peaks are indicative of 

different tin oxidation states: metallic Sn (Sn0), divalent tin (Sn2+), and tetravalent tin 
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(Sn4+). The untreated Sn@C sample (Figure 12b) lacks a Sn metallic peak. The binding 

energies at 487.1 eV and 495.6 eV for Sn3d5/2 and Sn3d3/2, respectively, are characteristic 

of Sn2+ species, while the slightly higher energies of 487.7 eV and 496.1 eV are for Sn4+ 

species (Figure 12e).[33] A decrease in the intensity of Sn4+/Sn2+ from 0.71 to 0.58 was 

observed after hydrogen treatment. 

Additionally, the C1s XPS spectra (Figures 12c and 12f) were deconvoluted to identify 

the carbon bonding environments. A distinct peak for sp2 hybridized carbon (C=C) is 

visible at 284.8 eV, and there are peaks for various oxygen-carbon bonds (C-OH, C=O, 

and O-C=O). However, these appear at lower intensity after hydrogen is annealed, 

signifying a reduction of oxygenated functional groups on the carbon. This finding agrees 

with the Raman analysis, which indicated an increase in graphitization of the carbon 

material post-hydrogen treatment. This is another indicator that the hydrogen reduction 

treatment affects the tin particles and alters the carbon matrix, enhancing its graphitic 

nature and potentially its electrical conductivity. 

The electrochemical performance of the hydrogen-treated Sn@C composite was 

thoroughly investigated using a series of tests in a half -cell configuration with a mass 

loading of 0.8 mg cm−2 at ambient temperature. Cyclic voltammetry (CV) at a scan rate 

of 0.1 mV s-1 was conducted within a voltage window of 0.01V to 3.0V, as shown in 

Figure 13a. The initial cycle revealed a broad, irreversible reduction peak around 1.2V, 

indicative of solid electrolyte interphase (SEI) formation or the generation of Li2O.  

Upon further cycling, the CV profiles began to overlap from the second cycle onward, 

indicating the stabilization of the SEI layer. On discharging, the reduction peak at 1.18V 

is consistent with lithium insertion into the graphitic structure of the carbon.[34] This is 

followed by additional peaks at 0.63V and 0.39V, attributed to the formation of different 

LixSny alloy phases. Charging revealed peaks at 0.54V, 0.62V, 0.72V, and 0.79V, 

aligning with the dealloying process of Li from different Li-Sn compounds back to Sn 

metal.[35] The overlap of peaks indicates a reversible electrochemical process for the 

lithiation and delithiation of Sn, a promising sign for the stability of the battery.  
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Figure 13. Electrochemical analysis of the hydrogen-treated Sn@C composite includes 

(a) Cyclic voltammograms at a scan rate of 0.1 mV s−1.  

Electrochemical Impedance Spectroscopy (EIS) was carried out to provide insights into 

the kinetic processes, as shown in Figure 14.  

 

Figure 14. Nyquist plots before and after 5 cyclic voltammetry (CV) cycles.  

An equivalent circuit fit (Figure 15) for Nyquist plots from different circuit element 

possibilities matches the impedance data. The fitted circuit involves ohmic resistance, 

charge transfer, and mass transfer processes at the interface. The ohmic resistance (Rs) 

is a contribution from the electrical connections, the cell connections, the current 

collector, etc. The SEI film formed at the interface of anode material and electrolyte 

(Sn@C/SEI and SEI/electrolyte, respectively) contributes to charge transfer resistance 
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(RSEI) and capacitance (CSEI). The charge transfer of Li+ with Sn@C contributes to RCT. 

Finally, the mass transfer limitation from the lithium-ion diffusion process is affected by 

the electronic conductivity of Sn@C (active material), diffusion pathways in Sn@C, and 

electrolyte resistance. An equivalent circuit fit model can define the combination of all 

these interfacial processes. 

 

Figure 15. A schematic representation of an equivalent circuit for the hydrogen-annealed 

Sn@C. 

The Nyquist plot shown in Figure 14 depicts that a relatively high charge transfer 

resistance (RCT) of 2150 Ω was observed prior to cycling, which significantly reduces 

to 242 Ω after five cycles of CV. This substantial reduction in RCT can be attributed to 

the formation and stabilization of the SEI layer. The low-frequency behavior indicated 

by EIS suggests that diffusion processes are the primary contributors to the 

electrochemical activity after cycling and changes from capacitive to diffusive behavior 

after SEI stabilization.  

Subsequently, the galvanostatic cycling profile (Figure 16b) shows superior cycling 

stability at a current density of 300 mA g−1 for 300 cycles with 0.8 mg cm−2 mass loading. 

The initial discharge value is 305 mA h g−1, and even after 300 cycles, discharge capacity 

is retained to a value of 281 mA h g−1 with an exceptional Coulombic efficiency of 

98.6%. Sn@C composite achieves better capacity than graphite-based 

anodes.[36] Capacity retention of 92.1% was attained, showing superior structural 

stability upon cycling. The Nyquist plot better understands this cycling stability  

(Figure 16c). No significant change in RCT values was observed from 200 to 300 cycles. 

This result suggests that on cycling, minimal polarization losses and facile charge transfer 

kinetics due to stabilized SEI and the highly graphitized carbon are observed. 
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Figure 16. Charge-discharge profiles following CV activation at (c) 300 mA g−1. (d) 
Nyquist plot demonstrating stable cyclability at 300 mA g−1. 

At a higher loading of 2 mg cm−2
, Sn@C hydrogen treated shows 77% capacity retention 

at 300 mA g-1, as shown in Figure 17. 

 

Figure 17. Galvanostatic charge-discharge at higher mass loading of 2mg cm-2 at 300mA 
g-1. 

After five cyclic voltammetry (CV) cycles, electrochemical analysis at a higher current 

density was carried out, as shown in Figure 18. The initial discharge capacity was 

observed at 184 mA h g−1, and impressively, % capacity retention of 94% was maintained 

at 174 mA h g−1 even after 700 cycles. The increase in current density revealed the 

limitations in mass and charge transfer processes, which are affected by the limited 

electrochemical utilization of the tin within the composite. 
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Figure 18. Galvanostatic charging and discharging at 500 mA g−1, following 5 cyclic 
voltammetry cycles (CV). 

Further examination after five CV cycles at an even higher current density of 1 A g−1, as 

represented in Figure 19, demonstrated an initial discharge capacity of 273 mA h g−1, 

maintaining 86.8% capacity after 100 cycles.  
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Figure 19. Charge discharge of hydrogen annealed Sn@C composite at a high current 
density of 1 A g-1. 

The rate capability, illustrated in Figure 20, indicated a high initial lithiation capacity of 

1122 mA h g−1 at a current density of 20 mA g-1, with a subsequent delithiation capacity 

of 842 mA h g−1. The initial cycle's Coulombic efficiency of 75% was ascribed to SEI 

layer formation, a consequence of electrolyte decomposition, especially prevalent due to 

the high surface area of the hydrogen-treated Sn@C composite (159 m2 g−1). The rate 

performance of Sn@C after hydrogen treatment showed a high-capacity value of 706 
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mAh g-1 compared to the value (488 mAh g-1 at 20 mA g-1) obtained for Sn@C before 

hydrogen treatment. When tested at a current density of 300 mA g-1, the discharge 

capacity dropped to 392 mA h g−1. The reduced SnO2 content and the higher graphitized 

carbon (sp2 hybridized C=C bonds) at 284.8 eV, as revealed by XPS analysis, enhanced 

the lithiation capacity. 

 

Figure 20. The rate capability of (b) hydrogen-treated and (c) as-prepared Sn@C 
samples. 

Comparative analysis of lithiation capacities between the first and 40th cycles at the same 

current density indicated a capacity retention of 64%. A notable capacity retention of 

82% was evident between the third and 40 th cycles, after SEI layer formation, showcasing 

the long-term electrochemical stability of the system. The robust adherence of tin to the 

carbon matrix and hollow space between Sn and C (core-shell morphology) mitigated 

the volume expansion and prevented aggregation of the tin particles. This contributes to 

the structural integrity and operational stability of the battery.  

Post-SEI stabilization, cycling at the current density of 20 mA g-1, PXRD patterns were 

recorded and presented in Figure 21. The results corroborated the high reversibility of 

the electrode due to the intimate presence of tin nanoparticles in contact with carbon. 
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Figure 21. Powder X-ray diffraction pattern of hydrogen-annealed Sn@C, following 5 
cycles at a current density of 20 mA g-1. 

 

Figure 22. Post cycling TEM image of Sn@C hydrogen annealed. 

The heightened structural stability conferred by the hydrogen treatment was observed by 

TEM after 50 cycles at a current density of 100 mA g-1, displayed in Figure 22. The 

images are consistent with the pristine condition depicted in Figures 5-7. The TEM 

images confirmed that tin nanoparticles remained well-integrated within the carbon 

matrix. 
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Figure 23. Charging and discharging at 200 mA g-1 leads to quick capacity loss in 

hydrogen-annealed Sn(30wt%)@C.  

For the hydrogen-treated Sn(30 wt%)/C composite, characterized in Figure 23, charge-

discharge cycles were performed at an increased current density of 200 mA g-1. During 

these cycles, a pronounced capacity fading was observed. This decline in capacity can be 

attributed to the extended transport paths required for lithium ions (Li+) and electrons to 

navigate through the crystal structure. Furthermore, the large tin particles, ranging from 

50 to 100 nm as determined by transmission electron microscopy (TEM), are susceptible 

to mechanical pulverization under the stresses of lithiation and delithiation. The resultant 

volumetric changes from this process can lead to the fracturing the Sn@C composite's 

coating. Such cracking can cause the particles to lose their electrical connectivity with 

the carbonaceous substrate, effectively serving as the current collector. The physical 

disconnection impedes the efficient transfer of electrons, leading to a diminished capacity 

as the active material becomes electrochemically isolated. This phenomenon underlines 

the challenges in maintaining structural integrity and electrochemical performance in 

composite anodes with high active material content, especially under higher rate 

conditions. 

1.3.5 Conclusion 

The study presents a tin-carbon composite anode material with notable electrochemical 

stability and high-capacity retention, i.e., 98.6% over 300 cycles and 94.6% over 700 

cycles at 300 mA g-1 and 500 mA g-1, respectively, for lithium-ion batteries. This 

performance is attributed to the efficient containment of tin nanoparticles within a 
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conductive graphitic matrix, mitigating the usual volume expansion issues. The findings 

suggest significant potential for the Sn@C composite to enhance the durability and 

capacity of lithium-ion battery anodes. 
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Chapter – 2.1 

Introduction to zinc-gas batteries 

 

Summary 

The scientific efforts in developing metal-gas batteries, especially Zn-air and Zn-CO2 

types, integrate innovation with environmental care. It involves deep analysis of 

electrochemical reactions, materials science, and challenges like anode and cathode 

behavior, electrocatalyst design, and performance metrics. The shift from primary to 

rechargeable Zn-air batteries has advanced Zn-CO2 batteries in sustainable energy 

storage and carbon capture. However, challenges like dendrite growth, electrode 

stability, and reaction kinetics persist in zinc-air/CO2 batteries. Overcoming these 

challenges requires a multidisciplinary approach, focusing on material science and 

electrochemistry, aiming for better efficiency, scalability, and cost-effectiveness. 
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2.1.1 Introduction 

Commercialized Li-ion batteries (LIBs) have long dominated the energy storage market, 

but they face challenges stemming from their high cost, limited energy density, and 

reliance on flammable organic electrolytes.[1] On the other hand, metal-gas batteries 

(MGBs) present a promising solution to meet the ever-growing demand for high-energy 

storage.[2] MGBs are known for their higher theoretical gravimetric energy density than 

LIBs due to their unique ability to utilize ambient atmospheric gases rather than relying 

on internal storage. For example, Li-O2 battery shows an impressive energy density of 

approximately 3500 Wh kg−1, nearly ten times greater than LIBs.[3] Despite having this 

apparent edge in gravimetric energy density, the potential for MGBs to outpace LIBs for 

future electric vehicles (EVs) remains uncertain. This is associated with the slow 

reduction/oxidation kinetics of gases and rapid catalyst degradation, which may not align 

with the power and longevity requirements essential for high-power and frequently 

utilized applications.[4] MGBs have demonstrated significant promise in consumer 

electronics, especially over the last five years.[2] [5] They are suitable for wearable 

electronic devices characterized by extended operational lifespans and minimal power 

consumption. 

Various metal-gas couples have been explored extensively for MGBs, as depicted in 

Figure 1 and Table 1. Metal anode selection for the MGBs is notably broad, 

encompassing alkali metals (such as Li, Na, and K), alkaline earth metals (including Mg 

and Al), and first-row transition metals (such as Zn and Fe).[2] Some of the unique 

features and limitations of various MGBs have been highlighted in Table 1.  

Zinc-based anodes emerge as the preferred choice among various metal anodes, owing 

to their distinct advantages in energy storage systems. These advantages are underscored 

by their ease of handling, robust stability in aqueous environments, and a notably h igh 

energy density (1081 Wh kg -1).[6][7] In stark contrast, alkali metal anodes possess 

drawbacks, primarily stemming from their reliance on aprotic organic electrolytes, which 

are susceptible to combustion risks, and their susceptibility to poor reversibility issues. 

The latter is attributed to the accumulation of discharge products on the cathode, leading 

to a discernible degradation in battery performance.[8] Regarding alkaline earth metal 

anodes, a noteworthy limitation pertains to their propensity for surface passivation when 

exposed to aqueous or alkaline media[9], a characteristic elucidated in Table 1. The 
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amalgamation of these distinctive advantages of zinc-based anodes, coupled with the 

economic feasibility of zinc itself, has propelled the commercialization of Zn-air 

batteries.[10] These batteries have found application niches in medical and 

telecommunication devices, serving as power sources for miniature hearing aids, cardiac 

range finder monitors, Bluetooth headphones, and various other portable electronic 

systems.  

 

Figure 1. Combination of various metal anodes against gas cathodes for MGBs.[2][11] 

 

Anode Electrolyte Gas Advantages Disadvantages Ref. 

Lithium 
 

Organic 
Electrolyte/ 
Ionic liquid 
 

Air 

High theoretical energy 
density (11,429 Wh kg-1); 
Volumetric energy density 
(2062 Ah L-1); 

Pure O2 has to be used 
(requires O2 gas storage tank); 
Moisture sensitive; Instability 
of electrolyte due to  
superoxide (discharge 
product) formation; Formation 
of electronically insulating 
Li2O2/Li2O reduces battery 
performance; High cost ($400-
800/kWh);  

[12] 

CO2 
Energy density 1876 Wh 
kg-1 

Poor reversibility (Li2CO3+C 
discharge product 
accumulates on cathode); high 
overpotentials (organic 
electrolyte); 

[13] 

N
2
 

Theoretical energy density 
(1248 Wh kg-1); NH3 
production 

N≡N difficult to break; 
Poor Faradaic efficiency. 

[14] 

Magnes
ium 
 

Organic 
electrolyte/ 

Air 
High theoretical 
volumetric energy density 
(3832 Ah L-1);  

Self-corrosion of Mg anode 
(aqueous electrolyte) 
 

[15] 
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Aqueous 
electrolyte 

Theoretical gravimetric 
energy density (2840Wh 
kg-1) 

CO2 Low overpotential 
Insulating discharge products 
(MgCO3, MgO/ MgC2O4) 
accumulate on electrode 

[16] 

Alumini
um 
 

Aqueous 
electrolyte/ 
Ionic liquid 

Air 
Low cost (1.9 USD kg-1); 
Theoretical high energy 
density (4140 Wh kg-1) 

Experimental energy density 
upto 1000Wh kg-1; 
Very high corrosion (aqueous 
electrolyte);  
 

[17] 

CO2 

Theoretical energy 
density: 1461 Wh kg-1; 
Value added production 
(Formate; aqueous 
electrolyte); reversibility 
in ionic liquid 

Reversibility of Al2(C2O4)3 over 
cycles is not still clear yet. 

[18] 

N
2
 NH3 production Poor Faradaic efficiency;  [19] 

Zinc 
 

Aqueous 
electrolyte 

Air 
Low cost (currently < $100 
kW-1 h-1 and potential < 10 
$ kW-1 h-1) 

Increasing the practical energy 
density after cycling 

[20] 

CO2 

Theoretical energy density 
(788 Wh kg-1); 
Rechargeable battery; 
Value added product from 
CO2RR (CO, CH4, formate, 
alcohols) 

Increasing rechargeability; 
reducing overpotential for CO2 
reduction and oxidation 
reaction; increasing energy 
density 

[19] 

NO 
NH3 production; High 
faradaic efficiency 

Primary battery [21] 

N
2
 NH3 production Low power and energy density [22] 

Table1. Comparison of metal-gas (gas = air (ambient atmosphere), CO2, N2, NO) 

batteries. 

Recent research articles have shed light on a promising avenue within the field of metal-

gas batteries, where the substitution of air with alternative gases, such as CO2, NO, and 

N2, offers the potential for concurrent fixation/utilization alongside energy storage. 

Notably, in the case of the Zn-CO2 system, the fixation of CO2 can yield value-added 

products, including CO, CH4, HCOOH, and various alcohols.[23,24] Conversely, NO 

and N2 gases have the potential to facilitate NH3 production, a critical factor for 

applications in agriculture and the chemical industries.[25] This innovative approach of 

harnessing pollutants or underutilized gases to provide energy and power represents a 

noteworthy "two birds with one stone" strategy.[11] It is worth noting that the Zn-N2 

battery faces limitations associated with poor faradaic efficiency, and the Zn-NO battery 

has predominantly been employed in the form of primary batteries.[26] Therefore, the 

primary research focuses on comprehending the underlying principles of rechargeable 
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zinc-air and zinc-CO2 batteries.[27] These endeavors hold substantial promise in 

advancing both energy storage and environmental sustainability.  

The rechargeable zinc-air batteries (ZABs) market is poised for significant growth, 

driven by escalating demand (Figure 2a) for electric automobiles and electronic 

devices.[28] Achieving a near zero-carbon footprint is anticipated to be a pivotal factor 

propelling the demand for ZABs.[29] In line with this trajectory, the Intergovernmental 

Panel on Climate Change (IPCC) underscores the substantial role of CO2 as the primary 

contributor (76%) to greenhouse gas emissions, which have adverse consequences on 

climate, ecosystems, and human health (Figure 2b).[30] Consequently, the concept of 

CO2 fixation, coupled with energy storage to yield value-added chemicals, emerges as a 

promising approach to attain carbon neutrality while simultaneously addressing the 

global energy storage requirements.[27] Furthermore, it is noteworthy that Zn-CO2 

batteries hold considerable appeal for research exploration and potential utilization in 

future missions to Mars, given that the Martian atmosphere comprises an impressive 95% 

CO2.[31] This underscores the versatile and cross-disciplinary nature of ZABs, extending 

their relevance from earthly sustainability goals to extra-terrestrial exploration. 

 

Figure 2. a) Global demand for ZAB[23]. b) Various pollutants contribute to greenhouse 
gases, CO2 being the central part of it.   

This chapter will delve into an extensive examination of Zn-air and Zn-CO2 batteries, 

tracing their evolutionary development, elucidating the underlying mechanisms 

governing their operation, and critically assessing the fundamental challenges that must 

be surmounted to achieve the pinnacle of battery efficiency. 
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2.1.2 History 

The history of zinc-air batteries (ZABs) is a journey that began in 1878 with Maiche's 

invention of the first primary ZAB, employing a porous platinized carbon cathode 

(Figure 3).[6] However, it was not until 1932 that commercial ZAB products 

debuted.[32] Rechargeable Zn-air batteries entered the commercial market in 2012, 

courtesy of NantEnergy (formerly Fluidic Energy).[33] These early models had a limited 

energy density, approximately 35 Wh kg -1, as of 2017.   

The reversible aqueous Zn-CO2 battery emerged in 2018, offering a novel approach to 

reducing carbon emissions while simultaneously generating electricity[27]. Interestingly, 

until recently, CO2 was predominantly regarded as a contaminant in Zn-air batteries. 

However, the use of low-cost metal-CO2 batteries is poised to trigger a renewable energy 

revolution. 

 

Figure 3. Timeline of scientific exploration in metal-air batteries.[34] 

Despite these promising advancements, it is worth noting that neither ZABs nor Zn-CO2 

batteries have achieved commercial recognition for large-scale applications. 

Consequently, the next section will delve into a comprehensive exploration of the 

inherent shortcomings of both battery technologies, providing a foundational 

understanding of the areas that require attention and improvement. 

2.1.3 Configuration and principle of Zinc-air and Zn-CO2 battery  

2.1.3.1 Zn-air battery 

In zinc-air batteries, oxygen is selectively reduced at the air cathode during the battery's 

discharge cycle for several reasons.[33] In zinc-air batteries, oxygen from the air is the 

chosen reactant for the electrochemical reaction because it has a high reduction potential 

(1.23 V vs. standard hydrogen electrode, pH=7), meaning it readily gains electrons to 

complete the chemical process needed to generate electricity.[32][35] The catalysts used 

in these batteries are specifically designed to facilitate the reaction with oxygen while 
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being less reactive to other gases, such as nitrogen, which is more abundant in air but less 

chemically reactive under standard conditions.[36] 

The electrochemical reaction for the Zn-air battery is as follows (Figure 4a)[37][38]: 

Discharge process:  

Cathode (Air electrode): O2 + 4e- + 2H2O      4OH-      E = 0.40V vs. SHE                         (1) 

Anode (Zn): Zn + 4OH-      Zn(OH)4
2- +4e-                                                                              (2)  

Zn(OH)4
2-         ZnO + H2O + 2OH-                                  E = -1.26 vs. SHE                                (3) 

Overall reaction: 2Zn + O2        2ZnO                            Ecell = 1.65 V vs. SHE                              

(4) 

Charging process:  

Cathode: 4OH-       O2 + 4e- + 2H2O                                                                                    (5) 

Anode: ZnO + H2O + 4e-        Zn + 2OH-                                                                                 (6) 

E is the reduction potential versus standard hydrogen electrode (SHE).  

 

Figure 4. Schematic setup illustration for a) Zn-air battery[39] and b) Zn-CO2 

battery.[40] 
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During the discharge process, the Zn anode dissolves in a 6M KOH electrolyte and 

releases electrons to the external circuit. Meanwhile, O2-to-OH- conversion (oxygen 

reduction reaction) occurs on an electrocatalyst on a cathode with the help of electrons 

supplied from the external circuit.[41] On charging, OH- converts to O2, and an oxygen 

evolution reaction occurs. Therefore, in the reversible aqueous Zn-air battery, oxygen 

reduction and oxygen evolution reactions are equally important.  

2.1.3.2 Zn-CO2 battery 

Although utilizing ambient air is desirable, CO2 in the air acts as a contaminant that can 

hamper cathodic reactions by forming K2CO3 in 6M KOH, which accumulates on the 

cathode's surface.[42] To prevent the accumulation of K2CO3, CO2 can be reduced to 

liquid or gaseous products using an appropriate electrocatalyst to achieve better stability 

and recyclability for ZABs.[27] This led to the concept of Zn-CO2 batteries. Zn-CO2 

battery systems offer an intriguing solution that goes beyond merely capturing CO2 and 

lowering atmospheric CO2 concentrations; they can also harness CO2 to generate 

valuable carbon-based compounds. 

In a typical Zn-CO2 battery system, the reaction on the anode side (Zn) stays the same, 

i.e., in 6M KOH (equation 3), while on the cathode (electrocatalyst) KHCO3/ NaCl/ 

NaOH etc. can be used (Figures 4c and 4d).[27][43] CO2 reduction reaction can generate 

different products such as CO, HCOO-, alcohols, etc., leading to different Ecell values 

(Table 2).[44]   

Figure 5. Schematic illustration of Zn-CO2 battery reactions. [45]Reproduced with 

permission from reference [46] 
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Product Half-Cell Reaction for Cathode  Overall Reaction E° (V) at  

25°C 

Carbon 

Monoxide 

(CO) 

Discharge: 

CO2 + 2H+ + 2e- → CO + H2O              

E = -0.5 V 

Charge: H2O →   1/2O2 + 2H+ + 2e-                      

E = 0.8 V vs. SHE                                                            
 

Zn + CO2 + 2H+ + 4OH- →     Zn(OH)4
2- + CO + 

H2O 

Ecell = 0.74 

V 

Formic 

Acid 

(HCOOH) 

Discharge:  

CO2 + 2H+ + 2e- →  HCOOH     

E = -0.29V  

Charge: HCOOH  →  CO2 + 2H+ + 2e- 

E = 0.5 V 
 

Zn + CO2 + 2H+ + 4OH-   →     HCOOH + 

Zn(OH)42-      

Ecell= 0.97 

V 

Hydrogen  

(H2) 

(Side 

reaction) 

Discharge: 2H+ + 2e-  →   H2             

E = -0.343 V                                                                         

Zn + 2H+ + 2OH-  →  ZnO + H2 + H2O Ecell=0.91V                                                                                                     

Table 2. Ecell values for CO2RR and CO2ER with Zn anode.[44] 

i) HCOOH product[27] 

The cathodic discharge process can be described as: 

CO2 + 2H+ + 2e-          HCOOH                                                                                               (7) 

Overall reaction:    

Zn + CO2 + 2H+ + 4OH-           HCOOH + Zn(OH)4
2-        Ecell = 0.97 V                       (9) 

 

ii) CO product                                                                           

For CO2 to CO conversion, the discharge reaction is as follows: 

CO2 + 2H+ + 2e-        CO + H2O              E = -0.5 V vs. SHE                                                 (10) 

Overall reaction:  

Zn + CO2 + 2H+ + 4OH-      Zn(OH)4
2- + CO + H2O                                Ecell = 0.74 V (11)                                                       

On charging, in case of gaseous product formation (CO), cathodic reaction may lead to 

OER, where the reaction is: 

H2O          1/2O2 + 2H+ + 2e-                     E = 0.8 V vs. SHE                                                       (12) 
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Overall reaction:  

Zn(OH)4
2- + H2O       Zn + 1/2O2 + 2H+ + 4OH-   Ecell = 2.06 V vs. SHE                    (13)                                                                                                  

iii) Side reaction (H2) 

In the discharge process, hydrogen evolution reaction (HER) competes with CO 2 to 

HCOOH/CO conversion. The side-reaction is as follows: 

2H+ + 2e-       H2             E = -0.343 V vs. SHE                                                                         (14) 

Overall reaction:  

Zn + 2H+ + 2OH-      ZnO + H2 + H2O    Ecell = 0.906 V vs. SHE       (15)                                                                                                              

From the above theoretical Ecell values, on discharge, the Zn anode provides a driving 

force of 2.06 V and 0.906 V for CO2 to HCOO- and CO, respectively. This enables a 

spontaneous discharge process for Zn anode dissolution and CO2 reduction. On charging, 

HCOOH oxidation occurs, whereas in the case of CO (gaseous product), an oxygen 

evolution reaction occurs because of the low solubility of CO in an aqueous electrolyte. 

Additionally, CO2 reduction to alcohols such as C2H5OH involves multiple elementary 

steps (>2 electrons transfer), each of which involves their individual overpotentials, and 

therefore, their selectivity is a huge problem.[44] Such multi-proton coupled electron 

transfer would complicate the discharge process and exhibit low discharge voltage value 

and low faradaic efficiency of products. Therefore, Zn-CO2 batteries are mostly 

convenient for HCOOH formation due to their reversibility compared to CO, C2H5OH, 

and other products. 

CO2 reduction products compete with HER due to the use of aqueous electrolytes. 

Therefore, product selectivity can be an issue. On the other hand, H2 is a clean energy 

source and can be utilized as a promising alternative to finite fossil fuels. Kim et al. 

proposed to utilize the acidity of CO2 to produce electricity and H2 driven by Zn 

electrooxidation.[47] 

2.1.4 Detailed overview of Zn-air/CO2 batteries 

While the theoretical energy density of ZAB and Zn-CO2 batteries is indeed high, the 

practical energy density achieved in real-world applications is often limited by various 

experimental constraints and challenges. These challenges can be attributed to specific 

limiting reactions occurring on both the anode and cathode sides. On the anode side, one 



Chapter 2.1 

~ 142 ~ 
 

notable instance is the generation of Zn(OH4)2- (tetrahydroxozincate) when utilizing a 

6M KOH electrolyte.[48][49] Concurrently, on the cathode side, substantial 

overpotentials arise during the ORR and OER, CO2RR, and CO2OR (CO2 oxidation 

reaction).[49][27] These factors collectively contribute to the observed reduction in 

practical energy values within these battery systems. A successful reversible battery must 

have high active material utilization and high rechargeability (several hundred charge-

discharge cycles) from the anode and cathode side to compete with existing Li-ion 

batteries. So, we need to understand individual anode and cathode side electrodes to 

achieve highly efficient rechargeable batteries. 

2.1.4.1 Reversible anode: zinc electrode 

The performance of Zn anode-based batteries is limited by four main processes, dendrite 

growth, shape change, passivation, internal resistance, and HER. These processes are 

explained in detail: [50]  

(i) Dendrite growth  

Zinc dendrite formation during the charging process is primarily a consequence of the 

concentration gradient of Zn(OH)4
2- ions (Figure 5a).[51] These dendrites can become 

brittle, potentially disconnecting from the electrode surface. Such detachment can result 

in several adverse effects, including capacity loss, potential damage to the separator, and 

the risk of causing a short circuit within the battery. [52,53] 

ii) Shape change 

The zinc material undergoes morphological changes due to dissolution while discharging 

and deposition at different locations during charging cycles.[54,55] As a result, over 

several charge-discharge cycles, the electrode can experience compaction, as depicted in 

Figure 5a. This densification leads to uneven distribution of the electrical current within 

the electrode, subsequently impacting the usable capacity of the battery.[56,57] 

iii) Passivation and internal resistance 

In the context of alkaline Zn-O2/CO2 batteries, a common choice is to employ a 6M KOH 

(or 25 wt.% KOH) electrolyte due to its optimal combination of electrolyte conductivity, 

as shown in Figure 5b and superior redox kinetics for the Zn/Zn2+ couple. However, it's 

essential to note that in long-duration reactions, Zn(OH)4
2- ions can reach a solubility 

limit, resulting in the formation of non-conductive ZnO on the surface of the zinc 

electrode.[58,59] This phenomenon increases the internal resistance of the battery, 
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leading to voltage losses during discharge and voltage increases during charging. The 

dissolution of ZnO is influenced by the concentration of OH - ions, as evidenced in Figure 

5b. As the concentration of OH- ions increases, the dissolution of ZnO becomes more 

pronounced, further affecting the battery's performance. [56,60] 

 

Figure 5. a) Limiting phenomenon on Zn anode/electrolyte interface a. dendrite growth, 
b. shape change, c. passivation, and d. hydrogen evolution reaction. Reproduced with 
permission from reference [50] b) Variation in conductivity, current density, and ZnO 

solubility with change in concentration of KOH electrolyte.[50] c) Pourbaix diagram of 
Zn in acidic and alkaline conditions. Reproduced with permission from reference [61] 

iv) Hydrogen evolution 

The pH conditions play a pivotal role in determining the occurrence of the hydrogen 

evolution reaction (HER) during the charging process, as illustrated in Figure 5c. 

Specifically, at a high pH of 14, the standard reduction potential of the Zn/ZnO couple 

(approximately -1.26 V vs. SHE) falls below that of the HER (-0.83 V vs. SHE). 

[62,63]Consequently, under such alkaline conditions, the HER becomes 

thermodynamically favorable. Zinc electrodes at rest will gradually undergo corrosion, 
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i.e., self-discharge over time.[28] Consequently, achieving 100% Coulombic efficiency 

in a rechargeable Zn-based battery becomes challenging.[64] 

To address these challenges and enhance the cycle life, capacity, and Coulombic 

efficiency of Zn-based batteries, various mitigation strategies involving modifications to 

the Zn electrode surface are being explored. Additionally, in cases where excessive Zn 

corrosion occurs, mechanical rechargeability can be considered as an option, allowing 

for the replacement of a spent Zn anode with a fresh one.[50] 

2.1.4.2 Reversible Cathode Electrodes 

Electrocatalyst-assisted ORR/OER and CO2RR/CO2ER reactions occur on the cathode 

side. The gas electrode consists of an electrocatalyst coated on a gas diffusion layer 

(GDL) and is connected to a current collector, typically made of stainless-steel mesh or 

titanium, to ensure efficient electronic connectivity.[65][66] It's important to note that 

catalyst support is a common feature shared by both ZAB and Zn-CO2 batteries. 

i. Support material for cathode 

Heise and Schumacher pioneered the use of wax-treated carbon electrodes in 1932. 

Subsequently, the gas diffusion electrodes (GDE) with PTFE coating were employed as 

the air electrode in Zn-air batteries(this sentence is not clear) (Figure 6).[67,68] The GDE 

serves as a crucial triple-phase boundary interface between gas flow, electrocatalyst, and 

electrolyte.[69] It consists of two distinct layers: a macroporous layer and a microporous 

layer (MPL).[70] The properties of the GDE, including its mechanical characteristics 

such as compression, bending, and shear strength, as well as its thermal and electrical 

properties, are largely determined by the GDE substrate.[71] Meanwhile, the MPL plays 

a pivotal role in ensuring uniform electrocatalyst deposition and enhancing pore size 

distribution within the GDL structure. 

To optimize its performance, a layer of polytetrafluoroethylene (PTFE) is applied to both 

sides of the GDE.[72][73] This PTFE coating serves to regulate the degree of 

hydrophobicity, thereby preventing issues like electrolyte flooding[74] (which can lead 

to clogged electrode pores) and, hence, facilitating efficient gas diffusion. The substrate 

side of the GDE is highly hydrophobic and features larger pores to facilitate the diffusion 

of gases such as O2, air, and CO2.[75] On the other hand, the MPL side exhibits mild 

hydrophobicity, with smaller pores and a thin catalyst layer, which helps facilitate 

interactions between the electrocatalyst and electrolyte. 
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Figure 6. Illustration of three-phase reaction zone on gas diffusion electrode (GDE). 
Schematic showing catalyst particles loaded on GDE.[76] 

GDEs play a crucial role in shortening the gas diffusion pathway to the electrode surface. 

This reduction in distance, coupled with the high concentration of the gas feed in close 

proximity, effectively mitigates mass transfer limitations associated with gas 

reactants.[77] In the case of Zn-CO2 batteries with CO2 gas feed, the concentration of the 

gas feed can be adjusted as needed, offering the potential to eliminate mass transfer 

limitations.  

However, in the context of ZABs, the aim is often to utilize ambient atmosphere to 

achieve low-cost and commercial viability.[78] Consequently, at the laboratory scale, 

testing cells are typically operated under conditions where the cathode side is exposed to 

ambient air. This approach aligns with the practical considerations of using atmospheric 

air as the source of oxygen in ZABs for cost-effective and scalable applications. 

ii. Air electrode 

The air electrode plays a pivotal role in the overall performance of the system, as it 

involves the diffusion of oxygen from the atmosphere during discharge and OER during 

charging. Designing an effective cathode electrocatalyst is of paramount importance due 

to the sluggish kinetics associated with OER and ORR, primarily caused by the 4-electron 

transfer process, resulting in high overpotentials.[79] 

Traditionally, noble metal catalysts like Pt-based (Figure 7a) and RuO2 (Figure 7b) have 

been recognized as highly efficient catalysts for ORR and OER. However, Pt-based 

catalysts are susceptible to oxidation and exhibit subpar OER activity, while RuO2 shows 

unsatisfactory performance for ORR. Moreover, both Pt and RuO2 are prohibitively 
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expensive and display poor stability, limiting their practical applications.[79,80] As a 

result, there is a pressing need to develop electrocatalysts that are cost-effective and 

exhibit exceptional stability, making them suitable for large-scale bifunctional 

applications.[81] It's worth noting that minimizing the overpotential between ORR and 

OER reactions is crucial for reducing energy losses.[82] Additionally, ORR and OER 

have distinct requirements for active sites due to the involvement of different 

intermediates in these reactions. 

 

Figure 7. Volcano plot revealing overpotential (h) with a) standard free energy of 

intermediate (GO*) for various metal-based catalyst (ORR) Reproduced with permission 

from reference [83]and b) standard free energy difference of two intermediates (GMO*-

GMOH*) for various metal oxide catalysts. Reproduced with permission from reference 
[84] 

The discussion on theoretical intermediates involved can help in understanding high-

performance bifunctional OER/ORR catalysts. The reaction mechanism for ORR follows 

two main pathways, i.e., 4 electrons or 2 electrons to generate OH- or H2O2, respectively. 

The 4 electrons' reaction mechanism is as follows[82,85]:  

* + O2 + H2O + e-      *OOH + OH- (aq)                                                                           (19) 

*OOH + e-         *O + OH- (aq)                                                                                        (20) 

*O + H2O(l) + e-         *OH + OH- (aq)                                                                             (21) 

*OH + e-          * + OH- (aq)                                                                                             (22) 

The 2-electron reaction mechanism produces intermediate products of H2O2. ORR 

activity is poor when reduction follows this route: 

O2 + H2O (l) + 2 e-         HO2
- + OH- (aq)                                                                        (23) 
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HO2
- + H2O (l) + 2e-         3OH- (aq)                                                                               (24) 

ORR should follow the reduction of OOH* reduction to O* and OH*, while OER should 

follow the reverse process for bifunctional catalysts.  

Sabatier’s principle states that suitable adsorption energy, that is, neither too strong nor 

too weak binding of intermediates on catalyst active site dictates the high reaction 

rate.[86,87] The adsorption energy of ORR intermediates determines active sites on 

catalysts that affect reaction activity. Pt lies on top of the volcano plot for ORR and 

materials like RuO2 and Co3O4 are positioned at the peak for OER.[88] However, it's 

important to note that electrocatalysts are susceptible to polarization and phase changes 

or amorphization in strong oxidizing environments, which can ultimately lead to poor 

catalyst stability. 

Design of electrocatalyst for air electrode 

Certain structural specifications can enhance the bifunctional OER/ORR nature of a 

catalyst. Structural modifications that can be made are as follows[89]: 

• A porous structure with a high specific surface area can facilitate electrolyte 

contact and O2 diffusion paths;[90,91] 

• Interconnected networks with 3-D skeletons can enhance charge transfer and 

mass transfer, enhancing reaction kinetics [91] 

• Tuning noble metal (ORR) with transition elements (OER) that lie on top of 

volcano plot to alter electronic properties;[92,93] 

• For carbon-based materials, the high degree of graphitization can improve 

chemical resistance in harsh conditions (6M KOH) [94] 

• Appropriate hydrophobicity of GDL for reactions at the gas-solid-liquid interface 

to promote adsorption-dissociation of reactants and transfer of electrons;[95] 

• The binder-free catalysts grown directly on substrates such as Ni foam, carbon 

cloth, etc., as self-standing air cathodes can reduce impedance at the 

substrate/catalyst interface.[96,97]  

By such structural optimizations, we can lower the overpotential and achieve high -

durability ZABs. Before testing any material for ZAB, electrocatalyst has to be evaluated 

for ORR/OER (Chapter 2.2). 
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Evaluation parameters for ORR/OER  

Onset potential, current density, tafel slope, turnover frequency, electrochemical surface 

area, electrochemical impedance spectroscopy, and potential gap. 

• Onset potential 

To make meaningful comparisons of electrochemical performance, it's important to 

consider the onset potential (Eonset).[98] Eonset is the potential at which a specific 

electrochemical reaction initiates. However, it's worth noting that Eonset can be somewhat 

arbitrary. It is typically defined as the potential at which the current deviates from the 

baseline and is determined by the intersection of tangents drawn between the baseline 

and the rising current in a linear sweep voltammogram (LSV).[99] In such cases, it's 

crucial to apply proper background correction techniques to avoid misinterpretation.  

For the oxygen reduction reaction (ORR), the LSV can be defined as the potential at 

which a current density of -0.1 mA cm-2 is achieved.[100] This criterion helps provide a 

standardized reference point for comparing ORR performance across different 

systems.[101] 

• Current density 

The current density (j) is typically normalized by the geometric area or active mass of 

the catalyst.[88] This parameter is crucial for comparing electrocatalysts for practical 

applications such as ZAB.  

• Tafel slope 

The overpotential is logarithmically related to current density (j) and its linear portion as 

given by the Tafel equation: 

h = a + b log(j)                                                                                                              (25) 

Where b is Tafel slope. b is an indicator of the reaction pathway and rate-determining 

step. Desirable bifunctional electrocatalysts must have a low b value.[102] 

• Electron transfer number 

ORR can take place via a 4-electron (OH- formation) or by a  2-electron transfer pathway 

(peroxide formation). The number of electrons involved is determined by using the 

Koutecky-Levich (KL) technique on RDE. KL-plot establishes a relation between the 

current density and rotation speed by equation[103]:  
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1/j = 1/Jk + 1/jL = 1/B . -1/2 + 1/jK                                                                                    (26) 

Where j, jK, and jL are the measured kinetic limited and mass transfer limited current 

densities, respectively. jK is constant at a certain potential, and jL is proportional to the 

square root of angular velocity (). RDE is rotated at different speeds from 400-2400 

rpm. The proportionality coefficient (B) is, 

B = 0.62D2/3 u-1/6 nFC*                                                                                                     (27) 

Where D is the diffusion coefficient of the reactant, v is the kinematic viscosity of the 

electrolyte, F is the Faraday constant, and C* is the concentration of the reactant in the 

bulk electrolyte. Thus, n can be deduced from the slope of the linear plot of j–1 versus ω–

1/2.[103] 

• Turnover frequency (TOF) 

Turnover frequency can be given by: 

TOF = j x A/ (n x F x m),  

Where j is the current density at a given overpotential, A is the surface area of the 

electrode, n is the electron transfer number at a given overpotential, F is the Faraday 

constant, and m is the number of moles of metal on the electrode. Metal, in this case, is 

the active site of the catalyst and is typically estimated by inductively coupled plasma 

(ICP) technique or voltammetry techniques.[104] TOF represents the intrinsic activity of 

the catalyst, and a higher TOF value is desirable for a better bifunctional catalyst.  

• Electrochemical impedance spectroscopy (EIS) 

The most commonly used EIS is potentiostatic EIS and is recorded in the mixed transfer 

(charge and mass transfer) region. The various resistances in the OER/ORR system are 

associated with the solution, double layer capacitance, polarization resistance, 

pseudocapacitance, and resistance from the adsorption of reactants and intermediates. 

[105] 

• Potential gap 

The potential gap or E (Figure 8) is the difference between potential at 10 mA cm -2 

current density (OER) subtracted by half-wave potential (ORR).[88] The lower the 

voltage gap, the better bifunctional electrocatalyst is to be used for practical applications.  
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Figure 8. Illustration of the potential gap for OER/ ORR. Reproduced with permission 
from reference [106] 

Evaluation parameters for Zn-air battery (ZAB)  

The zinc-air battery is assembled in a two-electrode stack-type setting. It is acrylic made 

because of its resistance to harsh alkaline conditions. It has one side anode (Zn) and the 

other side cathode (electrocatalyst on GDE) with a current collector (Figure 9). 

Experimental testing techniques for the evaluation of ZAB are specific capacity 

(galvanostatic discharge), energy density, power density (galvanodynamic polarization), 

and cyclic stability (galvanostatic charge-discharge). 

• Specific Capacity (Discharge) 

During galvanostatic discharge, a constant discharge current is applied until a pre-

determined cut-off voltage is reached (Figure 9b). The resulting capacity is normalized 

by the amount of zinc consumed (capacity limited by zinc). To calculate energy density 

in watt-hours per kilogram (Wh kg-1), the capacityZn is multiplied by the average voltage. 

The theoretical capacity of zinc is 820 milliampere-hours per gram (mAh g-1).[107,108] 

Notably, the discharge curves exhibit a high degree of flatness, primarily due to minimal 

ohmic polarization, indicating efficient performance. The specific capacity is influenced 

by factors such as the mass loading of the electrocatalyst and the operatin g current 

density. An increase in electrocatalyst thickness can potentially lead to a decrease in 

specific capacity due to non-uniform wetting of the electrocatalyst. 

Furthermore, when the current density is increased, the specific capacity may also 

decrease. This is attributed to the accelerated production of Zn(OH)4
2- ions, resulting in 

the early formation of ZnO-based passivation layers on the surface of the zinc 



 Introduction to Zn-gas batteries 

~ 151 ~ 
 

electrode.[109] These passivation layers can impede the electrochemical reactions, 

leading to reduced specific capacity. 

Figure 9. a) Zinc-air stack(the image needs to be enlarged two times) two electrode 
configuration. Measurements for ZAB are b) galvanostatic discharge, c) galvanodynamic 

discharge, and d) long-term charge-discharge profile.[110] 

• Power density 

The galvanodynamic polarization technique is used to obtain the power density value in 

ZAB (Figure 9c). In this technique, negative (discharging) or positive (charging) currents 

with progressive increases in magnitude and changes in voltage are recorded. The steep 

initial drop in potential is due to voltage losses from activation and mass-limited 

polarization.[50][111] On further increase in current, ohmic losses reduce the voltage, 

and the linear curve decreases. Sharp voltage drop is due to mass transfer limitation from 

O2 and OH-. Power density is multiplying voltage with current density.  

• Cycling stability 

Cycling stability is tested in galvanostatic conditions with charge-discharge for short time 

lengths ( 5 min or 10 min) and a large number of cycles (pulsing cycling test) (Figure 

9d).[112] This stability study is for checking the performance of the cathode material 

a) b)

c) d)
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(limiting factor here), as Zn is only discharged for a short fraction of its total capacity (5 

min/ 10 min charge-discharge). 

iii. CO2 Electrode 

The first report on Zn-CO2 batteries was published in 2018 and was inspired by Zn-air 

batteries.[27] Like reversible ORR/OER bifunctional cathode in ZAB, aqueous Zn-CO2 

batteries with bifunctional cathode can also be designed in a stack-type setup. 

• Configuration  

In the initial report on Zn-CO2 batteries [113], a cell constructed from Teflon material 

(Figure 10a) was utilized. This cell was designed in a configuration similar to the H-cell 

type (Figure 10b), which is commonly employed in electrochemical CO2 reduction 

reactions. For the electrolytes, 1M KOH was used as the anolyte, and the catholyte 

consisted of 1M NaCl. In specific experiments, the catholyte contained 0.1M HCOONa, 

while others were conducted without HCOONa when measuring formate production.  

To maintain the pH of the anolyte and catholyte while preventing cross-contamination 

between them, a bipolar membrane was incorporated into the setup.[114] This membrane 

played a crucial role in ensuring the integrity of the experimental conditions.  

Recent reports have shifted towards the use of flow cell reactors with electrocatalysts 

coated on GDE.[115] The flow cell comprises gaseous flow through GDE and is collected 

on the same GDE side as gaseous feed.[116] The liquid products  formed in the catholyte 

are collected from the opposite side of the gas feed. It is noteworthy that the gaseous feed 

supplied is humidified (contains water vapor) before entering the GDE. 

Design of Electrode for Zn-CO2 battery 

Creating an effective electrocatalyst for Zn-CO2 batteries is a complex task that demands 

careful consideration of various factors. Here's an original summary of the design 

principles involved: 

• Choice of Material: 

The catalyst should facilitate CO2 reduction while maintaining a strong preference for 

the desired reaction pathway. This requires materials that can both activate CO2 and avoid 

side reactions like hydrogen evolution.[117] High surface areas are crucial, so materials 



 Introduction to Zn-gas batteries 

~ 153 ~ 
 

often take the form of nanoparticles or complex nanostructures. These structures increase 

the number of reactive sites and aid the diffusion of reactants and products.  

• Catalyst Supports: 

The support must conduct electricity well and should bolster the durability of the catalyst. 

It must also promote a good distribution of the active material, helping to maintain the 

catalyst's performance.[118] 

• Bimetallic and Hybrid Materials: 

Using two metals in conjunction can often enhance the catalyst's properties. Additionally, 

combining metals with carbon-based materials can boost stability and conductivity. 

Palladium-based materials with Ni, Cu, Co, and Ag can help selectively boost CO2 

reduction and eliminate side reactions (HER)[119] (Chapter 2.3).  

• Surface Chemistry: 

Modifying the surface with specific functional groups or atoms can adjust the electronic 

properties of the catalyst, thus enhancing its reactivity and selectivity towards a certain 

product.[120] 

 

Figure 10. a) Setup used in the first report on Zn-CO2 battery Reproduced with 
permission from reference [121]Schematic illustration of b) Laboratory electrochemical 
H-cell reactor for CO2 (g) reduction at cathode and c) flow-cell reactor with gaseous 

reactant through GDE pores.[122] 
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• Microenvironment Considerations: 

The local conditions around the active sites, such as pH, play a significant role in the 

efficiency of the reaction. The catalyst design should ensure optimal local conditions for 

CO2 reduction.[123] 

Analytical techniques are necessary to characterize the catalyst's performance in 

converting CO2 into desired products, with a focus on achieving high Faradaic efficiency 

and stability under operational conditions. 

Designing a catalyst is not just about the materials used; it's about how these materials 

are structured and interact with their environment. The ideal electrocatalyst will strike a 

balance between reactivity, selectivity, stability, and cost-efficiency, leading to a practical 

solution for Zn-CO2 batteries. 

Evaluation parameters for Zinc-CO2 battery 

The evaluation parameters for the Zn-CO2 battery involve the detection and 

quantification of desirable products. It is tested at different galvanostatic discharge 

conditions to attain the optimum faradaic efficiency of a desired product (Formate/CO).  

Faradaic efficiency is calculated by[124]:  

FE (%) = Qexp/Qtheo = n. F. m / I.t                                                                                          (28) 

Where Qexp and Qtheo are the charge for experimental and theoretical value, n is the 

number of electrons transferred (2 electrons for HCOO-/CO), m is the moles of product 

formed, I is the current provided, and t is the reaction time. Generally, electrons can also 

be consumed by H2 production, i.e., an undesirable product competes with the formation 

of value-added products.  

Similar to ZAB, power density and charge-discharge studies can be carried out.  

2.1.5 Conclusion 

Zinc-air and zinc-CO2 batteries present a promising frontier for advanced energy storage 

systems, balancing energy density, safety, and economic considerations. Their 

development centers on overcoming challenges like reaction kinetics, material stability, 

and longevity. Innovations in particular cathode materials, i.e., catalyst design and system 

integration, are key to enhancing their efficiency and lifecycle. These batteries not only 

offer energy storage solutions but also contribute to carbon capture and conversion, 
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embodying a dual approach to environmental sustainability and technological 

advancement. Their evolution from laboratory curiosities to commercial products is 

pivotal for a future of renewable energy and reduced carbon emissions.  
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Chapter 2.2 

Pd/Co3O4 incorporated BCN composite for Zn-air battery 

Summary: 

The increasing demand for clean energy has steered research towards developing 

efficient technologies like zinc-air batteries, thus focusing on improved oxygen 

evolution/reduction reaction (OER/ORR) to enhance the overall performance of the Zn-

air batteries. Efforts are being made to reduce the use of noble metals and metal oxide 

catalysts such as platinum and iridium/ruthenium oxides in high loading. One approach 

is to incorporate these noble metals with non-noble metal/metal oxides to alter their 

electronic properties, thereby enhancing their performance. Our study presents a 

composite,  boron carbon nitride (BCN) matrix incorporated with Pd nanoparticles and 

Co3O4 nanosheets (Pd-Co3O4@BCN), offering a remarkable OER/ORR performance to 

be explored in rechargeable zinc-air batteries. 

 



Chapter 2.2 

~ 172 ~ 
 

 

  



Pd-Co3O4 incorporated BCN for Zn-air battery 

~ 173 ~ 
 

2.2.1 Introduction: 

The escalating global energy demand and pressing environmental issues have spurred 

substantial research in advanced clean energy technologies, focusing on eco -friendly 

power sources like zinc-air batteries, electrolyzers, and fuel cells.[1,2] These devices 

heavily rely on oxygen evolution reaction/oxygen reduction reaction (OER/ORR) 

mechanisms, which traditionally depend on precious metals such as platinum (Pt) for 

ORR and iridium/ruthenium oxides (IrOx/RuO2) for OER as catalysts.[1,3] However, the 

scarcity and cost of these materials pose significant challenges, necessitating the 

exploration of low-cost, high-performance alternative materials capable of catalyzing 

both OER and ORR.[4,5] 

Palladium (Pd), akin to Pt in redox properties, emerges as a potential substitute for Pt in 

ORR, as shown in the volcano plot (Figure 1a).[6] The alloying of Pd with non-noble 

metals like nickel (Ni), cobalt (Co), or copper (Cu) is a common strategy to mitigate its 

high oxygen-binding strength, thereby optimizing its electrocatalytic performance.[7] 

Co3O4, for instance, exhibits mixed valences and functions effectively in OER due to its 

chemisorption on octahedral sites (Figure 1b).[8] Yet, palladium-incorporated catalysts 

like PdOx/Co3O4 face challenges like a significant voltage gap and high noble metal 

loading, which are attributed to insufficient electronic conductivity and suboptimal noble 

metal utilization.[9] 

To enhance the efficiency of noble metals, single-atom catalysts (SAC) anchored on 

conductive supports like graphene or N-doped carbon have been explored[12,13], 

although they often suffer from deactivation due to low density of noble metal sites and 

high accumulation of intermediates on noble metal sites in long term reactions.[14] 
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Consequently, nanoparticle-based catalysts are increasingly favored over SACs due to 

their stability and efficiency in prolonged operations. 

 

Figure 1. Volcano plots for a) oxygen reduction and b) evolution reaction. Reproduced 
with permission from reference [10,11] 

The choice of conductive support is critical in boosting interfacial electron transfer and 

catalytic efficiency.[15] Carbon-based supports, particularly when doped with 

heteroatoms like boron (B), nitrogen (N), sulfur (S), or phosphorus (P), have shown 

promise due to their abundance, low cost, and high surface area.[16][17] Boron carbon 

nitride (BCN) nanosheets, combining the properties of hexagonal boron nitride (h -BN) 

and graphene, have emerged as effective supports, facilitating electron transfer in 

ORR[18,19] and enabling active interaction in OER[20]. Theory suggests that for ORR, 

B@pyridinic-N pairs exhibit more electron transfer on carbon sites around B than (charge 

deficient) near pyridinic-N.[21] Meanwhile, for OER, electron-deficient carbon atoms 

adjacent to N sites can be active for OH- interaction. Hence, carbon, nitrogen, and boron 

can synergistically take part in electrochemical processes for OER/ORR. 
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2.2.2 Scope of Investigation: 

We have utilized a bifunctional BCN matrix to anchor Pd nanoparticles and Co 3O4 

nanosheets Pd-Co3O4@BCN through a facile wet chemical process. The composite 

catalyst thus obtained shows a very high mass activity as well as stability for both OER 

and ORR. The ultra-low Pd loading (1 wt%), coupled with its synergistic interaction with 

Co3O4 and BCN, results in significantly reduced overpotentials, achieving a remarkably 

low voltage gap of 0.58 V. In the case of ORR, Pd-Co3O4@BCN exhibited E1/2 at 0.87V 

and stability up to 15,000 cycles. More importantly, mass activity was 20 times (730 A 

g-1
Pd ) that of Pt/C (27 A g-1

Pt) at 0.9V. In the case of OER, Pd-Co3O4@BCN shows 10 

of 220 mV, which is far better than RuO2 (300 mV). Pd-Co3O4@BCN also shows high 

mass activity of 217 A gPd
-1 (1.68V), which is 2086 times that of RuO2, respectively. 

Additionally, we were able to achieve long-term stability of 270 h at 20 mAcm-2, 

suggesting good adherence of Co3O4 and Pd on BCN. The operando Fourier transform 

infrared spectroscopy, and Raman spectroscopy shows the formation of superoxide 

radicals, the rate-determining intermediate species, during the reaction. Exploiting this 

bifunctional electrocatalytic performance, a rechargeable zinc-air battery showing a high 

capacity of 905 mAh g-1
Zn at 50 mA cm-2 and long-term stability of 330 h was fabricated.  

2.2.3 Experimental Procedure: 

i. Materials and Methods: 

CoNO3.6H2O was procured from SD Fine Chemical Limited, and PdCl2 and NaBH4 were 

procured from Sigma Aldrich. Vulcan carbon was procured from the Fuel cell store. 

Boric acid was procured from Emparta, and dicyanamide was purchased from Alfa 

Aeser. Pt/C, i.e., a state-of-the-art catalyst, was procured from Alfa Aeser. Milli-Q water 

was used for all experiments.  
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The synthesized materials were characterized through various established methods. 

Powder X-ray diffraction (PXRD) patterns were acquired using a Rigaku diffractometer, 

which employs a copper anode generating X-rays at a wavelength of 1.54 Å, under 30 

mA and 40 kV. Transmission electron microscopy (TEM) images were captured using a 

JEOL JEM 2100 Plus, which was used for the microscopic analysis. Field emission 

scanning electron microscope (FESEM) images were captured using the Thermo Fisher 

(FEI) Apreo 2S. (rewrite the sentences). X-ray photoelectron spectroscopy (XPS) data 

were collected using a Thermo K-alpha+ spectrometer, which utilized micro-focused and 

monochromated Al Kα radiation of 146.6 eV energy, and the pass energy for recording 

core-level spectra was maintained at 50 eV. The composition of the elements within the 

samples was ascertained using Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) through a PerkinElmer Optima 700DV. 

ii. Protocol for Zn-air battery studies:  

A two-electrode configuration was employed for battery studies, as delineated in Figure 

2. The construction of a homemade cell using acrylic sheets is a practical choice, 

particularly when dealing with a 6M KOH (potassium hydroxide) solution.[22] Acrylic 

is chemically inert to the corrosive nature of KOH, ensuring durability and chemical 

resistance in the cell's structure. The use of an o-ring to seal the cell is a crucial aspect of 

the design. The o-ring acts as a mechanical gasket, creating a tight seal that prevents 

leakage of the KOH solution. The selected working electrode, the cathode, was a gas 

diffusion electrode (GDE) comprising both micro- and macroporous carbon layers.[23] 

This configuration allowed for the deposition of the catalyst ink onto the microstructured 

carbon layer. A stainless-steel (SS) mesh was incorporated as the current collector.[24] 

A zinc foil was utilized as an anode for the counter and reference electrode. The 
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electrodes were coated to an effective surface area of 1.6 cm². The electrolyte was 

formulated from a mixture of 6M KOH and 0.2M zinc acetate solution. 

 

Figure 2. a) Setup for Zinc-air battery with b) Zn foil (anode) and gas diffusion electrode 
(GDE) with stainless steel (SS) mesh (cathode). The cathode side of the setup is designed 

with a hollow section to allow air inlet.  

iii. Synthesis protocols of electrocatalysts 

a. Synthesis of cobalt oxide nanosheets (Co3O4):  

Cobalt oxide nanosheets wet chemical synthesis was opted. The initial setup involved the 

dissolution of 0.1M CoNO3, 6H2O in 5 mL water. NaBH4 was added in excess volume 

(5 times the metal salt solution). 0.1M solution of NaBH4 was added quickly to the metal 

salt solution and kept under stirring. A huge amount of effervescence was observed, and 

it settled down within a few seconds of stirring. The stirring was sustained for an 

additional 30 minute post-addition. This reaction resulted in the precipitation of a black 

residue, which was subsequently collected. Purification procedures included washing the 

precipitate with milli-Q water to remove unreacted species or side products. Following 

this, the precipitate was dried at a temperature of 60°C, extending over an overnight 

period. The final, brown-coloured product, designated as Co3O4, was thoroughly 

characterized to ascertain its properties and confirm its structure.  
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b. Synthesis of palladium nanosponges (Pd):  

In the synthesis of Pd nanosponges, the initial step involved the preparation of 50 mL of 

a 0.1M H2PdCl4 solution. This solution was prepared by dispersing 0.88 g of PdCl2 in 50 

mL of distilled water (H2O), to which 0.2M HCl was subsequently added. This mixture 

underwent continuous stirring for 24 hours, ensuring a complete dissolution of the salt. 

In the second step, 16 mL of a 0.1M NaBH4 solution was rapidly mixed with a  4 mL 

aliquot of the H2PdCl4 solution (0.1 M concentration) while maintaining vigorous 

stirring. The stirring was sustained for an additional 30 minutes post-addition. This 

reaction resulted in the precipitation of a black residue, which was subsequently 

collected. The precipitate was washed well with milli-Q water to remove any unreacted 

species or side products and dried at a temperature of 60°C for an overnight period. The 

final product, designated as Pd, was thoroughly characterized to ascertain its properties 

and confirm its structure.  

c. Synthesis of Pd-Co3O4:  

0.1M CoNO3.6H2O was first dissolved in 3.225 mL of H2O, followed by the addition of 

0.679 mL of 0.1M H2PdCl4. Subsequently, 0.1M NaBH4, in a quantity six times the 

volume of the solution (19.35 mL), was introduced. This process was conducted 

following a methodology similar to the aforementioned synthesis.  

d. Synthesis of Borocarbonitride (BCN):  

The synthesis of BCN was carried out using a straightforward thermal annealing method. 

Initially, 1 gram of Vulcan carbon was combined with 0.31 grams of boric acid and 1.26 

grams of dicyandiamide. This mixture was uniformly integrated through wet 

impregnation in 70 mL of H2O, followed by stirring at 70°C in an oil bath. After drying 

completely, the mixture was annealed at 900°C for 10 h under a nitrogen atmosphere. 
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This step was followed by a subsequent annealing at 930°C for 4 h  in an ammonia 

atmosphere. For further purification, the black-colored powder was washed in warm 

water (70°C) twice to remove the borates, followed by a final wash in ethanol. The 

precipitate was dried in the oven at 60°C for an overnight duration.  

e. Synthesis of Co3O4@BCN:  

The synthesized BCN, weighing 64 mg, was dispersed in 3.225 mL of H2O, to which 

CoNO3.6H2O (93 mg) was added to achieve a concentration of 0.1M. The mixture of 

BCN and cobalt metal salt solution was then sonicated for 15 minutes to ensure a uniform 

dispersion. To this, 0.1M NaBH4 was added (19.35 mL), and the subsequent steps were 

performed in a manner similar to the previous Pd-Co3O4 synthesis, resulting in the 

formation of Co3O4@BCN. 

f. Synthesis of Pd@BCN:  

The synthesized BCN, weighing 64 mg, was dispersed in 3.225 mL of H2O, to which 

0.679 mL of 0.1M of H2PdCl4 was added and sonicated for 15 minutes, followed by the 

addition of 19.35 mL of  0.1M NaBH4 solution. The stirring was sustained for an 

additional 30 minutes post-addition. This reaction resulted in the precipitation of a black 

residue, which was subsequently collected. The precipitate was washed well with milli-

Q water to remove any unreacted species or side products and dried at a temperature of 

60°C for an overnight period. The final product, designated as Pd@BCN, was thoroughly 

characterized to ascertain its properties and confirm its structure.  

g. Synthesis of Pd-Co3O4@BCN:  

The synthesized BCN, weighing 64 mg, was dispersed in 3.225 mL of H2O, to which 

0.679 mL of 0.1M of H2PdCl4 and 93 mg of Co(NO)3.6H2O (0.1M) was added and 

sonicated for 15 minutes followed by the addition of 19.35 mL of  0.1M NaBH4 solution. 
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The stirring was sustained for an additional 30 minutes post-addition. This reaction 

resulted in the precipitation of a black residue, which was subsequently collected. The 

precipitate was washed well with milli-Q water to remove any unreacted species or side 

products and dried at a temperature of 60°C for an overnight period. The final product, 

designated as Pd-Co3O4@BCN, was thoroughly characterized to ascertain its properties 

and confirm its structure. 

h. Synthesis of Pd-Co3O4@VC:  

Vulcan carbon was taken instead of BCN, and Co and Pd, metal salt solutions, were 

reduced following a procedure similar to that of Pd-Co3O4@BCN. 

iv. Electrochemical studies:  

The electrodes, i.e., RDE, GCE, and carbon paper, were used as working electrodes. 

Mercury/ mercuric oxide (MMO) electrode was employed as a reference electrode in a 

basic medium, i.e., 0.1M KOH and 1M KOH for ORR and OER, respectively. Counter 

electrodes used for ORR and OER reactions are graphite rod and Pt wire, respectively. 

Pt wire was avoided in case of ORR reaction as they might oxidize and get deposited on 

our catalyst (working electrode) and may provide false positive results.  

v. Working electrode preparation: 

Rotating disk electrode (RDE) was utilized for ORR studies, while glassy carbon 

electrode (GCE) and carbon were utilized for OER studies. The effective area of GCE 

and RDE was 0.07068 cm2, and the carbon paper was 0.25 cm2.  

a. Coating ink of Pd-Co3O4@BCN, Pd@BCN, Co3O4@BCN, Pd-Co3O4@VC, 

BCN, VC, Pt/C and RuO2 catalysts for RDE and GCE was prepared  as follows:  



Pd-Co3O4 incorporated BCN for Zn-air battery 

~ 181 ~ 
 

In the procedure, 2 mg of the catalyst was thoroughly dispersed in a mixture of 700 µl of 

H2O and 300 µl of isopropyl alcohol. This dispersion was then sonicated for 1 h , after 

which 10 µl of a 5 wt% Nafion solution was added. To ensure uniform distribution of the 

Nafion within the catalyst mixture, the solution was bath sonicated for 1 h. Subsequently, 

7 µl of this catalyst ink was applied onto the surfaces of both a rota ting disk electrode 

(RDE) and a glassy carbon electrode (GCE). The electrodes were then left to dry at room 

temperature for 12 h before being subjected to testing. 

b. Coating ink for Pd-Co3O4@BCN, Pd@BCN, Co3O4@BCN, Pd-Co3O4@VC, and 

RuO2 electrocatalysts to be coated on carbon paper was prepared as follows: 

In the procedure, 2 mg of the catalyst was thoroughly dispersed in a mixture of 1 mL of 

isopropyl alcohol. This dispersion was then sonicated for 1 h, after which 50 µl of a 5 

wt% Nafion solution was added. To ensure uniform distribution of the Nafion with in the 

catalyst mixture, the solution was bath-sonicated for an hour. Subsequently, 50 µl of 

catalyst ink was drop cast on both sides of carbon paper. The electrodes were then left to 

dry at room temperature for 12 h before being subjected to testing for ORR/OER. 

c. Coating ink for Co3O4, Pd, Pd-Co3O4 and RuO2 electrocatalysts was prepared as 

follows: 

~0.4 mg of Co3O4, ~0.05 mg of Pd, 0.4 mg of Pd-Co3O4, 1.6 mg BCN/ VC, and 2 mg of 

RuO2 of catalyst was thoroughly dispersed in a mixture of 700 µl of H2O and 300 µl of 

isopropyl alcohol. This dispersion was then sonicated for 1 h , after which 10 µl of a 5 

wt% Nafion solution was added. To ensure uniform distribution of the Nafion within the 

catalyst mixture, the solution was bath sonicated for 1 h. Subsequently, 7 µl of this 

catalyst ink was applied onto the surfaces of both a rotating disk electrode (RDE) and a 
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glassy carbon electrode (GCE). The electrodes were then left to dry at room temperature 

for 12 h before being subjected to testing. 

d. Coating ink of ~0.4 mg of Co3O4, ~0.05 mg of Pd, 0.4 mg of Pd-Co3O4, 1.6 mg BCN/ 

VC, and 2 mg of RuO2 of catalyst was prepared as follows:  

Catalysts were thoroughly dispersed in a mixture of 1 mL of isopropyl alcohol. This 

dispersion was then sonicated for 1 h, after which 50 µl of a 5 wt% Nafion solution was 

added. To ensure uniform distribution of the Nafion within the catalyst mixture, the 

solution was bath-sonicated for an hour. Subsequently, 50 µl of catalyst ink was drop 

cast on both sides of carbon paper. 

It is to be noted that the metal loading of Co and Pd on GCE, RDE, and carbon paper are 

kept Constant in all samples constituting of Co3O4, Pd, Pd-Co3O4, Co3O4@BCN, 

Pd@BCN, and Pd-Co3O4@BCN. 

vi. Linear sweep Voltammetry (LSV) and stability studies: 

For ORR and OER, LSV was carried out at a scan rate of 5 mV s -1. Three consecutive 

LSVs are acquired to attain overlapping curves finally, and the final one is plotted for 

comparison and further analysis.  

vii. Calculation of number of electrons in ORR:  

It is calculated by Kouteck Levich equation[25][26]: 

1

𝑖𝐿
 = 

1

𝑖𝐾
 + (

1

0.620𝑛𝐹𝐴𝐷
2
3𝑣

−1
6 𝐶

) 𝜔
−1

2     (1) 

Where J is the measured current density, JK and JL are the kinetic- and diffusion-limiting 

current densities, ω is the angular velocity of the disk (ω=2pN, N is the linear rotation 

speed), n is the overall number of electrons transferred in oxygen reduction, F is the 
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Faraday constant (F=96485 C·mol-1), C0 is the bulk concentration of O2, (C0 =1.2×10-

6mol·cm-3),ν is the kinematic viscosity of the electrolyte (ν=0.01 cm2 ·s -1), D0 is the 

diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10-5 cm2 ·s-1). 

viii. ECSA Calculation [27]: 

Cdl = j (ja-jc)/ 2         (2) 

Where ja and jc are anodic and cathodic current density and  is the scan rate (mV s-1).  

ECSA = Cdl/ CS 

Cdl is double-layer capacitance, and CS is specific capacitance. 

2.2.4 Results and discussion: 

a. Spectroscopic and Microscopic Characterizations 

The composition of Pd and Co in Pd-Co3O4@BCN was found to be 1.0 and 15wt% for 

Pd and Co, respectively. The composition of Pd and Co in Pd-Co3O4@BCN was 

determined using inductively coupled plasma optical emission spectroscopy (ICP-OES) 

and was found to be 1.0 wt% for Pd and 15 wt% for Co, respectively. X-ray diffraction 

(XRD) patterns (Figure 3a and 3b) for BCN, Co3O4@BCN, Pd@BCN, and Pd-

Co3O4@BCN show broad peak at 25.6°, which indicate poor crystallinity of carbon in  

BCN. A weak peak at two theta  40° corresponds to the (111) crystal plane of the face-

centered cubic structure of metallic palladium (Pd) was observed in Pd, Pd -Co3O4, 

Pd@BCN and Pd-Co3O4@BCN.[28] Notably, there were no signature peaks for Co3O4 

in the XRD patterns of Co3O4, Pd-Co3O4, Pd-Co3O4@BCN, and Co3O4@BCN. 
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Figure 3. PXRD pattern of a) Pd-Co3O4@BCN, Co3O4@BCN, Pd@BCN, and BCN. 
PXRD pattern of control samples b) Pd-Co3O4, Co3O4, Pd and BCN. 

However, the presence of Co3O4 was confirmed using Raman spectroscopy (Figure 4a 

and b). It shows three characteristic Raman-active modes identified at 691 cm-1 (A1g), 

482 cm-1 (Eg), and 522 cm-1 (F2g) corresponding to Co3O4 in Co3O4@BCN and Pd-

Co3O4@BCN.[29] Additionally, the D (defect) and G (graphitic) bands, indicative of the 

out-of-plane and in-plane vibrations of BCN, were observed at 1340 cm -1 and 1590 cm-

1, respectively (Figure 4a). No peak associated with Pd was detected in the Raman 

spectrum, which confirms the metallic nature of Pd in Pd@BCN and Pd-Co3O4@BCN 

(Figure 4a and b).[30] 

The combined XRD and Raman analyses suggest that in Pd-Co3O4@BCN, Co3O4 is 

amorphous, and Pd is in its metallic form.  
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Figure 4. Raman spectra of Pd-Co3O4@BCN, Co3O4@BCN, Pd@BCN and BCN. 

Fourier Transform Infrared (FT-IR) spectroscopy further confirmed the presence of BCN 

in Pd-Co3O4@BCN (Figure 5). The strong bending vibrational signals for B-N were 

observed at 801 cm-1 (in-plane) and 1422 cm-1 (out-of-plane), while the peaks at 1554, 

1193, and 1087 cm-1 could be assigned to C=C stretching, C-N stretching, and B-C 

vibrations, respectively (Figure 5a and b).[31] Figure 5b shows weak signatures of 

metal-O stretching, i.e., Co-O (Co3O4) and Pd-O (Pd) at 660 cm-1 and 682 cm-1 

respectively.[32,33]  

 

Figure 5. FTIR spectra of a) Pd-Co3O4@BCN, Co3O4@BCN, Pd@BCN, and BCN. FT-
IR spectra of control samples b) Co3O4, Pd, Pd-Co3O4 and BCN.   



Chapter 2.2 

~ 186 ~ 
 

Nitrogen adsorption/desorption analysis (Figure 6) indicated a change in surface area 

upon the introduction of metal onto BCN. Brunauer-Emmett-Teller (BET) analysis 

showed the surface area of BCN decreasing from 344 m2 g-1 to 137 m2 g-1 after 

incorporation of Pd-Co3O4. This reduction in surface area is likely due to the occupation 

of BCN pores and surface by Pd and Co3O4 particles. The calculated surface area for all 

samples is tabulated in Table 1.  

 

Figure 6. N2 adsorption/ desorption of a) Pd-Co3O4@BCN, Co3O4@BCN, Pd@BCN, 
and BCN. N2 adsorption/ desorption of control samples b) Co3O4, Pd and Pd-Co3O4. 

Samples Surface area  

(m2 g-1) 

Co3O4 209 

Pd 20 

Pd-Co3O4 154 

BCN 344 

Co3O4@BCN 288 

Pd@BCN 207 

Pd-Co3O4@BCN 137 

Table 1. Comparison of surface area of Co3O4, Pd, Pd-Co3O4, BCN, Co3O4@BCN, 
Pd@BCN and Pd-Co3O4@BCN. 
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The interaction and chemical composition of Pd, Co3O4, and BCN in Pd-Co3O4@BCN 

were explored using X-ray Photoelectron Spectroscopy (XPS) (Figures 7-9). The Co 2p 

spectra from XPS analysis of Pd-Co3O4@BCN show a significant negative shift in the 

electronic structure of cobalt species (Co3+/Co2+) compared to Co3O4@BCN, as indicated 

in Figure 7a and Table 2. Additionally, a negative shift was observed in Pd-Co3O4 and 

Co3O4@BCN compared to Co3O4 (Figures 8 and 9). On comparing all binding energies 

for Co 2p (Co2+ and Co3+), the order is as follows: Co3O4 > Co3O4@BCN > Pd-Co3O4 > 

Pd-Co3O4@BCN as shown in table 2. This indicates the direction of charge transfer is 

from BCN and Pd towards Co3O4.  

Furthermore, the high-resolution Pd-3d core level XPS spectra[34] of Pd-Co3O4@BCN 

and Pd@BCN (Figure 7b) reveal that in Pd-Co3O4@BCN, Pd 3d5/2 exhibits a positive 

shift of 0.3 eV for Pd0 and Pd2+ peak, compared to Pd@BCN (refer table 3). This positive 

shift indicates charge transfer from Pd to Co3O4. In Pd-Co3O4@BCN, Pd0 is negatively 

shifted compared to Pd-Co3O4, implying charge transfer from BCN to Pd (Figure 7b and 

8b).  

 

Figure 7. High-resolution XPS spectra of Co 2p for a) Pd-Co3O4@BCN and 

Co3O4@BCN compared. High-resolution XPS spectra of Pd 3d for a) Pd-Co3O4@BCN 
and Pd@BCN compared.  
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Figure 8. High-resolution XPS spectra of a) Co 2p and b) Pd 3d of Pd-Co3O4. 
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Figure 9. High-resolution XPS spectra of a) Co 2p for Co3O4 electrocatalyst. 

Co 2p Co3+(2p3/2) Co2+(2p3/2) Sat. 

Co3O4 782.26 783.96 787.66 

Co3O4@BCN 782.16 783.66 786.76 

Pd-Co3O4 782 783.4 787.7 

Pd-Co3O4@BCN 781.84 782.94 787.14 

Table 2. Comparison of binding energy values of Co 2p for Pd-Co3O4, Co3O4@BCN, 
and Pd-Co3O4@BCN from high-resolution XPS spectra. 

Pd 3d Pd0(3d5/2) Pd2+(3d5/2) 
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Pd-Co3O4 336.4 338.6 

Pd@BCN 335.7 338.3 

Pd-Co3O4@BCN 336 338.6 

Table 3. Comparison of binding energy values of Pd 3d for Pd-Co3O4, Pd@BCN, and 
Pd-Co3O4@BCN from high-resolution XPS spectra. 

In summarizing the charge transfer from XPS analysis, BCN exhibits charge transfer to 

both Pd and Co3O4, and Pd shows charge transfer to Co3O4, as simplified in Figure 10. 

 

Figure 10. Schematic illustrating the direction of charge transfer in Pd-Co3O4@BCN 

based on shifts in binding energy values from XPS spectra. 

To delve deeper into the heteroatom interaction in Pd-Co3O4@BCN with Pd/Co3O4, core 

level spectra of C1s, B1s, O1s, and N1s were examined (Figures 11 and 12). The high-

resolution N1s spectra show a decrease in pyridinic-N+B-N peak content from 76% in 

BCN to 57% in Pd-Co3O4@BCN upon the introduction of Pd/Co3O4, indicating 

interaction between pyridinic-N+B-N and Pd/Co3O4.[20] The atomic and weight 

percentages of each element are tabulated in Tables 4 and 5 for BCN and Pd-

Co3O4@BCN. 

BCN             Pd             Co3O4
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Figure 11. High-resolution XPS spectra of elements a) C 1s, b) N 1s, c) B 1s, and O 1s 
for BCN. 

 

Figure 12. High-resolution spectra of elements a) C 1s, b) N 1s, c) B 1s, and d) O 1s for 

Pd-Co3O4@BCN. 
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BCN Atomic% Weight% 

Boron 12.25 10.88 

Nitrogen 10.46 12.03 

carbon 74.59 73.59 

oxygen 2.7 3.55 

 Table 4. Relative atomic and weight percentage in BCN. 

Pd-Co3O4@BCN Atomic% Weight% 

Boron 12.48 9.2 

Nitrogen 6.74 6.44 

carbon 57.1 46.76 

oxygen 19.8 21.6 

Co 3.73 15 

Pd 0.14 1 

Table 5. Relative atomic and weight percentage in Pd-Co3O4@BCN. 

To corroborate the charge transfer process identified in the XPS analysis, X-ray 

Absorption Near Edge Structure (XANES) examinations were performed, as illustrated 

in Figure 13. The energy value of Co foil (K-edge) is 7709 eV, and Pd foil (K-edge) is 

24350 eV. All the cobalt-based electrocatalysts show a higher oxidation state/ positive 

shift compared to Co metal foil, with Co3O4@BCN having the highest positive shift. 

Additionally, In the case of Pd K-edge spectra,[35] BCN-based samples show a lower 

oxidation state/ negative shift, indicating charge transfer from BCN to Pd/ Co 3O4. The 

observed shift in the pre-edge region in XANES analysis aligns with the trends noted in 

the XPS results, further confirming the charge transfer from BCN to both Pd and Co 3O4, 

as well as from Pd to Co3O4.  
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Figure 13. a) Comparison of normalized XANES spectra of Co-K edge of Pd-

Co3O4@BCN, Co3O4@BCN, Pd-Co3O4 with Co foil. b) Comparison of normalized 
XANES spectra of Pd-K edge of Pd-Co3O4@BCN, Pd@BCN, Pd-Co3O4 with Pd foil. 

To analyze the elemental distribution in the Pd-Co3O4@BCN composite, elemental 

mapping (EDS) was employed, as shown in Figure 14. This uniformity is crucial as it 

indicates a homogenous integration of Co3O4 and Pd nanoparticles within the BCN 

matrix, which is essential for ensuring consistent catalytic activity and stability. 

 

Figure 14. Elemental mapping images of Pd-Co3O4@BCN.  

The bright field transmission electron microscopy (TEM) image (Figure 15a) and the 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) image (Figure 15b), along with the accompanying elemental mapping (Figures 
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15c-g), reveal a uniform dispersion of both Pd nanoparticles(of size 2-3 nm), and Co3O4 

folded nanosheets across the BCN nanosheets (spherical form like Vulcan carbon).  

 

Figure 15. a) Bright-field TEM image of Pd-Co3O4@BCN with inset histogram of Pd 
nanoparticle size on BCN matrix. b) HAADF-STEM mapping image and c-g) elemental 
mapping of Pd, Co, C, N, and B elements for Pd-Co3O4@BCN.  

Conversely, for Pd-Co3O4, the simultaneous reduction of Pd and Co3O4 results in a non-

uniform distribution of larger Pd nanoparticles, ranging from 10-50 nm, aggregated on 

Co3O4 nanosheets (Figure 16 and 17a). BCN, on the other hand, helps stabilize 2- to 3-

nm Pd nanoparticles as well as Co3O4 nanosheets on its surface (Figure 17a and  Figure 

18b).  
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Figure 16. a) HAADF-STEM image and elemental mapping of elements b) overlapped, 
c) Co, d) Pd, e) O and line scan spectra for control sample Pd-Co3O4. 

 

Figure 17. Bright field TEM images of a) Pd-Co3O4 and b) Pd@BCN. 
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Figure 18. Bright-field TEM images of a) Co3O4@BCN and b) BCN. 

a. Electrochemical studies for oxygen reduction reaction: 

The promising attributes of Pd-Co3O4@BCN as a catalyst were further explored in an 

electrochemical setting, particularly for the oxygen reduction reaction (ORR) in an 

oxygen-saturated 0.1M KOH electrolyte. Key evaluation parameters for the catalyst 

included onset potential (Eonset), half-wave potential (E1/2) as determined by linear sweep 

voltammograms, mass activity, Tafel slope, electrochemically active surface area 

(ECSA), and assessments from stability tests. 

For the experimental setup, a rotating disk electrode (RDE) was coated with 14 µg cm -2 

of the Pd-Co3O4@BCN catalyst. The RDE polarization curves (Figure 19) revealed that 

Pd-Co3O4@BCN exhibited the most positive onset overpotential at 1.056 V, surpassing 

the state-of-the-art Pt(20wt%)/C catalyst at 0.996 V. Notably, Pd-Co3O4@BCN achieved 

a higher half-wave potential (E1/2 = 0.87 V vs. RHE) compared to Pd@BCN, 

Co3O4@BCN, BCN, and even Pt/C (E1/2 = 0.85 V). In fact, the limiting current density 

for Pd-Co3O4@BCN exhibits a higher value than Pt/C and all the control catalysts, as 

shown in Table 6. It is to be noted that BCN, as such, shows better activity than Vulcan 
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carbon in terms of half-wave potential and limiting current density, clearly indicating the 

role of boron and nitrogen (Figure 20).  

 

Figure 19. Comparison of linear sweep voltammograms of a) Pd-Co3O4@BCN, Pt/C, 
Co3O4@BCN, Pd@BCN, and BCN at a scan rate of 5 mV s-1 for oxygen reduction 
reaction. Comparison of linear sweep voltammograms of b) Pd-Co3O4@BCN, Pd-

Co3O4@VC, Pd-Co3O4, Co3O4, and Pd. 

 

Figure 20. Linear sweep voltammograms of Vulcan carbon and BCN were compared at 
a scan rate of 5 mV s-1. 
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Catalysts Half-wave potential  

(E1/2, V vs. RHE) 

Limiting current density 

(mA cm-2) 

Pd-Co3O4@BCN 0.87 -5.4 

Pt/C 0.85 -5.2 

Co3O4@BCN 0.78 -5.0 

Pd@BCN 0.74 -4.8 

BCN 0.68 -5.2 

Pd-Co3O4 0.65 -2.3 

Pd-Co3O4@VC 0.82 -5.8 

Co3O4 0.53 -1.3 

Pd 0.79 -3.5 

VC 0.58 -3.9 

Table 6. Table of comparison of half-wave potential and limiting current density for all 
catalysts Pd-Co3O4@BCN, Pt/C, Co3O4@BCN, Pd@BCN, BCN, Pd-Co3O4, Pd-
Co3O4@VC, Co3O4, Pd and VC seen from linear sweep voltammograms.  

 

Figure 21. Mass activity compared for Pd-Co3O4@BCN and Pt/C. 

The mass activity, as shown in the histogram (Figure 21), indicated that Pd-

Co3O4@BCN (731 A g-1) was 27 times more active than Pt/C (27 A g-1) at 0.9V. This 

superior performance is attributed to the uniform distribution and low loading of Pd (1 
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wt%) and Co3O4 on defect-rich BCN. We have further assessed the double-layer 

capacitance (Cdl), which is proportional to electrochemically active surface area. The Cdl 

of Pd-Co3O4@BCN (2.84 mF cm-2) is higher than Pt/C (0.972 mF cm-2) (Figure 22), 

which is calculated from equation 2. This suggests that Pd-Co3O4@BCN shows a greater 

number of electrochemical surface areas for ORR.  

 

Figure 22. Cyclic voltammograms of a) Pd-Co3O4@BCN and b) Pt/C at different scan 
rates from 10-100 mV s-1. c) Comparison of the electrochemically active surface area of 
Pd-Co3O4@BCN and Pt/C.   

Additionally, Pd-Co3O4@BCN (107 mV dec-1)  displayed similar Tafel slopes to Pt/C 

(100 mV dec-1), indicating enhanced ORR kinetics (Figure 23).  

The Koutecky-Levich (K-L) equation (equation 1) used to determine the number of 

electron transfers (n) [36] shows a value close to 4 for the Pd-Co3O4@BCN indicative of 

efficient ORR kinetics, as opposed to Co3O4@BCN,  where number of electrons transfers 

equal to 3 (Figure 24 and 25). This indicates a preference for OH* (4-e- process) 

adsorbates over OOH* (2-e- process)  in Pd-Co3O4@BCN compared to Co3O4@BCN. 

 



Pd-Co3O4 incorporated BCN for Zn-air battery 

~ 199 ~ 
 

 

Figure 23. Tafel plots of a) Pd-Co3O4@BCN, Pt/C, Pd@BCN, Co3O4@BCN and BCN. 
Comparison of tafel plots for control samples b) Pd-Co3O4@VC, Pd-Co3O4, Co3O4 and 

Pd. 

 

Figure 24. LSV curves of Pd-Co3O4@BCN at different rotation rates and KL-plot at 
different potentials (inset). 
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Figure 25. LSV curves at different rotation rates for a) Pd@BCN, c) Co3O4@BCN, and 
e) Pd-Co3O4@VC.  KL-plot at different potentials for b) Pd@BCN, d) Co3O4@BCN, 
and f) Pd-Co3O4@VC. 
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Figure 26. LSV curves at different rotation rates for a) BCN, c) Pd-Co3O4, and e) Pd.  
KL-plot at different potentials for b) BCN, d) Pd-Co3O4, and f) Pd. 

Finally, the stability of the electrocatalyst was evaluated through an accelerated durability 

test (ADT) in a potential range of 0.6 to 1 V vs. RHE at 100 mV s -1. The Pd-Co3O4@BCN 

catalyst demonstrated remarkable stability over 15,000 cycles with a negligible change 
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in E1/2 (Figure 27), underscoring its potential as a durable and efficient catalyst for ORR 

applications. 

 

Figure 27. Linear sweep voltammograms were compared initially and after accelerated 
durability test a) after 15,000 cycles on carbon paper and b) after 10,000 and 12,500 
cycles on glassy carbon electrode for Pd-Co3O4@BCN. 

b. Electrochemical studies for oxygen evolution reaction: 

Pd-Co3O4@BCN was evaluated for its potential in bifunctional catalysis, specifically for 

the oxygen evolution reaction (OER). Key catalyst evaluation parameters included 

overpotentials at different current densities (η10, η100, η1000), specific activity, mass 

activity, and stability, determined using linear sweep voltammograms (LSVs). These 

studies were performed on carbon paper electrodes with a catalyst loading of 200 µg cm-

2 in 1M KOH. Additionally, Tafel slopes were calculated from LSVs conducted on glassy 

carbon electrodes (GCE) with a catalyst loading of 14 µg cm -2. 

In terms of performance, Pd-Co3O4@BCN demonstrated the lowest overpotential 

(Ej=10/η10 = 220 mV) for OER, significantly outperforming the state-of-the-art catalyst 

RuO2 (η10 = 330 mV), as well as Co3O4@BCN (η10 = 340 mV), Pd@BCN (η10 = 420 

mV), and BCN (η10 = 420 mV) at a current density of 10 mA cm-2 (Figure 28) (Table 

7).  
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Figure 28. Comparison of LSV curves of all catalysts a) Pd-Co3O4@BCN,  Pd-
Co3O4@VC, RuO2, Pd@BCN, Co3O4@BCN, BCN, Pd, Co3O4, Pd-Co3O4 and b) BCN 
and Vulcan carbon for oxygen evolution reaction at 5 mV s -1. 

Catalysts Overpotential 

Ej=10/ 10 (mV) 

Pd-Co3O4@BCN 220 

RuO2 330 

Co3O4@BCN 340 

Pd@BCN 420 

BCN 420 

Pd-Co3O4 330 

Pd-Co3O4@VC 310 

Co3O4 410 

Table 7. potential values at 10 mA cm-2 compared for all catalysts i.e., Pd-Co3O4@BCN,  

Pd-Co3O4@VC, RuO2, Pd@BCN, Co3O4@BCN, BCN, Pd, Co3O4, Pd-Co3O4, BCN and 
vulcan carbon on glassy carbon electrode.  
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Figure 29. Comparison of LSV curves of all catalysts a) Pd-Co3O4@BCN,  RuO2, 
Pd@BCN, Co3O4@BCN, and BCN. LSV curves of b) Pd-Co3O4@VC, Pd, Co3O4, Pd-
Co3O4, and Vulcan carbon on carbon paper. 

 

Figure 30. LSV curves of BCN and Vulcan carbon on carbon paper. 

Notably, specific activity in Pd-Co3O4@BCN (18.6 mA cm-2) was 31 times higher than 

RuO2 (0.632 mA cm-2) at 220 mV (Figure 31). Additionally, Pd-Co3O4@BCN (1681 

mA cm-2) exhibited specific activities that were 15 times higher than RuO2 (112 mA cm-

2) at 448 mV. The enhanced activity for OER is attributed to the Co 3O4/Pd interaction, 

which improves the adsorption of oxygenated intermediates. Furthermore, the mass 

activity of Pd-Co3O4@BCN (217 A g-1
Pd) far exceeded that of RuO2 (0.104 A g-1

RuO2) at 

448 mV.  
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Figure 31. Comparison of a) areal/ specific activity and b) mass activity (normalized by 
noble metal loading) for Pd-Co3O4@BCN and RuO2. 

 

Figure 32. Comparison of a) mass activity (normalized by Pd-Co3O4 loading) and b) 
turnover frequency (normalized by noble metal) for Pd-Co3O4@BCN and RuO2. 

The turnover frequency (TOF) value obtained for O2 production over Pd-Co3O4@BCN 

(60 s-1) was 1250 times higher than the value obtained over RuO2 (0.048 s-1) at 448 mV 

(Figure 32).  

Cyclic voltammetry at different scan rates from 10- 100 mV s-1 was carried out for all 

electrocatalysts to calculate the double-layer capacitance (Cdl), as shown in Figures 33-

35. The high OER activity of Pd-Co3O4@BCN is linked to its higher Cdl (71 mF cm-2) 

compared to RuO2 (1.9 mF cm-2) (Figures 36). The Tafel slope value for both Pd-

Co3O4@BCN and RuO2 is 60 mV dec-1 (Figure 37). 
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Figure 33. Cyclic voltammograms of a) Co3O4@BCN, b) Pd@BCN, c) Pd-Co3O4@VC, 

and d) Pd-Co3O4@BCN at different scan rates from 10-100 mV s-1. 

 

Figure 34. Cyclic voltammograms of RuO2 at different scan rates from 10-100 mV s-1. 
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Figure 35. Cyclic voltammograms of a) BCN, b) Co3O4, c) Pd, and d) Pd-Co3O4 at 

different scan rates from 10-100 mV s-1. 

 

Figure 36. Comparison of Cdl values compared for a) and b) all electrocatalysts and blank 

carbon paper.  



Chapter 2.2 

~ 208 ~ 
 

 

Figure 37. Tafel slopes compared for all electrocatalysts on carbon paper.  

The durability test of Pd-Co3O4@BCN for OER was evaluated by chronoamperometry 

(CA) (Figure 38), which shows that Pd-Co3O4@BCN can sustain a high current density 

of 20 mA cm-2 for an impressive duration of 270 h without significant changes, owing to 

the intimate interaction of Pd-Co3O4 with BCN. 

 

Figure 38. Long-duration oxygen evolution reaction with Pd-Co3O4@BCN at 20 mA 
cm-2 for 270 h. 
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c. Ex-situ microscopic analysis for spent Pd-Co3O4@BCN catalyst 

(OER @ 270 h) 

Post-reaction characterizations of the spent catalyst (Pd-Co3O4@BCN after 270 h) were 

conducted to assess any structural or chemical changes. Field-emission scanning electron 

microscopy (FESEM) images and elemental mapping confirmed the uniform distribution 

of Pd, Co3O4, and BCN on the carbon paper electrode (Figures 38 and 39a). Energy-

dispersive X-ray analysis (EDAX) showed negligible changes in the weight percentages 

of Pd (1.5 wt%) and Co (14 wt%) on BCN.  

Additionally, transmission electron microscopy (TEM) images (Figure 39b) confirmed 

that no agglomeration of Pd nanoparticles occurred, maintaining the size range of 2 -3 

nm. This comprehensive analysis underscores the exceptional bifunctional catalytic 

potential of Pd-Co3O4@BCN for both ORR and OER. 

 

Figure 38. Post-reaction elemental mapping of a) C, b) O, c) Co, d) Pd, e) B, and f) N 

for Pd-Co3O4@BCN after OER. 
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Figure 39. a) FESEM image and b) bright-field TEM image of Pd-Co3O4@BCN after 
270 h of chronoamperometry for oxygen evolution reaction at 20 mA cm -2. 

d. Ex-situ XPS for spent Pd-Co3O4@BCN catalyst (OER @ 270 h) 

To elucidate the active species present in the Pd-Co3O4@BCN surface during the oxygen 

evolution reaction (OER), we conducted a comprehensive ex-situ X-ray photoelectron 

spectroscopy (XPS) analysis both before and after 270 hours of OER cycle. The high-

resolution XPS spectra of Co 2p, as depicted in Figure 40a, reveal a notable increase in 

the relative intensity of Co3+ in the spent BCN-Pd-Co3O4 catalyst post-OER.  

 

Figure 40. Comparison of high-resolution XPS spectra of a) Co 2p and b) Pd 3d for 
pristine and Pd-Co3O4@BCN (after 270 h OER) on carbon paper. 

Furthermore, an increase in the Pd2+/Pd0 ratio was observed in the spent catalyst, as 

shown in Figure 40b. This change suggests surface oxidation of palladium following 
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prolonged exposure to OER conditions. These insights from the ex-situ XPS analysis 

provide valuable information about the change in the chemical state of metal ions, thus 

offering a deeper understanding of the catalyst's behavior and stability during extensive 

OER operation.  

BCN-associated C 1s spectra show peaks for C-F due to the Nafion binder used for Pd-

Co3O4@BCN adherence on carbon paper, as shown in Figure 41a. Figure 41b presents 

N 1s spectra, demonstrating the stability of different nitrogen species before and after 

OER. Conversely, Figure 41c reveals the elimination of B-O species following OER, as 

evidenced by its absence compared to the pristine peak. 

 

Figure 41. High-resolution spectra of a) C 1s element for Pd-Co3O4@BCN (270 h OER) 
on carbon paper. Comparison of XPS Spectra for (b) N 1s and (c) B 1s elements in Pd-
Co3O4@BCN, both Pristine and After 270 h of OER. 

The formation of intermediates in Pd-Co3O4@BCN during oxygen reduction reaction 

was robed using in-situ Fourier transformed infrared (FT-IR) spectroscopy. On the other 

hand, the oxygen evolution reaction was monitored using operando Raman spectroscopy 

as well as ex-situ X-ray photoelectron spectroscopy (XPS) analysis for OER. 

e. In-situ Fourier Transformed Infrared Spectroscopy for ORR 

The in-situ FT-IR spectroscopy was utilized to study the reaction kinetics of Pd-

Co3O4@BCN in ORR. Pd-Co3O4@BCN showcased a selective four-electron process 

leading to OH- formation, as previously indicated in the KL-Plot (Figure 23). The 

mechanism hinges on the interaction between O2 and the active catalyst, emphasizing 
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O=O stretching to favor OH* over OOH* intermediates. As evidenced in Figure 42, the 

concentration of oxygen adsorption and stretching at 1350 cm -1 increases with the 

potential and reaches saturation at the limiting current density. An O2– intermediate 

observed at 1050 cm-1 was identified as a key determinant in the ORR process.[37–39] 

 

Figure 42. In situ FT-IR spectra for Pd-Co3O4@BCN at 0.98 V to 0.07 V vs. RHE in 0.1 

M KOH a) with intermediates and b) showing increasing oxygen adsorption with 
potential. 

f. Operando Raman Spectroscopy for OER 

The operando Raman spectroscopy focused on the OER process, as shown in Figure 43. 

Pd-Co3O4 was primarily used to understand the structural evolution of Co3O4 and Pd due 

to their weak Raman signatures in Pd-Co3O4@BCN.[40–42] At open circuit potential 

(OCP), weak signals at 484 cm-1 and 682 cm-1 were noted, corresponding to the Eg and 

A1g vibrational modes of Co3O4 in Pd-Co3O4. Additionally, Raman signatures associated 

with second-order scatterings for Pd-O were observed at 726 cm-1 and 795 cm-1. 
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Figure 43. In situ Raman measurement of a) Co3O4 (inset: A1g mode) and b) Pd evolution 
with potential. 

Upon applying an oxidative potential, two new peaks emerged at 553 cm -1 (broad) and 

1050 cm-1, indicating the formation of amorphous cobalt oxyhydroxide (CoOOH) and 

cobalt superoxide intermediates, respectively, with the disappearance of Eg and A1g 

modes of Co3O4. The intensity of these newly formed species increased with the rise in 

applied potential, suggesting their active role in OER. Similarly, for Pd-O, the B1g 

phonon mode and new second-order scattering emerged at 641 cm-1 and 504 cm-1, 

respectively. An increase in intensity for the B1g mode and second-order scatterings of 

PdO with increasing oxidative potential also indicated their participation in OER.  

In summary, the synergistic effects of Co (in the form of CoOOH and cobalt superoxide) 

and Pd (Pd-O) species are instrumental in enhancing the OER activity of the Pd-

Co3O4@BCN catalyst, as shown in Figure 44. 
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Figure 44. In situ Raman measurement of Pd-Co3O4@BCN evolution with potential.  

This finding is in alignment with the ex-situ XPS of Pd-Co3O4@BCN of structural 

changes in cobalt oxide (Figure 40a), confirming the transformation of Co2+ to a higher 

oxidation state, indicative of CoOOH formation during the OER process.  

The superior performance of Pd-Co3O4@BCN as a bifunctional catalyst is highlighted 

by its low voltage gap (0.58V), achieved with minimal loading of noble metal (Pd: 2 µg 

cm-2), as compared to other recent studies in the literature (Figure 45). The voltage gap 

between the Oxygen Evolution Reaction (OER) and Oxygen Reduction Reaction (ORR) 

was determined using the formula  

Ej=10 – E1/2  

where Ej=10 is potential at current density 10 mA cm -2 (OER), and  E1/2 is half-wave 

potential (ORR). This low voltage gap positions the Pd-Co3O4@BCN catalyst as an ideal 

candidate for air-cathode material in rechargeable zinc-air batteries (ZABs). 
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Figure 46. Comparison graph of Pd-Co3O4@BCN in terms of a) voltage gap and b) noble 

metal loading with other recent reports.[43–56] 

g. Zinc-air battery 

To demonstrate this application, a rechargeable ZAB was assembled using Pd-

Co3O4@BCN coated on a gas diffusion electrode (GDE) as the cathode, a 2 mm zinc 

plate as the anode, and a mixed solution of 6M KOH + 0.2M Zn(ac)2  as the 

electrolyte.[57] The Pd-Co3O4@BCN-based ZAB successfully powered an LED bulb, 

maintaining an open circuit voltage of 2.8 V for up to 1 h, as shown in Figure 47a. The 

galvanostatic discharge curves at current densities of 10 mA cm -2 and 50 mA cm-2 are 

displayed in Figure 47b. The specific capacity of Pd-Co3O4@BCN (normalized by the 

change in Zn weight) was 905 mA h gZn
-1 at both 10 mA cm-2 and 50 mA cm-2. 

Correspondingly, the calculated energy densities are 978 Wh kgZn
-1 (at 10 mA cm-2) and 

733 Wh kgZn
-1 (at 50 mA cm-2). 
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Figure 47. Zinc-air battery with a) Pd-Co3O4@BCN at open circuit potential and inset 
Zn-air battery homemade setup powering an LED. b) Galvanostatic charge-discharge at 
10 mA cm-2 and 50 mA cm-2 with Pd-Co3O4@BCN. c) Comparison of rechargeable 
battery with Pd-Co3O4@BCN and Pt/C at 5 mA cm-2.  

The cycling stability of Pd-Co3O4@BCN was further evaluated through galvanostatic 

charge-discharge curves at 5 mA cm-2 and 2 mA cm-2 (Figure 47c and Figure 48). The 

catalyst maintained high stability for up to 330 cycles at 2 mA cm-2. These results indicate 

the importance of Pd-Co3O4@BCN for practical applications in energy storage devices 

like zinc-air batteries, reaffirming its effectiveness as a bifunctional catalyst.  
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Figure 48. Long-term cycling in rechargeable Zn-air battery with Pd-Co3O4@BCN at 2 
mA cm-2.  

2.2.5 Conclusion: 

In summary, the Pd-Co3O4@BCN catalyst, synthesized via a simple wet chemical 

process, shows very good activity and stability for both OER and ORR. This is attributed 

to the ultra-low Pd loading (1 wt%) and its synergistic interaction with Co3O4 and BCN, 

resulting in a low voltage gap of 0.58 V. Pd-Co3O4@BCN outperforms Pt (20 wt%)/C in 

ORR and RuO2 in OER by significant margins, demonstrating high mass activity and 

long-term stability. Operando spectroscopy reveals key insights into the reaction 

mechanisms. The catalyst has a high capacity, i.e., 905 mAh g-1
Zn at 50 mA cm-2, and 

stability for 330 hours, attaining high rechargeability for zinc-air batteries. 
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Chapter 2.3 

NiPd as an efficient electrocatalyst for Zinc-CO2 batteries 

Summary 

This chapter investigates the performance of NiPd and Pd catalysts towards zinc -CO2 

batteries. The zinc-CO2 batteries are increasingly recognized for their role in mitigating 

climate change impacts through the electrochemical sequestration of CO 2. These 

batteries not only contribute to energy conversion but are also pivotal in producing 

valuable carbonaceous fuels. The use of formate as a liquid byproduct is especially 

advantageous due to its ease of handling and storage and its non-accumulative nature 

on the cathode's active surface, as opposed to solid or gaseous byproducts. This chapter 

discusses the use of bifunctional palladium (Pd) cathode in Zn-CO2 batteries, which 

significantly enhances the conversion of CO2 to formate, thus optimizing the battery's 

efficiency and rechargeability. Our detailed analysis focuses on the performance 

enhancements observed when nickel is incorporated into palladium nanostructures 

(NiPd), forming an effective catalyst in zinc-CO2 batteries. The addition of nickel to Pd 

not only increased the Faradaic efficiency for formate production but also maintained 

stability even at higher current densities. 
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2.3.1 Introduction 

Zinc-CO2 batteries emerge as a noteworthy solution in mitigating climate change impacts 

by facilitating the electrochemical sequestration of carbon dioxide (CO2).[1] Besides 

energy conversion, these batteries are instrumental in producing valuable carbonaceous 

fuels. A distinctive feature of specific zinc-CO2 batteries is a reversible reaction wherein 

zinc, CO2, water, and hydroxide ions interchangeably react to yield zinc oxide, formate, 

and water[2], as depicted in Figure 1:  

 

Figure 1. Schematic illustration of Pd-based cathode for Zn-CO2 battery. Reproduced 
with permission from reference [3] 

Liquid byproducts, such as formate, are preferred over gaseous or solid products in zinc-

CO2 batteries for a few key reasons.[4][5] Firstly, they offer easier handling and storage 

compared to gases. Secondly, unlike solid byproducts, they do not accumulate on the 

active surface of the cathode. Formic acid (HCOOH), earmarked as a prime example 

here, is of notable importance given its broad-based applications in the agricultural and 

industrial sectors. Therefore, formate is one of the three identified discharge products in 

advanced Zinc-CO2 batteries, distinguished from other tested byproducts like carbon 

monoxide (CO)[6][7,8], methanol[9], and methane (CH₄)[10]. In Zinc-CO2 batteries, the 

conversion of CO2 to formate is accelerated by a bifunctional palladium (Pd) cathode, 

which facilitates the reversible interchange between these two chemical species.[3,5] Our 

initial investigations with palladium (Pd), known for its strong CO binding capabilities, 

predominantly produced CO and H2.[11–13] Snyder’s group demonstrated that 

nanoporous Pd–X alloys( where X represents Ni, Co, Ag, or Cu)  improve resistance to 
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CO poisoning during prolonged CO2 reduction reactions (CO2RR).[14] Employing 

palladium (Pd) with various elements as a catalyst can augment the battery's performance 

by facilitating streamlined electrochemical reactions at reduced overpotentials  and 

rechargeability.[15] These features culminate in cycling robustness and facilitate both 

reduction and oxidation reactions, which are pivotal attributes for the pragmatic 

deployment of Zinc-CO2 batteries. 

2.3.2 Scope of Investigation 

In this chapter, we have analyzed the performance of Zinc-CO2 batteries for a Pd-based 

catalyst, which shows enhanced Faradaic efficiency and stability upon incorporating 

nickel into palladium nanostructures (NiPd). The developed NiPd catalyst demonstrated 

an impressive Faradaic efficiency of 83% for formate production after 1.5 hours of 

discharge. This performance is notably superior to pure Pd, which showed a 45% 

efficiency after 1 hour at a current density of 0.5 mA cm⁻². It is significant to note that as 

the current density increased, the Faradaic efficiency of the NiPd catalyst remained 

relatively stable, demonstrating robust performance. Additionally, the NiPd catalyst 

displayed a superior peak power density, reaching 5 mW cm⁻², distinctly surpassing Pd, 

which only achieved a peak power density of 0.7 mW cm⁻².  

2.3.3 Experimental Procedure: 

i. Materials and characterization techniques: 

NiCl2.6H2O was procured from Loba chemicals, while PdCl2 and NaBH4 were procured 

from Sigma Aldrich. Milli-Q water was used for all experiments. 

The synthesized materials were characterized through various techniques such as XRD, 

TEM, FESEM, and XPS. Powder X-ray diffraction (PXRD) patterns were acquired using 

a Rigaku diffractometer, which employs a copper anode generating X-rays at a 

wavelength of 1.54 Å, under 30 mA and 40 kV. Transmission electron microscopy 

(TEM) images were captured using a JEOL JEM 2100 Plus for the microscopic analysis. 

The Thermofisher (FEI) Apreo 2S obtained Field emission scanning electron microscopy 

(FESEM) images. X-ray photoelectron spectroscopy (XPS) data were collected using a 

Thermo K-alpha+ spectrometer, which utilized micro-focused and monochromated Al 

Kα radiation of 146.6 eV energy, and the pass energy for recording core-level spectra 

was maintained at 50 eV. The composition of the elements within the samples was 
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ascertained using inductively coupled plasma optical emission spectroscopy (ICP-OES) 

through a PerkinElmer Optima 700DV. 

ii. Protocol for Zn-CO2 Battery studies:  

A two-electrode configuration was employed for Zn-CO2 battery studies within a semi-

batch arrangement, segregated by a membrane, as delineated in Figure 2. The selected 

working electrode, the cathode, was a gas diffusion electrode (GDE) comprising both 

micro- and macroporous carbon layers. This configuration allowed for the deposition of 

the catalyst ink onto the microstructured carbon layer. A stainless steel mesh was 

incorporated as the current collector. A zinc foil was utilized as an anode for the counter 

and reference electrode. The electrodes were calibrated to an effective surface area of 1 

cm². 

 

Figure 2. Setup for Zn-CO2 battery with anode, cathode, and electrolyte in flow 
condition. The gas purged into the system is collected in the gas bag.  

Regarding the electrolytic medium, the catholyte (on the cathode side) was composed of 

0.1M potassium bicarbonate (KHCO₃). The anolyte (on the anode side) was formulated 

from a mixture of 6M potassium hydroxide (KOH) and 0.2M zinc acetate.[16] The flow 

rate of the electrolyte was meticulously controlled at 30 mL/min using a peristaltic pump. 

Concurrently, carbon dioxide was continuously purged at an equivalent flow rate  using 

a mass flow controller directed toward the macroporous side of the GDE. A bipolar 
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membrane was deployed to effectuate the separation of the electrolytes, which exhibited 

distinct pH values. This membrane was routinely conditioned and preserved in milli-Q 

water. 

The galvanostatic studies were carried out for product quantification , i.e., formate or 

hydrogen.  

iii. Synthesis of Pd nanosponges: 

In the synthesis of Pd nanosponges, a methodical approach was adopted. The initial step 

involved the preparation of 50 mL of a 0.1M H₂PdCl₄ solution. This solution was 

prepared by dispersing 0.88 g of PdCl₂ in 50 mL of distilled water (H₂O), to which 0.2M 

HCl was subsequently added. This mixture underwent continuous stirring for 24 hours, 

ensuring a complete dissolution of the salt.[17] 

Following this dissolution, a 5 mL aliquot of the H₂PdCl₄ solution (at 0.1 M 

concentration) was measured out. To this, 25 mL of a 0.1M NaBH₄ solution was rapidly 

introduced while maintaining vigorous stirring. The stirring was sustained for an 

additional 10 minutes post-addition. This reaction resulted in the precipitation of a black 

residue, which was subsequently collected. Purification procedures included washing the 

precipitate with milli-Q water to remove unreacted species or side products. Following 

this, the precipitate was dried at a temperature of 40°C, extending over an overnight 

period. 

The final product, designated as Pd, was thoroughly characterized to ascertain its 

properties and confirm its structure. After this characterization, the synthesized Pd was 

employed as an electrocatalyst in battery experimentation. 

iv. Synthesis of NiPd nanosponges: 

Nickel was introduced into Pd nanosponges by mixing 3.76 mL of 0.1M H2PdCl4 with 

24 mL of 0.1M NiCl2 solution under vigorous stirring. 150 mL of 0.1M NaBH4 solution 

was added under vigorous stirring conditions of metal salt solutions. The black residue 

was collected and dried at 40⁰C overnight. The obtained product, i.e., approximately 200 

mg, was added to 120 mL of 0.1M HCl, followed by 2 mL of H2O2 (30 wt%), and stirred 

for 2 minutes. The residue is washed with milli-Q H2O and dried at 40⁰C overnight. The 

obtained product, i.e., Ni0.07Pd, was characterized and used as an electrocatalyst for 

battery studies. 
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      v.         Working electrode preparation: 

The preparation of the working electrode was meticulously conducted as follows: 1 mg 

of each of the electrocatalysts, specifically NiPd and Pd, was independently dispersed in 

solvents where NiPd was mixed in 1 mL of isopropyl alcohol and Pd in 1 mL of H2O. 

Each dispersion was then subjected to ultrasonic treatment for one hour to ensure uniform 

particle distribution. After the sonication process, 30 µl of Nafion solution (5 wt%) was 

added to each dispersion. The mixtures containing Nafion were then further sonicated for 

an additional hour to foster homogeneity and stabilize the dispersion. For the coating of 

these catalysts onto the electrodes, 600 µl of each sonicated dispersion (NiPd and Pd) 

was carefully drop-casted onto the gas diffusion electrode (GDE). The coating aimed to 

uniformly cover an area of 1 cm², achieving a catalyst loading density of 0.5 mg cm⁻² on 

the electrode. After the drop-casting process, the electrodes were left out to dry. This 

drying phase was extended over two days under normal atmospheric conditions, ensuring 

the solvents' gradual and steady evaporation and forming a consistent catalyst layer on 

the GDE. 

vi. Protocol for product estimation 

a. Gaseous product: Gaseous products were detected and quantified by gas 

chromatography (GC) from Agilent 7890B. 

b. Liquid product: The catholyte was collected immediately after the reaction, filtered 

with 0.2-micron filters, and then analyzed in HPLC with RID (Refractive index 

detector). It was calibrated with known concentrations of potassium formate in milli-

Q water, as shown in Figure 3. 
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Figure 3. Calibration plot for formate analyzed from HPLC.  
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A calibration plot was prepared from H2 calibration gas of concentrations 20 ppm, 100 

ppm, 500 ppm, 1000 ppm, and 3000 ppm, as shown in Figure 4.  

 

Figure 4. A calibration plot for H2 was detected from a gas chromatography instrument. 

vii. Catalyst Evaluation parameters: 

Faradaic efficiency can be calculated as follows[18]: 

Faradaic efficiency (%) = (Qexperimental/ Qtheoretical) x 100 

                                       = (z x n x F) x 100 

z = no. of electrons transferred, n = number of moles of product, and F is the Faraday 

constant. 

viii. Protocol for Post reaction characterizations: 

After the reaction, NiPd and Pd electrodes (coated on GDL) were washed with milli-Q 

water, followed by ethanol, and dried under ambient conditions. The electrodes were 

analyzed using XRD, FESEM, Raman, and XPS to understand the change in the structure 

after the electrochemical reaction. 

2.3.4 Results and Discussion: 

PXRD (powder X-ray diffraction) studies were conducted to examine the crystal facets 

of synthesized NiPd and Pd. The PXRD patterns for both NiPd and Pd displayed 

similarities, revealing facets characteristic of the face-centered cubic (fcc) crystal 

structure inherent to Pd.[19] These findings are detailed in Figure 5. Additionally, ICP-

OES (inductively coupled plasma optical emission spectroscopy) investigations 

determined the weight percentage of Ni in the NiPd sample to be approximately 7 wt%. 
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Figure 5. PXRD pattern for Pd and NiPd catalyst. 

XPS (X-ray photoelectron spectroscopy) studies were conducted to examine the surface 

chemical composition and the oxidation states of Pd and NiPd. In Figure 6a, a survey 

scan of the synthesized Pd reveals the presence of Pd and O species. For accurate binding 

energy evaluation, carbon was used as a reference for calibration corrections. The high-

resolution Pd 3d core-level spectra depicted in Figure 6b indicate the presence of 

metallic Pd0 at a binding energy of 335.4 eV and Pd2+ species, representing surface oxides 

at 336.5 eV for the 3d5/2 orbital.[20,21] The presence of Pd-O species was further 

corroborated by the O 1s spectra, as illustrated in Figure 6c. 

 

Figure 6. XPS spectra for Pd show a) survey scan, b) Pd 3d, and c) O 1s spectra.  

In the case of NiPd, the survey scan showed an additional peak of Ni, as shown in Figure 

7a. Additionally, due to Ni's introduction, the Pd0 (335.6 eV) and Pd2+ (336.7 eV) peak 

positions are positively shifted by 0.2 eV, as shown in Figure 7b. Figure 7c shows Ni 

2p spectra comprising mixed oxidation state, i.e., Ni metallic form and Ni2+ oxidation 

state.[22] For NiPd, the O 1s spectra showed similar Pd-O linkages to that of Pd, as 

shown in Figure 7d. 
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Figure 7. The XPS pattern of NiPd shows a) survey scan, b) Pd 3d, c) Ni 2p, and d) O 
1s spectra. 

Field emission scanning electron microscopy (FESEM) image exhibits fused metal 

particles with interdigitated morphology (Figure 8a). TEM (transmission electron 

microscopy) and HRTEM (high-resolution transmission electron microscopy) imaging 

techniques were utilized to characterize the primary sample. Figures 8b and 9a depict the 

NiPd electrocatalyst, presenting an interconnected nanosponge-like morphology, thus 

illuminating its nanostructural attributes.[17] The HRTEM image of NiPd illustrates 

nanoscale crystallites, with the (111) plane of Pd identified by the lattice spacing of 0.23 

nm.  
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Figure 8. a) FESEM and b) TEM image of Pd catalyst. 

 

Figure 9. a) TEM and b) HRTEM image of NiPd catalyst. 

For electrochemical investigations in a zinc-CO2 battery setup, NiPd and Pd catalysts 

were employed. These catalysts were opposite to a Zn foil, separated by a bipolar 

membrane. The primary function of this bipolar membrane is to regulate the pH values, 

a crucial aspect considering that both charging and discharging processes occur within 

the same configuration.[23] 

A detailed examination was carried out on the discharge polarization curves of NiPd and 

Pd in both argon (serving as a control) and CO2 atmospheres, as presented in Figure 8. 

Notable differences in performance were observed for NiPd and Pd samples under 

different atmospheric conditions, thereby demonstrating their ability for CO2 conversion. 

The generation of current density in the argon atmosphere is attributed to the hydrogen 
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evolution reaction (HER).[24] In contrast, in CO2 conditions, the current could arise from 

a combination of CO2 reduction products and HER. 

When Ni is incorporated into Pd (resulting in NiPd) and exposed to a CO2 atmosphere, 

there is a remarkable increase in current density, achieving levels up to 10 mA cm -2, in 

stark contrast to Pd alone, which attains only about 3 mA cm-2. This substantial 

enhancement in current density with NiPd under CO2 conditions underscores the pivotal 

role of Ni in the NiPd catalyst for effective CO2 conversion. The reason behind lower 

current density in the case of Pd can be CO poisoning of Pd's active sites. The peak power 

density calculated from discharge polarization curves for Pd and NiPd are shown in 

Figures 10a and 10b. NiPd shows a higher peak power density value of 5 mW cm -2 

compared to 0.7 mW cm-2 for Pd in the CO2 atmosphere. 

 

Figure 10. Discharge polarization curves and power density plot for a) Pd and b) NiPd 

in Ar and CO2 atmosphere.  

In a CO2 atmosphere, product analysis for both Pd and NiPd was conducted under 

galvanostatic discharge conditions. The primary products identified for these catalysts, 

as determined by gas chromatography (GC) and high-performance liquid 

chromatography (HPLC) analyses, were hydrogen gas (H2) and formate (a liquid 

product). For Pd, at a current density of 0.5 mA cm -2, the Faradaic efficiency (FE) for 

formate formation was 45%. However, when the current density was increased to 1 mA 

cm-2, the FE declined to 36% after an hour of discharge, as illustrated in Figure 11a. 

In contrast, the NiPd catalyst exhibited a notably higher FE for formate production. At a 

current density of 0.5 mA cm-2, the FE was recorded at 83%, with only a slight decrease 

to 79% even when the current density was raised to 1 mA cm-2 after 1.5 hours, as shown 

in Figure 11b. It was also observed that to maintain a current density of 1 mA cm -2, Pd 
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experienced an increase in overpotential, ultimately falling below 0 V. In stark contrast, 

NiPd maintained a stable performance under these conditions. This distinction 

underscores the enhanced efficiency and stability of NiPd compared to Pd in the context 

of CO2 reduction. It is noteworthy that NiPd provided a high F.E. (83%) with a low 

overpotential of 0.82 V. 

 

Figure 11. Galvanostatic discharge curves show Faradaic efficiency for formate 
formation in a) Pd and b) NiPd in a CO2 atmosphere. 

Figure 12 highlights the substantial stability and endurance of the NiPd catalyst under 

extended galvanostatic discharge conditions. This endurance is quantified by maintaining 

a high FE of 73% at a current density of 0.5 mA cm -2 over 7 hours. At an increased 

current density of 1 mA cm-2, the NiPd catalyst exhibits robust performance, maintaining 

an FE of 65% for 6.5 hours. These results underscore the NiPd catalyst's capacity for 

reliable, long-term functionality across various current densities. As the current density 

was escalated from 1 mA cm-2 to 1.5 mA cm-2, 2 mA cm-2, and finally 3 mA cm-2, there 

was a notable decrease in the potential, which dropped from 0.73 V to 0.5 V, then further 

to 0.37 V, and ultimately reached 0.2 V (Figure 13). 
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Figure 12. Long-term stability under discharge conditions for NiPd in CO2 atmosphere.   

 

Figure 13. Galvanostatic discharge at different potentials for NiPd catalyst. 

The galvanostatic charge-discharge profiles of Pd and NiPd were analyzed within a Zn-

CO2 battery framework to evaluate the catalysts' reversibility. Due to observed 

degradation at 1 mA cm-2, Pd was tested at a reduced current density of 0.5 mA cm -2, 

with 5 minutes of charging and 5 minutes of discharging cycles, as depicted in Figure 

14a. Pd maintained a discharge potential of 0.69 V and a charge potential of 2.88 V, 

giving a voltage gap of 2.19 V for up to 20 hours at this lower current density. In contrast, 

NiPd, presented in Figures 14b and 14c, exhibited superior performance by maintaining 

a discharge potential of 0.72 V and a charge potential of 2.69 V and exhibiting a lower 

voltage gap of 1.97 V at 0.5 mA cm-2
.
 After 35 hours of charge-discharge cycling, NiPd 
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showed a highly reversible behavior in the battery, confirming the catalyst's exceptional 

robustness and efficiency. 

Figure 14. Galvanostatic charge-discharge profile of catalyst a) Pd and b) NiPd. C) and 
d) show close profiles of NiPd at 1 mA cm -2 and 0.5 mA cm-2, respectively.  

At a higher current density of 1 mA cm-2, NiPd exhibited a 2.06 V voltage gap, which 

increased to 2.76 V after 18.6 hours. Remarkably, when NiPd's charge-discharge cycle 

was tested at 0.5 mA cm-2, it displayed no significant change in  25 hours. The charge 

storage capabilities of NiPd at both 1 mA cm-2 are illustrated in Figures 14b and 14d.  
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Figure 15. a) PXRD pattern of NiPd comparing pristine and after charge-discharge (CD) 

for NiPd catalyst on GDL and b) its closeup for peaks of interest.  

After the charge-discharge (CD) cycling, which entailed 35 hours of reaction, X-ray 

diffraction (XRD) analysis was conducted for the NiPd catalyst-supported GDL (Figure 

14), the results revealed a minor shift at 40⁰ of (111) plane towards a higher 2θ value for 

Pd in the NiPd composite, as delineated in Figures 15a and 15b, when compared to its 

pristine state. 

X-ray photoelectron spectroscopy (XPS) analysis was performed to shed light on the 

changes in oxidation states of NiPd after charge-discharge cycling. The results of this 

analysis, crucial for understanding the chemical and electronic shifts within the catalyst, 

are illustrated in Figure 16. This figure visually conveys how the electrochemical cycling 

influences the oxidation states within the NiPd catalyst, offering critical insights into its 

chemical dynamics during operation. The high-resolution C 1s scan illustrated in Figure 

16a reveals the emergence of additional C-F-based linkages associated with Nafion, 

namely CF3, CF2, and CF.[25,26] Figure 16b delineates a positive Pd 3d core-level 

spectra shift relative to the pristine state. Notably, a shift of 0.4 eV in the Pd0 peak and 

0.5 eV in the Pd2+ peak were observed, with their respective binding energies enumerated 

in Table 1. Furthermore, Table 2 presents a surge in the content of oxidized Pd, 

indicating an increase in Pd2+ content following the charge-discharge cycling relative to 

Pd0. 
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Figure 16. The XPS spectra showcasing a) C 1s, b) Pd 3d, and c) Ni 2p elements are 
juxtaposed for the NiPd catalyst in its pristine state and post-charge-discharge (CD) 

cycling. 

Pd 3d Pd0
5/2 Pd0

3/2 Pd2+
5/2 Pd2+

3/2 

Pristine 335.6 340.9 337.1 342.5 

After CD 336 341.3 337.6 342.9 

Table 1. Binding energy values from Pd 3d spectra compared for pristine and after CD 
analysis.  

Pd wt% Pd0 Pd2+ 

Pristine 72.1 27.9 

After CD 60.3 39.6 

Table 2. Comparison of the relative percentage change in Pd and Pd2+ species before and 
after cycling. 

In Figure 16c, the Ni 2p spectra of NiPd reveal a notable positive shift following charge-

discharge (CD) cycling compared to its initial state. Specifically, the Ni metallic peak 

experiences a shift upwards by 0.2 eV, while the Ni2+ peak shifts by an increased 

magnitude of 0.3 eV relative to the pristine sample. Detailed values of the binding 

energies for Ni0, Ni2+, and the associated satellite peaks in the Ni 2p spectra, both in the 

original (pristine) state and after the CD cycling, are comprehensively cataloged in Table 

3. 

Ni 2p Ni
0

3/2
 Ni

0

1/2
 Ni

2+

3/2
 Ni

2+

1/2
 Sat.

3/2
 Sat.

1/2
 

Pristine 853.2 867.2 857.6 874.3 862.1 880.8 

After CD 853.5 867.7 857.4 874.5 862.7 881.5 
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Table 3. Binding energy values from Ni 2p spectra compared for pristine and after CD 
analysis. 
 

 

 

Figure 17. Post-reaction SEM analysis of NiPd on GDL after CD. 

 

Figure 18. Post-reaction elemental mapping of NiPd with a) image and elements, b) Pd, 
c) Ni, and d) O. 
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The FESEM image depicted in Figure 17 demonstrates that the nanosponge-like 

morphology of the sample is maintained even after the CD process. Elemental mapping 

analysis of NiPd following CD, as shown in Figure 18, reveals a uniform distribution of 

Ni alongside Pd. Additionally, a modest presence of surface oxygen was observed on 

both Ni and Pd elements.  

Electrocatalyst Peak power Density References 

NiPd 5mW/cm2 Our Work 

BiPd 0.42mW/cm2 [3] 

Bi nanoparticles on 

carbon 

1.4mW/cm2 [27] 

Coralloid Au 0.7mW/cm2 [28] 

La
2
Cu

1-x
Pd

x
O

4
 (x = 0.05) 0.75mW/cm2 [15] 

Pd
1
O

3
C

1
 1.72mW/cm2 [29] 

Table 4. Table of comparison for powder density of noble metal-based electrocatalysts 
compared with our work, i.e., NiPd for Zn-CO2 battery. 

2.3.5 Conclusion:  

This chapter examines the enhanced performance of nickel-palladium (NiPd) and 

palladium (Pd) catalysts in zinc-CO2 batteries, which are vital for CO2 reduction and 

producing valuable fuels like formate. Incorporating nickel into palladium significantly 

boosts the Faradaic efficiency for formate production in NiPd to 83%, compared to 45% 

for Pd, and shows remarkable stability even at higher current densities. NiPd outperforms 

Pd in peak power density (5 mW cm⁻² for NiPd vs. 0.7 mW cm⁻² for Pd) and maintains 

structural and functional integrity post-charge-discharge cycling. These advancements 

highlight NiPd's potential in elevating Zn-CO2 battery technology, which is vital for 

sustainable energy conversion and climate change mitigation. 
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Chapter 3  

Conclusion 

The thesis is on different type of battery systems and is divided into two parts. The first 

introduction  chapter discusses the evolution of energy storage, featuring li-ion batteries'(LIB) 

success and the rising interest in Na-ion (SIBs) and K-ion batteries (PIBs). It offers a 

thorough review of anode materials in alkali-ion batteries, emphasizing design for optimal 

capacity and addresses anode limitations like volume expansion, while also exploring 

electrolyte-SEI dynamics, essential techniques, and measurements guiding future battery 

advancements. From this understanding, the first working chapter revolves around superior 

performance of BTEG carbon as an anode material across alkali-ion batteries. BTEG exhibits 

impressive reversible capacities for LIBs (1014 mAh g⁻¹), SIBs (295 mAh g⁻¹), and PIBs 

(369 mAh g⁻¹), measured at a current density of 25 mA g⁻¹. Moreover, at a higher current 

density of 1 A g⁻¹, BTEG maintains remarkable capacity retentions over 1000 cycles for LIBs 

(75%), SIBs (100%), and PIBs (87%). Electrokinetic and in-situ analyses confirm BTEG 

carbon as a universally effective anode material for alkali-ion batteries, exhibiting diffusion-

dominated processes for LIBs and capacitive-dominated processes for SIBs and PIBs. In the 

next part of this chapter, the emphasis is on the electrolyte optimization which has enabled to 

achieve high stability of BTEG with PIBs. Potassium-based electrolytes, particularly at 

higher concentrations like 5M KFSI, produce solid electrolyte interphase rich in inorganic 

components which enables BTEG to exhibit enhanced stability. The next chapter of this part 

involves the investigation of a tin-carbon composite anode material which exhibits high 

electrochemical stability and capacity retention, maintaining 94.6% over 700 cycles at 500 

mA g-1, respectively, in lithium-ion batteries. This exceptional performance is credited to the 

effective encapsulation of tin nanoparticles within a conductive graphitic matrix, alleviating 

typical volume expansion concerns. These results indicate promising potential for the Sn@C 

composite to bolster the durability and capacity of LIB anodes.  

The next part of thesis explores zinc-air and zinc-CO2 batteries as promising frontiers for 

advanced energy storage systems, balancing energy density, safety, and economic 

considerations. Innovations in cathode materials and catalyst design are highlighted as crucial 

for enhancing their efficiency and lifecycle, with the added benefit of contributing to carbon 

capture and conversion, thereby fostering environmental sustainability and technological 

advancement. In the first working chapter, the Pd-Co3O4@BCN catalyst exhibits high activity 



and stability for both oxygen evolution reaction (OER) and oxygen reduction reaction (ORR), 

outperforming conventional catalysts like Pt/C and RuO2. Operando spectroscopy provides 

key insights into reaction mechanisms, further enhancing our understanding of catalyst 

performance. Moreover, NiPd catalysts show enhanced Faradaic efficiency (83%) for CO 2 

reduction and offers promising prospects for elevating Zn-CO2 battery technology. The high-

power density (5 mW cm-2) on Ni incorporation in Pd (0.7 mW cm-2) helps to understand the 

importance of catalyst designing in advancing sustainable energy conversion and climate 

change mitigation efforts. 

  



Chapter 4  

Perspective 

Summary: 

In this chapter, we systematically amalgamate the insights gleaned from literature reviews 

and experiments to comprehensively encapsulate the current perspective on the domain of 

battery technology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

4.1 Introduction 

Batteries have been clearly recognized as integral to addressing global environmental 

concerns and reducing reliance on non-renewable energy sources. Batteries have evolved 

significantly, from the invention of Baghdad battery in 200 BC, to the contemporary 

commercialization of lithium-ion batteries (LIB).  

Central to battery functionality are the basic components of anode, cathode, and electrolyte. 

Strategic optimizations of the battery components can lead to the development of more 

efficient batteries suitable for applications ranging from electric vehicles to grid-scale storage 

solutions. Spanning from small-scale to larger-scale applications and the overarching 

objective of achieving high energy densities and prolonged battery life.  This thesis work 

highlights the importance of structural designing and mechanistic understanding to achieve 

high battery performance. 

4.2 Material Design Strategies  

In the first part of this study, we explore the tunability of different anode materials alongside 

a subsection focusing on electrolyte comprehension related to ion batteries. We have 

investigated alkali ion batteries. This is due to limited elemental abundance of Li, which has 

been addressed by favourable cost-effective alternatives such as Na and K ion batteries.  

Various anode materials are investigated to achieve high capacity and fast charging 

capabilities. We have developed materials to investigate various chemistries, including 

intercalation, alloying, and conversion processes. Chapter 1.2a discusses about carbon-based 

materials following intercalation-based chemistry. The most common example is graphite, 

which exhibits minimal volume expansion compared to other materials. However, it faces a 

limitation of poor theoretical capacity of 372 mAh g-1 for LIB. This can be solved by 

introducing surface defects, heteroatom dopants, increasing interlayer spacing, etc. thus 

increasing charge storage sites for Li/Na /K-ion batteries (LIB/SIB/PIB). In this chapter, a 

boron-doped thermally exfoliated graphene (BTEG) is prepared which serves as a universal 

anode for alkali-ion batteries in terms of high capacity as well as stability. Nevertheless, as 

the size of alkali ions increases, volume expansion becomes a challenge  with BTEG, 

particularly with insertion of bulkier sized K+. This issue has been overcome by electrolyte 



modulation, with the use of highly concentrated electrolytes, such as 5M KFSI (chapter 1.2b). 

It shows significant improvement in cyclability. 

The other class of anode materials includes alloying/conversion-based materials which is 

discussed in chapter 1.3. This class of materials exhibit high theoretical capacity but since it 

faces volume expansion, therefore, it is only tested for LIBs. Sn/SnO2 anodes with core-shell 

morphology, nanosizing, and carbon introduction has proven to be effective in attaining high 

capacity along with enhanced stability. 

Organic electrolytes, due to their flammability, pose handling challenges, prompting a shift 

towards aqueous electrolyte-based batteries, which is discussed in part two of the thesis. In 

this part batteries with theoretical energy density higher than alkali-ion batteries is utilized. 

Such batteries utilize gases from the ambient atmosphere as active materials, thereby, 

yielding higher energy density values. Chapter 2.2 explores the intricacies of material design 

for cathodes in Zn-air batteries. The cathode side interfaces constitute of air and requires 

electrocatalysts to facilitate electrochemical reactions, i.e., oxygen evolution (OER) and 

reduction (ORR). Noble metals have traditionally been preferred for OER/ORR, but due to 

cost constraints, electrocatalysts have been designed with minimal use of Pd  (ORR active). 

Bifunctionality can be achieved with Co3O4 which is OER active, while electronic 

conductivity  is facilitated by a Borocarbonitride-based matrix. The morphological tuning of 

Pd to 2-3 nm nanoparticles and folded Co3O4 nanosheets on BCN matrix serves as a 

bifunctional electrocatalyst. Pd-Co3O4@BCN exhibits low overpotentials and high stability, 

making it suitable for Zinc-air batteries. Chapter 2.3 discusses the idea of reducing CO2 

present in the air and utilizing it to form value-added products, such as formate, as 

demonstrated. Pd-based catalysts play a crucial role in reducing CO2 and Ni incorporation 

helps in achieving efficient battery operation. 

4.3 Advancement in Battery Technology 

The primary objective of this thesis is to develop batteries with a structural design utilizing 

appropriate materials to achieve high capacity and structural stability. Boron-doped thermally 

exfoliated graphene (BTEG) represents a novel approach that has not yet been extensively 

tested across all three battery types. Research on BTEG has significantly contributed to 

capacity enhancement, stability improvement, and the elucidation of kinetic mechanisms, 

thereby provides insights into the necessary chemistry required for an anode to be universal 

(LIB/SIB/PIB). Through various techniques, the investigation of electrolytes in conjunction 



with BTEG has elucidated the types of electrolytes advantageous for long-term stability in 

potassium-ion batteries. The preparation of industrially relevant Sn@C highlights the 

importance of structural design in stabilizing alloy-based materials as well. Pd-Co3O4@BCN 

exemplifies how the nanosizing of Pd nanoparticles and Co3O4 nanosheets can increase 

atomic utilization of noble metals which can effectively enhance performance in oxygen 

evolution reaction (OER) and oxygen reduction reaction (ORR). In-situ studies have 

elucidated the intermediates and understanding of structural evolution has been observed to 

be essential for understanding the reason of such low overpotential and high stability. The 

real-world application of Zn-air batteries demonstrates the synthesized materials potential for 

everyday use. Additionally, the exploration of Zn-CO2 batteries, albeit limited, introduces a 

promising candidate, NiPd, which exhibits favourable performance. This material could pave 

the way for further research into materials capable of meeting energy density metrics 

essential for pushing Zn-CO2 to commercialization. 

4.4 Future Perspectives 

The potential of BTEG can be fully realized by testing it in full cell configurations with 

cathode materials such as LiNiCoMnO2 (NCM) (LIB), Na3V2(PO4)3 (SIB), and Prussian blue 

or its analogue (PIB), thereby transitioning from laboratory-scale investigations to real-world 

applications. This approach aims to validate the commercial viability of BTEG in diverse 

battery systems.  

Sn@C, with its industrially feasible synthesis, can be integrated into full cells with 

compatible cathode material like NCM, paving the way for scalable battery production. 

Additionally, these anode materials from part 1, hold promise for application as anodeless for 

solid-state batteries. 

In the realm of Zn-air batteries, efforts should also focus on enhancing the longevity of zinc 

anodes to enable prolonged rechargeability. This can be achieved through structural design 

considerations aimed at mitigating side reactions that lead to zinc consumption and 

compromise cyclability. 

For Zn-CO2 batteries, a deeper understanding of formate oxidation chemistry is crucial, 

particularly for materials like NiPd, to optimize battery rechargeability and ensure sustained 

performance over multiple charge-discharge cycles. 
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