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Abstract The constant increase in energy demand combined with our non-

renewable fossil fuel‑based civilization producing a negative 

environmental impact (CO2 emission) calls for the development of 

sustainable energy conversion and storage with a small environmental 

footprint. Electrochemical technologies such as supercapacitors 

(SCs) and batteries are emerging as important energy storage devices 

for electronics, electric vehicles, and smart grids. SCs display 

remarkable advantages over batteries, such as ultrafast charging, high 

power dissipation, and extra‑long cycle‑life. Furthermore, they are a 

cheaper and far more sustainable energy storage technology, since 

they are carbon-based, not requiring low‑abundance elements as 

batteries do (i.e. lithium, cobalt, or nickel). However, state‑of‑the‑art 

SCs materials are lagging behind Li-ion batteries in energy content 

by order of magnitude. A lot of research effort is thus focused on 

increasing the energy content of SCs in order to exploit their 

advantages in applications requiring energy supply for more extended 

periods. For this purpose, we have studied methods in order to 

increase the performance of SCs electrode materials via developing 

hybrids by combining the densely functionalized graphene derivative 

(Cyanographene, GCN) with ultra-small nanoparticles of β-FeOOH 

and Fe3S4.  

Keywords Supercapacitors, transition metal oxides/ sulfides, functionalized 

graphene, non-aqueous electrolyte, energy density  
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CHAPTER 1 

INTRODUCTION TO ENERGY STORAGE 

1.1 Introduction 

The intensive consumption of fossil fuels leads to profound release of greenhouse gases with a 

detrimental environmental impact. Therefore, the development of alternative strategies for energy 

production and management is becoming more and more critical for securing a sustainable future. 

During the last decades, sustainable and renewable energy resources, such as wind and solar 

power, are developing at high pace. Although sun and wind can produce a large amount of energy, 

production depends on the weather conditions, and thus is largely uncontrolled. Thus, the peak 

time of energy production may not coincide with the energy demand, and vice versa. For this 

reason, it is of key importance to be able to store the surplus of produced energy whenever it is 

available, and provide it later or elsewhere, when and where there is energy demand. In addition, 

due to the rapid development of mobile electronics for communication, processing, and accessing 

information, for remote networking and device co-operation for the internet-of-things, there is a 

growing demand for portable power. 1–3Thus, the development of effective energy storage 

system/devices, with improved performance and safety fabricated from sustainable resources has 

aroused intense research interest and efforts. 

1.2 Energy storage systems 

To date, pumped hydropower is dominating the energy storage landscape worldwide. Compressed 

air, thermal energy storage and electrochemical energy storage (EES) are also being widely 

applied. However, only EES systems are modular and can be used both for stationary and portable 

energy storage. The EES systems store energy in electrochemical (or electrostatic) form during the 
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charging process, and via discharging this form of energy is released back in electric form. Besides, 

EES systems (e.g. batteries and supercapacitors) are suitable for sensitive electronic devices and 

circuits, since the flow of power can be controlled.4 However, current EES systems require 

significant advancements in order to become more efficient (faster charging/discharging and with 

higher energy content) for application in electric vehicles, to increase their life‑cycle for more 

reliable utilization in electronic devices, as well as to shift their fabrication to more sustainable 

and earth abundant components.  

1.3 Batteries and Supercapacitors 

At present, the EES systems have been developed in various types based on their working 

principle. Supercapacitors4 store charges by the formation of an electrochemical double layer 

(EDL) and/or surface redox reactions. Batteries (such as lead-acid, lithium-ion, sodium-sulfur), 

flow batteries (for e.g. vanadium redox flow batteries) store charges through the (faradic) redox 

reactions undergoing in bulk of the electrode materials. Batteries are being widely applied and 

further developed because of their ability to store a lot of energy. Thus, they are already applied in 

hybrid/electric vehicles, laptops, mobile phones, and several other portable electronic devices. 

Nevertheless, they suffer from a gradual decrease in performance upon charging/discharging, 

while their rate performance i.e. the rate of charging and discharging is low.5 Batteries are mainly 

classified into two types, namely primary and secondary (or rechargeable) batteries. The primary 

batteries (or dry cells) undergoes through irreversible redox reactions thus can be used only once. 

Such batteries are used in small portable devices (such as wristwatches, calculators, torches). 

On the other hand, rechargeable batteries undergo reversible redox reactions thus can be 

charge-discharge several times and can be further classified into two types based on their cell 
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design. The standard cell design, in which all required materials and electrolyte are enclosed in a 

single cell and are widely used in portable devices. The second type is flow-battery whereby 

electrolytes are stored in separate containers outside the cell and pumped into the electrochemical 

cell when needed. Because of this, the battery capacity can be enhanced by increasing the 

electrolyte’s container size,5 thus are suitable for power grid application where large capacities are 

most important and space is not that important issue.  

The lead-acid battery is the very first rechargeable battery, developed by Gaston Plante in the year 

1859, and still used in some applications (for example cars). This battery is assembled with lead 

(Pb) as a negative electrode, and lead peroxide (PbO2) as a positive electrode immersed in sulfuric 

acid (H2SO4) used as an electrolyte. In the discharging process, the negative electrode (i.e. Pb) and 

H2SO4 undergo oxidation reaction to form lead sulfate (PbSO4) and releases hydrogen ions. 

Meanwhile, electrons flow through an external circuit to the positive electrode, i.e. PbO2, where 

they take part in the reduction reaction to form PbSO4 and H2O.5 The total reaction can be written 

as: 

Pb + PbO2 + 2H2SO4  2PbSO4 + 2H2O    (l.1) 

Thus, both electrodes are converted into lead sulfate during discharging. While charging, the 

reverse reactions take place on both electrodes. At the negative electrode, the lead sulfate is 

converted back into lead, and at the positive electrode, the lead sulfate is converted back into lead 

peroxide 6 

The Nickel-cadmium battery was invented back in 1899 by Waldemar Jungner, and it is the most 

developed battery type compared to other nickel batteries, such as nickel-metal hydride, 

nickel-iron or nickel-zinc battery. Nickel-cadmium battery has high energy density (E), and it is 
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lightweight compared to the lead-acid batteries. However, they suffer from memory effect as well 

they quickly self-discharge compared to lead-acid batteries.5 

The lithium-ion battery (LIB) is widely applied in portable electronic devices (mobile phones, 

laptops) as well as in electric vehicles, because of its high energy density, long lifetime compared 

to other battery types and the low density of Lithium (Li). Also, it has very-low self-discharge and 

minimal memory effect.5  

 

Figure 1.1. Working principle of Li-ion battery. (ref.7 ) 

The working principle of LIB is based on the reaction between metallic lithium (Li) and metal 

oxide (MO2). The negative and positive electrodes are mostly graphite and Li‑embedded metal 

oxide, respectively. During charging, Li-ions are formed at positive electrode (cathode) travel to 

the negative electrode (anode) through an electrolyte and intercalate into graphite. Whereas, during 

discharging, these Li-ions travel back to the positive electrode (Figure 1.1). The reaction is as 

follows (considering LiCoO2 as a cathode): 

At anode,  C6Lix   6 C (graphite) + xLi + + xe–       (1.2) 
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At cathode,  Li1-xCoO2 + xLi + + xe–  LiCoO2  
       (1.3) 

Total reaction is, LiCoO2 + 6 C  Li1-xCoO2 + C6Lix      (1.4) 

Supercapacitors (SCs), are the electrochemical capacitors, which possess high energy densities 

compared to dielectric capacitors, and possess high-power density (P) compared to the batteries 

(Figure 1.2). Thus, also known as a bridging device between dielectric capacitors and batteries.8 

 

Figure 1.2 Energy and power densities representation of electrochemical energy storage and conversion 

devices.  (Ref.9) 

The double-layer supercapacitor was first developed and patented by Becker in 1957, using porous 

carbon as the electrode material and sulfuric acid as an electrolyte. Mainly, SCs store charges 

based on electrostatic absorption mechanism, and due to this simple charge storage mechanism, 

the SCs have long lifetime compared to batteries.9,10 Moreover, SCs are considered as an effective 

storage device and are intensively studied and developed because of their fast charge-discharge 

ability, high power density and, longer lifetime than batteries. However, their low energy content 

hinders the practical application of SCs in several, energy-demanding devices/applications such as 

electric vehicles. Thus, it is crucial to increase the energy density of SCs. 
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CHAPTER 2 

SUPERCAPACITORS 

2.1 Introduction to supercapacitors 

Batteries and supercapacitors are attractive energy storage devices due to their portable, fast 

storage capacity and their high energy (batteries) and high power (SCs). Li-ion batteries can 

provide high energy density (~ 180 Wh kg-1). Although, heat generation (as a result of sluggish 

kinetics), and dendrites formation when operated at high power or for the long time, poses safety 

issues.11 On the other hand, SCs, which have simple charge storage mechanism assures safety 

during operation even during charging with high currents. Figure 2.1 shows the energy and power 

that can be achieved by using various types of batteries, and SCs. However, the numbers are still 

lower than the energy and power which can be achieved by a combustion engine. Therefore, it is 

necessary to improve the performance of current EES devices further. 

 

Figure 2.1. Ragone plot illustrating the performance in terms of specific power vs energy for different types 

of energy storage systems (mainly batteries and supercapacitors). (Ref.11) 



Supercapacitors  

14 

A typical dielectric capacitor is composed of two parallel conductive (i.e. metal) plates of area, A, 

that are separated by the distance, d. Within this, a non-conducting material (i.e. a dielectric 

material) such as paper, ceramic of dielectric constant ε, could be inserted between two metals 

(Figure 2.2). When the voltage, V is applied across the plates, charge, Q of equal magnitude and 

opposite polarization start to accumulate on the surface of the plates polarizing the dielectric 

material.  

 

Figure 2.2. Dielectric capacitor (modified figure, web ref. 12) 

The charge Q is proportional to the applied V, and the proportionality constant is known as the 

capacitance of the capacitor (since it denotes the ability of the capacitor to store charges). And it 

is expressed as follows; 

   C = 
𝑄

𝑉
          (2.1) 

Where the charge Q is in coulombs (C) and voltage in volts (V). Hence, the capacitance is 

measured in C/V, i.e. Faraday, F. 

Using Gauss’s first law, electric field (Efield) is expressed as;  

Efield = 
𝑄

𝜀 𝐴
       (2.2) 
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By using electrodynamic relation of Efield and V, i.e., 

V = Efield d        (2.3) 

Thus, by using equation 2.2 and 2.3 in equation 2.1, the capacitance can be expressed as,  

C = 
𝜀 𝐴

𝑑
        (2.4) 

Hence, the capacitance of a dielectric capacitor is directly proportional to the surface area of the 

conductive metal plates and inversely proportional to the distance between two plates. The 

permittivity of vacuum or free space, εo which is constant 8.854 x 10-12 C2/(N m2) and εr is known 

as relative permittivity of the dielectric material defines the dielectric constant as ε = εoεr. 

The energy density (E) and power density (P) of the capacitor can be formulated as follows13; 

E = 
1

2
 C V 

2
      (2.5) 

P = 
𝐸

𝑡
       (2.6) 

Where t, is the discharge time of the capacitor. 

The electrochemical capacitors (also known as SCs), are composed of two electrodes where the 

charge‑storage‑active materials are deposited which are separated by a non‑conductive porous 

membrane impregnated with a liquid or gel electrolyte. The electrodes are generally comprised of 

high surface area materials, such as porous carbons, activated carbons. Similar to a dielectric 

capacitor, SCs store charges through charge separation. However, in SCs, the charges are stored 

at the electrode-electrolyte interface. Hence, the interlayer distance between oppositely charged 
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layers is very small (in Å). Because of the effective surface area and smaller dielectric distance, 

SCs possess high energy and capacitance (1000 times higher) than dielectric capacitors13 based on 

equation (2.4). Along with high energy and capacitance, the charge storage is highly reversible, 

SC can quickly charge-discharge and maintains low equivalent series resistance. Therefore, SCs 

have higher power density and longer lifetime than batteries.  

2.2 Types of supercapacitors 

SCs are characterized based on their working mechanism or based on the type of electrode material 

used for fabrication. Depending on the energy storage mechanism, SCs can be classified as;  

(a) Electric double-layer capacitors (EDLCs) in which the energy is stored by adsorption of ions 

electrostatically across the electrode-electrolyte interface as shown in figure 2.3 a.  

(b) Pseudocapacitors (PCs) whereby energy is stored due to the fast and reversible surface redox 

reactions, as shown in figure 2.3.b. 

(c) Hybrid supercapacitors (HSCs) where the energy storage takes place by the combination of 

an electric double layer (EDL) formation and/or capacitive redox reactions at one electrode and 

non-capacitive (i.e. battery like) redox reactions on the other electrode, as shown in figure 2.3 c.14 

 

Figure 2.3 Schematics of Charge storage mechanism in (a) EDLCs (b) PCs (c) HSCs. 

(modified figure, ref.14) 



Supercapacitors  

17 

2.2.1 Electric double-layer capacitor (EDLC) 

When two electrodes (composed of carbon) immersed parallel in the electrolyte solution, and 

voltage is applied across the electrodes, opposite charges are attracted at the electrode surface and 

form an ion layer on the surface separated by atomic distance (of few Å). This phenomenon is 

known as the formation of an electric double layer (EDL). Von Helmholtz first studied this effect, 

and the model is named as the Helmholtz model (Figure 2.4a).15 Gouy and Chapman further 

studied the model; they considered the randomization of ions due to continuous thermal motion. 

Thus, they propose the Gouy and Chapman model, (Figure 2.4b), where they describe the 

formation of diffuse layer of ions in electrolyte. However, this model predicts much higher EDL 

capacitance than the actual value.14 Stern combined both Helmholtz and Gouy-Chapman models 

and introduced the Gouy-Chapman-Stern model (Figure 2.4c), that describe the formation of 

compact layer close to the surface of electrode as the Inner Helmholtz Plane (IHP) known as Stern 

layer and the diffused layer as the Outer Helmholtz Plane (OHP). Thus, the EDL capacitance can 

be obtained by combining the capacitance of a compact layer and diffused layer.14 
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Figure 2.4 Schematic representations of electrical double layer charge storage mechanism explained by 

(a) the Helmholtz model, (b) the Gouy-Chapman model, and (c) the Gouy-Chapman-Stern model.(ref.15) 

Since there is no chemical conversion during the charge storage process, the EDLCs have excellent 

rate capability and long cycling stability. As well, large surface area of the electrode material can 

lead to high capacitance.16 Moreover, they can provide high power density and thus fast charge-

discharge because of the fast electrochemical processes. However, the energy density of EDLCs 

is an order of magnitude lower than the battery.17 Various approaches are studied to enhance the 

surface area of the EDLCs, by using a different forms of carbons such as carbon nanotubes, 

graphene, activated carbon, porous carbon. However, sometimes in carbon derivatives (activated 

carbon, porous carbon) the high surface area does not enhance its electrochemical performance as 

expected because all pores (of different size) are not accessible to the electrolyte ions. Hence, the 

tuning of pore size to achieve significant electrode-electrolyte interaction is being developed,18 

and considered as one of the key parameters to enhance the performance of EDLCs. On the other 
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hand, the restacking of the graphene layers is a critical throwback that lowers the charge storage 

capacity of graphene based SCs. 

2.2.2 Pseudocapacitors (PCs) 

PCs are energy storage devices which exploit electrochemical mechanisms taking place in both 

EDLCs and batteries. PCs stores charges via a faradic process based on fast and reversible redox 

reaction on the surface or near-surface region of the electrode.19 These faradic processes play a 

significant role on increasing the energy storage density of PCs compared to EDLCs. Unlike EDL 

capacitance, the pseudocapacitance arises due to charge transfer across the electrode-electrolyte 

interface (where charge rises linearly to applied potential) thus it is a non-electrostatic and faradic 

charge-storage process.11,14 The pseudocapacitance can occur due to three different faradic 

mechanisms described by Conway and Gileadi20 as depicted in figure 2.5 namely; 

(a) Underpotential deposition; in this process an adsorbed monolayer will form on the surface of 

electrode when potential is applied across the electrodes due to the reduction of different metal 

ions, resulting in a less negative potential than their equilibrium potential. Hence known as 

underpotential deposition (Figure 2.5a).19 A typical example is a deposition of lead on the surface 

of gold. 

(b) Redox pseudocapacitance; is the mechanism where adsorption of electroactive ions onto the 

surface or near‐surface region of electrode materials takes place, and faradaic reactions occur with 

charge transfer (Figure 2.5b). Some transition metal oxides (such as RuO2) and some conjugated 

polymers (Polyaniline), are examples of this mechanism.19  
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(c) Intercalation pseudocapacitance; this is the process, where the ions are 

intercalated-deintercalated rapidly in the bulk lattice of the electrode without changing the phase 

of the electrode material (for example, intercalation of Li-ion on Nb2O5) (Figure 2.5c).19  

 

Figure 2.5 Schematic diagrams of the different faradaic processes that give rise to pseudocapacitance 

(modified figure, ref.19). 

The pseudocapacitive materials can achieve high capacitance than EDL capacitive materials; 

nevertheless, the poor electric conductivity of PCs suppresses their cycling stability and lowers the 

power density.14 Thus, often the pseudocapacitive materials are combined with conductive EDL 

capacitive material to enhance the stability.  

2.2.3 Hybrid supercapacitors (HSCs) 

To enhance the energy density of current supercapacitors their electrode materials and cell design 

are being studied and developed either by improving the material structure to enhance the specific 

capacitance or developing cell design that combines the electrodes of different charge storage 
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mechanism (e.g. one electrode of capacitive type and one electrode of battery type) to extend the 

cell voltage as a result it can improve energy of the device. Supercapacitors with such cell designs 

are categorized as HSCs.21 In such SCs, battery-type electrode provides higher energy density than 

EDLC and capacitor type electrode provides higher power than batteries (e.g. Li-ion battery).11,22  

2.2.4 Symmetric and asymmetric supercapacitors 

Moreover, the SCs are classified as symmetric and asymmetric supercapacitors. When both 

electrodes of SCs store charges based on same storage mechanism (i.e. EDL formation and/or 

surface redox reactions) they are termed as symmetric supercapacitors. The full cells of 

F-N-co-doped carbon//F-N-co-doped carbon23, MoO3//MoO3
24 are examples of symmetric 

capacitors. The SCs that are composed of two different active martials (that show same or different 

charge storage mechanism than each other) are known as asymmetric supercapacitors.25 For 

instance AC// MnO2
26, MnO2/GO// Porous carbon27 are examples of asymmetric supercapacitors. 

Further, symmetric and asymmetric supercapacitors can be differentiated, as depicted in 

figure 2.6.  
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Figure 2.6. Classification of symmetric and asymmetric SCs.(adopted from ref.25) 

Due to different charge storage mechanisms on two electrodes HSCs are also considered as 

asymmetric supercapacitors. HSCs combine the advantages of capacitive charge storage 

mechanism and faradic mechanisms thus achieving high energy and power compared to other 

asymmetric and symmetric supercapacitors as depicted in figure 2.7.   

 

Figure 2.7. Ragone plot comparing energy and power densities of different types of SCs with batteries 

(modified figure28). 
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2.3 Electrochemical characterization 

For symmetric devices the total capacitance is calculated as29; 

1

𝐶𝑐𝑒𝑙𝑙
 = 

1

𝐶+
 + 

1

𝐶−
     (2.7) 

Where, 𝐶𝑐𝑒𝑙𝑙 is the total capacitance of the cell, 𝐶+ and 𝐶−are the capacitance of at positive and 

negative electrode, respectively. However, in the symmetric device, both electrodes are prepared 

from the same material with an equal mass of active material, hence the capacitance of both 

electrodes are equal, 𝐶𝐸= 𝐶+ =  𝐶−. Moreover, the capacitance of the device is half of the 

capacitance of each electrode, 

𝐶𝑐𝑒𝑙𝑙 =  
𝐶𝐸

2
      (2.8) 

For electrochemical characterizations of SCs materials, various techniques are developed, such as 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance 

spectroscopic (EIS) are widely used techniques to test the electrodes. 

For asymmetric calculations; 𝐶+ and 𝐶− are made equal by using the charge balancing principle to 

balance the mass of active materials of both electrodes in such a way that 𝑚+ = α 𝑚−.11,29 Where 

α is the mass ratio (0 < α < 1). That can be obtained as follows: 

𝑚+

𝑚−
 =  

𝐶− 𝑉−

 𝐶+ 𝑉+
      (2.9) 

where, 𝑉+ and 𝑉− are operating potential of positive and negative electrode respectively. 
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2.3.1 Cyclic voltammetry (CV) 

The CV is a technique widely used for studying the electrochemical characteristics (such as 

operating potential, capacity, cyclic stability) and reaction mechanism (kinetics) of electrodes.30 

In the two/three-electrode system, voltage can be applied across the electrodes through a constant 

scan rate up to a certain voltage and it can be reversed to its initial voltage by applying opposite 

scan rate generating a cyclic voltammogram. The result is expressed as current versus potential or 

time. Here, the gradual change in voltage with time is known as scan rate, denoted as v, measured 

in mV/s.29 The voltage is changed from initial (Vo) to maximum value (Vmax) during a forward scan 

and then reversed to Vo during a backward scan. The voltage range from Vo to Vmax is termed as 

operating voltage window (V). The instantaneous current (i) developed during the applied voltage 

upon varying scan rate is recorded, this current depends on the charge-storage process. Therefore, 

cyclic voltammogram instantly indicates the information about the operating voltage for the active 

material and the charge-storage mechanism. The electrodes consisting of purely EDL materials 

result in a rectangular shaped cyclic voltammogram, since EDL formation maintains steady current 

as the voltage increases further or decreases in operating voltage range. On the other hand, 

distorted cyclic voltammograms are the signature of redox reactions occurring on pseudocapacitive 

materials that consume slightly more time than EDL formation and thus the current change-rate 

varies when surface redox reactions take place.  

The current dependence on scan rate can be expressed using the power-law relationship; 

𝑖 (𝑣) = 𝑎𝑣𝑏      (2.10) 

where a is a constant and b is the power-law exponent. 
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The materials having capacitive charge-storage mechanism (whether it is rise due to EDL or 

pseudocapacitive reactions) indicate power-law exponent b = 1. Further, the materials showing 

strong redox peaks show b = 0.5 indicating the characteristics redox reactions of battery like 

electrode material.31  

The total capacitance from cyclic voltammogram is calculated using equation 2.1 as follows, 

C = 
𝑄

𝑉
 = 

𝑆

2𝑣 𝑉𝑥
       (2.11) 

Where S is the area under the voltammogram (that correspond to charge Q), 𝑣 is scan rate, V is 

operating voltage, x can be mass, surface area, or volume of the electrode. 

2.3.2 Galvanostatic charge/discharge (GCD) 

The GCD is a widely used technique to obtain capacitance and to observe the stability of the SCs 

electrodes and cells. In GCD technique, a constant current is applied to the cell by limiting the 

voltage from Vo to Vmax. The constant current flows through the cell until the voltage reaches from 

Vo to Vmax , that is to charge or discharge the cell. The voltage vs time plot can be constructed to 

obtain the capacitance; it is also useful to estimate the internal resistance (IR drop). For the EDL 

capacitive materials, the voltage is linearly dependent on time while the current is constant, hence 

the charge-discharge profile shows triangular shape. Whereas for the pseudocapacitive materials 

charge-discharge profiles can deviate from linearity and the triangular shape. Further, specific 

capacitance based on the charge-discharge profile can be calculated as follows. 

Csp. = 
𝐼 ∆𝑡

 𝑥 ∆𝑉 
      (2.12) 
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Where I is constant applied current, Δt is the discharge time, x stands for the mass (m), area (a), or 

volume (v) of an electrode or active material and ΔV = Vo-Vmax. Based on x the corresponding Csp. 

is termed as gravimetric capacitance (F g-1), areal capacitance (F cm-2), and volumetric capacitance 

(F cm-3). For example, based on the mass, the specific capacitance can be calculated using 

equation 2.12. 

Csp  = 
𝐼 𝛥𝑡

𝑚𝑡 𝛥𝑉 
      (2.13) 

Where, mt is the mass of active material on both electrodes,  

2.3.3 Electrochemical impedance spectroscopic (EIS) 

EIS is a spectroscopic technique that measures the impedance of the electrochemical cell (for 

example supercapacitor cell) as a function of frequency (generally ranging from 0.01 Hz to 

100 kHz),by applying a low-amplitude alternating voltage (usually 5 mV) superimposed mostly 

on open-circuit voltage; however, any constant operating voltage could be used.29 The obtained 

data are usually represented in Nyquist plot (Figure 2.8), and Bode plot (a plot of the log of 

amplitude of imaginary part of impedance (|z|) vs log frequency (f)) which shows the decrease in 

capacitance with increasing frequency and eventually becomes zero, i.e. it behaves like resistance. 

Hence, the capacitance can be calculated as, 

C = 
1

2𝜋𝑓|𝑧|
      (2.14) 
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Figure 2.8 Nyquist plot recorded in a two-electrode system of a supercapacitor. (modified ref.11) 

The Nyquist plot is composed of three regions based on the information extracted by the frequency 

range. At the beginning of high frequencies (higher than 104 Hz), the Nyquist plot intersects the 

real axis denotes the electrochemical cell's internal resistance (Figure 2.8). Further, in the high to 

medium frequency region (104-1 Hz), it shows a semicircle followed by a beginning of the vertical 

line (with knee point) where the diameter of the semicircle represents the charge transfer 

resistance. At the low frequencies of less than 1 Hz, the plot shows a further vertical line referred 

to as pure capacitive ion diffusion, which should be parallel to the imaginary axis. However, due 

to the different diffusion rate at alternating current and redox process on an electrode surface, the 

plot deviates with an inclined angle lower than 90o reflecting the combined contribution from the 

Warburg diffusion and ideal capacitive diffusion.32 

2.4 2D materials and hybrids as supercapacitor electrode 

Large surface area, good mechanical and chemical stability make 2D materials promising for 

supercapacitor electrodes.33 Several 2D materials such as graphene, transition metal 

dichalcogenides (TMDs), black phosphorus, metal carbides/ nitrides (MXenes), metal 
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oxides/ hydroxides have been studied as supercapacitor electrodes.34 These 2D materials can be 

further categorized in three different sub-classes based on the key property: (1) electrode materials 

with high‐conductivity including semi-metallic and metallic TMDs, graphene and graphdiyne; 

(2) materials with high electrochemical‐activity (such as pseudocapacitance), including MXenes, 

metal oxides and hydroxides, and layered double hydroxides (LDHs), and (3) materials with ultra-

large‐surface area, including metal-organic frameworks (MOFs), covalent organic frameworks 

(COFs),34 and highly porous carbons. 

Among these 2D materials, graphene is intensively studied for energy storage due to its good 

electric conductivity, high theoretical surface area up to 2675 m2 g-1, and high theoretical 

capacitance (550 F g-1).35–37 Charge storage in graphene takes place through EDL formations. 

Despite this, so far, the capacitance obtained for graphene is lower than its theoretical capacitance. 

For example, fluffy layered and porous reduced graphene oxide film prepared by Xingke Ye et 

al. 38 achieved a capacitance of 238.4  F  g-1 at the specific current of 0.5 A  g-1, maybe because of 

low surface area, 180.02 m2 g-1. The low surface area might be the result of the restacking of the 

layers, which reduces the active sites for adsorption and reduces the performance. The high 

performance can be achieved by enlarging the surface area, avoiding restacking, and making the 

surface accessible for the ions (i.e., to have efficient ion diffusion).35 Thus, the graphene can be 

modified via chemical functionalization and hybridization to improve its charge storage properties.  

A key factor of energy storage devices is the energy density. For EDLC materials, energy density 

is lower than pseudocapacitor materials despite the stability and rate performance is better for 

EDLC. Thus, the effective strategy is to explore the hybrids prepared by combining the EDLC and 

pseudocapacitor materials with taking advantage of both properties. Therefore, intrinsic 

pseudocapacitive materials such as RuO2 
39,40 and MnO2 

41 were investigated extensively to 
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enhance supercapacitor energy. Along with these materials, researchers are also investigating 

Nb2O5 
21, FeOx 

42–44, CoOx 
45–47, NiOx 

48,49, and their sulfides 50,51. Apart from their good 

electro-activity, the vast natural abundance, low cost, and environment-friendliness of iron 

oxides/hydroxides and sulfides render them as suitable candidates for sustainable energy storage 

devices.  
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CHAPTER 3 

CHALLENGES AND OBJECTIVES 

Challenges 

Previous research efforts have demonstrated significant advancements in the exploitation of 

redox‑active inorganic materials.51–53 The analysis of these reports showed that the practical 

application of such systems could be improved if some solutions could be developed regarding 

matters related to the synthesis and operation of SC electrode materials, such as ;  

(i) Developing cost-effective and facile synthetic routes (i.e., one-pot and up-scalable), to 

firmly immobilize ultrasmall inorganic nanoparticles on the graphene matrix..53  

(ii) Developing effective electrolytes that can provide high operating voltage windows and 

do not react with low-mass commercial current collectors such as Al foils. For instance, 

the aqueous electrolytes are corrosive (i.e., they can oxidize the Al current collectors) 

and therefore require the use of high areal‑mass and costly current collectors such as 

Ni foam54, Fe55, and Ti56 foils, and as a result, these current collectors ultimately reduce 

the gravimetric performance of the device. Furthermore, the limited operating voltage 

window of aqueous electrolytes limits the device’s energy content since it is 

proportional to the square of operating voltage.  

(iii) The electrochemical performance of the electrodes should be optimized for high mass 

loadings (for practical application, mass loadings of ~10 mg are required57) to be 

applied in areas beyond thin film SC for small electronic circuit protection or power 

dissipation.  
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Objectives 

The presented doctoral thesis aims to develop 2D composites of densely functionalized graphene 

derivatives (cyanographene, GCN) and ultrasmall nanoparticles of iron hydroxide and sulfides. By 

using simple, one-step, cost‑effective, and up-scalable synthetic procedures, electrodes with 

increased electrochemical performance compared to the current state of the art were obtained. The 

purpose of the study was to: 

(i) Develop seamless hybrids with good electronic and ionic conductivity through which 

the material can achieve good rate capabilities and cyclic stability.  

(ii) Widen the operating voltage window (which enhances energy density) using 

non‑aqueous electrolytes (i.e., organic or ionic liquid).  

(iii) Achieve paste‑ready material that can allow the direct pasting on low areal‑mass 

density current collectors.  

(iv) Reduce the electrode's inactive mass to enhance overall device performance and make 

the material more suitable for practical use.  

For this purpose, the seamless hybrid of GCN-iron oxyhydroxide (GCN-β-FeOOH further denoted 

as G(CN)ak) and GCN-greigite (GCNFe3S4) were prepared and studied as electrode materials for 

SCs. These materials significantly enhanced the energy of SC maintaining high power and 

excellent stability. 
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CHAPTER 4 

EXPERIMENTAL PART 

4.1 Synthesis of materials 

4.1.1  Reagents and materials 

Graphite fluoride, anhydrous iron chloride (FeCl3), sodium cynaide (NaCN), 

poly (vinylidene fluoride) (PVDF), and N-methyl-2-pyrrolidone (NMP), thiourea, 

ethylene glycol (EG), Na2SO4, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4), 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) were purchased from Sigma-Aldrich. 

Acetone (pure), ethanol (absolute), urea, amine-free N, N-dimethylformamide (DMF), KOH were 

purchased from Penta. Carbon black was purchased from AkzoNobel (ketjen Black EC600, 1400 

m2 g-1). All reagents were used without further purification. Ultrapure water was obtained from 

Mirae ST instrument (Esse-UP Analysis, S00005812). 

4.1.2  Synthesis of Cyanographene: 

GCN was synthesized as previously reported58 with minor modifications. Briefly, graphite fluoride 

(1 g) was dispersed in DMF (60 mL) in a round-bottom glass flask, kept for stirring for 1 day and 

then sonicated (Bandelin Sonorex, DT 255H type, frequency 35 kHz, power 640 W, effective 

power 160 W) for 4 h. Then, NaCN (2 g) was added and heated (130 ºC for 48 h under stirring at 

600 rpm). The solution was allowed to cool down, and the solid was isolated and washed with 

centrifugation (in 15 mL vails) using DMF (2×), acetone (4×), ethanol (4×), and water (4×). In 

DMF and water, the solid was not properly precipitating. Thus we added 1% HCl (0.4 mL) in each 

vail, which facilitated total precipitation. After the last washing with water, the precipitate was 
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redispersed in water and kept for dialysis until the conductivity of the dispersion was below c.a. 

150 μS cm-1. 

4.1.3.  Synthesis of G(CN)ak hybrids:  

We prepared the G(CN)ak hybrid by using a microwave-assisted synthesis method. Further, we obtained the hybrid with different 

content of β-FeOOH nanoparticles. In a typical synthesis of G(CN)ak-2, FeCl3 (35 mg) and urea (63 

mg) were dissolved into ultrapure water (1 mL) separately. In a microwave glass vial, GCN (30 

mg) was dispersed in water (5mL), and the solutions of FeCl3 and urea were added. The mixture 

was stirred (5 min.) and placed into the microwave reactor for 15min, at 100ºC under stirring 

(600rpm). Then the mixture was purified by rinsing with water. G(CN)ak-1 and G(CN)ak-3 were 

produced by following the same procedure, except using 18 mg FeCl3, 31 mg urea for G(CN)ak-

1, and 69 mg FeCl3, 125 mg urea for G(CN)ak-3. For comparison, GOak-2 was prepared using the 

same procedure as G(CN)ak-2 using GO instead of G-CN. GOak-2 was further reduced with 

hydrazine to produced GRak-2. The electrochemical performance was studied of these hybrids as 

a supercapacitor that is explained in section 5.1.2. 

4.1.4  Synthesis of GCNFe3S4 hybrids:  

The microwave-assisted synthesis method was used to prepare the hybrid with the Fe3S4 

nanoparticles. In a typical synthesis of GCNFe3S4, FeCl3 (53 mg) and thiourea (82 mg) were 

dissolved into ethylene glycol (1 mL) separately. In a microwave glass vial, GCN (45mg) was 

dispersed in EG (2mL), and the solutions of FeCl3 and thiourea were added dropwise then 100 μl 

ultrapure water was added. The mixture was stirred (5 min.) and placed into the microwave reactor 

(microwave 300 Anthon par) for 5 min, at 180oC under stirring (600rpm). Then the mixture was 

purified by rinsing with ethanol. The electrochemical performance of this hybrid is studied as 

supercapacitor electrode that explained in section 5.2.2. 
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4.2 Characterizations 

X-ray diffraction patterns (XRD) were recorded with a PANalytical X’Pert PRO MPD 

diffractometer in the Bragg-Brentano geometry, Co-Kα radiation (40 kV, 30 mA, λ = 0.1789 nm) 

equipped with an X’Celerator detector and programmable divergence and diffracted beam anti-

scatter slits. The identification of crystalline phases was performed using the High Score Plus 

software (PANalytical) that includes the PDF-4+ database. Transmission electron microscopy 

(TEM; JEOL 2100) and Raman spectroscopy (Thermo Scientific, with a laser operating at a 

wavelength of 633 nm.) were performed to examine the structure of the materials. HRTEM images 

were obtained using an FEI TITAN 60–300 HRTEM microscope with an X-FEG type emission 

gun, operating at 300 kV. STEM–HAADF analyses for EDX mapping of elemental distributions 

on the G(CN)ak-2 sheets were performed with an FEI TITAN 60–300 HRTEM microscope 

operating at 80 kV. Thermogravimetric analysis (TGA; Netzsch STA 449C Jupiter thermal 

analyzer) under air (O2) was performed to obtain the wt.% of β-FeOOH. The TGA instrument was 

equipped with a QMS 403 Aёolos mass spectrometer for evolved gases (EGA). The measurements 

in synthetic air (100 cm3∙min-1) were carried out using an open crucible made of α-Al2O3, from 

45 °C to 1000 °C and a heating rate of 10 K∙min-1. The EGA was focused on m/z 18, 44, 48, and 

64 for H2O, CO2, SO, and SO2, respectively. XPS was carried out with a PHI VersaProbe II 

(Physical Electronics) spectrometer using an Al Kα source (15 kV, 50 W). The obtained data were 

evaluated with the MultiPak (Ulvac - PHI, Inc.) software package. 

The 57Fe Mössbauer spectra were measured employing a home-made Mössbauer spectrometer 

operating in the transmission geometry and constant acceleration mode and equipped with a 

50 mCi 57Co(Rh) radioactive source. For low-temperature measurements, the sample was placed 
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inside the chamber of the cryostat (Oxford Instruments, UK), to which the Mössbauer spectrometer 

is connected. The isomer shift values were referred to metallic α-Fe at room temperature. 

 

4.3  Electrode preparation and electrochemical characterizations  

A three-electrode open cell configuration was used for the preliminary electrochemical testing of 

the hybrids. The 1 M Na2SO4 aqueous solution was used as the electrolyte, a platinum electrode 

as the counter electrode and Ag/AgCl as the reference electrode. The samples were deposited on 

a glassy carbon electrode (GCE), as follows: sample suspension (10 μl, 2mg mL-1) was drop-coated 

on GCE and allowed to dry in the air at room temperature.  

For the preparation of full cell, the active material, carbon black and binder PVDF in the weight 

ratio 90:5:5 were dispersed into NMP to prepare a homogenous slurry. The slurry was prepared 

using planetary vacuum mixer. Using doctor blade this slurry was deposited on Ni foam (purchased 

from MTI; EQ-bcnf-80um) and on Au electrode for testing it into the aqueous electrolyte, and on 

carbon-coated Al foil (purchased from MTI; EQ-CC-Al-18u-260) for testing in organic and ionic 

liquids (EMIMBF4 + LiTFSI). The G(CN)ak-2 is tested as a redox-active negative electrode in 

KOH electrolyte, porous carbon (ACS Material, LLC, product number: CNP00001, surface area 

of 2000 m2 g-1) was used as the positive electrode in an asymmetric full cell. The pasted electrodes 

were then dried into a preheated furnace at 120 ºC for 2 h and further transferred into vacuum drier 

where electrodes were heated overnight at 60 ºC or 70 ºC. Following, the cell was assembled using 

PAT-cell testing system (purchased from EL-CELL GmbH, Germany) and tested with Biologic 

instrument (BCS-810) equipped by BT-lab software. Electrochemical impedance spectra were also 

obtained using the full cell devices in the frequency range from 0.01 to 100 kHz with an AC 

amplitude of 10 mV. 
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Specific capacitance, energy density, and power density were calculated by the equations below, 

C = 
𝐼

𝑚

∆𝑡

∆𝑉
 𝑖𝑛 𝐹 𝑔−1,    (4.1) 

E = 
1

2
 
𝐶𝑉2

3.6
 𝑖𝑛 𝑊ℎ 𝑘𝑔−1,   (4.2) 

P = 
3.6 𝐸 

∆𝑡
 𝑖𝑛 𝑘𝑊 𝑘𝑔−1    (4.3) 

where, I, is the applied current, ∆t is time in seconds required for discharge, ΔV is operating 

potential/voltage, m is the total mass of both electrodes (including graphene and inorganic phases, 

as well as carbon black, polymeric binders and current collectors). In cases where the mass of the 

current collectors is not included, it is stated in the text. 

The performance was also calculated by using integral equations for non-linear galvanostatic 

charge-discharge curves, for the sake of more accurate metrics, which are available in 

table B2, appendix B. 

𝐸 =
𝐼

𝑚
 
∫ 𝑉𝑑𝑡

3.6
 in 𝐹 𝑔−1      (4.4) 

where V is the operating voltage, and I/m is the specific current, where m is the mass in both 

electrodes. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Densely functionalized cyanographene bypasses aqueous-electrolytes and synthetic limitations 

toward seamless graphene/β-FeOOH hybrids for supercapacitors: 

5.1.1 Synthesis and material characterization. 

  

Figure5.1: Schematic representation of the synthesis of G(CN)-ak hybrid. 

The graphene derivative, cyanographene (GCN), because of its high conductivity (500 S m-1) and 

a very high degree of functionalization (i.e., around 12-15%), was selected as the conductive 

support for the hybrid. Moreover, the β-FeOOH can strongly bind to GCN through the nitrile 

groups to avoid aggregation of β-FeOOH nanoparticles and to prevent the restacking of graphene 

nanosheets. Therefore, first, the GCN was prepared from fluorographite, as reported previously.58 

Afterwards, the seamless GCN/ β-FeOOH hybrid named G(CN)-ak was synthesized using a 

simple, one-step, and fast microwave-assisted synthesis method. In a typical synthesis, the 

dispersion of GCN, FeCl3, and urea in ultrapure water was mixed and microwaved for 100oC for 

15 min (Figure 5.1). Further, the hybrids with increasing content of β-FeOOH were synthesized 
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to study the optimum concentration of β-FeOOH in hybrid to achieve effective electrochemical 

performance. The hybrids obtained with different concentration denotes as G(CN)ak-1, 

G(CN)ak-2, and G(CN)ak-3. 

 

Figure 5.2. (a) XRD pattern (ICDD card number 01-075-1594 for β-FeOOH appears as bars) and (b) Raman 

spectra of G(CN)ak-1, G(CN)ak-2 and G(CN)ak-3 hybrids. (c) TGA curves under air of the G(CN)ak-1, 

G(CN)ak-2, and G(CN)ak-3 hybrids to determine the approximate inorganic content in the hybrids. 

(modified figure from ref.59) 

The β-FeOOH phase formation was confirmed in the hybrids using X-ray diffraction and Raman 

spectroscopy. Figure 5.2a shows the XRD patterns of the three G(CN)-ak hybrids. The 

characteristic diffraction peaks for β-FeOOH are visible in the diffraction patterns of the hybrid. 

The spectra show a high intense diffraction peak at 30 degrees because of the contribution of the 

graphene matrix. Raman spectra of hybrids showed the characteristics peaks of the β-FeOOH 

phase and graphene matrix, as indicated in figure 5.2b hence confirm the presence of the FeOOH 

with graphene matrix. 

Further, the inorganic content was identified using thermogravimetric analysis, and the content 

observed in G(CN)ak-1 is ~16 wt%, G(CN)ak-2 is ~29 wt%, and in G(CN)ak-3 is ~ 44 wt% 

(Figure 5.2c). However, it should be noted that while heating hybrid under air the FeOOH is 
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transformed into hematite. The observed content is useful for the direct comparison of hybrids 

only. 

 

Figure 5.3. (a-c) Transmission electron micrographs of the G(CN)ak-2 hybrid, with SAED pattern in the 

inset of panel (c) and (d-f) corresponding elemental mapping for (d) carbon and nitrogen, (e) iron, and (f) 

carbon, iron and, oxygen. 

The morphology of the prepared hybrid was observed using high-resolution transmission electron 

microscopy (HR-TEM). The HR-TEM showed the uniform and homogeneous distribution of 

β-FeOOH nanoparticles on GCN nanosheets (Figure 5.3a, b). The ultra-small β-FeOOH 

nanoparticles with a mean size distribution of c.a. 3 nm were unable to show well-defined crystal 

planes (Figure 5.3c) and clear diffraction points, as shown in selected area diffraction (SAED) 

pattern (Figure 5.3c, inset). The effective surface area and highly accessible active sites improve 

the rate-capability of an electrochemical cell. Thus, nanosizing and nano-confinement enhance rate 

performance.22,60–62 The EDXS elemental mapping showed the dense distribution of N from nitrile 
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group on graphene sheet showing the high functionalization of GCN ( Figure 5.3d) and uniform 

distribution of Fe and O elements on GCN is confirmed (Figure 5.3e, f). Further, the co-existence 

of Fe and O (Figure 5.3f) confirmed the FexO nature of the nanoparticles. 

 

Figure 5.4. (a) X-ray photoelectron emission survey and elemental analysis (inset) of the G(CN)ak-2 

hybrid. Deconvoluted X-ray photoelectron emission spectra for the (b) oxygen region of hybrid 

G(CN)ak-2 and -3, and (c) iron region of all three G(CN)ak hybrids. (modified figure, ref.59) 

The high-resolution X-ray photoelectron (HR-XPS) was employed to confirm the elements present 

in the hybrid. Fe, C, O, and N were identified the N were present in high content, which verified 

the high functionalization of graphene with nitrile groups (Figure 5.4a). The hybrid G(CN)ak-2 

showed a new binding energy component at 533.6 eV. This energy should be ascribed to the 

surface OH groups interacting strongly with GCN.43,63,64 Other than 533.6 eV, the two typical 

components of β-FeOOH at 530 eV (Fe-O-Fe) and 531.7 eV( Fe-O-H) has observed for both 

G(CN)ak-2 and G(CN)ak-3(Figure 5.4b).65,66 “The interaction of OH group is also confirmed by 
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the deconvolution of the Fe 2p3/2 envelope with three components according to the crystal structure 

of β-FeOOH (i.e., Fe-O, Fe-OHbulk, and Fe-OHsurf, Figure 5.4c); the Fe-OH species are positioned 

both on the outer facets of the crystal (Fe-OHsurf), and on the bulk (Fe-OHbulk), towards the inner 

pores.67” However, the interaction between surface -OH group and the GCN increases as the 

β-FeOOH content has become lower in hybrid. Further, this strong interaction has supported by 

Mossbauer spectroscopy. 

 

Figure 5.4. 
57

Fe Mössbauer spectra of G(CN)ak-2 and G(CN)ak-3, respectively, were recorded without an 

external magnetic field. Deconvoluted Mössbauer spectra at a temperature of 300 K (a) for G(CN)ak-2 and 

(b) for G(CN)ak-3. Deconvoluted Mössbauer spectra at temperature 5 K (c) for G(CN)ak-2 and (b) for 

G(CN)ak-3. The S3 and S4 deconvoluted sextets filled with solid colour (in panel c, d) represent the Fe 

coordination sites which appear to be affected by the G-CN matrix in the G(CN)ak-2 hybrid. (modified 

figure, ref.59) 

For detailed analysis, 
57

Fe Mossbauer spectra have recorded for G(CN)ak-2 and -3 samples at 

temperature 5 K and 300 K. More specifically, at temperature 300 K, the non-Lorentzian profile 
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of the 
57

Fe Mössbauer spectrum of both samples was correctly fitting, assuming a mathematical 

model with two doublet components (see Figure 5.4a, b and, appendix table A1). The observed 

spectra do not show magnetic splitting evidencing that the iron-containing nanoparticles are in the 

superparamagnetic state. The analysis provided the values of isomer shift (δ) and quadrupole 

splitting (ΔEQ) of the two doublets (see appendix table A1), which are in the interval of β-FeOOH. 

Further, the absence of additional components confirmed the presence of pure β-FeOOH in both 

samples. 

The 
57

Fe Mossbauer spectra recorded at 5 K showed dramatic change (Figure 5.4 c, d) for both 

samples. The spectra fit with four sextets (correspond to the magnetically split pattern), two 

doublets (correspond to relaxing components), and one singlet. This corroborates to a commonly 

accepted scenario of the coexistence of superparamagnetism and magnetically blocked states due 

to a particle size distribution.68 The quadrupole splitting (ΔEQ) values for sample G(CN)ak-3 were 

identical to those previously reported for β-FeOOH nanoparticles. Compare to these values, 

G(CN)ak-2 showed lower values. “A variation in the ΔEQ parameter reflects changes in the 

distribution of the electric ligand field around the probed iron atom; it tends to zero for the 

spherically symmetric electric environment. Thus, for G(CN)ak-2, reduction in ΔEQ-value of S3 

and S4 components could be interpreted in terms of changes in distribution. Moreover, the 

orientation of the ligand field acting on the Fe1 and Fe2 sites close to chloride vacancy. In other 

words, this implied that these sites were involved in the interaction with the surrounding G-CN 

matrix, as evidenced by XPS analysis.”  
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5.1.2 Electrochemical characterizations 

 

Figure 5.6. (a) Cyclic voltammograms of the hybrids with increasing β˗FeOOH content (G(CN)ak-1, -2 

and -3), (b) Cyclic voltammograms of the G-CN, G(CN)ak-2, GOak-2 and GRak-2 recorded at scan 

rate 100 mV s-1. For GCN, the all three G(CN)ak hybrids, GOak-2 and GRak-2, (c) Electrochemical 

impedance spectra, the inset is focused on the beginning of the axis at the high-frequency region and, (d) 

Bode plots. (modified figure59) 

The optimum mass of β-FeOOH in the hybrid was determined by investigating the performance 

of the G(CN)ak hybrids prepared with different conc. of iron in a three-electrode cell using cyclic 

voltammogram. Where cyclic voltammogram indicated that the G(CN)ak-2 had the desired mass 
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ratio since it had the highest area under the i/E curve (Figure 5.6a) because the area is proportional 

to the capacitance of the material. 

Moreover, the cyclic voltammogram obtained for pure GCN indicated the critical role of β-FeOOH 

to enhance the performance of the hybrid (Figure 5.6b). Further, the cyclic voltammogram of 

G(CN)ak-2 has compared with the hybrid obtained using graphene oxide (GO) as the conductive 

matrix for β-FeOOH nanoparticles denoted as GOak-2 prepared by the same synthetic method and 

further reducing it with hydrazine to obtain graphene/β-FeOOH (GRak-2). However, these hybrids 

showed low specific current, and smaller areas under cyclic voltammograms compare to 

G(CN)ak-2. Electrochemical impedance spectroscopy (EIS) has performed to study the effect of 

the presence of β-FeOOH nanoparticles embedded on GCN. The Nyquist plots obtained for all 

hybrids and pure GCN showed the internal resistance of G(CN)ak-2 electrode (at high frequencies, 

the intersection of a plot to the real axis) is much lower than other hybrids (inset figure 5.6c). As 

well its slope of the inclined line is almost equal to the pure GCN that indicate good ion diffusion 

in G(CN)ak-2 (Figure 5.6c),69 also G(CN)ak-2 showed the higher phase angle of 81° almost same 

as the pure GCN (82°) (Figure 5.6d). However, as the iron content was increased, the diffusion 

rate was lowered (evidenced from lower slope of the inclined line, Figure 5.6c). And the phase 

angle is lowered up to 48°, suggest unavailability of the active site on the electrode surface, which 

was supported by the TEM images of hybrid G(CN)ak-3 that showed the densely covered GCN 

with β-FeOOH NPs (appendix A, figure A1b). 

Further to study the charge storage properties of G(CN)ak-2 in the real device, the symmetric 

full-cell was tested in aqueous 1 M Na2SO4 (Figure 5.7a). The galvanostatic charge-discharge 

curves obtained at the low specific current (i.e. at 2.5 A g-1) where the diffuse layer is thick because 
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more time is available for the possible surface adsorption and redox reaction to take place, the 

galvanostatic charge-discharge curves are slightly distorted from their triangular shape indicating 

minor pseudo-capacitance contribution. The full cell achieved energy around 6.1 Wh kg-1 at power 

8.5 kW kg-1 for specific current 10 A g-1 (See appendix A, table A3). In addition, the energy and 

power were calculated using high mass Ni foam as a current collector, the values are further lowed 

to energy 0.3 Wh kg-1 at power 0.4 kW kg-1 which is much lower than previous reports presented 

in appendix A, table A2. For example, α-Fe2O3 nanoparticles embedded on graphene70 delivered 

energy around 4.2 Wh kg-1 and power of 1.4 kW kg-1, with respect to the total mass, Another 

example is of Fe oxide nanoparticles combined with graphene71 delivered high energy and power 

of 4.0 Wh kg-1 at 3.9 kW kg-1.  

However, several reports listed in appendix A, table A2 used costly and high mass current 

collectors such as Ti foil,72 carbon cloth,70,71 nickel foam71,52, to achieve seamless interaction 

among electrode and active material. Further, the use of aqueous electrolyte limits the voltage 

window hence the energy density. On the other hand, the use of organic electrolyte permits the use 

of cost-effective, low mass current collectors (i.e. commercially used Al foils) and increase the 

operating voltage window. Further, the good wettability in an organic electrolyte and effective ion 

diffusion through the electrode material enhances the electrode performance.73 Therefore, 

wettability/ solvation of G(CN)ak-2 hybrid were tested and compared with hybrids GOak˗2 and 

GRak-2, which has prepared under identical conditions. In general, the hybrids were mixed with 

LiPF6 in PC (organic electrolyte) and placed aside without any movement and observed with time. 
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Figure 5.7. Electrochemical response of the G(CN)ak-2 symmetric device in (a) 1M Na2SO4 as recorded 

with galvanostatic cycling at increasing specific current. (b) wettability/stability of hybrids prepared from 

reduced GO and β˗FeOOH (GRak-2), G(CN)ak-2 and GO with β˗FeOOH (GOak-2). (c) Cyclic 

voltammograms at scan rate 100 mV s-1 in aqueous and organic electrolyte. (d) Galvanostatic 

charge-discharge curves in propylene carbonate with 1 M LiPF6 at increasing specific current. 

(e) Coulombic efficiency (C.E. %) in the two different electrolytes at increasing specific current. Inset: a 

charged electrochemical cell inside its testing station connected directly to a green LED and (f) capacity 

retention (C.R.%) upon cycling. (ref.59) 
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After 40h only hybrid G(CN)ak-2 have not shown precipitation (Figure 5.7b) indicating good 

solvation and stabilization compare to GOak-2 and GRak-2. “Although graphene has affinity for 

organic electrolytes, sheet restacking, aggregation and lack of polar groups for interaction with 

ions is a significant hurdle, stimulating significant research.73” Hence a full cell of G(CN)ak-2 

were further evaluated using organic electrolyte, which extended the operating voltage window 

from 1.7 V (in aqueous electrolyte) to 3.5 V (Figure 5.7c,d). Due to the good solvation in organic 

electrolytes the coulombic efficiency (CE) of full cell is also increased (Figure 5.7e) to 93% where 

in aqueous electrolyte it was 68 % at specific current 2.5 A g-1. As a result, the performance is 

improved that reflects in terms of significantly increased energy up to 20 Wh kg-1 at power 

8.7 kW kg-1 considering active mass (Table S4). In addition, the performance based on the total 

electrode mass is increased more than 10-fold (5.2 Wh kg-1 at 5 kW kg-1) compared to performance 

in aqueous electrolyte.  

The obtained gravimetric results were further compared with the current state of the art with 

normalizing the reports to standard metrics (see appendix A, table A2), the comparison was 

summarized in the plot in Figure 5.8. Where the only point 36 showed the high performance 

though, it’s multistep and complicated synthetic procedure makes it incompatible for practical 

application.52 “ It should be emphasized, that taking advantage of the high ionic transport of the 

hybrid, as previously discussed, commercially relevant electrode mass loadings were effectively 

used (see appendix A, table A2 for details), which is an essential prerequisite for building SC 

with true application potential.41,57,74” 
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Figure 5.8. Comparing the energy and power of the G(CN)ak-2 hybrid with state-of-the-art reported 

materials based on metal oxides and mostly iron oxides. All values were normalized as described in detail 

in appendix A, table A2 and calculated including the mass of the current collectors (full details are 

available in table A2). The numbers shown in the plot correspond to the respective reports, in which the 

following anode//cathode materials were used: [4] Fe2O3/FGS//MnO2/FGS,72 [36] FeOOH // NiMoO4,52 

[38] CuCo2O4 / CuO // RGO/ Fe2O3,75 [39] Fe2O3-QDs–3D GF // 3D HPG ,70 [40] Porous Mn3O4// Fe3O4,71 

[43] Fe3O4@ Fe2O3 // Fe3O4@ MnO2,56 [46] FeOOH // Co–Ni double hydroxides,48 

[47] NiO NSAs@ Co3O4-NiO FTNs // AC@NF,76 [73] Fe3O2@rGO // carbonized PANI nanorods77. (ref.59) 

Along with this enhanced gravimetric performance, the seamless hybrid has achieved high areal 

energy of 126.6 µWh cm-2 at power 55.5 mW cm-2 and improved volumetric energy and power up 

to 5.3 mWh cm-3 at 2.3 W cm-3 at high mass loading of around 14 mg. Thus, the G(CN)ak-2 hybrid 

proved itself as a promising electrode material for supercapacitor. However, further improvements 

are anticipated to growing hybrids that can be used as a cathode for asymmetric SCs or even as 

battery electrodes.  
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5.2 Pinning ultrasmall greigite nanoparticles on graphene for effective transition-metal-sulfide 

supercapacitors in an ionic liquid electrolyte: 

5.2.1 Synthesis and material characterization. 

The ultrasmall nanoparticles of greigite were immobilized on highly conductive cyanographene 

using simple one-step, and rapid microwave-assisted synthesis method. In the typical synthesis of 

GCNFe3S4 hybrid, GCN dispersed in ethylene glycol and FeCl3, thiourea was dissolved in ethylene 

glycol separately. Further, by mixing all solution, they were treated in the microwave reactor for 

very few mins. (5 min.) at temperature 180 ºC later the paste ready hybrid was extracted. Moreover, 

we prepared pure greigite following the same procedure in the absence of GCN. In the hybrid, 

nitrile functional groups firmly bind the greigite nanoparticles to the GCN support and confine the 

size of nanoparticles (less than 5 nm diameter, Figure 5.2.1a) preventing aggregation of 

nanoparticles and restacking of graphene nanosheets. Whereas, in the synthesis of bare greigite 

absence of GCN lead into the formation of large particles (ca. 40 nm, appendix B, Figure B1c) 

highlighting the key role of GCN in hybrid. This size confinement is crucial for providing a large 

number of active sites available for interaction and for allowing fast surface redox process.31,78  
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Figure 5.9. (a-c) Transmission electron micrographs of the GCNFe3S4 hybrid material. (d) High-angle 

annular dark-field scanning transmission electron micrographs and (e-h) corresponding elemental mapping 

for (e) carbon, (f) nitrogen, (g) iron, and (h) sulfur. (ref 79) 

High-resolution transmission electron microscopy (HR-TEM) confirmed the presence of 

ultrasmall nanoparticles (Figure 5.9 a-d) with a mean diameter of 2.2 nm and standard deviation 

of 20% (inset in figure 5.9 a) uniformly distributed on GCN nanosheets. Further, the d-spacing of 

the lattice fringes visible in figure 5.9 b, c are 2.5 Å and 3.0 Å, which correspond to the (400) and 

(311) crystal plane of greigite, respectively, confirming the presence of greigite nanoparticles.80 

High-angular dark-field scanning transmission electron microscopy (HAADF-STEM, 
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figure 5.9 d) indicated uniform coverage of bright spots corresponding to metal-rich (i.e. iron from 

greigite) areas. Further, the elemental mapping via energy-dispersive X-ray spectroscopy (EDX) 

confirmed the homogeneous distribution of nitrogen, iron, and sulfur that are on graphene, 

indicating uniform functionalization of graphene with nitrile groups and greigite nanoparticles 

(Figure 5.9 e-h). 

 

Figure 5.10. Deconvoluted X-ray photoelectron emission spectra for the (a) iron, and (b) sulfur regions. 

(c) The basic structural motif of greigite, corresponding to the thiocubane unit (card: amcsd 0000127). 

(ref 79) 

The high-resolution X-ray photoelectron emission spectrum obtained for Fe2p and S2p 

were deconvoluted. The deconvoluted spectra of Fe2p showed (Figure 5.10 a) “those iron atoms 

were in the form of Fe2+/3+ ions occupying the octahedral sites (at 710.7 eV representing a mixed 

2.5+ valence state ) and Fe3+ ( at 724.3 eV) with a binding energy difference of 13.5 eV. These are 

typical for the mixed-valence spinel structure of greigite,81 characterized by the thiocubane basic 

structural unit, shown in Figure 5.10c”. Further, the Fe3+/Fe2+/3+ spectral areal ratio was observed 

lower (0.33) than its nominal (0.5) ratio, supporting the presence of surface defects, which was 

also evidenced by the irregular outer lattice fringes of the nanoparticles (Figure 5.9 b, c). “The 

spectrum of the S2p region was also deconvoluted with two pairs of doublets (Figure 5.9b), 
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reflecting the spin-orbit splitting of S2p3/2 and S2p1/2 peaks, separated by 1.16 eV.82 The lower-eV 

doublet corresponds to S2- (typical for greigite81), and the high-eV doublet corresponds to S2
2-. The 

presence of these S2
2- species (S1--S1-) along with the increased content in Fe2+ is also attributed to 

the very small size and defect-rich structure of the nanoparticles, whereby a thermodynamically 

driven redox process of S2- oxidation to S2
2- and respective reduction of Fe3+ to Fe2+/3+ (thus the 

lower than nominal Fe3+/Fe2+/3+ ratio) probably takes place at the exposed nanoparticles surface.83” 

 

Figure 5.11. (a) X-ray diffraction (Co-Kα radiation) for GCNFe3S4 and pure Fe3S4. The (hkl) planes for 

Fe3S4 appear as bars, adopted from ICDD 04-007-9796. (b) Thermogram recorded under air for the 

GCNFe3S4 hybrid and pure Fe3S4. Thermogram and evolved gas analysis for (c) Fe3S4, and (d) the 

GCNFe3S4 hybrid. (ref 79) 
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The formation of Fe3S4 lattice was confirmed by measuring X-ray diffraction (Figure 5.11a) in 

both cases, i.e. in the absence and presence of the GCN during the synthesis. The (220) plane 

reflection was clearly visible at ca. 30o for pure Fe3S4 whereas, it is hidden in the 

X-ray diffractogram of a hybrid due to the dominating contribution of the graphene matrix. 

Further, the content of Fe3S4 in the hybrid was obtained by thermogravimetric analysis 

(Figure 5.11b), and the content was estimated around 30 mass%. The evolved gas analysis was 

performed further to determine the interaction in Fe3S4 and GCN. The analysis showed the 

emission of SO and SO2 gasses. Thus, confirming the presence of sulfur in both samples (i.e. in 

pure Fe3S4 and GCNFe3S4). In the typical analysis of pure Fe3S4, SO and SO2 gasses evolved in 

the broad temperature range at 220-280 ºC, and the emissions are peaked in the short range at 345-

360 ºC. In the GCNFe3S4, the SO and SO2 emissions peaked at significantly higher temperature 

range (460-495 ºC) compare to pure Fe3S4, suggesting strong interaction between GCN matrix and 

Fe3S4 nanoparticles. These emissions are peaked at the same temperature where the GCN matrix 

decomposition takes place (i.e. the CO2 evolution takes place upon combustion, see appendix B, 

figure B1), which supported the strong interaction achieved in the GCNFe3S4. “In connection to 

these findings, the role of GCN should be therefore highlighted, since it is endowed with a 

particularly high functionalization degree of 12-15%,58 offering abundant binding sites for 

interacting with the in‑situ grown greigite nanoparticles.” 
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5.2.2 Electrochemical characterization 

Performance in aqueous electrolyte 

 

Figure 5.12. (a) Cyclic voltammograms obtained for pure Fe3S4, GCN, and GCNFe3S4 hybrid at a scan rate 

of 100 mV∙s-1, using aqueous 1 M Na2SO4 in a three-electrode system, (b) galvanostatic charge-discharge 

curves obtained for GCNFe3S4, using 1 M KOH at different specific current. (modified figure. ref 79) 

The electrochemical performance of GCNFe3S4 and its individual components GCN and greigite 

was first screened in a three-electrode system using aqueous electrolytes. The cyclic 

voltammograms obtained in 1M Na2SO4 electrolyte showed a large area under i/E curve of 

GCNFe3S4, indicating high capacitance than the GCN and greigite (Figure 5.12). Also, the cyclic 

voltammogram of hybrid show the slight distortion from the rectangular shape (of GCN), this can 

be attributed to surface redox process occur on the hybrid electrode.84 This could be related to the 

presence of ultrasmall size of greigite particles and its seamless binding to the GCN support. The 

GCNFe3S4 was also characterized using a two-electrode system in KOH electrolyte; this 

electrolyte is widely used to study the performance of the transition metal sulfide to explore their 

redox processes. The slightly asymmetric galvanostatic charge-discharge curves attribute to the 

presences of reversible redox processes. 
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Further, in the 6 M KOH electrolyte, the capacitance of 104 F g-1 was achieved at specific 

current 1 A g-1 that delivered specific energy of 9.4 Wh kg-1 at power of 0.8 kW kg-1. However, 

the performance is lower than the several reported values. For example, an asymmetric system of 

activated carbon//cobalt sulfide in-situ grown on Ni foam delivered energy of 20 Wh kg-1 at the 

power of 0.8 kW kg-1. However, in these reports, the material is directly grown on the current 

collectors to achieve seamless contact between the active material and current collector. Thus, the 

performance is improved; despite, the preparation method is not suitable for large-scale 

production. Hence, another approach has to be incorporated to improve the performance that can 

bypass the production limitations. 

Performance in organic electrolyte 

Considering the hydrophobic nature of greigite; the performance of GCNFe3S4 was further 

explored in non-aqueous electrolytes starting with organic electrolytes. These electrolytes can 

provide not only the excellent solvation but also wide operating voltage range, which further 

improves the performance.  
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Figure 5.13. (a) Cyclic voltammograms obtained for GCNFe3S4 in an organic electrolyte with different 

solvents. (b) Cycling stability of the GCNFe3S4 in an organic electrolyte (1 M LiPF6 in PC) at specific 

current 5 A g-1. (modified figure. ref 79) 

Thus, the GCNFe3S4 symmetric cell was screened in organic electrolytes 1 M LiPF6 using different 

solvents such as in propylene carbonate (PC) and dimethyl carbonate: ethylene carbonate (EC) by 

obtaining cyclic voltammograms (Figure 5.13). Since the area under the cyclic voltammogram is 

higher for LiPF6 in EC, it shows the high performance. The small ions size and high dielectric 

constant of EC (compare to PC) contributes to obtaining high electrochemical performance.85,86 

However, the stability of GCNFe3S4 in the organic electrolyte is inadequate (Figure 5.13b) 

because of the sulfur loss in organic solvents through the dissolution of sulfides/ polysulfides in 

organic solvents hence the sulfur is not available for further reaction.87,88 Therefore, to obtain high 

and stable electrochemical performance, there is need of an electrolyte that can provide good 

solvation, wide operating voltage and will prevent the dissolution of sulfides/ polysulfides. 
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Performance in ionic liquids as electrolyte 

Thus, the GCNFe3S4 symmetric cell was further characterized in the EMIMBF4 ionic liquid with 

LiTFSI as an additive (IL+LiTFSI); this system showed a high response (Figure 5.14a). The cyclic 

voltammograms showed clear anodic and cathodic peaks with minimal voltage difference. This 

signifies the rapid pseudocapacitive and reversible redox process. That can be connected to the 

mixed valance state of greigite, containing the basic structure of thiocubane (𝐹𝑒2
3+𝐹𝑒2

2+𝑆4
2−) 2+.89 

“In this unit, the oxidation states of Fe2+ and Fe3+ centers are not localized but shared among the 

octahedral Fe3+ and Fe2+ irons due to electron hopping, which enhances the conductivity. The 

mixed Fe2+/Fe3+ valence structure is also responsible for the unique triple redox‑state of the 

unit,90,91 thus allowing the effective charging‑discharging of two identical electrodes, from the 

resting (𝐹𝑒2
3+𝐹𝑒2

2+𝑆4
2−)2+ state to the oxidized (𝐹𝑒3

3+𝐹𝑒 
2+𝑆4

2−)3+ on the negative electrode and to 

the reduced (𝐹𝑒 
3+𝐹𝑒3

2+𝑆4
2−)1+ on the positive electrode. The X-ray photoelectron spectra of 

GCNFe3S4, after 10,000 charge-discharge cycles at 5 A∙g-1, revealed only minor changes of the 

Fe3+/Fe2+/3+ ratio (from 0.33 to 0.48 after the cycling; appendix B, figure B2,), verifying the 

stability of the observed redox processes in the cyclic voltammograms. Nevertheless, they also 

showed shifts of the Fe2p X-ray photoelectron peaks and change in their widths, which along with 

the small Fe3+/Fe2+/3+ ratio changes, suggest that the material has not been under a redox‑resting 

state.” 
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Figure 5.14.Electrochemical characterization of GCNFe3S4 symmetric cell; (a) cyclic voltammograms 

obtained in an organic electrolyte and ionic liquid at scan rate 100 mV s-1. Electrochemical characterization 

of a full cell using an ionic liquid, (b) cyclic voltammograms obtained at different scan rates. 

(c) Galvanostatic charge-discharge curves obtained at different specific current. (d) Cycling stability and 

coulombic efficiency at 5 A g-1 after 10000 cycles. (ref 79) 

The galvanostatic charge-discharge curves were symmetric and linear, also showed very small 

internal resistance (for example 0.04 V at 2 A g-1) attributed to fast and highly reversible redox 

processes corroborating the observations from cyclic voltammetry results. Further, the GCNFe3S4 

symmetric cell displayed outstanding cycling stability that is even after 10,000 cycles at 5 A g-1 the 

capacitance retention was 92% with coulombic efficiency around 99.8 %. The outstanding stability could 
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be achieved because of the prevention of the sulfur loss in IL+LiTFSI electrolyte. The interaction of 

GCNFe3S4 with an organic and ionic liquid electrolyte was studied by observing the dispersion of 

GCNFe3S4 in both electrolytes (appendix B, figure B3a). Where the propylene carbonate clearly develop 

the yellowish color after an interaction, whereas IL+LiTFSI remains the same as its original color. Further, 

the photoluminescence mapping was performed to probe the dissolution of sulfur in PC. The spectral 

changes with maximum emission at 415 nm clearly evidenced the contamination of PC (appendix B, 

figure B3 b-c). The mapping of IL+LiTFSI after interaction does not show any changes confirming the 

prevention of sulfur loss from the GCNFe3S4. 

The specific capacitance calculated from galvanostatic charge-discharge curves was 88 F g-1 at 

specific current 5 A g-1
 (Figure 5.14). Because of low internal resistance, fast and highly reversible 

redox process, the capacitance was retained up to 72% at 25 A g-1 (Figure 5.15 a, b). Further, 

figure 5.15c represents the comparison of rate performance of GCNFe3S4 full-cell with several 

reports evidenced the excellent rate capability of GCNFe3S4. 
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Figure 5.15. (a) Rate performance at current densities from 1 A∙g-1 to 25 A∙g-1. (b) Specific capacitance 

retention at increasing specific current. (c) Comparison of the capacitance retention of GCNFe3S4 hybrid 

with respect to the state-of-the-art: (1) AC//Co9S8-NSA,92 (2) AC//Co9S8@C,51 (3) dr‐Bi2S3/S‐NCNF//S‐

NCNF,93 (7) FeS2/GNS//Ni(OH)2@Co9S8,50 (8) rGO100-CNT50-Co3S4//N-doped graphene,54 

(9) NiFeS2/3DSG//3DSG,94 (10) Fe-Co-S/NF//rGO,95 (11) CuCo2O4/CuO//RGO/Fe2O3.70 

(d) Electrochemical impedance spectra of the GCNFe3S4 hybrid before and after electrochemical cycling. 

(ref 79) 

Moreover, analyzing the Nyquist plot obtained from electrochemical impedance spectroscopy 

supported the high rate capability and good stability. At the beginning of the high-frequency 
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region, the plot intersects to the real axis at a lower value, which represents low internal resistance 

(Rs) of 2.8 Ω before cycling. This low Rs value corresponds to low contact resistance between the 

electrode and current collector.11,76 Even after 10,000 cycles, the Rs showed a minor increase to 

3.3 Ω affirming the high stability of GCNFe3S4 symmetric cell. Further, continuing in the high-

frequency region to mid-frequency region, the plot should show semicircle whose diameter 

anticipate the charge transfer resistance (Rct). However, the absence of semicircle indicates very 

low resistance Rct (1.18 Ω) at the electrode-electrolyte interface.76At the low frequencies the 

inclined line possess large slope indicating fast ion diffusion through the electrode.96 Even in the 

high mass loading after 10,000 cycles electrodes showed low Rs and the very small reduction in 

slope preserving its fast charge transfer and ion diffusion through the interfaces and material 

respectively. 

The specific capacitance obtained in the ionic liquid is 88 F g-1 at 1 A g-1 corresponded to a specific 

energy of 37 Wh kg-1 at power of 2 kW kg-1. Which is significantly surpassed both energy and 

power (9.4 Wh kg-1 at 0.8 kW kg-1) obtained in 6 M KOH electrolyte for same hybrid (GCNFe3S4). 

Further, the high specific energy of 25 Wh kg-1 is retained at a very high specific power of 

35 kW kg-1. Thus, it surpassed several, energy and power values reported previously, as shown in 

figure 5.16a and appendix B, table B1, B2. Further, to evaluate the GCNFe3S4 full cell’s 

performance closer to the true performance metrics,97 we analyzed the results, including the mass 

of the carbon-coated Al foil used as current collectors. Accordingly, the performance comparison 

graph changed in favor to the GCNFe3S4 cell (figure 5.16b), which were compared with the 

state-of-the-art in transition metal sulfides and most of the oxides, apart from the record 

performance of the FeOOH based system (point 14 in figure 5.16b). However, the production 

method of GCNFe3S4 is compatible with industrial roll-to-roll electrode coating techniques making 
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GCNFe3S4 more suitable for practical application compare to the literature examples reported in 

figure 5.16.  

 

Figure 5.16. Comparison of the specific energy and power for the GCNFe3S4 symmetric supercapacitor 

with state-of-the-art full cell supercapacitors based on metal sulfides and oxides. (a) Values reported at 

active mass level; [1] AC//Co9S8-NSA,92 [2] AC//Co9S8@C,51 [3] Bi2S3/S‐NCNF//S‐NCNF,93 

[4] GCo0.33Fe0.67S2//SG‑CoNiAl,98 [5] FeS2//FeS2,99 [6] rGO/FeS//Ni(OH)2,100 

[7] FeS2/GNS//Ni(OH)2@Co9S8,50 [9] NiFeS2/3DSG//3DSG,94 [10] Fe-Co-S/NF//rGO,95 

[11] CuCo2O4/CuO//RGO/Fe2O3,75 [12] Fe2O3-QDs-3DGF//3DHPG,70 and [13] Mn3O4//Fe3O4,101 

(b) Values reported at total electrode mass level, i.e. including the mass of the current collectors (green 

spheres: mass loading of 0.9 mg∙cm-2; blue spheres: 3.5 mg∙cm-2); [14] FeOOH//NiMoO4.52
 (ref 79) 

Along with the production method, the areal and volumetric performance is also very important 

for practical applications.57,102 Therefore, at active material loading of 3.5 mg cm-2 (thickness 

48 µm), the GCNFe3S4 hybrid displayed a very high energy density of 49 mWh∙cm-3 at a very high 

power density 2.4 W∙cm-3, that could retain up to 28 mWh∙cm-3 at a power of 11 W∙cm-3. “This 

volumetric performance is dramatically higher compared to the previously reported TMS-based 

supercapacitor cells of AC//Cu2O–Cu1.8S (Ref. 103 with 2.1 mWh∙cm−3 at 0.031 W∙cm−3), and 

AC//HTMC-SCS-M (Ref. 104 with 3 mWh∙cm-3 at 0.77 mW∙cm-3). Regarding these volumetric 



Results and discussions  

63 

characteristics, the present system surpassed many more top-rated materials, not only from the 

family of TMS. These include metal-like fluorine-doped β-FeOOH nanorods105 and even some of 

the best carbon materials operating in high potential windows such as carbon nanotubes with 

47 mWh∙cm-3 at 1.4 W∙cm-3 (Ref. 106, using Pt mesh current collectors for boosting performance); 

doped carbon nanosheets with 42 mWh∙cm-3 at 0.4 W∙cm-3 (Ref. 107); pillared graphene with 

19.5 mWh∙cm-3 at 9 W∙cm-3 (Ref. 108); dense graphene networks with 43 mWh∙cm-3 at 7.6 W∙cm-3 

(Ref. 109); and vertically aligned graphene sheets 6.5 mWh∙cm-3 at 2 W∙cm-3 (Ref.110). It is also 

indicative that the coconut-shell derived commercial activated carbon for supercapacitors 

(YP- 80F), displays a performance of 15 mWh∙cm-3 at 4.1 W∙cm-3.109”  

Thus, a seamless hybrid of highly functionalized graphene and ultrasmall greigite nanoparticles 

was achieved by a rapid, one-step synthesis method, which can take advantage of the hydrophobic 

nature of greigite, and triple-redox state of greigite to accomplish fast and reversible redox 

processes to achieve high rate capability and stability in ionic liquid electrolytes. Therefore, the 

hybrid can operate in a high voltage range to improve the energy and power densities. 



Conclusions  

64 

CHAPTER 6 

CONCLUSION 

The goal of this doctoral dissertation was to develop and study 2D hybrids composed of transition 

metal oxides and sulfides for energy storage devices, particularly as electrodes for supercapacitors, 

in order to explore pathways for improving the performance in comparison to the current state of 

the art. The major challenge was to immobilize the inorganic nanoparticles firmly without the use 

of techniques that require treatment of the current collectors such as electrodeposition of inorganic 

nanoparticles on the current collector). At the same time, this must be achieved keeping a seamless 

structure, (as in electrodeposition) to secure electronic communication between the inorganic 

nanoparticles and the conductive graphene substrate. Another challenge was to observe the 

operation of the new electrode materials in non‑aqueous electrolytes that may widen the potential 

window and thus boost the energy content.  

The challenge of developing seamless hybrids without using complicated synthetic routes was 

tackled by using a highly factionalized and conductive graphene derivative (GCN) to immobilize 

inorganic nanoparticles via facile, one-pot microwave-assisted synthesis method. Through this, 

paste‑ready 2D hybrids with ultra-small nanoparticles (~2‑5 nm) and seamless structure were 

developed. Moreover, the hybrids showed high electronic and ionic conductivity and wettability 

due to the functionalized GCN and the ultrasmall inorganic nanoparticles. The high wettability 

and efficient ion diffusion in non-aqueous solvents were particularly advantageous because it 

allowed to bypass the low-potential window of water and thus reach higher energy content via 

widening the operating voltage. Another essential factor of non-aqueous electrolytes is their much 

less corrosive nature than water, thus allowing the use of commercial low areal‑mass current 
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collectors, which further improved the energy content on device level. Thus, the seamless hybrids 

GCNak-2 and GCNFe3S4 are endowed with improved energy maintaining their power, excellent 

stability and good rate performance compared to the current state of the art.  
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2D two-dimensional  

CE coulombic efficiency 

COFs covalent organic frameworks 

EC ethylene carbonate 

EDL/EDLC electric double layer /electric double layer capacitor  

EDX energy-dispersive X-ray spectroscopy 

EES electrochemical energy storage 

EIS electrochemical impedance spectroscopy  

GCD galvanostatic charge-discharge  

GCN  cyanographene 

HAADF-STEM high-angular dark-field scanning transmission electron microscopy 

HR-TEM  high-resolution transmission electron microscopy 
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LIB lithium-ion battery 

MOFs metal-organic frameworks 
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SAED selected area diffraction  
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TGA thermogravimetric analysis 
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Appendix A 

 

Densely functionalized cyanographene bypasses aqueous electrolytes 

and synthetic limitations toward seamless graphene/β-FeOOH 

hybrids for supercapacitors. 
 

 

 

Figure A1. TEM image of (a) GOak-2 and (b) G(CN)ak-3 
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Table A1. Mössbauer hyperfine parameters, derived from the least-square fitting of the 57Fe 

Mössbauer spectra of the G(CN)ak-2 and G(CN)ak-3 samples, recorded at a temperature of 5 and 

300 K, where T is the temperature of the measurement, δ is the isomer shift, ΔEQ is the quadrupole 

splitting, Bhf is the hyperfine magnetic field, and RA is the relative spectral area of individual 

spectral components identified upon respective spectrum fitting. 

Sample T 

(K) 

Component δ ± 0.01 

(mm/s) 

ΔEQ ± 0.01 

(mm/s) 

Bhf ± 0.3 

(T) 

RA ± 1 

(%) 

Assignment 

G(CN)ak-2 300 D1 0.35    0.52 ----- 66 Fe1 and Fe2 sites 

close to Cl sites 

 D2 0.35    0.94 ----- 34 Fe1 and Fe2 sites 

close to Cl vacancy 

sites 

G(CN)ak-2 5 S1 0.47 – 0.09 48.7 14 Fe1 sites close to Cl 

sites 

 S2 0.47 – 0.09 46.3 14 Fe2 sites close to Cl 

sites 

 S3 0.47 – 0.25 43.9 7 Fe1 sites close to Cl 

vacancy sites 

 S4 0.47 – 0.25 40.4 7 Fe2 sites close to Cl 

vacancy sites 

 D1 0.47    0.58 ----- 8 Fe1 and Fe2 sites 

close to Cl sites 

 D2 0.47    0.95 ----- 4 Fe1 and Fe2 sites 

close to Cl vacancy 

sites 

 R 0.47 ------- ----- 46 Fe(III) relaxation 

component 

G(CN)ak-3 300 D1 0.36    0.55 ----- 66 Fe1 and Fe2 sites 

close to Cl sites 

 D2 0.36    0.93 ----- 34 Fe1 and Fe2 sites 

close to Cl vacancy 

sites 

G(CN)ak-3 5 S1 0.46 – 0.11 48.5 15 Fe1 sites close to Cl 

sites 

  S2 0.46 – 0.15 46.4 15 Fe2 sites close to Cl 

sites 

  S3 0.46 – 0.41 45.6 8 Fe1 sites close to Cl 

vacancy sites 

  S4 0.46 – 0.41 42.9 8 Fe2 sites close to Cl 

vacancy sites 

  D1 0.46    0.39 ----- 3 Fe1 and Fe2 sites 

close to Cl sites 

  D2 0.46    0.79 ----- 1 Fe1 and Fe2 sites 

close to Cl vacancy 

sites 

  R 0.46 ------- ----- 50 Fe(III) relaxation 

component 

 



Appendix A  

76 

                                                           
1 Equations used in the reference: Csp = Id 

∆𝑡

∆𝑉
, E = 

𝐶𝑠𝑝𝑉2

2
, P = 

𝐸 

𝑡
. 

2 Considering Ti density (4.5 g cm-3) and a very thin 25 μm Ti foil (Sigma, 267503-1EA) the areal mass is obtained (7.2 mg cm-2) 

and used for recalculations. However, probably, a thicker Ti foil was used by the authors, but there is no information given about 

the Ti foil characteristics. 
3 Although these equations were used by the authors, the given E and P could be reproduced only by the standard equations in the 

experimental part (i.e. containing the 3.6 factor). 
4 Considering Fe density (7.8 g/cm3 ) and a very thin 1 μm Fe foil (Goodfellow, FE000050)  mass is obtained (0.7 mg ). For Ni 

foam see comment “j”. Using these masses, performance values were recalculated based on mT. 

Table A2. Comparisons on the performance of supercapacitor cells (full cells only) from literature. The literature-given values apear in 

black text, and the recalculated values using the standard set of equations (as reported in the experimental part) for normalization and 

more meaningful comparisons appear in red. [ΔV: operating voltage;  Csp(Cm, Ca, Cv): specific capacitance (gravimetric, areal, 

volumetric); Id (Id,m , Id,a ):current density (gravimetric, areal); m (ma): active material mass (areal mass); mT: total mass (mass of active 

material + current collectors); E(Em , Ea , Ev): energy density (gravimetric, areal, volumetric); P (Pm , Pa , Pv): power density 

(gravimetric, areal, volumetric); I: current; t: discharge time ;GCD: galvanostatic charge discharge; CV: cyclic voltammetry; T: 

temperature; CVD: chemical vapor deposition; ALD: atomic layer deposition; HTh: hydrothermal; ED: electrodeposition. The units 

are as reported in the header row of the table, unless otherwise stated in the specific cells; the numbers outside the brackets in the last 

column of the table indicate the same reference in the comparative Figure 5.8]. 

Anode // 

Cathode 

ΔV 
Given  Recalculated Given Recalculated Limitations/ 

reported equations/ 

recalculation details 

R
ef

. 

Cm Id Cm Id Em Pm Em Pm 

V F g-1 A g-1 F g-1 A g-1 Wh kg-1 kW kg-1 Wh kg-1 kW kg-1 

Fe3O4@ 

Fe2O3 // 

Fe3O4@ 

MnO2 

2 

1.49  

F cm-3 

1.25 

mA cm-2 
7 0.07 

0.83  

mWh 

cm-3 

15.6  

 mW 

cm-3 

3.9 0.07 

3-step synthesis (HTh growth on Ti foilhigh T 

treatmentED). 

1 
[43] 

Equations: see comment.1 

0.81 

F cm-3 

40   

mA cm-2 
4 2.4 

0.45  

mWh 

cm-3 

500  

mW 

cm-3 

2.1 2.4 

From the given Ev, Pv, we calculated t for low and 

high Id,a’s, from which we calculated Id,m, since 

the ma is given (1.25 mg cm-2). Cm, Em, Pm based 

on mT  were recalculated including the mass of Ti 

foil.2 

Fe2O3/ 

rGO/ Fe3O4 

//  

Ni(OH)2 

1.7 5.5  

50  

mA cm-2 

 

- 7.5 2.2 6.6 - - 

Thin film HTh grown on Fe foil and Ni foam, 

nonlinear GCD curves. 

2 

Equations: see comments.1 3,  

0.7  

0.5 

   

0.2 

 

5.5 
With given m=6.4 mg and electrode area 1 cm2, 

we calculated I (at Id,a=50 mA cm-2), from which 

Id,m  was obtained (7.5 A g-1) and then we 

calculated Cm, Em, Pm, based on mT.4 

MnFe2O4@ 

C // 

LiMn2O4 

1 
not 

given 

not  

given 
-- -- 5.5 1.8 same same 

Lower Em and Pm; Given values already based on 

mT), high T synthesis, Ti foil as current collector. 
3 

Equations: see comment.1 

- 

FeCo2O4 // 

FeCo2O4 
2.5 16.6  5 V/s 0.3 0.05  

not 

given 

from 

GCD 

curves 

not 

given 

from 

GCD 

curves 

0.02 0.06 

Lower Cm, Em, Pm, HTh growth on Ni foam. 

4 
C= 

𝐼

𝑚∆𝑉
 ; E= 

𝐶𝑠𝑝𝑉2

8
; P= 

𝐸 ∆𝑉

𝑉
 ; ΔV is scan rate 

Given values are based on CVs. Hence, we 

recalculated Cm, Em, Pm from the given GCDs (Fig 

S2d), and Ni foam (3 x 2 cm2) we obtained values 
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5 Even though the equations are not provided, the results were reproduced by the standard equations in the experimental part. 
6 In the case of electrode materials grown as thin-films, the ma is limited to very low values. In this case, for example, 

it is 0.1 mg cm-2 (from given Cm=95.9 F g-1 and Ca=10 mF cm-2 (Fig 6d) at Id=4 A g-1, the ma was directly calculated). 

In such systems, gravimetric performance is misleading, since higher m can be only achieved by increasing electrode 

area, or by increasing a lot the film thickness. Therefore, it is accepted that areal-based performance should be reported 

for appropriate evaluation. 

based on mT. (for Ni foam see comment10 in 

page77) 

ZnFe2O4 

/rGO // 

ZnFe2O4 

/rGO 

1.2 

33.6 0.5 same same 6.7 0.3 same same 
Lower Em and Pm, HTh growth on Ni foam.10  

5 
Equations are not given.5 

-- -- 0.69 0.083 -- -- 0.138 0.49 

Given max Id,m is 3 A g-1. Using GCD (Fig. 6b) 

we calculated on the 2nd row Cm, Em, Pm, based 

on mT. 

Co3O4@ 

Carbon //  

Co@ 

Carbon 

1.5 

17.9 1 -- -- 8.8 0.375 -- -- Lower Em and Pm, high T ; Ni Foam  

6 
8.9  4  same  same  2.8 3 same same 

Equations: see comment.1 

Available data not enough for recalculation with 

respect to mT, including Ni foam. 

polypyrrole

-VOx// 

Carbon 

black 

1.2 

 

92 

-- 

1.5 

-- 

same  

31.3 

same  

2.5 

18 

-- 

0.43 

-- 

same 

6.3 

same 

1.5 

Lower Em, Pm, ED on graphite paper. 

7 Equations: see comments.1,3 

        
Using GCD curves (Fig S6) we calculated t and 

the performance based on m at higher Id,m. 

3D G/ 

MnO2 // 

3D G/ 

MnO2 

1 

29.8  
1.5 

mA cm-2 
-- -- 6.8 0.62 -- -- 

Lower Ea and Pa; 3- step synthesis (high T  

CVD ED), Ni foam (40 mg cm-2) used. 

8 
Equations: see comments.1,3 

-- -- 
16 

mF cm-2 
4 

mA cm-2 
3.74 2.5 

2.2 
μWh cm-2 

2000  
μW cm-2 

Cm is reported based on m only. Since GCD for 

Id,a=1.5 mA cm-2 is not provided, we recalculated 

Ca, Ea, Pa at 4 mA cm-2 (provided in Fig 4d). 

Fe2O3/ rGO // 

MnO2/rGO 2 -- -- 

18 32 10 32 -- -- 

900°C, 3h for production of rGO, followed by 

200°C, 10 h treatment. High-cost Ti foils used. 

9 

[4] 

Equations: see comment.5 

5 8.2 -- -- 2.6 8.2 

From GCD curves (fig. 8b) and given Em and Pm, 

t was obtained (for ma≅2.5 mg cm-2 and areal 

mass of Ti foil2), thus the performance was 

recalculated based on mT (2nd row). 

 

NiNTAS@

MnO2 //  

NiNTAS@

Fe2O3 

1.6 

95.9 4 same same 34.1 3.19 same same 

Lower Ca, Ea, Pa, 3-step synthesis of thin-film 

electrodes (ED on Ti foil high T HT). Given 

values are based on m only. Gravimetric 

performance is impractical for thin-film systems.6 
10 

Equations: see comment 1 

10  
mF cm-2 

4 -- -- -- -- 
3.5 

μWh cm-2 
329.8 

μW cm-2 

Ca 10 mF cm-2 is given (Fig. 6d) corresponding to 

Cm=95.5 F g-1 at 4 A g-1. Using Cm, we calculated 

t and then the Ea, Pa. 
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7 From the given non-linear Em=22.8 Wh kg-1, we calculated the non-linear Cm=64.1F g-1. From Id,a=50 mA cm-2 we 

calculated Id,m=
𝐼

𝑚𝑎
, since ma is given (1.28 mg cm-2/anode and 1.23 mg cm-2/cathode). Using these Cm and Id,m we 

obtained the non-linear 
𝑑𝑡

𝑑𝑉
= 3.2. With 

𝑑𝑡

𝑑𝑉
 we calculated Cm, Em for mT (i.e. including the mass of Ni foam, a typical ma 

for 80μm thick Ni foam is 34 mg cm-2: 

www.mtixtl.com/NickelFoamforBatteryCathodeSubstrate300mmlengthx80mmwidthx0.0.aspx ). From given GCD 

(Fig. 4) we also obtained t = 5.67s at Id,a 50 mA cm-2 and thus the Pm based on mT. 
8 Given values are based on m only (7.6 mg cm-2 and 3.89 mg cm-2); surface density of Ni foam (38 mg cm-2) and area 

(2×4 cm2) are provided. Hence total mass of Ni foam is 304 mg. Then, we replaced m by the total mass of electrode 

(i.e. active material + Ni foam), in order to calculate Cm for the total electrode mass. 
9 Given m is ~2.2 mg cm-2 per electrode. Carbon cloth area is 1.54 cm2, considering the mass 13.5 mg cm-2 (as obtained 

from Fuel cell store, see for instance:  http://www.fuelcellstore.com/fuel-cell-components/gas-diffusion-

layers/carbon-cloth/avcarb-1071-hcb ). The mass of carbon cloth is 20.3 mg per electrode. Using, GCD (Fig. S6) we 

obtained t, I at Id,m 20 A g-1.  
10 Since Ni foam was used in this work to prepare the electrodes, we recalculated the performance including the mass 

of Ni foam. A typical value for 80 μm thick Ni foam is 34 mg cm-2 (as obtained from MTI Corporation, see for 

instance: (http://www.mtixtl.com/NickelFoamforBatteryCathodeSubstrate300mmlengthx80mmwidthx0.0.aspx). 

Current (I) was first calculated from Cm = 
𝐼

𝑚
 

Δ𝑡

Δ𝑉
 , since Cm, m, 𝛥𝑡, 𝛥𝑉 are known. Then, we replaced m by the total 

mass of electrode (i.e. active material + Ni foam), in order to calculate Cm for the total electrode mass.  

FeOOH // 

Co–Ni 

double 

hydroxides 

1.6 

849  
mF cm-2 

5  

mA cm-2 
-- -- 86.4 18.3 -- -- 

Lower Em and Pm; Prepared by ED on Ni foam but 

given values refer to m only;  

11 
[46] 

Ca = 
𝐼

𝑐𝑚2  
𝑡

Δ𝑉
; Em = 

1

2

∫ 𝑉(𝑡)𝑑𝑡𝐼

3.6 𝑚
 ;Pm = 

𝐸 3600

𝑡
 

353 
mF cm-2 

50  

mA cm-2 
2.3 0.7 22.8 11.6 0.8 0.5 

Cm, Em, Pm were recalculated based on mT and 
considering the non-linear pattern of the GCD 
curves.7  

GF–CNT 

@Fe2O3 // 

GF– 

CoMoO4 

1.6 115.5  14    41.1 11.2 same same 

3-step synthesis on Ni foam (CVD high T  
ALD), mass loading 1mg/cm2. 

12 
Equations : see comment 1,3 

Ni foam was removed from the electrode 
architecture, but process was limitted to low mass 
loadings, which impractical for applications 
outside the area of thin film supercapacitors. 

CuCo2O4 / 

CuO // 

RGO/ 

Fe2O3 

1.6 26  10 1  0.36  9.1 8 2.1 1.8 

HTh growth on Ni foam 

13 
[38] 

Equations: see comments.1,3 

We obtained t from given Cm at max. Id,m = 10 A 
g-1. We calculated performance based on mT.8 

 

Fe2O3-

QDs–3D 

GF // 3D 

HPG 

1.6 -- 20 19 2.8 -- -- 6.7 2.2 

HTh synthesis on carbon cloth 

14 

[39] 
Equations: see comment,1 for max P = 

𝑉2

4𝑚𝑅𝐸𝑆𝑅
 

Given Id is based on m only. From Fig. S6 we 
calculated t and the performance based on mT.9 

MnO2/GO 

// Porous 

carbon 

2 41 2  4  0.14  18.9 2 2.2 0.2 

Very low Pm, since max reported Id was limited to 
2 A g-1 (i.e. low rate capability); electrodes were 
prepared by pasting on Ni foam. 
 

15 Equations: see comments.1,3 
Given values are for m only (7.12 mg). From 
GCD curves (Fig. 8a) we calculated t (at 2 A g-1) 
and then the performance based on mT.10 
 

http://www.mtixtl.com/NickelFoamforBatteryCathodeSubstrate300mmlengthx80mmwidthx0.0.aspx
http://www.fuelcellstore.com/fuel-cell-components/gas-diffusion-layers/carbon-cloth/avcarb-1071-hcb
http://www.fuelcellstore.com/fuel-cell-components/gas-diffusion-layers/carbon-cloth/avcarb-1071-hcb
http://www.mtixtl.com/NickelFoamforBatteryCathodeSubstrate300mmlengthx80mmwidthx0.0.aspx
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11 The electrode area of the 2032 coin cell is 2 cm2. For performance based on mT and Ni areal mass see comment.j 

12 The given values correspond to high mass loading (24.5 mg) and reported in Figure S13b of this reference. Our 

recalculation was done excluding the mass of the membrane separator (given in the peer review file; response to 

comment F from reviewer#1). 
13 Using reported values for Id,m, Cm and m we calculated t and then current, I. From these values the performance 

based on mT was possible to recalculate considering one electrode with carbon cloth and the other with Ni foam (for 

mass of carbon cloth and Ni foam see also comment.i,j) 

NiO 

NSAs@ 

Co3O4-NiO 

FTNs //  

AC@NF 

1.6 
623.5  

mF cm-2 
2 

mA cm-2 
4  0.013  

216.1 
μWh cm-2 

1580 
μW cm-2 

1.5 0.01 

3-step synthesis (HTh grown on Ni foam wet 
chemical reaction high T treatment).  

16 

[47] 

Equations: see comments.1, 3 
From given GCD curve (Fig. 6e) at 2mA cm-2 we 
obtained t. The mass per electrode is given 5.8 mg 
cm-2 with area of 1 cm2, hence I at Id,a=2 mA cm-

2 is 2 mA, from which we calculated gravimetric 
performance based on mT. (for Ni foam10) 

Fe2O3@GN

S //  

PANI/C-

nanorods 

4 41  3  2.8 0.2 62.4 8 6.2 0.4 

Ni-foam current-collector (ref 8 there-in). 

17 
Equations: see comments.1,3 
Given values based on m only (5 mg). GCD at 
max. Id,m=3 A g-1 is not given, hence t was 
calculated from the given Cm. Finally, 
performance based on mT was recalculated.11 

FeOOH // 

NiMoO4 
1.7  10  11.3 12.7 4.9 14.4 5.6 

Use of carbon cloth, HTh & electrochemical 

treatment for obtaining the active FeOOH phase, 

HTh growth of NiMoO4 on Ni foam 18 
Equations: see comment.1 

Given values are based on full device mass. We 
recalculated the performance based on mT.12 

Porous 

Mn3O4// 

Fe3O4 

2 54 30 6.3 3.5 30 30 3.5 3.5 

Use of Ni foam and carbon cloth. HTh synthesis 
19 

[40] 
Equations: see comment.1 

Given values based on m only (12.5mg). We 

recalculated performance based on mT.13 
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Table A3. Comparisons on the performance of supercapacitor full cells (two-electrode set-ups only) for the G(CN)ak-2 

hybrid in 1 M Na2SO4 in H2O and 1M LiPF6 in propylene carbonate. The equations dedscribed in the experimental part 

of the main text were used. 
 

Anode // 

Cathode 

 Given   Given  Limitations/ 

reported equations/ 

recalculation details 

 ΔV Cm Id   Em Pm   
V F g-1 A g-1   Wh kg-1 kW kg-1

   
 

1M Na2SO4 in water 

G(CN)ak-2 //  

G(CN)ak-2 1.7 

20 5    8 4.2   
Based on active mass (2 mg) 

O
u

r
 r

e
su

lt
s.

 

20 10    7.8 8.5   

0.08 0.04   0.03 0.03   
Based on total electrode mass.   

Corresponds to Id, m  10 A/g 

17  
mF cm-2 

8.8 
mA cm-2 

  
6.9 

μWh cm-2 
7.5 

mW cm-2 
  Corresponds to Id, m  5 A/g 

6  
F cm-3 

2.2 
mA cm-2 

  
2.4  

mWh cm-3 
604.3 

mW cm-3 
  

Based on active material volume 

  Corresponds to Id, m  5 A/g 

15 10   6.1 8.5   
At mass loading (7.1 mg) 

52 
mF cm-2 

7.9 
mA cm-2 

  
20.9 

μWh cm-2 
6.7 

mW cm-2 
  

0.7 0.4   0.3 0.4   

Based on total electrode mass, including Ni foam 

as current collector and 7.1 mg of active material. 

(for Id, m  =10 A/g) 

LiPF6 in propylene carbonate 

G(CN)ak-2 //  

G(CN)ak-2 3.5 

21 1.5   34.9 2.6   
Based on mass loading of 14.4 mg, without 

current collectors. 

O
u

r
 r

e
su

lt
s.

 

12 5   20 8.7   

8 7   13.3 12.2   

3 2.9   5.2 5   

Based on total electrode mass including Al foil 

with mass of 11 mg per electrode. 

Values corresponds to Id, m  of 7 A/g 

74.4 
mF cm-2 

31.7 
mA cm-2 

  
126.6 

μWh cm-2 
55.5 

mW cm-2 
  Corresponds to Id, m  5 A/g 

3.1 
F cm-3 

31.7 
mA cm-2 

  
5.3 

mWh cm-3 
2.3 

W cm-3 
  

Based on total electrode volume   

Corresponds to Id, m  5 A/g 
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Appendix B 

Pinning ultrasmall greigite nanoparticles on graphene for effective 

transition-metal-sulfide supercapacitors in an ionic liquid electrolyte 

 

 

 

 
 

Figure B1. (a) Thermogram and (b) evolved gas analysis under air for Fe3S4 and GCNFe3S4 hybrid 

(c) TEM image of bare Fe3S4. 
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Figure B2. X-ray photoelectron emission spectra for the Fe region with deconvoluted components 

indicating areal% for Fe3+ and Fe2+/3+ (a) before and (b) after electrochemical cycling. 
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Figure B3 (a) Stability of GCNFe3S4 in organic electrolyte (LiPF6 in propylene carbonate, PC) 

and IL+ LiTFSI electrolyte photoluminescence (PL) map of (b) pure LiPF6 in PC (c) LiPF6 in PC 

after 9 days (9d) interaction with GCNFe3S4, (d) pure IL+ LiTFSI, and (e) IL+ Li- salt after 9 d 

(days) interaction with GCNFe3S4. 
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Table B1. Comparisons of supercapacitors (full‑cells only) from literature. The literature-given values 

appear in black. The recalculated values include the mass of the current collectors (note 1). [ΔV: operating 

cell-voltage; I: specific current; m active material mass; mT: total mass (mass of active material + current 

collectors); E: specific energy; P: specific power; C: capacitance; t: discharge time; MW: microwave; HT: 

hydrothermal. The units are as reported in the header row of the table unless otherwise stated in the specific cells.] 

 

 

Anode// 

Cathod

e 

 Given 
Recal

cu-

lated 
Given 

Recalcula

ted C% 

retention 

vs I 

C% 

retenti

on 

vs 

cyclin

g 

Electrolyte/ synthesis methods /current collectors/ 

recalculation details R
ef

. 

ΔV I I E P E P 

V A g-1 A g-1 
Wh 

kg-1 

kW 

kg-1
 

Wh 

kg-1 

kW 

kg-1
 

1 
AC//Co9

S8 -NSA 
1.7 

- 

 
- 20 0.8 - - 

54% at 

10 A g-1 

84.4

% at 

1000th 

cycle 

1 M aq. KOH, HT growth on Ni foam (34 mg cm-2).[2] 1 

5 -- 8.5 8.2 1.6 0.6 Given m = 2.8 mg cm-2. From Fig. 6b, t was calculated  

2 
AC//Co9

S8@C 
1.6 

1  58 1 - - 
72% at 

18 A g-1 

86% at 

10000t

h cycle 

2 M KOH, multi-step, high temp. treatment, Ni foam 
2 5 0.8 -- -- 8 0.6 Given m = 10//3 mg cm-2. From Fig. 5b, c t was 

calculated.  18 2.8 38 17.2 6.5 2.2 

3 

Bi2S3/S‑

NCNF//

S‐

NCNF 

1.3

5 
8 

- 

 
16.4 5.3 - - 

69% at 

8 A g-1 

118% 

at 

2000th 

cycle 

6 M KOH, multi-step synthesis, HT growth on the 

current collector 
3 

Counter-el. mass not given 

4 

GCo0.33

Fe0.7S2//

SG 

CoNiAl 

1.6 

-  66.8 0.3 - - - 100% 

at 

1000th 

cycle 

3 M KOH, Ni foam, HT synthesis 

4 200 mV 

s-1 
0.3 13 29 1.9 0.3 - Given m = 2.5 mg cm-2. From Fig. 8c, t was calculated 

5 
FeS2//Fe

S2 
0.9 

1  6.5 0.5 - - - - 3.5 M KOH, Ni foil, HT synthesis 
5 

3 0.1 1.5 1.33 0.08 0.07 - - Given m = 1.9//1.9 mg. From Fig. 13b t was calculated 

6 

RGO/Fe

S//Ni(O

H)2 

1.8 

0.02 A 

cm-2 
3.4 19.9 4.2 8.1 3 

- 
152% 

at 

1000th 

cycle 

2 M KOH, HT growth on Fe foil (of mass 0.7 mg 4) 
6 

4.7 A g-1 - Given m=3//1.3 mg. From Fig. 9b, t was calculated. 

  

                                                           
1 Energy and power values are standardized on the two‑electrode metrics, as described in the experimental part. 
2 A typical value for 80 μm thick Ni foam is 34 mg∙cm-2 (as obtained from MTI Corporation, see: 

http://www.mtixtl.com/NickelFoamforBatteryCathodeSubstrate300mmlengthx80mmwidthx0.0.aspx). Current (I) 

was first calculated from C = I·t/m·ΔV , since Cm, m, 𝑡, 𝛥𝑉 are known. Then, we replaced m by the total mass of 

electrode (i.e., active material + Ni foam), to calculate C for the total electrode mass. 
3 Calculated E and P using Fig. 13b at I 3 A∙g-1 then calculated performance at total electrode mass level. 
4 Considering Fe density (7.8 g∙cm-3 ) and a very thin 1 µm Fe foil (Goodfellow, FE000050) mass is obtained 

(0.7 mg). 

http://www.mtixtl.com/NickelFoamforBatteryCathodeSubstrate300mmlengthx80mmwidthx0.0.aspx
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7 

FeS2/GN

S//Ni(O

H)2@Co

9S8 

1.7 15 - 27 12.6 - - 

37% at 

15 A g-1 
86% at 

5000th 

cycle 

2 M KOH, Ni foam, MW synthesis 
7 

calculated Solid-state supercapacitor.[5] 

8 

rGO100-

CNT50-

Co3S4//N

G 

1.6 10 1.17 

34.16 8 

3.8 0.9 
76% at  

10 A g-1 

90% at 

3000th 

cycle 

3M KOH; HT synthesis; Ni foam 

8 
43.5 6.9 

m=3 mg cm-2 for 1st el., and mass ratio 0.54, hence mass of 

2nd el. =5.55 mg cm-2.[6]  

9 

NiFeS2/3

DSG//3D

SG 

1.6 10 - 31.6 2.2 - - 
70% at 

10 A g-1 

82% at 

5000th 

cycle 

6 M KOH; MW synthesis 
9 

No data given to calculate performance based on mT. 

10 

Fe-Co-

S/NF//rG

O 

1.6 10 -- 13.3 5.5 0.8 0.5 
62% at 

10 A g-1 

90% at 

5000th 

cycle 

1 M KOH, HT growth on Ni foam (2x2 cm2) 
10 

m = 2.4//2.1 mg cm-2. From Fig. 7c, t was calculated 

11 

RGO/ 

Fe2O3 

//CuCo2

O4 / CuO 

1.6 10 0.36 9.1 8 0.3 0.3 
30% at 

10 A g-1 

83% at 

5000th 

cycle 

Lower performance; HT growth on Ni foam (2×4 cm2) 

11 t was obtained from given C at max. I= 10 A g-1. Given m 

is 7.9 mg cm-2 on +ve el.[7] 

12 

Fe2O3-

QDs–3D 

GF //3D 

HPG 

1.6 20 1.8 48 16 4 1.3 
80% at 

100 A g-1 

74% at 

12000th 

cycle 

 

Lower performance, HT synthesis on carbon cloth 

12 
Given I was based on m only (2.0 mg cm-2).[8] 

13 

Porous 

Mn3O4//

Fe3O4 

2 30 3.9 30 30 4 3.9 
40% at  

30 A g-1 

98% at 

30000th 

cycle 

Use of Ni foam and carbon cloth. HT synthesis 
13 Given values based on m only (2.5 mg cm-2) el. area=2 

cm2 and electrode mass ratio is 1:1.5.[9] 

14 
FeOOH//

NiMoO4 
1.7 

10 11.3 12.7 4.9 14.4 5.6 22.5 10000 

Use of carbon cloth, HT & electrochemical treatment for 

obtaining the active FeOOH phase, HT growth of 

NiMoO4 on Ni foam 14 

  7 1.8   67 80.8 

Given values are based on full device mass. We 

recalculated the performance based on mT.[10] Given m is 

9 mg∙cm-2 (first row) and 1.6 mg∙cm-2 (second row). 

The FeOOH//NiMoO4 system was the best performing iron oxide‑based supercapacitor among the state‑of‑the‑art, which was 

identified in the recent publication (Table S3 in the SI file from ref. 15) 

15 

G(CN)ak

2 

//G(CN)a

k2 

3.5 - 2.9 - - 5.2 5 - - Given values are based on mT 15
 

                                                           
5 The TMS are also showed promising energy and power densities for solid state supercapacitors, however, there 

rate performance needs further improvement as well the improvement on use of low mass current collector is 

required. 
6 t was calculated from the given capacitance value (96 F∙g-1) at 10 A∙g-1, E and P were then recalculated. 
7 Given values are based on m only (7.6 mg∙cm-2 and 3.89 mg∙cm-2); areal density of Ni foam (38 mg∙cm-2) and 

area (2×4 cm2) are provided. Hence total mass of Ni foam is 304 mg. Then, we replaced m by the total mass of 

electrode (i.e., active material + Ni foam), to calculate Cm for the total electrode mass. 
8 Given m is ~2.2 mg∙cm-2 per electrode. The area of carbon cloth is 1.54 cm2, considering the mass 13.5 mg∙cm-2 

(as obtained from Fuel cell store, see for instance: http://www.fuelcellstore.com/fuel-cell-components/gas-

diffusion-layers/carbon-cloth/avcarb-1071-hcb ). The mass of carbon cloth is 20.3 mg per electrode. Using, 

galvanostatic charge/discharge cycling (Fig. S6), we obtained t, I at Id,m 20 A∙g-1. 
9 Using reported values for I, C and m, we calculated t and then applied current I. From these values the 

performance based on mT was possible to recalculate considering one electrode with carbon cloth and the other 

with Ni foam (for mass of carbon cloth and Ni foam see also note [2] 
10 The given values correspond to high mass loading (24.5 mg) and reported in Fig. 13b of this reference. Our 

recalculation was done excluding the mass of the membrane separator (given in the peer review file; response to 

comment F from reviewer#1). 

http://www.fuelcellstore.com/fuel-cell-components/gas-diffusion-layers/carbon-cloth/avcarb-1071-hcb
http://www.fuelcellstore.com/fuel-cell-components/gas-diffusion-layers/carbon-cloth/avcarb-1071-hcb
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Table B2. Energy and power densities of GCNFe2S4//GCNFe2S4 cell at different specific currents. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

  

Active mass 

level 
Total electrode 

mass level 
Active mass level Total electrode mass level 

Comments 

I I E P E P 

A g-1 A g-1 Wh kg-1 kW kg-1
 Wh kg-1 kW kg-1

 

1 0.7 37 2 6.3 0.3 

Low mass 
loading of 

0.9 mg∙cm-2 
(total active 

mass is 
4.2 mg) 

2 1.4 35.4 3.5 6 0.6 

5 3.4 32.4 8.8 5.5 1.5 

8 5.5 30.3 14.2 5.2 2.4 

10 6.8 29.4 17.7 5 3 

15 10.2 27.3 26.5 4.7 4.5 

20 13.6 25 35.4 4.3 6 

1 

0.5 35 2 17.4 0.9 

High mass 
loading of 

3.5 mg∙cm-2 
(total active 

mass is 
15.6 mg) 

 30 µWh∙cm-2 1.5 mW∙cm-2   

 49 mWh∙cm-3 2.4 W∙cm-3   

2 1.0 30 3 14.9 1.7 

5 
2.5 20 8 9.9 3.8 

 28 mWh∙cm-3 11 W∙cm-3   

8 4.0 13 11 7.0 5.0 

10 5.0 10 13 5.0 7.0 
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