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1 Motivation  

The biggest challenge for our and future generations is to preserve the integrity of the planet in 

contemplation of an accelerating global warming. A progressive shift away from fossil fuels, 

in favor of regenerative energy sources is an important step towards carbon neutrality. 

However, the availability of electricity produced by regenerative energy is reliant on external 

factors, as 50% of their production in the European Union (2020) is provided by sun (14%) and 

wind (36%).[1] Both technologies can not increase their output by demand, which becomes 

problematic, especially in periods of anticyclonic gloom, where energy output by solar and 

wind systems is insufficient. This missing redundancy makes it impossible for one technology 

to countervail an unforeseen demand gap. The solution for this problem is the installation of 

an energy storage capacity within the grid, capable to buffer energy demand and supply shocks. 

These storage systems provide necessary flexibility and stability for a functional and stable 

power grid which is the backbone for a successful energy transition. Holistic sustainability 

aspires to be maintained throughout the supply chain starting from renewable supply to green 

storage. There is no one-fits-all storage technology as energy consumption is allocated to 

different sectors and applications. A combination of different storage systems (Fig. 1) provides 

a resilient solution. 

 

Fig. 1: Discharge time of different energy storage technologies plotted against their storage 

capacity. Figure modified with the permission from the author from ref.[2] and under using 

the CC BY 2.0 license from ref.[3] 

https://creativecommons.org/licenses/by/2.0/
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These storage systems differ regarding their energy storage capacity and power output, which 

is expressed by discharge time and therefore requires assignment towards a specific use case. 

Demand for stationary energy for a city of 150.000 inhabitants consuming around 200 GW per 

annum can be buffered by power-to-gas technology in pore or cavern storage (Fig. 1, yellow 

region). Energy storage used for heating of model households (2MW per annum) can be 

covered by heat reservoirs or district heating supply (Fig. 1 grey region). Additionally, physical 

storage sites such as pump or compressed air storages can be used to store energy in the range 

of 1 GWh.[2] 

Transportation requires mobile and therefore lightweight sources of energy storage, widely 

realized by fossil fuels. If those carbon intensive fuels are replaced with electrochemical energy 

storage solutions like batteries and capacitors, a huge contribution towards carbon neutrality 

can be accomplished. (Fig. 1, orange region).[4]  

This work aims to create knowledge in the field of these lightweight electrochemical energy 

storage applications.  The focus is on the technology of sodium-ion batteries and 

supercapacitors utilizing onion-like carbon as active material. Key aspects addressed concern 

the effects of active material treatment prior to electrode production via structural, physical and 

chemical modification to enhance the capability to store energy but also to facilitate the 

production of sustainable electrodes.  
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2 Characteristics and analytics of electrochemical energy 

storage  

2.1 Electrochemical energy storage  

For mobile electrochemical energy storage solutions, the weight of the devices expressed in 

their energy density is crucial, as they have to be carried alongside the electric consumer. 

Beside the energy density, also the time needed to charge and discharge is of importance. These 

two parameters distinguish supercapacitors and batteries (Fig. 2).[5] Among electrochemical 

energy storage applications, batteries offer a high energy density but lack specific power 

density, as they require long charging and discharging times in range of hours (Fig. 1). 

Prominent examples in battery technology are sodium-ion (SIB), lithium-ion (LIB) or lead acid 

(LA) batteries. Supercapacitors can be charged and discharged within minutes but store less 

energy compared to batteries (Fig. 2). Supercapacitors can be further dived into Electric double 

layer capacitors (EDLC) which solely rely on an electric field to store energy and 

pseudocapacitors which are an intermediate technology and therefore, can not be separated 

conclusively from batteries.[5] 

 

Fig. 2: Ragone plot for energy storage technologies featuring their specific power plotted 

against their specific energy. Figure modified using the CC BY 2.0 license from ref. [6] and 

permission from ref. [7] 

https://creativecommons.org/licenses/by/2.0/
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2.1.1 Batteries 

Batteries or electrochemical cells consist out of two half-cells featuring different active 

materials (Fig. 3). In each half-cell, energy is stored by electrochemical redox reactions 

promoted by their active material (1). The electrical current required for the reaction from the 

oxidized state Ox towards the reduced state Red is externally introduced by an electric field 

acting as a driving force and source of energy.[8] 

 

Fig. 3: Schematic representation of an electrochemical cell with a redox reaction at the anode 

and cathode. Both electrodes are connected ionically with the electrolyte and mechanically 

isolated by the separator.  

𝑜𝑥+  +   ne− ⇄  𝑟𝑒𝑑 (1) 

The energy is then transferred and stored in the bulk of active material by the redox reactions 

(Fig. 3). This electrochemical reaction is reflected energetically by the potential difference E 

between the reduced (red) and oxidized state (ox) of the active material of the respective half-

cell. This relation is explained by the Nernst equation[9]:  

𝐸 = 𝐸0 +
𝑘𝑇

𝑣𝑒𝑒
 𝑙𝑛 (

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
) (2) 

Where ared or aox is the activity of the respective redox species, k the Boltzmann constant 

accounting for the probability of the oxidized (reduced) state with regard to the temperature T, 
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the electron transfer number ve and the elementary charge e. The potential E0 is the standard 

reduction potential of the redox pair in one electrode versus the reduction potential of a standard 

hydrogen electrode. The resulting electrochemical potential E reflects the driving force to 

release the energy by reversing the reaction and reversing the phase transition of the active 

material. By reducing (oxidizing) the active material the flow of electric current is also 

reverted, resulting in discharging of the half-cell back into equilibrium.[9] The energy, which 

was stored in the device by overcoming the reaction barrier of the charge transfer process, is 

now available to perform work. The transport processes are enabled by an electrolyte, which 

acts as an insulator for electrons but as a conductor for ions, necessary to maintain charge 

neutrality in the system.[2] 

The active material undergoing redox reactions is a substantial element for the electrochemical 

cell and therefore, of key interest. The first rechargeable cells, using lead as active material 

were developed by Faston Plante (1859).[10] Although known for over 150 years, the lead acid 

(LA) technology is still widely used today with 29% of battery market share in 2019.[11] The 

wide usage can be explained by the resilience and therefore, reliability of the system.[12] 

Beside lead acid technology, lithium-ion batteries are ubiquitously used and also account for 

roughly one third of the battery market.[12] The outstanding electrochemical potential of alkali 

metals in combination with their light weight, especially for sodium and lithium, makes those 

elements promising candidates for a system with high power and energy density.[13] The first 

rechargeable cell using lithium metal was described in 1913, however it took another 75 years 

until a system was established by Akira Yoshino which combined satisfying operating 

conditions regarding size, safety, cyclability, capacity and temperature.[14] As the earlier 

versions with solid lithium metal electrodes tended to explode after experiencing mechanical 

stress, the secondary battery of Yoshino used soft carbon to host lithium ions in the anode.[15] 

This charge storage principle, known as intercalation is fundamental for the lithium-ion battery 

technology.[16] With soft- and hard carbon, two different kinds of carbon material can be used 

for this ion intercalation. Soft carbon consists of turbostratically stacked carbon layers, which 

can be graphitized at high temperatures (3000 °C) (Fig. 4). [17] 
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Fig. 4: Schematic high temperature reaction of different carbon precursors and their high 

temperature modifications. Figure adapted under license with CC BY-NC-ND 4.0 from ref. 

[17] 

Hard carbon is non-graphitizable as its precursors are carbon sources like biomaterials or 

phenolic resins with highly crosslinked structures, whose pyrolysis products do not decompose 

to a liquid stage. Hard carbon offers various defects which interconnect individual carbon 

layers leading to a structure comparable to partial crystallinity observable in many polymers. 

This disorder, originating from the crosslinked precursors creates pores and increases the 

distance between the carbon layers.[18] For lithium ions, the layer distance of graphite is 

perfectly suited to accommodate them in between the individual graphene layers forming a 

graphite intercalation compound LiC6 (Fig. 5a). This LiC6 intercalation compound offers a 

theoretical specific capacity of 372 mAh/g. Sodium ions with their ionic binding character with 

carbon[19] lead to an energetically unfavorable intercalation compound of NaC64 (Fig. 5b) 

featuring a theoretical capacity of only 35 mAh/g.[20] For sodium ion storage, hard carbon is 

a more attractive active material, which was shown by Dahn[21] leading to an increase in 

research activity in the field of SIB (Fig. 5c and d). In contrast to soft carbon or graphite, hard 

carbon offers a higher interlayer distance between the carbon sheets and also provides more 

active sites for charge transfer reactions due to various voids and pores originating from its 

discorded structure (Fig. 5d). SIB featuring biomass derived hard carbon anodes reaching 

specific capacities around 370 mAh/g [22] can compete with LIB technology.  

 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 5: Schematic overview over storage of lithium ions (a, c in blue) and sodium ions (b, d in 

green) in hard  and soft carbon active material. Figure modified with permission from ref. [23] 

How storage sites in an active material get successively occupied during charging is still part 

of research with models like the “House of Cards” theory in discussion.[24] The capacity of an 

entire cell is limited by the amount of transferred charge, while the power is dictated by the 

potential, at which the reactions take place. These reactions rely on mass transport in the bulk, 

entailing an expansion and contraction of the active material due to the phase transition. By 

nature, those volumetric changes are structurally demanding processes as they are accompanied 

by mechanical stress, which deteriorates the electrode and their capacity. Besides the 

mechanical stress also, a high potential, favorable for a high power density, is a driving force 

for irreversible side reactions. Those side reactions can consume the electrolyte or the active 

material, which decreases the concentration of mobile charge carriers and ultimately the 

capacity of the system.[25]  

2.1.2 Supercapacitors 

Like batteries, supercapacitors consist out of two electrodes, physically disconnected by a 

separator. The electrodes are immersed in electrolyte, which connects them ionically but is 

insulating for electric current. In contrast to batteries, charge storage in supercapacitors does 

not require phase transition or reaction in the bulk material of the electrodes, as no charge 

transfer occurs between electrolyte and electrode.[26] As energy is only stored on the surface 
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of the electrode, supercapacitors possess lower energy density compared to batteries (Fig. 2). 

However, they show also certain advantages of the system regarding its reactivity. With 

pseudocapacitors and electrochemical double layer capacitors (EDLC) there are two different 

types of supercapacitors [5] whose characteristics are explained in detail in this chapter. 

2.1.2.1 Electrostatic double layer capacitors   

When storing electrochemical energy in an electrode of a supercapacitor, the charge carriers 

are transferred into the electrode consisting of a conductive active material. This current is 

initiated by an external electric field and with the density of charge carriers, the potential of the 

electrode is increased. Inside of the supercapacitor, the charge of the electrons or holes in the 

electrode attracts oppositely charged ions from the electrolyte. As a result, pairs of charge 

carriers and counterions form an electrostatic double layer at the solid to liquid interface of the 

electrode as described in the Helmholtz model (Fig. 6a).[27]  

 

Fig. 6: Schematic overview of the charge storage in supercapacitors with the Helmholtz layer 

(a); and schematic representations of a discharged (b) and charged (c) symmetrical 

electrochemical double layer capacitors. The black spheres represent the active material 

where the charges (for electrons in purple and for holes in yellow) are located and the ions are 

absorbed (for positive orange and for negative cyan), the blurry purple area surrounding the 

ions represents the solvent shell surrounding them.  

By assembling pairs of charge carriers and counterions, the energy can be stored without the 

need to increase the externally applied voltage (Fig. 6b and c). Therefore, the capacitance C is 

limited to the number of active charge storage sites available at the given potential. Beside the 

number of charge storage sites which increases with the surface of the electrode A also to the 
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distance d between those charge carrier pairs (Fig. 6a) is a factor for the capacitance of the 

electrode (3). 

𝐶~
𝐴

𝑑
 (3) 

For liquid electrolyte supercapacitors, the physical distance between the electrode and the ion 

d is restricted by the thickness of the solvent shell of the ions in the electrolyte solution. 

Following this equation, the capacitance of the electrode can be greatly enhanced by an increase 

in surface of the electrode material. This boost of capacitance can be implemented by utilizing 

porous active materials. Those materials exhibit/possess a sponge-like structure with pores of 

different sizes and tortuous channels leading to specific surfaces reaching up to 3000 m2/g. 

With the specific surface, the number of active sites increases and therefore charge storage 

capacitance as well. If the surface exceeds 1500 m2/g, compensate the electric field of adsorbed 

ions in proximity can not be compensated due to a lack of active material. Thus, further increase 

in surface does not lead to additional capacitance.[28] Beside a high specific surface a 

performant active material must feature adequate supply and accessibility for the solvated 

counter ions of the electrolyte. During the limited timeframe of charging or discharging of the 

electrode these counter ions with their solvate shell, must move from reservoirs into and also 

out of the structures of the active material (Fig. 6b and c). This tradeoff between surface and 

accessibility is addressed by the choice of active materials and electrolyte. While state of the 

art commercial supercapacitors are based on activated carbon[29], research is ongoing to use 

other materials from the large family of carbon modifications like graphene,[30, 31] carbon 

nanotubes,[32-34]carbon nanofibers,[35, 36] xerogels,[37] biomaterials,[38] quantum dots[39] 

and onion-like carbon[40-42] in order to maximize the double layer capacitance, which 

currently achieves values around 300 F/g at charging rates of 1 A/g.[43] Unlike batteries, 

EDLC charge storage reactions do not involve a structurally demanding phase change of the 

active material, which results in superior kinetics, power density and a lifetime of over one 

million cycles for supercapacitors.[5]  

2.1.2.2 Pseudocapacitors  

Similar to batteries, pseudocapacitors store energy using redox reactions. The difference to the 

battery is that charge transfer reactions of a pseudocapacitors occur on the surface rather than 

in the bulk of the active material.[44] The faradaic reactions also do not proceed at a specific 

potential like in a battery, but in a wide window at infinitely variable potentials, caused by the 
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difference in accessibility for ions and electrons for each functional site. By a continuous 

overlap of these at infinitely variable potentials over a wide potential window, the characteristic 

capacitive behavior can be observed for pseudocapacitors.[45] Like in EDLC, the current 

increases linearly with the potential of the pseudocapacitors, which distinguishes the 

technology from a battery type energy storage.[44] With redox pseudocapacitance, 

underpotential deposition pseudocapacitance, doping pseudocapacitance and intercalation 

pseudocapacitance, there are several types of pseudocapacitors relying on different faradaic 

surface reactions (Fig. 7).[46] 

 

Fig. 7: Schematical overview over the different type of pseudocapacitors: (a) Redox 

capacitance, (b) underpotential deposition pseudocapacitance (c) doping pseudocapacitance 

(d) intercalation pseudocapacitance. Figure modified with permission from ref. [5] 
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These surface redox reactions bring several benefits: as there is no phase transition of the bulk 

material involved during charging and discharging, reducing the stress and its negative 

structural impact. Redox pseudocapacitance stores energy by forming clusters of transition 

metal oxides like ruthenium oxide (theoretical capacitance ca. 2000 F/g), [47] manganese 

(theoretical capacitance ca. 1370 F/g)[48] and cobalt oxide (theoretical capacitance ca. 

4000 F/g)[48] at the electrode surface (Fig. 7a). Underpotential deposition pseudocapacitance 

features metal ions like lead[49] or copper[50] which are dissolved as electrolyte and can be 

reduced for energy storage, forming a monolayer on the electrode (Fig. 7b).[51] Beside those 

reactions, there is also doping pseudocapacitance which utilizes conductive polymers as active 

material (Fig. 7c). For energy storage, the polymer is oxidized and the charge is 

counterbalanced by ion insertion, which is called doping.[52-55] This is possible due to the -

electron system extension alongside the backbone of the polymer, as well as its oxidative 

stability. Conductive polymers currently used for doping pseudocapacitors are polyaniline 

(PANI, theoretical capacitance ca. 750 F/g)[56] poly(3,4-ethylenedioxythiophene) (PEDOT, 

theoretical capacitance ca. 210 F/g)[57] or polypyrrole (PPY, theoretical capacitance ca. 

620 F/g).[56] Pseudocapacitive intercalation (Fig. 7d) combines the capacitive as well as the 

diffusion limited ion insertion mechanisms described in section 2.1.1. Therefore, this process 

is considered fast intercalation, however a sharp distinction between battery and 

pseudocapacitive intercalation can not be made. Therefore devices based on this charging 

mechanism are considered as hybrid technology.[58] 

As the redox active sites are adsorbed on the surface without their solvent layer, more active 

sites are available for energy storage compared to EDLC. This explains a higher specific 

capacitance of pseudocapacitors. With those features, pseudocapacitors fill a gap between 

EDLC and batteries. This edge in specific capacitance comes at the price of sluggish kinetics 

for electrodes, due to slow ion diffusion and a lack of conductivity in the case of metal oxides. 

For electrodes using conductive polymers, swelling and shrinking due to repeated ion insertion 

and extraction from the active material, results in stress leading to cracks and ultimately 

deteriorates the capacitance. To offset those drawbacks, composites using carbon as stabilizing 

and conductive backbone are subject of ongoing research. [5] 

2.2 Carbon nanomaterials for energy storage  

The active material, as the location where the charge is stored, is the key element for each of 

the presented electrochemical energy storage applications. Different storage mechanisms 
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require tailor-made active materials to fulfil the unique requirements. Carbon with its various 

modifications, high abundance and cheap price excels in this challenging operational area.[59] 

Especially sp2-hybridized and carbonized solid modifications are of particular interest. Those 

carbon materials provide sufficient conductivity for the electrons to reach the active sites of the 

material where energy is stored.[28]  

The carbon surface and its structure is the key area for charge transfer reactions in batteries and 

for the formation of the electrostatic double layer in EDLC. Consequentially, the porous 

character is of special interest. Each technology requires an active material with specific 

dimensions and pore sizes offering efficient active sites for energy storage.  

According to the use of different electrolytes, a suitable structure of the carbon surface and its 

pores must be ensured.[60] Following those considerations, knowledge about the surface of the 

carbon material, porosity including size of the pores, their shape and distribution is of central 

interest in order to design performant active materials. Key challenge is to balance the tradeoff 

between surface area and accessibility of the pores mentioned in section 2.1.2.[43] To unify 

the comparison of materials, whose porosity is usually determined by physisorption, three 

classes of pore sizes are defined:[61] 

• Micropores < 2 nm 

• Mesopores  2-50 nm 

• Macropores > 50 nm  

Beside the porosity, carbon materials can be categorized by their dimensionality. There are 0D, 

1D, 2D and 3D carbon materials like fullerenes (Fig. 8a) carbon nanotubes (CNT, Fig. 8b) or 

graphene (Fig. 8c) and graphite (Fig. 8d).[62] 

 

Fig. 8: Examples for 0D, 1D, 2D and 3D carbon materials. Figure modified with permission 

from ref. [63] 
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If fullerenes are stacked concentrically the spherical structures can extend to size of around 

10 nm and above. Those structures are known as onion-like carbon (Fig. 8e) due to their multi-

layer assembly, reminiscent of onions. Described by Ugarte in 1992,[64] these multiwall 

structures can be synthesized from sp3 carbon precursors like nanodiamonds by annealing[65-

68] at high temperatures but also by other methods like beam irradiation,[64, 69] arc 

discharge,[70] chemical vapor deposition[71, 72] or pyrolysis.[73] OLC is a promising active 

material as they are synthetically produced and do not entail geopolitical risks like other carbon 

electrode materials like graphite, which was recently labeled as critical raw material by the 

European Union.[74] OLC is also considered as a material of low toxicity[40] and features a 

high degree of external porosity[75] desirable for EDLC applications. 

Like many carbon materials, OLC show a distribution of micro-, meso and macropores. For 

OLC, this distribution is determined by the size of the primary particles and the packing of 

those spherical particles. The packing is influenced by the method of manufacture[67] as well 

as the post-production treatment and agglomeration. Residual amorphous carbon can clog 

micropores by forming sinter necks at the contact points of primary particles.[75] This 

amorphous interparticle connection promotes the formation of macroporous voids within the 

secondary particles. The mesoporosity in OLC agglomerates is a result of octahedral and 

tetrahedral pores in the dense packing of equal spheres,[75] as shown for a cubic close packing 

(Fig. 9a and b).  

 

Fig. 9: Pores schematically displayed in a cubic close packing of onion-like carbon.  
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With the diversity of pores and a moderate but highly accessible specific surface, OLC 

represent a platform for energy storage, which can be widely used in energy storage devices. 

In batteries, OLC are utilized as active material[76] but also as conductive additive.[77, 78] 

OLC are also applied as active material in EDLC[42, 79-82] as well as in pseudocapacitive 

applications,[82-86] where the external surface is a suitable template for redox active 

functionalization e.g. with conductive polymers,[85, 87, 88] quinones[89, 90] or transition 

metal oxides.[83, 91] 

2.3 Electrochemical characterization 

For electrochemical measurements, the potentiostat is the instrument of choice as it is capable 

of applying different input potentials, currents and frequencies and is able to report the system’s 

electrical response This response can be assigned to various processes responsible for energy 

storage but can also expose side reactions within the system. With cyclic voltammetry, 

galvanostatic charging and electrochemical impedance measurements three key techniques are 

explained in the following subsections  

2.3.1 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is a standard technique to detect and evaluate electrochemical 

processes within a specific potential window. The potentiostat varies the voltage between the 

electrodes with a constant linear rate, called sweep or scan rate, until the desired potential is 

reached. During this voltage change, the system responds by a flow of the electric current.[92] 

A rise or peak current is indicating the occurrence of a reaction or charge storage process, 

which can be attributed to a certain potential. After the desired potential limit is reached, the 

current is reversed until the starting potential is reached, again with a predefined scan rate. By 

reversal of this process, back reactions of the system can be observed with the potential 

information as well as the corresponding current.[5, 93] This delivers information on the type 

and reversibility of reactions observed in the system but also reveals if undesired side reactions 

are occurring.[92] By repeating this experiment, the irreversibility of the reaction can be 

monitored over a wider time window. Additional information regarding the charge storage 

capacitance of the device can be extracted by integration of the current as a function of time 

(4).  
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𝐶𝐶𝑉 =
∫ 𝐼

𝑡1

𝑡0
(𝑡) ∗ 𝑑𝑡

2 ∗ ∆𝑉
 (4) 

The shape of the CV curve is characteristic for the type of charge storage mechanism of the 

material and originates from the current response of the material. As explained earlier, this 

allows a classification between electrochemical double layer, pseudocapacitance and battery-

like behavior (Fig. 10).[94] 

 

Fig. 10: Comparison of different charge storage mechanism and their characteristic shape in 

CV measurements. Figure modified with permission from ref. [94] 

By adjusting the scan rate, the kinetics of the processes, like fast charging and discharging of 

the device, can be investigated. Also, the life cycle of a device can be analyzed by long term 

measurements with thousands of cycles. CV can be performed using a two- or three-electrode 

setup (Fig. 11).  
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Fig. 11: Schematic cell setup with: (a) symmetrical two-electrode system and a (b) three-

electrode system. 

The two-electrode system consists of working and counter electrodes, the latter simultaneously 

acting as reference electrode (Fig. 11a). In contrast, the three-electrode setup consist of three 

individual electrodes (Fig. 11b). The reference electrode in an ideal three-electrode setup is not 

taking part in any reactions and no current is flowing. The main advantage over the two-

electrode system is that the potential of the reference electrode should remain constant, 

allowing an accurate determination of the potential of the working electrode.[95] Therefore, 

three-electrode systems are used for research of individual specific cell components and to 

analyze processes in asymmetrical electrodes.[92] The two-electrode configuration, as a more 

simple and therefore cost efficient system, is used to characterize final devices or 

prototypes.[96]  

2.3.2 Galvanostatic cycling (GC) 

Galvanostatic cycling maintains a constant current flow I into the cell while the potential 

response of the system is tracked. Again, the direction of the current flow is reversed, if a 

predefined cutoff voltage is reached.[92] Where CV can be used to determine at which potential 

processes occur, GC is used to estimate how long those processes at a certain potential proceed. 

The constant current fed into an electrode is directly linked to an electrochemical process 
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during the experiment. When the current is plotted versus the applied voltage, discreet reactions 

form a plateau at certain potentials. By measuring the time t the current was maintained at a 

certain potential the electrochemical process can be characterized.[5] This enables to quantify 

the capacitance 𝐶𝐺𝐶 of a capacitor (5) but also the kinetics and cyclability can be investigated 

as a function of current density:[95]  

𝐶𝐺𝐶 =
𝐼 ∗ 𝑡

𝑉
 

(5) 

GC is also qualified to estimate the internal series resistance RES of the device. This resistance, 

resulting from switching the polarity of the electrode, can be retrieved with Ohms law (6) by 

dividing the drop in voltage UIR by the applied current.[92]  

𝑅𝐸𝑆 =
𝑈𝐼𝑅

𝐼
 (6) 

Like CV, the GC graph exhibits characteristic shapes, which allow conclusions towards the 

nature of the system, which again allows a classification of the active material (Fig. 12).[94] 

 

Fig. 12: Comparison of different charge storage mechanisms and their characteristic shape in 

GC measurements. Figure modified with permission from ref. [94] 

2.3.3 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is another complementary technique, where 

the applied voltage (or the current) is switched sinusoidally between two set potentials at 

different frequencies.[97] The impedance of the system is determined from the magnitude and 

phase shift of the current (or the voltage) response. The frequency dependent impedance 

spectrum corresponds to characteristic features and processes at the interfaces of the system. 

The impedance is represented as a complex quantity with a real part Z' and the imaginary part 
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Z'' of the resistance. The measurement is performed on systems at steady-state conditions and 

typically evaluated using a Nyquist plot (Fig. 13a) where Z' is plotted versus the Z'' at different 

frequencies. The Nyquist plot is starting at very high frequencies in the region of MHz, where 

the cell usually behaves like a resistor. From these high frequencies, the resistance of the system 

(composed of electrode, electrolyte, contact resistance of electrode and current collector) can 

be determined (Fig. 13a, position 1).[98-101] When reducing the frequency, the time window 

is sufficient for processes like charge transfer reactions (Fig. 13a, position 2)[102, 103] and the 

formation of a double layer (Fig. 13a position 3).[104] Those processes are indicated by a 

change in system response forming a semi-circle respectively a 45° slope in the Nyquist plot. 

Again, the shape of the curve can help to identify the nature of the energy storage mechanism 

(Fig. 13b).[94] 

 

Fig. 13: (a) Characteristic resistance in electrochemical impedance adapted from.[98] (b) 

different charge storage mechanism and their characteristic shape in GC measurements. 

Figure modified with permission from ref. [94] 

2.3.4 Performance Evaluation  

The methods of CV, GC and EIS are applied for energy storage applications to determine the 

performance of the device and to benchmark against other applications (Tab. 1 and Fig. 14). 

Metrics often used for these purposes are cycling stability, specific capacitance, energy and 

power density.[92, 105, 106] 
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Tab. 1: Performance evaluation metrics and equations for supercapacitors. 

Performance metric Equation Ref. 

Specific capacitance of the device 𝐶𝑠𝑝 𝑇 
 

Total capacitance 𝐶𝑇 

Total mass of active material 𝑚𝑇 

𝐶𝑠𝑝 𝑇 
=

𝐶𝑇

𝑚𝑇
 

(7) 

Capacitance of one electrode   𝐶𝑒 

Specific capacitance of one electrode   𝐶𝑠𝑝 𝑒 

Active material mass of one electrode 𝑚𝑒 

  𝐶𝑠𝑝 𝑒 =
𝐶𝑒

𝑚𝑒
=

4 ∗ 𝐶𝑇

𝑚𝑇
 

(8) 

 

Cyclability measured by retained capacitance 

𝐶𝐶 

Initial capacitance 𝐶0 

Capacitance after cyclization 𝐶1 

𝐶𝐶 =
𝐶0

𝐶1
 

(9) 

Energy density 𝐸𝐷 

Voltage window V0  

𝐸𝐷 =
𝐶𝑇 ∗ V0

2

2 𝑚𝑇
 

(10) 

Power density 𝑃𝐷 

Internal series resistance 𝑅𝐸𝑆 

𝑃𝐷 =
V0

2

4 𝑚𝑇 ∗ 𝑅𝐸𝑆
 

(11) 

Cycling stability, which is a parameter to estimate the lifetime of a device, is calculated as the 

retained capacitance after the capacitor ran through a specific number of cycles performed 

either in GC or CV mode.[107] The specific capacitance of one electrode or the supercapacitor 

is calculated based on the amount of active material used. To compare the performance of 

supercapacitors and batteries, the respective energy density and power density are often 

reported in a Ragone plot.[108] This plot can also be used to compare other (non-

)electrochemical storage applications.[92]  
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Fig. 14: Different factors affecting the performance of supercapacitors as well as their 

measurement techniques. Figure modified with permission from ref. [92] 

However, the performance evaluation of energy storage devices in research is difficult. This is 

mainly attributed to a lack of a standardized cell setup originating from enormous diversity of 

active materials with different requirements and availability. Beside the active material itself, 

also its treatment and processing in the electrode influences the performance.[109] Changes in 

electrode thickness, density and mass loading can affect the capacitance and ultimately the 

performance of the supercapacitor. Also, additive materials like binders or conductive agents 

as well as the current collector, the material and dimensions of the separator and the type of 

electrolyte which is used, heavily affect the performance of a specific device.[92, 107, 109] 
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2.4 Structual characterization of the active material 

To evaluate and compare the characteristics of different active materials analyses on a nano 

scale can be performed. To gain structural and morphological information in this range, 

electron microscopy and X-ray investigations are suited.  

2.4.1 Electron microscopy 

Scanning (SEM) and high-resolution transmission electron microscopy (HRTEM) are two 

techniques to reveal nanoscopic structures using a beam of electrons. This high resolution is 

made possible by the small wavelength corresponding to electrons,[110] a major limiting factor 

in resolution known as Abbe-limit.[111] The wavelength λ of the electrons is determined 

according to the wave-particle duality postulated by De Broglie[112] (12) based on the 

acceleration voltage 𝑈𝑎in the electric field, where h is the Planck constant and e and me the 

charge and mass of an electron.[113] 

𝜆 =
ℎ

√2𝑚𝑒 ∗ 𝑒 ∗ 𝑈𝑎

 
(12) 

The theoretical resolution derived from the wavelength is limited in practice due to interactions 

of the electrons with the sample material, as an increase in acceleration voltage also increases 

the depth of penetration into the sample. This results in a prolonged path of the electron in the 

material from the focus point of the incident electron beam. This local separation of signal and 

response is blurring the image forming information.[114] On the other side, interactions are 

essential for scanning electron microscopy as they promote backscattering of primary electrons 

as well as the formation of secondary electrons, which both can be detected for imaging.[115] 

According to this tradeoff, the acceleration voltage has to be balanced with regard to the sample 

material. Typical acceleration voltages for SEM are between 2 and 40 kV.[116] Detecting 

secondary electrons provides contrast in surface morphology whereas acquired backscattered 

electrons are capable of showing a contrast in material compositions.[117] The preparation of 

a conductive sample usually does not include a sputtering step, which is necessary for 

insulating materials to prevent surface charging otherwise influencing the measurement.[118] 

SEM measurements require a vacuum atmosphere to ensure a sufficient mean free path for the 

electrons on their way from source to sample. Otherwise, the collision with air molecules would 

result in deflected electrons corrupting the measurement.[119] A tight connection to the sample 
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holder is usually realized with electrically conductive adhesives.[120] Beside morphology and 

material contrast, SEM measurements, especially in the field of energy research, provide 

parameters of the electrode cross section like thickness of the active material layer, its particle 

arrangement, binder or additive distribution and effect of calendaring.[121] Also, 

measurements before and after cyclization deliver insights on possible rearrangements of the 

active material and highlight potential problems like the formation of cracks, corrosion of 

current collector or delamination which all are indicating the deterioration of the 

electrode.[122] 

For high resolution transmission electron microscopy (HRTEM), relying on accelerating 

voltages up to 1300 kV,[123] the drawback of electron diffusion is bypassed as it is ensured 

that the sample thickness is so small that the electrons can penetrate it.[124] With this detection 

method, interactions of electrons and sample material occur to a much lower extent, which 

results in superior resolution compared to SEM.[125] However, a high accelerating voltage 

implies electrons with high energy. This energy is introduced into the sample, potentially 

altering the sample structure, thus decreasing the information value of the measurement. To 

avoid damage of the sample, the accelerating voltages has to be adjusted for each individual 

sample.[126] With a superior resolution compared to SEM, HRTEM measurements are focused 

on processes in discreet active material particles rather than on the entire electrode. HRTEM 

delivers information about the nanoscopic arrangement of individual particles and can estimate 

sub-nanometer structural information like the interlayer distance of a carbon material.[126] 

Structural changes to the particle for example caused by mechanical milling[127] or 

delamination of the layers [128] due to cyclization can be investigated. Another application of 

HRTEM is to reveal modifications of the particles by coating or functionalization.[129, 130] 

The sample preparation  of powder active materials is straightforward by dispersing the 

material in water followed by sieving the solution onto a copper grid, which is coated with a 

carbon membrane.[131] 

2.4.2 X-ray diffraction (XRD) 

In contrast to SEM and HRTEM measurements, which provide information about specific 

particles or small areas of the sample, X-ray diffraction (XRD) delivers an overview over the 

properties of the entire sample. While the radiation passes through the lattice of the sample 

particles, X-rays are reflected on atomic cores of the sample. The scattered X-rays are detected 

at a specific angle after exiting the sample material. If the specimen possesses repetitive ordered 
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structures, the X-rays can interact with each other, amplifying the signal which is called 

constructive interference. If the sample is disordered, the X-rays signal is weakened, which is 

called destructive interference. With the detection angle 𝛳, diffraction order n and wavelength 

λ of the X-ray known, conclusions regarding the structure of the lattice distance d can be 

deviated according to Braggs law (Fig. 15 and Eq. (13):[132] 

 

Fig. 15: Schematic representation of Braggs law. Figure modified with permission from ref. 

[133] 

𝑛 𝜆 = 2𝑑 ∗ sin(𝜃) (13) 

As the particles are randomly distributed in the sample, information over all lattice properties 

and particles sizes is provided.[134] In contrast to electron microscopy, which only focusses 

on a small spot of the material, XRD provides information over the entire sample. XRD helps 

to quickly recognize a promising active material without performing electrochemical testing 

relying on a complex setup. XRD can help to understand changes of the active material during 

cyclization,.[135, 136] The measurement itself is nondestructive and does not require special 

operation.[137] This combination makes XRD a fast and vital tool for active material 

investigation in the field of energy storage materials. It can for example be used to check the 

interlayer distance of the sample material and therefore can be used to recognize promising 

active materials for intercalative energy storage.  
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3 Results 

The research findings in this work using carbon materials for energy storage are divided into 

four chapters. The first chapter explains how to build a performant supercapacitor with onion-

like carbon in an aqueous process, using a sustainable binder. To improve the sustainability of 

onion-like carbon (OLC) based electrodes, the structure of the OLC agglomerates is 

investigated, revalued and discussed. The second chapter involves research on 

pseudocapacitors, using OLC in order to achieve superior capacitance. In contrast to the first 

chapter, here OLC are used as a template, decorated with conductive polymers to increase the 

capacitance of the electrode. A big part of the research was attributed to dispersibility issues of 

the starting materials. A synergistic approach improving both connectivity during reaction and 

conductivity in the device was the main objective. The third chapter is dedicated to find a new 

production method for OLC supercapacitor electrodes using a stable dispersion of OLC, which 

can be inkjet printed. The last chapter deals with the issue of OLC integration into a sodium 

ion battery. Thereby, composition and configuration issues are solved regarding the electrolyte 

and electrode. Especially, the role of OLC was reiterated and thus shifted from active material 

to conductive agent.  
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3.1 Supercapacitors with onion-like carbon 

Parts of this chapter are based on the publication: Bauer, C., Bilican, A., Braxmeier, S., 

Reichenauer, G., & Krueger, A. (2022). Sustainable supercapacitor electrodes based on 

preagglomerated carbon onions and a green binder. Carbon, 197, 555-562. 

The first topic of this work investigates secondary OLC particles, which are formed by the 

agglomeration of primary OLC. This zoom-out, from primary particle to agglomerate, enabled 

a critical rework of the interaction between bigger particles and the binder, which eventually is 

affecting the properties of the macroscopic electrode. The key task was to enhance the 

sustainability of the system without a loss in performance. Therefore, fluorinated polymers, 

which are widely used as binder, should be replaced by the sustainable carboxymethyl cellulose 

(CMC). Problems of a high content of CMC were targeted by a pre-agglomeration step of the 

OLC material. Pre-agglomeration of OLC solved the underlying contradiction as it reduces the 

specific volume of the agglomerate while maintaining the specific surface. The result was 

surprising, as agglomeration of nanoparticles is expected alongside a reduction of the specific 

surface of the active material. The potential of this finding was identified and utilized in 

supercapacitor electrodes, which were characterized electrochemically and showed a 

capacitance of 56 F/g.  

3.1.1 Introduction 

Growing ecological awareness is accelerating the demand for eco-friendly supply and storage 

of energy. The application potential of regenerative but intermittent energy sources is tightly 

linked to the capacity as well as to the flexibility of the energy storage grid.[1] Besides systems 

with a high energy density like batteries, reactive systems are required to compensate 

fluctuations of renewable energy sources. Supercapacitors can fulfill this role, as they provide 

superior power density and cyclability.[2, 3] For a throughout sustainable energy supply chain 

sustainable storage devices are integral to close the gap between energy demand and supply. 

Thus, the provision of environmentally friendly supercapacitors is an important cornerstone of 

a sustainable power grid. 

A key component of a supercapacitor is the active material of the electrode. Typically, sp² 

carbon is used mainly in the form of activated biomaterial,[4] but also carbon nanotubes or 

graphene are applied.[5] Here, we report on the use of onion-like carbon (OLC), a spherical 

form of carbon mainly composed of sp² hybridized carbon atoms arranged in concentric layers, 
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initially described in 1992 by Ugarte.[6] These fullerene layers stack in a way that the 

eponymous onion-like structure of this zero dimensional nanomaterial is formed.[5]  

OLC can be produced in high yield by a simple and easily scalable, high temperature treatment 

of detonation nanodiamond (DND) (Kuznetsov method),[7] acetylene black [8] or by ball 

milling of graphite.[9] Unlike natural graphite, considered as critical raw material by the 

European union,[10] detonation diamonds are an artificial carbon source. The detonation 

method does not require external energy input and yields detonation diamonds from e.g. waste 

explosives.[11] Even though OLC show a smaller specific surface area compared to activated 

carbon,[4] but consist of primary particles with low variation in size and shape in contrast to 

common carbon materials derived from biomaterials.[12] These characteristics build an 

interesting platform with four key properties to qualify OLC as a promising active material for 

electrochemical double layer capacitors: 

i) open porous structure: enabling a high accessibility for the electrolyte [13, 14] 

ii) high external specific surface: suited to form a large double layer [3] 

iii) electric conductivity: enabling fast and efficient polarization of the material [15] 

iv) low content of micropores: mesopore surfaces are providing the sites especially 

relevant for organic electrolytes [16, 17] 

The first supercapacitor based on OLC as active material and 15 wt% 

polytetrafluoroethylene (PTFE) as binder was reported more than a decade ago.[18] Since then, 

OLC-based supercapacitors have seen intense research activity and significant 

improvement.[19, 20] OLCs have been already investigated in different electrode setups such 

as on-chip electrodeposited OLC films,[21] cavity micro electrodes,[22] PTFE bound free-

standing films [23] and OLC-dispersion coated glassy carbon electrodes.[24] To increase the 

capacitance of OLC, conditions during synthesis like atmosphere[25] and temperature of the 

furnace[13] were examined, targeting the porosity of the active material. In addition, numerous 

post-synthetic approaches like functionalization, oxidation or coating of the OLC have been 

investigated to improve the electrochemical performance.[26-33] 

Beside the active material, a supercapacitor consists of a current collector, a binder, a separator 

and conductive additives. The binder forms a matrix for the active material and allows 

establishing contact with the current collector, thus providing mechanical durability. It must be 

electrochemically stable, insoluble in the electrolyte and needs to be evenly distributed in the 

slurry. Many supercapacitor applications rely on fluorinated polymers like PTFE as binders. 
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[27, 33-39] Even though fluorinated polymers are still considered as “polymer of low 

concern”,[40] they require wetting agents or organic solvents during processing and residual 

fluorinated monomers and fragments have undesired health and environmental effects.[41] 

Additionally, fluorinated polymers are highly persistent in nature and release toxic 

decomposition products upon recycling.[41] 

Only an optimal combination of all components leads to an environmentally sustainable 

supercapacitor which up to day presents a key development target.[15] Here, we report on an 

approach for the production of a supercapacitor based on OLC using an aqueous preparation 

method combined with a sustainable binder material while maintaining high electrochemical 

performance. The following challenges are addressed: i) increasing the surface area of the OLC 

without compromising the mesoporous character of the primary structure; ii) implementing an 

environmentally and economically sustainable binder based on carboxymethyl cellulose, while 

limiting the total amount of the binder to 10%; iii) develop a method to produce a thin 

homogenous active material coating with sufficient ad- and cohesion to enable fast cyclization 

over a wide range of scan rates and more than 5000 cycles.  

3.1.2 Experimental section 

Synthesis of the active material 

Purified detonation nanodiamond (Gansu Lingyun Corp., China) was used without further 

purification as a precursor. The phase transition to OLC was performed by thermal annealing 

in vacuum (~1 mbar starting from Ar atmosphere) using a tube furnace (STF 16/450, Carbolite 

Gero GmbH, Germany), temperature modulation was adjusted with a build in digital 

temperature controller (3216 P1, Eurotherm). A heating rate of 5 K min-1 was applied until the 

plateau temperature of 1500 °C was reached which was held for two hours.[18] After cooling 

to room temperature (5 °K min-1), the OLC were transferred into a preheated muffle furnace 

(KL 04/12M, Thermconcept LAC GmbH). An activation step at 600 °C in air for 30 minutes 

was carried out to increase the specific surface area (SSA) of the active material and to obtain 

aOLC. 

X-ray Diffraction and Raman spectroscopy 

The X-ray diffraction pattern of the powder OLC samples was recorded with a D8 Discovery 

Diffractometer (Bruker, USA) using Cu-K radiation (wavelength: 1.53 Å). The Raman 
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spectrum of OLC powders was measured with a DXR Raman Microscope (Thermo Fisher 

Scientific Inc., USA) using a laser power of 0.2 mW and an excitation wavelength of 532 nm. 

Electron microscopy of the active material 

To prepare the sample for high resolution electron transmission microscopy (HRTEM), OLC 

powder was sonicated in water. The resulting dispersion was drop casted onto a lacey carbon 

copper grid (Plano GmbH, Germany). The measurement was conducted with a FEI Titan 80-

300 (Thermo Fischer Scientific Inc., USA) using an operating voltage of 300 kV. Scanning 

electron microscopy (SEM) images of the electrodes were recorded at an operating voltage of 

5 kV using a Gemini Fe-SEM Ultra-Plus Zeiss field emission scanning electron microscope 

(Carl Zeiss Microscopy Deutschland GmbH, Germany). For this analysis, the electrodes were 

contacted using conductive carbon tapes and directly investigated without further preparation. 

N2 adsorption analysis  

The nitrogen adsorption isotherms at 77 K were recorded using a commercial volumetric 

analyzer (ASAP2020 by Micromeritics Inc., USA). Prior to analysis, the powder sample (about 

100 mg) was degassed under vacuum for 24 hours at 300 °C. The isotherm was evaluated with 

respect to the specific BET surface area SBET following the IUPAC recommendations for 

microporous materials to adapt the pressure range used to determinate the linear slope in the 

BET-plot.[42] The data at relative gas pressures below the onset of the isotherm hysteresis 

were analyzed with respect to the external surface area Sext and the micropore volume with the 

t-plot using the data of Magee as a reference.[43] For further analysis of the materials the pore 

size distribution was evaluated by means of nonlocal density function theory (NLDFT). 

Thereby a set of theoretical sorption isotherms (= kernel) calculated for N2 on carbon with slit 

shaped micropores at 77 K are numerically fitted to the measured isotherms. Details about the 

theoretical models can be found in literature.[44-47] All data evaluation was performed using 

the Software Microactive (Micromeritics Inc., Norcross)  

Slurry and electrode preparation  

The slurry for the electrode preparation, referred to as apOLC-CMC, consisted of deionized 

water as solvent, activated and agglomerated active material (apOLC), carboxymethyl 

cellulose (CMC) as binder (degree of substitution: 1.2; molar mass: 250 kg mol-1, Acros 

organics) and carbon black (Super C65; Imerys Graphite & Carbon, Belgium). For the pre-

agglomeration step (see below), aOLC powder was sonicated in ethanol for 30 minutes. After 

the complete evaporation of ethanol under ambient conditions, the brittle paOLC cake was 
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ground to fine powder in a mortar. For the system with PVDF binder, referred to as paOLC-

PVDF, water was replaced by N,N-dimethylacetamide (TCI, Germany) and CMC by 

polyvinylidene fluoride (SOLEF PVDF, Solvay Belgium).  

For the preparation of the respective slurries, all components were mixed together in the mass 

ratio 30:10:1:1 for solvent: paOLC : binder : carbon black and vigorously stirred for 72 hours 

using a magnetic stirrer. All coatings were produced by doctor blading the slurry onto a carbon 

coated aluminum (Zflo 2653, Transcontinental Advanced Coatings, USA) current collector 

with an active material loading of around 1.5 mg cm-² and a thickness of around 20 m. After 

drying at ambient conditions, round electrodes with a diameter of 18 mm were die cut with a 

punching iron and pressed with ~0.2 GPa, using a hydraulic press. SEM images of the 

electrodes are shown in the supporting information (Fig. S1 and Fig. S2).   

Electrochemical characterization 

For the electrochemical measurements of the die cut electrodes, symmetrical cells (Fig. S3) 

were produced using a stainless-steel test cell separated by a glass fiber membrane with 

1.55 mm thickness (ECC-Ref, El-Cell, Germany). The electrolyte was prepared as a 1 M 

solution of tetraethylammonium tetra-fluoroborate (TEABF4; TCI, Germany) in acetonitrile 

(Sigma Aldrich). For each system (paOLC-PVDF and paOLC-CMC), three test cells were 

assembled in the absence of humidity (<1 ppm) and oxygen (<1 ppm) using a glovebox (N2, 

Labmaster 130, M. Braun Inertgas-Systeme, Germany).  

Constant current charging/discharging (CCCD) as well as cyclic voltammetry (CV) were 

carried out with a potentio-/galvanostat (VMP300 Bio-Logic, France). CCCD measurements 

were carried out between 0 and 2.5 V using different current densities reaching from 0.15 A g-1 

up to 10 A g-1. The capacitance was calculated with consideration of the voltage drop 𝑉𝐼𝑅[48] 

caused by the internal resistance during discharging using Eq. 1:  

𝐶𝐶𝐶𝐶𝐷 =
𝐼𝑑𝑖𝑠 ∗ 𝑡𝑑𝑖𝑠

𝑉 − 𝑉𝐼𝑅
 

(1) 

where 𝐶𝐶𝐶𝐶𝐷 is the total capacitance of the device and 𝐼𝑑𝑖𝑠 the discharging current, during 

discharging of the cell starting from the charged potential 𝑉. CV measurements were carried 

out between -2.5 and 2.5 V, before and after 5000 cycles of the endurance test for different 

scan rates reaching from 10 mV s-1 to 50 V s-1. The gravimetric capacitance of the total device 
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(CCV) and the specific capacitance of one electrode (CE) [48] was calculated based on Eq. 2 

and Eq. 3: 

𝐶𝐶𝑉 =
∫ 𝐼

𝑡1

𝑡0
(𝑡) ∗ 𝑑𝑡

2 ∗ ∆𝑉
 

(2) 

 

𝐶𝐸 =
4 ∗ 𝐶

𝑚
 

(3) 

where 𝑚 is the total mass of the active material and 𝐶 the capacitance of the device. The 

endurance test was carried out over 5000 cycles and a scan rate of 2.5 V s-1.  

3.1.3 Results and discussion 

Structural characterization of the active material 

To investigate the conversion of the detonation diamond to OLC and the structure of the active 

material aOLC, Raman spectroscopy (Fig. 1A), X-ray diffraction (Fig. 1B) HRTEM (Fig. 1C 

and D), and nitrogen adsorption analysis were evaluated (Fig. S4). 

 

Fig. 1: Comparison of the active material onion-like carbon before (OLC) and after air 

activation (aOLC): (A) Raman spectra, (B) powder X-ray diffractograms and transmission 

electron micrographs for OLC (C) and aOLC (D). Curves are vertically shifted relative to each 

other for better comparison. 

The Raman spectra exhibit peaks typical for onion-like carbon as explained in detail elsewhere. 

[49-55] Briefly, the G-mode (around 1600 cm-1) is characteristic for sp2 carbon,[53] the D-

mode (around 1345 cm-1) indicates disorder in the graphitic structure.[55] The symmetric shape 

of the 2D-mode at around 2690 cm-1 is caused by turbostratic stacking of the graphitic 
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layers.[56] The Raman spectra before and after air activation show comparable structural 

features (Fig. 1A). The shape of neither the D nor G-mode changes during air activation 

indicating the absence of a significant structural rearrangement. Changes in the primary 

structure of OLC in general, observed upon annealing in argon or nitrogen atmosphere, would 

translate into a shoulder in the D-mode in the region of 1600 cm-1 of the Raman spectrum.[55] 

This fact supports the suggestion in [13] that the recorded mass loss of around 20 % during air 

activation results from the combustion of outer shells and amorphous carbon and does not 

affect the primary onion structure. This conclusion is also in line with the fact that the primary 

structure seen in the HRTEM micrograph (Fig. 1 C and D) of OLC has not changed.  

The X-ray diffraction (Fig. 1 B) shows two pronounced reflexes. The first signal at 26 ° 

represents perpendicular stacking of the graphitic planes corresponding to the primitive 

reciprocal vector (002).[57] Utilizing the Bragg equation [58] the interlayer or intershell 

distance can be calculated as 3.4 Å indicating a turbostratic stacking of the graphitic layers, 

which is in line with the results from Raman spectroscopy. Two carbon phases contribute to 

the signal at 44 °. First, the graphitic phase, expressed by the reflex of the primitive reciprocal 

vector (100) and secondly, the (111) reflex pertaining to the diamond phase which can be 

explained by a residual diamond core of not fully graphitized particles.[59] The specific BET 

surface area (SSA) of the active material as derived from nitrogen adsorption analysis is 

389 m² g- 1 for OLC (Fig. S4) and increased by 35 % to 527 m2 g-1 for aOLC as a result of the 

air activation. With 366 (94 %) and 453 m² g-1(85 %), respectively, the contribution of the 

specific external surface area is dominating in both cases.  

Preagglomeration of OLC 

Several steps are necessary to obtain a mechanically resistant electrode when working with 

OLC carbon as active material. While the activation of OLC increases the specific surface as 

shown by adsorption measurements it also removes interparticle connections.[13]. For the 

electrode the connection between the particles has to be assured by binder, whose amount in 

the supercapacitor has to be tailored. High binder incorporation adds deadweight to the system 

and could block access to the storage sites, ultimately deteriorating the performance of the 

device. This problem is well known for supercapacitors combining CMC and activated 

carbon.[60] With an agglomeration step for the active material prior to the addition of any 

additives we resolved the issue of contradicting requirements of a firmly connected active 

material and minimal binder usage. This approach ensures high accessibility of the surface area 

for the electrolyte. Therefore, aOLC was sonicated in ethanol and dried completely under 
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ambient conditions to obtain paOLC; this step reduced the volume of the sample significantly 

(Fig. 2) due to the formation of agglomerates.  

 

Fig. 2: Overview for the activation and agglomeration steps of the graphitized onion-like 

carbon prior to electrode production (A). The picture in B shows the volume reduction of the 

samples before (aOLC) and after agglomeration and drying (paOLC) and C tracks changes of 

the pore size distribution alongside the treatment. 

After this treatment, the number of small particles was reduced in favor of bigger rearranged 

agglomerates featuring less large interparticle voids. The rearrangement is observable on a 

macroscopic scale as the volume of the sample shrinks considerable (Fig. 2A) but also on 

nanoscale when comparing the pore size distribution of OLC, aOLC and paOLC (Fig. 2C). 

The increase in small pores (1-10 nm) obtained during air activation is further consolidated 

with the agglomeration step by reducing pores above 10 nm. A model developed by Presser et 

al. suggests these pores (>10 nm) as interparticle voids.[13] We can confirm these 

considerations as our measurements show a significant reduction of those pores after the 

agglomeration step, without changing the BET surface area (SSA) (Fig. S4A and Tab. S1). 
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Sorption measurements also show that the external surface does not decrease during 

agglomeration (Tab. S1). This is desirable as the external surface of OLC is considered highly 

accessible for the electrolyte, enabling fast electrochemical charging and discharging when 

used as active material in electrodes.[15] Regarding the production of electrodes, the absence 

of additional smaller particles (like e.g. in carbon black or binder) in the agglomerates 

precludes any blocking of mesopores inside the close-packing of equal spheres. The big 

agglomerates now facilitated the usage of binder especially for CMC, which tends to 

accumulate between active material areas rather than coating the entire surface like PVDF.[61] 

With the agglomeration approach, it was possible to decrease the CMC content to 10% while 

still forming a robust electrode (Fig. 3). 

Fig. 3: Scheme (A) and SEM image (B) for the interaction between paOLC and cellulose based 

binder in the electrode. The green armchair structures in (A) represent the cellulose related 

saccharide moieties. Numbers in (B) indicate binder (1) and paOLC agglomerates (2).  

For the processing of the slurry, the size of the agglomerates was found to be optimal below a 

diameter of 30 m. Bigger agglomerates were observed to be associated with the formation of 

highly inhomogeneous coatings. Additionally, they initiated cracks in the layer resulting in a 

delamination of the coating during drying. For the aqueous slurry, an addition of ethanol (5-

10%) prior to paOLC deposition by doctor-blading increased the homogeneity of the coating 

by improving wetting (by reduced surface tension) and by reduction of capillary stress during 

drying.[53] This step prevents delamination, especially at high specific mass loadings. Since 

the stress during drying increases with the thickness of the coating. cohesion between substrate 

and coating remains constant. 

Electrochemical Performance of the Supercapacitor 

Within the framework of the electrochemical analysis, the performance of the supercapacitors 

was evaluated using constant current charging/discharging (CCCD) (Fig. 4A) and cyclic 
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voltammetry (CV) (Fig. 4B) in a two-electrode cell configuration. Both methods were 

evaluated over a wide range of scan rates according to [48] and [62] to calculate the 

corresponding capacitance related to the mass of OLC according to Eq. 1 and Eq. 3. These 

measurements were performed for paOLC-CMC and also for paOLC-PVDF using non-

aqueous preparation in both cases. The comparison of these binders is of particular interest 

because they offer different binding mechanisms due to their morphology which can be seen 

by the comparison of the SEM measurements provided in the supplementary information 

(Fig. S1 and S2); the effects are also described in literature where PVDF develops net like 

structures and CMC fills interparticle voids.[61]   

 

Fig. 4: Electrochemical characterization of paOLC-CMC based electrodes. (A) CCCD for 

electrodes at different current densities between 0.25 A g-1 and 2.5 A g-1, (B) CV for electrodes 

using different scan rates between 0.10 V s-1 and 2.5 V s-1 

For the CCCD, the charging and discharging times decreases at higher current densities 

(Fig. 4 A). The shape of the cyclic voltammogram (Fig. 4B) changes from a narrow quasi-

rectangle at low scan rates to an ellipsoid at high scan rates. Considering these observations 

and taking into account that the stored energy is proportional to the integrated area in the cyclic 

voltammogram as well as for the CCCD graph, it is evident that the capacitance of the device 

decreases with a higher frequency of charging/discharging. In general, this observation is 

common for supercapacitors and is found as well for paOLC-PVDF (Fig. S5 and Fig. S6). 

Accordingly, the highest capacitance is measured at low scan rates. In this case at 10 mV s-1, a 

capacitance of 56 F g-1 (paOLC-CMC) and 44 F g-1 (paOLC-PVDF) was measured. At given 

binder content, the electrode relying on PDVF as binder offers 23 % less specific capacitance 

compared to the electrode with CMC as binder. Obviously, the higher capacitance for the CMC 

based binder electrodes indicates that filling the voids between the agglomerates with CMC is 



45 

 

blocking less surface than coating large parts of the OLC surface with PVDF. N2 adsorption 

analysis performed on the two respective electrodes shows about the same relation in the total 

surface area as detected for the respective capacitances. Obviously, the higher capacitance for 

the CMC based binder electrodes indicates that filling the voids between the agglomerates with 

CMC is blocking less surface than coating with PVDF. This can be seen by comparing the 

SEM measurements of the electrodes (Fig. S1). In the case of PVDF, the active material seems 

to be completely covered by the binder, thus a lower accessibility is to be expected. Both 

systems feature the desired quasi-rectangular shape for CV- and equilateral triangles for CCCD 

measurements, which indicates an excellent reactance without irreversible reactions like 

decomposition of the electrolyte. To further investigate the electrochemical performance of 

both types of electrodes, the capacitance was plotted over a wide range of scan and charging 

rates (Fig. 5). 

 

Fig. 5: Comparison of the specific capacitance and relative capacitance retention between 

paOLC-electrodes with PDVF and CMC binders, respectively, as a function of (A) scan rate, 

and (B) current density.  

As expected, the capacitance decreased with increasing scan rate. The supercapacitor retains 

ca. 70 % of its capacitance when increasing the scan rate from 10 mV s-1 to 500 mV s-1. A 

further increase to 50 V s-1 decreases the capacitance significantly to around 3 F g-1. The porous 

network provides surface to form an electrical double layer but also tortuosity which induces 

diffusional resistance for the electrolyte. Hence, the surface can only be utilized partially to 

form an electric double layer before reversing the voltage, resulting in a lower capacitance at 

higher scan rates. As shown in Fig. 5A, the capacitance is not saturating even at the smallest 

scan-rates investigated. These characteristics are observed independently of the used binder in 

both systems. However, the system with CMC offers higher maximal capacitance, which 
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indicates that in our experiments the combination of paOLC with CMC is favorable over using 

PVDF. The capacitance measured by CCCD at different charging rates between 0.15 A g-1 and 

10 A g-1 (Fig. 5 B) confirms these considerations. The experimental results propose that the 

paOLC-CMC system provides superior capacitance compared to the paOLC-PVDF, an 

observation that correlates with the specific surface area of the respective binder electrodes 

accessible to N2 system. Independent from the capacitance, the charging kinetics are 

comparable; this can be explained by the higher amount of accessible surface area in the case 

of the CMC binder at similar transport porosity. 

Other OLC-based systems with organic electrolyte reveal a similar power handling,[35], but 

lower specific capacitance (ca. 40 F g-1 at 0.3 A g-1)[18], for a better comparison we also 

included a Ragone plot (Fig. S7).[63, 64] To our knowledge significantly higher values were 

only reached by functionalization or coating of the onion-like carbon.[30, 38] With activated 

carbon and organic electrolytes capacitances in range of 100 F g-1 are characteristic due to their 

high specific surface typically in the range of 1000-3000 m² g-1.[65] However, a direct 

comparison of the maximum specific capacitance of the active material can be misleading 

because of different current densities, scan rates or parameters within the cell setup, such as 

thickness, mass loading of the electrode and electrolyte composition.[66]  

As the combination of onion-like carbon as active material and CMC as eco-friendly binder in 

a thin film electrode was successful, the frequency response behavior of the different electrodes 

by electrochemical impedance spectroscopy (EIS, 1 Mhz-100 mHz) as well as their stability 

after 5000 cycles was compared (Fig. 6).  
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Fig. 6: Comparison between paOLC electrodes with PVDF and CMC (A) capacitance 

retention after 5000 cycles as a function of scan rate with an insert showing EIS data, (B) 

capacitance retention during 5000 cycle test. 

The Nyquist plots (Fig. 6A) feature a similar equivalent series resistance (ESR) of 1.2 Ω at a 

high frequency for both systems. The charge transfer resistance represented by the semicircle 

at medium frequencies as well as the equivalent distributed resistance in the slow the frequency 

regime is shifted towards a higher real resistance for the PVDF compared to the CMC system. 

According to literature, this frequency behavior suggests a lower ion diffusion resistance and 

superior pore accessibility for the CMC based electrode. [67] 

The capacitance retention (C /C0) after 5000 cycles was determined over a wide range of scan 

rates for both systems (Fig. 6). High retentions could be attained over the entire range of scan 

rates (Fig. 6A) showing excellent durability of the binder electrode’s integrity for both systems. 

During the 5000 cycles at a scan rate of 2.5 V s-1, the electrodes with CMC and PVDF 

preserved ~96 % of their initial capacitance C0 (Fig. 6B). It was also shown that power handling 

was not altered after 5000 cycles (Fig. S8 and Fig. S9). 

3.1.4 Conclusion 

In summary, the combination of an active material based on OLC and a green binder in an 

aqueous slurry approach enabled the production of very efficient thin film electrodes for 

supercapacitors. The use of preagglomerated OLC particles as active material with high 

surface, mesoporosity, monodispersity, and an environmentally friendly, sustainable binder 

and a water-based preparation led to the easily scalable production of a competitive carbon-

based supercapacitor. The electrochemical measurements of the device provide convincing 
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results regarding capacitance and power performance over a wide range of scan rates as well 

as a convincing stability of the electrode’s integrity. The viability of the water based paOLC-

CMC system regarding performance and sustainability is highlighted by comparing it with the 

paOLC-PVDF electrode where an organic solvent based slurry and PVDF as binder was used, 

thus enabling the production of performant and at the same time sustainably producible 

devices. 

The presented electrode production with paOLC-CMC can be easily expanded either in a top-

down approach where the electrodes act as template to adsorb pseudocapacitive substances or 

as a bottom-up solution using the technique to assemble performant and sustainable electrodes. 

 

3.1.5 Supporting information 

 

Fig. S1: SEM image of the surface of the produced electrode before pressing and cycling of 

paOLC-PVDF (A) and paOLC-CMC (B) 

 

 

Fig. S2: SEM image of the surface of the produced electrode after pressing and before cycling 

of paOLC-PVDF (A) and paOLC-CMC (B) 
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Fig. S3: Scheme of the symmetrical supercapacitor cell 

 

Fig. S4: N2 adsorption-isotherm of OLC aOLC and paOLC (A) as well as of paOLC-CMC and 

paOLC-PVDF (B) 
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Tab. S1: Comparison of structural parameters derived from sorption analysis. 

 

 

Fig. S5: Cyclic voltammogram of paOLC-based electrodes with PVDF binder using different 

scan rates between 0.10 V s-1 up to 2.5 V s-1. 

 SBET (m²/g) Sext (m²/g) Sext/SBET (%) 

OLC 389 340 87 

aOLC 527 453 86 

paOLC 527 508 96 
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Fig. S6: CCCD measurements of paOLC-based electrodes with PVDF binder using different 

current densities. 

 

Fig. S7: Ragone plot for the paOLC-based device with PVDF and CMC as binder based on 

the total active material of the device. 
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Fig. S8: Comparison of Capacitance of paOLC-based electrodes with CMC before and after 

the stability test as binder using different scan rates between 0.10 V s-1 up to 2.5 V s-1 

 

Fig. S9: Comparison of Capacitance of paOLC-based electrodes with PVDF before and after 

the stability test as binder using different scan rates between 0.10 V s-1 up to 2.5 V s-1 
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3.2 Pseudocapacitor with onion-like carbon 

Parts of this chapter are based on the manuscript: In situ polymerization of EDOT onto sulfonated 

onion-like carbon for pseudocapacitor electrodes by C. Bauer, M. Kirchner, A. Krueger. 

For the second chapter, the basic objective was to enhance the capacitance of the device by a 

pseudocapacitance functionalization using the knowledge from the first chapter and the active 

material OLC as a platform. Many state of the art pseudocapacitors rely on aqueous systems 

featuring a narrow potential window.[1] These designs maximize the specific capacitance with 

little regard towards power density. For the presented pseudocapacitors, a different strategy 

was aspired. The following investigation targeted to increase the strong aspects of the OLC 

material rather than counterbalancing the weakness of the system. As the accessibility of the 

external surface was identified as an outstanding property, a pseudocapacitive functionalization 

was chosen with high charging and discharging kinetics. This role was fulfilled by PEDOT, 

which was mechanically supported and electrically connected by OLC. The main problem was 

to ensure an even distribution and tight connection of PEDOT onto the surface of the OLC 

material. This problem was caused by the indispersibility of both starting materials in any 

common solvents. Therefore, the goal was to develop a system, which is soluble (during 

production) but also insoluble (as electrode). The inspiration for this research was knowledge 

derived from the PEDOT:PSS system,[2] which has been integrated into various 

nanomaterials.[3]  

3.2.1 Introduction 

Conductive polymers (CPs) are used as active material for supercapacitors due to their 

convenient synthesis, electrochemical stability, and intrinsic capacitance.[4] The charge 

storage capability of CPs originates mainly from faradaic but also from non-faradaic processes. 

The formation of a double layer at the solid-liquid interface between the CP and the electrolyte 

represents the non-faradaic part. The faradaic component, also called pseudocapacitance, is 

attributed to redox reactions of the CPs. Due to limited specific porosity of CPs, the 

contribution of pseudocapacitance towards energy storage exceeds the non-faradaic 

component.[5] In this context, CPs such as polyaniline (PANI), polypyrrole (PPy), and 

poly(3,4‐ethylenedioxythiophene) (PEDOT), are often used for pseudocapacitor applications. 

Among these CPs, PEDOT offers a superior cyclic stability and an outstanding resilience of its 

oxidized state, which enables application in a wide potential window.[4] 
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Despite their electrochemical stability, CPs lack inherent mechanical strength. When used in 

electrodes for supercapacitors, swelling and shrinking induced by cycling initiates crack 

formation resulting in degrading capacitance.[6] This drawback is often addressed by the 

addition of nanoparticles, which act as a framework to provide mechanical strength and space 

for swelling due to open porosity. For this purpose, various nanoparticles like MXenes,[7] ZnO 

nanowires,[8] nanofibers,[9] carbon nanotubes,[10] graphene[11] and onion-like carbon[12] 

have been combined with CPs. Carbon particles are ideal because of their sustainability, 

abundance, electrical conductivity and capability to contribute non-faradaic capacitance.[6]  

To yield a superior composite electrode, the contradicting requirements of a stable coupling 

between PEDOT and carbon particle while maintaining their dispersibility during the formation 

of the composite. Both requirements are vital, with the tight interconnection between the 

particles as a gateway for the electrical current and their dispersibility assuring percolation of 

the PEDOT network throughout the forming composite. However, neither carbon nanoparticles 

nor PEDOT are easily dispersible.[6]  

The most convenient approach to enable PEDOT dispersibility is to link it ionically with 

polystyrene sulfonate (PSS).[6] These PEDOT:PSS micelles can be used to adsorb onto the 

carbon particle, which was reported for onion-like carbon (OLC) by Plonska-Brzezinska et al., 

enabling the application in electrodes for supercapacitors with a maximum capacitance of 75 

F/g.[12] However, as the charge of PEDOT is neutralized by the interaction with sulfonic acid 

groups of PSS, excess amounts of the latter are required to maintain dispersibility of 

PEDOT:PSS.[6] 

Another possibility is to establish CP monomers at the surface of the carbon material prior to 

polymerization. This in situ approach can either be promoted by electrodeposition or by 

chemical reactions. Electrodeposition is well controllable but also requires charged carbon 

particles for co-deposition and a specialized setup.[11] Chemical oxidation is a more facile 

method that does not need specific equipment, additionally offering high yields but also 

requiring a stable carbon dispersion.[6]  

Here we report an efficient approach to integrate and connect PEDOT with carbon particles to 

form a composite suitable for the application in supercapacitor electrodes. Inspired by the 

functionality of PEDOT:PSS, we designed carbon nanoparticles directly decorated with 

benzenesulfonic groups. Sulfonation of carbon onions provides not only superior dispersibility 

but also the binding sites for PEDOT formed upon oxidative in situ polymerization of EDOT. 



60 

 

This enables the template assisted precipitation of the PEDOT molecules and thus a 

homogeneous distribution in the composite without the formation of insulating PSS domains. 

In the electrode, the OLC template offers accessible surface area and mechanical stability while 

PEDOT enhances the specific capacitance and connects OLC agglomerates. Based on these 

findings the composite can be used as active material for supercapacitor electrodes without 

additional binder. 

3.2.2 Experimental section 

Sulfonation of OLC and Composite formation 

OLC was obtained by thermal annealing of detonation nanodiamond (Gansu Lingyun Corp.) 

in vacuum (~1 mbar) for two hours at 1500 °C (heating rate 5 K min-1) using a tube furnace 

(STF 16/450, Carbolite Gero GmbH).[13]  

For the functionalization with phenyl groups, OLC (2.39 g) was pre-dried at 350 °C for three 

hours in air and then dispersed in dried toluene (100 mL) via sonication. Dibenzoyl peroxide 

(DBPO, 5.22 g, 21.55mmol) was added and the dispersion was heated to 80 °C in an ultrasonic 

bath. After two hours of sonication, more DBPO (5.18 g, 21.38 mmol) was added and 

sonication continued for two hours at 80 °C. After another addition of DBPO (5.07 g, 

20.93 mmol), sonication continued for 8 h. To end the reaction, water (15 mL) was added. The 

particles were separated from the reaction mixture by centrifugation (6000 rpm, 20 minutes). 

The phenylated OLC particles (POLC) were then washed four times with THF. Each time the 

particles were first dispersed in THF (15 mL) via sonication and then centrifuged (6000 rpm, 

20 minutes).  

POLC (1.80 g) were then combined with oleum (3.0 mL, 30 wt% SO3), dispersed in an 

ultrasonic bath and heated to 80 °C for four hours. To finish the reaction, water (5 mL) was 

added. The sulfonated OLC (SPOLC) were separated by centrifugation (6000 rpm, 20 min). 

Afterwards, the supernatant was removed and the residue was dispersed in water via sonication, 

then centrifuged again (6000 rpm, 20 minutes). The functionalization steps were executed 

according to a modified procedure reported by Palkar et al.[14] Here, ultrasonication was used 

to increase the reactivity. 

Composite Formation 

The onion-like carbon material was then used to form composites with PEDOT. To vary the 

content of benzenesulfonic acid moieties in the composite, SPOLC, pristine OLC as well as a 
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mixture of both was used as carbon template. Based on these templates, three composites 

PEDOT@OLC (Fig. 1A) PEDOT@SPOLC (Fig. 1B) and PEDOT@SPOLC/OLC 

(Fig. 1C) were produced. A detailed synthetic procedure for the different composites can be 

found in the SI.  

 

Fig. 1: Schematic overview of the three synthesized composites. 

Fabrication of electrodes and supercapacitors 

For the slurry, 50 mg of washed PEDOT@SPOLC, PEDOT@SPOLC/OLC or 

PEDOT@OLC precipitate was stirred with water (100 mg). To obtain electrodes, the 

respective slurry was doctor bladed onto a carbon coated aluminum foil (Zflo 2653, 

Transcontinental Advanced Coatings), dried at ambient conditions for 15 minutes and 

transferred into a drying furnace (130 °C) for about 12 hours. Round electrodes with a diameter 

of 16 mm were die cut with a punching iron and pressed with a hydraulic press (ca. 0.2 GPa). 

Symmetrical cells were produced using a stainless-steel test cell separated by a polymer 

membrane (Cellgard 2325, El-Cell). The electrolyte was prepared as a 1 M solution of 

tetraethylammonium tetra-fluoroborate (TEABF4; TCI) in acetonitrile (Sigma Aldrich). Three 

test cells for each system were assembled in the absence of humidity (<1 ppm) and oxygen 

(<1 ppm) using a glovebox (N2, Labmaster 130, M. Braun Inertgas-Systeme). 

Characterization 

The Raman spectra were acquired with a DXR Raman Microscope (Thermo Fisher Scientific 

Inc.) using a laser power of 0.2 mW and an excitation wavelength of 532 nm. 

Thermogravimetric analysis (TGA) was carried out with a STA 6000 (Perkin Elmer) using 

nitrogen as purge gas (20 L/min), a heating rate of 5 K min-1 and a plateau phase of 30 minutes 

at 130 °C to remove residual water. HRTEM was conducted with a FEI Titan 80-300 (Thermo 

Fischer Scientific Inc.) using an operating voltage of 300 kV. Scanning electron microscopy 

(SEM) images were measured at an operating voltage of 5 kV using a Gemini Fe-SEM Ultra-

Plus Zeiss field emission scanning electron microscope (Carl Zeiss Microscopy Deutschland 
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GmbH). Cyclic voltammetry measurements (CV) were carried out with a potentio-/galvanostat 

(VMP300 Bio-Logic). Electrochemical measurements were conducted in a symmetrical 

supercapacitor setup. Every composite system was measured in three test cells at ambient 

conditions. For each applied scan rate the arithmetic average of ten consecutive cycles was 

used to calculate the total capacitance of the device 𝐶𝐶𝑉 as well as the specific capacitance for 

one electrode 𝐶𝐸 where m is the combined mass of carbon material and PEDOT, I the current 

and 𝑉0 the potential window and v the scan rate. 

One cycle consists of a charge and a discharge process for every electrode, achieved by a 

repolarization between −𝑉0 and 𝑉0. 

𝐶𝐶𝑉 =
∫ 𝐼 𝑑𝑉

2 ∗ 2 𝑉0 ∗ 𝑣
 

(4) 

 

𝐶𝐸 =
4 ∗ 𝐶𝐶𝑉

𝑚
 

(5) 

3.2.3 Results and discussion 

Characterization of the composite material  

Raman spectroscopy 

Functionalization of carbon particles is vital to ensure their dispersibility in aqueous media as 

well as for in situ incorporation of EDOT. Surface functionalization with benzenesulfonic acid 

groups meets both criteria, as the hydrophilic character of the sulfonic acid stabilizes the 

particles in aqueous media and the anionic charge electrostatically attracts PEDOT tightly to 

the surface of the OLC particle. As the functionalization occurs on carbon surfaces, Raman 

microscopy is well suited to identify these changes due to characteristic modes (Fig. 2; Tab. 1). 
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Fig. 2: Schematic overview for the precursor functionalization (A) as well as Raman shift of 

the particles before (B) and after (C) PEDOT functionalization.  

Tab: 1: Raman shifts of G-, D- and 2D-mode and D/G intensity ratios of OLC, POLC and 

SPOLC. 

 
G-mode 
(1/cm) ) 

D-mode 
(1/cm) 

2D-mode 
(1/cm) 

ID/IG  I2D/IG 

OLC 1588 1338 2670 1.17 0.12 
POLC 1598 1345 2681 1.06 0.09 
SPOLC 1600 1357 2684 0.84 0.05 

 

The structural changes after each functionalization step are observable by Raman spectroscopy 

in the characteristic modes for sp2 carbon, i.e. D, G and 2D bands. The G-mode is characteristic 

for the graphitic structure of the material, whereas the D-mode indicates disorder in the 

graphitic structure. During surface functionalization of OLC, the intensity ratio of D/G 

decreases with the surface functionalization of OLC (ID/IG = 1.17) to POLC (ID/IG = 1.06) and 

SPOLC (ID/IG = 0.84)  indicating an influence of functional groups. The change in intensity 

ratio was already reported for other covalent OLC functionalizations which included phenolic 
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groups.[15] The 2D-modeits symmetric shape of the 2D-mode, indicates the typical turbostratic 

stacking of the graphitic layers in OLC.[16]  

Unlike the starting material (OLC) and POLC, SPOLC was highly dispersible in water due to 

its hydrophilic functionalization, forming a concentrated black, ink-like suspension. For the 

formation of the composites, PEDOT was established at the carbon particles OLC and SPOLC 

and a mixture of SPOLC/OLC by addition of EDOT and its in situ polymerization yielding the 

composites PEDOT@OLC, PEDOT@SPOLC and PEDOT@SPOLC/OLC. The successful 

formation of PEDOT at the carbon surfaces is apparent by very intense signals in the Raman 

spectra, overshadowing characteristic signals for SPOLC (Fig. 2B), PEDOT without carbon 

additive and the three composites PEDOT@OLC (Fig. 1 A), PEDOT@SPOLC (Fig. 1 B) and 

PEDOT@SPOLC/OLC (Fig. 1C) showed no significant difference in Raman shift (Fig. S1, 

Tab. S1). 

To explain the scaffolding effect which is responsible for the different arrangements of PEDOT 

in the SPOLC and unfunctionalized OLC, HRTEM measurements were conducted for both 

composites (Fig. 3).           

Fig. 3: HRTEM micrographs of A: PEDOT@OLC, B: PEDOT@SPOLC and schematic 

interpretation, blue structures represent PEDOT. 

In PEDOT@OLC, the PEDOT is concentrated heterogeneously in bigger bulks between voids 

in the agglomerate leaving single OLC primary participles widely uncoated (Fig. 3A). In 

contrast, functionalized particles of SPOLC are evenly coated with PEDOT (Fig. 3B). 

However, as the typical domain size of PEDOT amounts to only several nm,[2] the non-
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uniform coating was not detectable using SEM or Raman microscopy. Consequently, EDX 

mapping, performed to trace PEDOT, also showed a largely homogeneous sulfur distribution 

(Fig. S2). 

The difference in morphology between PEDOT@OLC and PEDOT@SPOLC visible in the 

HRTEM measurements can be explained by the mechanism of the reaction. Like PEDOT:PSS, 

oxidized PEDOT oligomers are attracted by counterions during polymerization.[17] For the 

PEDOT@SPOLC system, benzenesulfonic acid moieties present at the surface of the carbon 

onions act as counterion, binding the PEDOT oligomer alongside the carbon particle 

electrostatically and thus inducing a “guiding or scaffolding effect” for the polymerization. 

Thus, after polymerization, SPOLC agglomerates are homogeneously covered with PEDOT. 

The interaction with the functional surface groups neutralizes the charge of the composite 

leading to its precipitation. 

For the PEDOT@OLC this electrostatic interaction between SO3
- and PEDOT is not possible, 

as the carbon particle lacks counterions at its surface. Instead, PEDOT oligomers interact with 

sulfonic acid anions, provided by the decomposition of the oxidative agent (sodium persulfate) 

during the oxidation of EDOT. Benzenesulfonic acid stabilized PEDOT particles grow in 

solution, eventually co-precipitating with the agglomerates of OLC. Precipitation eventually 

occurs for the PEDOT@OLC system because unfunctionalized OLC particles are generally 

unable to form stable aqueous dispersions. For the mixed composite consisting of 

functionalized and unfunctionalized OLC particles (PEDOT@SPOLC/OLC) it follows that 

both types of PEDOT deposition take place. 

While PEDOT:PSS systems in the literature retain their dispersibility in aqueous media due to 

excess benzenesulfonic acid groups, all our composites were precipitating in water forming 

viscoelastic pastes. This property was beneficial since the composite pastes could be used for 

electrode production by doctor blading without further processing or the addition of thickening 

agents like binders. 

Besides, the mechanical properties of PEDOT@SPOLC electrodes showed superior stability 

during electrode manufacturing. Processing of PEDOT@OLC on the other hand, was 

unsatisfying due to the formation of cracks and delamination of the coating (Fig. S3). These 

drawbacks were observed neither for PEDOT@SPOLC nor for PEDOT@SPOLC/OLC 

composites, although, for the latter, functionalized and unfunctionalized OLC were mixed in 

equal amounts prior to the polymerization of EDOT.  

This can be explained by the morphology of PEDOT at the surface of carbon particles, or more 
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precisely at the surface of their agglomerates. In PEDOT@SPOLC, PEDOT is evenly 

distributed over the whole surface and can interact with other neighboring agglomerates, 

especially while the coating is drying and compressed. The result is a superior inter-

agglomerate binding compared to PEDOT@OLC, where PEDOT is concentrated in voids of 

agglomerates, which hinders inter-agglomerate linkage. Therefore, PEDOT@OLC is not 

suitable for electrode production due to the formation of cracks. These findings show that the 

quality of the composite is determined rather by the interaction and distribution of PEDOT and 

the carbon particles than by its actual relative content. This is not only of importance for a 

system where PEDOT serves as capacitive enhancing additive, but also in case of its 

application as a conductive binder,[18] where a tailored distribution and superior connection 

can reduce its content to a minimum. 

Thermal analysis  

The thermal stability of the composite is an important parameter influencing the possible 

operating temperature for the intended application. In order to test the thermal properties of the 

composite, thermogravimetric analysis (TGA) was performed in nitrogen atmosphere (Fig. 4).  

 

Fig. 4: Thermogravimetric analysis of OLC, POLC and composite PEDOT@SPOLC. 

A significant loss in weight for PEDOT@SPOLC, was recorded between 260 and 400 °C, 

representing the degradation typically observed in composites of PEDOT films and carbon.[19-

21] No weight loss was observed for the starting material OLC, as expected by the absence of 

surface groups and the temperature resistance of OLC in nitrogen atmosphere. Given this 

reasonable thermal stability, PEDOT@SPOLC is useable for various applications including 

electrodes for supercapacitors.[22] 
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Electrochemical characterization 

The functionalization of OLC is not only beneficial for mechanical but also for electrical 

interaction between PEDOT and the carbon material. The homogeneous distribution of PEDOT 

and its tight connection to carbon particles influences energy storage as well as performance 

capabilities.[1] These properties were investigated by cyclic voltammetry measurements for 

PEDOT@SPOLC and PEDOT@SPOL/OLC, which feature functional groups. With 

PEDOT@OLC, eligible electrodes could not be produced due to its unsatisfactory mechanical 

properties (see above). 

A cyclic voltammogram for pristine PEDOT consists of a capacitive and pseudocapacitive 

current, explained in detail by Volkov et al.[2] The pseudocapacitance in CPs originates from 

redox reactions, where cations are replaced by holes for an anodic scan and vice versa for the 

cathodic reversal. The non-faradaic contribution is caused by the formation of a double layer 

at the interface of electrolyte and particle surface.  

In our composites, faradaic and non-faradaic contributions resulting from PEDOT, as well as 

the non-faradaic current originating from OLC are super-positioned. OLC does not show 

pseudocapacitance due to the lack of redox active functional groups at the surface. However, 

OLC offers a high external surface and is therefore used for electrical double layer capacitor 

(EDLC) applications.[23, 24] Due to the mesoporous character, OLC is a suitable template to 

host a variety of pseudocapacitive additives.[1] Especially for PEDOT, the porosity of OLC 

offers space for volume changes of the CPs during cycling. To investigate the stability of the 

composite, we decided to charge and discharge both electrodes in each cycle, which is achieved 

by reversing the polarity of the electrodes.  

CV measurements of both composites show a quasi-rectangular shape when cycled using a 

symmetrical cell setup (Fig. S4) between 1 and -1 V (Fig. 5A). At high scan rates, the shape 

turns into an ellipsoid (Fig. 5B). This can be observed for the PEDOT@SPOLC and 

PEDOT@SPOLC/OLC (Fig. S5) system.  
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Fig. 5: Cyclic voltammogram of PEDOT@SPOLC at low (A) and high (B) scan rates. 

The change in shape can be explained by kinetic limitations of the time sensitive 

electrochemical processes at the interface of OLC and conductive polymers. These incomplete 

processes result in a decreased stored charge. 

Differences between both composites arise when the voltage window is increased. This 

investigation was possible due to the excellent electrochemical stability of PEDOT and the 

usage of an organic electrolyte (Fig. 6). A widening of the voltage range revealed a superior 

connection between CP and the carbon material for PEDOT@SPOLC (Fig. 6 A and B) when 

compared with PEDOT@SPOLC/OLC (Fig. 6 C and D).  



69 

 

 

Fig. 6: Comparison of cyclic voltammograms of PEDOT@SPOLC (A: high, B: low scan rates) 

and PEDOT@SPOLC/OLC (C: high, D: low scan rates). 

The CV curve for both composites shows a characteristic shape for systems using PEDOT as 

pseudocapacitive active material.[10] A drop in current starting at around 1 V indicates that the 

maximal pseudocapacitance is reached and PEDOT is completely doped. The subsequent 

decrease in current is more pronounced for PEDOT@SPOLC compared with 

PEDOT@SPOLC/OLC. The slower pseudocapacitive processes for 

PEDOT@SPOLC/OLC, expressed in flattened slopes in the cyclic voltammogram, support 

the idea of a more disadvantageous distribution and connection of PEDOT and carbon 

template. 

Faster pseudocapacitive processes for PEDOT@SPOLC (Fig. 6A) indicate a superior 

electrochemical interaction between PEDOT and OLC in the composite relying on a 

functionalized template. As ten overlapping cycles are presented for each scan rate (Fig. 6) the 

excellent reversibility of the system is shown. Especially the redoping of PEDOT works 

without problems even after the electrodes were repolarized and reduced to -2.5 V. 
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These experiments support the idea of an electrical mediation between PEDOT and OLC in the 

presence of benzenesulfonic acid groups. To show this trend over a wide range of scan rates, 

the specific capacitance of the composites was compared for both potential ranges (Fig. 7).  

 

Fig. 7:Comparison of specific capacitance between 1 V and 2.5 V windows for 

PEDOT@SPOLC (A) and PEDOT@SPOLC/OLC (B). 

For PEDOT@SPOLC, a specific capacitance of 77 F/g has been observed at a scan rate of 

5 mV/s and an operating potential window of 2.5 V. Roughly the same capacitance (76 F/g) 

was obtained in a 1 Vpotential window. Increasing the scan rate did not influence the difference 

of specific capacitance for both potential windows. In this context, PEDOT@SPOLC shows 

an independence of the selected voltage windows regarding its specific capacitance. In contrast, 

for the system in which sulfonated and pristine OLC were mixed (PEDOT@SPOLC/OLC), 

the specific capacitance is influenced by the voltage window (Fig. 7A). Especially at low scan 

rates, where time sensitive processes determine the capacitance, a certain potential is required 

to exhaust pseudocapacitive charge storage. This potential is provided by a large voltage 

window of 2.5 V (Fig. 7B).  

This phenomenon underlines the importance of the morphology of the system. Superior 

performance can be observed for the specifically incorporated PEDOT compared to the partly 

functionalized system especially at low scan rates where capacitance is dominated by 

pseudocapacitive processes.  

With an increasing scan rate, the specific capacitance decreases for both systems. 

PEDOT@SPOLC/OLC maintains 19 F/g of its specific capacitance, whereas 

PEDOT@SPOLC retains only 6 F/g at a scan rate of 10 V/s. The difference in specific 

capacitance regarding the two voltage windows fades for both composites at high scan rates, 
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indicating a rise in influence of the non-faradaic processes over the slower faradaic 

pseudocapacitive processes. 

At high scan rates, PEDOT@SPOLC/OLC delivers higher specific capacitance since less 

open porosity is blocked by PEDOT offering higher accessible surface to form an electrical 

double layer to store energy. Regarding the design of the composites, a different level of surface 

covering seems to offer the possibility for tuning the balance between faradaic and non-faradaic 

capacitance.  

When compared to related materials, the maximal capacitance of PEDOT@SPOLC (77 F/g 

at 5 mV/s) significantly exceeds the capacitance of pure PEDOT:PSS electrodes (29 F/g at 

5 mV/s)[22] and supercapacitors based on pure OLC (up to 52 F/g).[1] Supercapacitors relying 

on organic solvents and nanofibrillar, structured PEDOT electrodes (70 F/g at 2 mV/s)[25] or 

reduced graphene oxide combined with PEDOT:PSS (81 F/g at 5 mV/s) offer specific 

capacitances in the same range. For other PEDOT carbon composites, especially those using 

solvents with small diameters like aqueous electrolytes, values over 180 F/g have been 

reported.[8, 26] However, water only allows a much narrower potential window and therefore 

limits the power density for the supercapacitor. For the combination of OLC and PEDOT:PSS, 

a comparable specific capacitance of 75 F/g was reported,[12] but could not be maintained in 

long-term measurements (see below).  

Cyclability and capacitance retention are important metrics to evaluate the performance of a 

supercapacitor. To evaluate the capacitance retention, electrodes of PEDOT@SPOLC were 

chosen over PEDOT@SPOLC/OLC on the basis of their superior electrochemical connection 

between carbon material and PEDOT. The electrodes were cycled 70000 times with a fast scan 

rate of 2.5 V/s. Between segments, ten cycles at 5 mV/s were performed to increase the 

visibility of any impacts on pseudocapacitive processes (Fig. 8A). After this first test, a second 

series with a slow scan rate of 20 mV/s, focusing mainly on the pseudocapacitance, was 

performed for 7500 cycles (Fig. 8B). 
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Fig. 8: Retention of capacitance during the stability test of PEDOT@SPOLC using a fast scan 

rate of 2.5 V/s (A) and slow scan rate of 20 mV/s (B), the inserts show the first and last cycles 

of the test. 

For the fast cycling, 91 % of the capacitance was retained after 70000 cycles while 85 % of the 

initial capacitance was reached after 7500 cycles with a scan rate of 20 mV/s. The major factor 

for damage and degrading capacitance in PEDOT:PSS systems are swelling induced cracks[27] 

promoted by the pseudocapacitive current prominent at slow scan rates. SPOLC templates 

enable swelling of PEDOT into the open porous structure, reducing stress which subsequently 

suppresses the formation of cracks. At fast scan rates mostly non-faradaic processes take place, 

which are less demanding for the integrity of the composite. In total, the system could retain a 

high share of its initial capacitance, proving an excellent stability of the composite in both tests. 

High retention was also reported for other composites where PEDOT was combined with 

carbon nanotubes (10000 cycles at 80 mV/s, retention 95-98%)[11] or with graphene (2000 

cycles, retention 82%)[9] underlining the suitability of carbon:PEDOT composites. However, 

depending on the manufacturing method, the degradation of the initial capacitance of these 

composites can be substantial, i.e. the combination of OLC and PEDOT:PSS showed a loss of 

19 % of its initial capacitance already after 300 cycles.[12]  

This is where our approach based on the template assisted ionic attraction of PEDOT onto 

functionalized OLC improves the capacitance retention of the device significantly. It combines 

a wide potential window and long-term stability. These results reflect the importance of the 

morphology of PEDOT in the carbon template. Besides, benzenesulfonic acid emerged as a 

vital component to dispersing carbon in aqueous media and to attracting and integrating 

PEDOT in the composite.  
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3.2.4 Conclusion  

Sulfonated onion-like carbon (SPOLC) was used as a template for electrostatically guided in 

situ polymerization of 3,4-ethylenedioxythiophene (EDOT) to form an active material for 

supercapacitor electrodes. The composite material combines the pseudocapacitive and binding 

capabilities of PEDOT with the mechanical stability of OLC while overcoming the problem of 

indispersible starting materials. Key element to reach a stable dispersion was the covalent 

functionalization of OLC with benzenesulfonic acid groups whose anionic charge also attracts 

and locks PEDOT tightly at the surface of the modified OLC (SPOLC) particles. While the 

PEDOT deposition was proven by Raman and TGA data for all composites, differences in 

morphology of PEDOT and OLC have been revealed by HRTEM. Electrochemical 

characterization of the composite showed a maximal capacitance of 77 F/g at a scan rate of 

5 mV/s. A superior electrical connection of the functionalized composite was concluded as a 

result of the performance in cyclic voltammetry measurements. In long term stability tests with 

over 70000 cycles, 91% of the initial capacitance could be retained, demonstrating the 

mechanical stability of the connection between PEDOT and SPOLC.  

In perspective, PEDOT@SPOLC could be also used as additive for sodium ion cathodes, 

where PEDOT adopts the role of the binder and OLC serves as a spherical conductive additive 

whose structural integrity prevents trapping of sodium ions currently posing a problem for 

many commercial conductive additives.[28]  

3.2.5  Supplementary material 

EDOT was distilled in vacuo prior to use. To produce PEDOT@SPOLC, EDOT (288 mg) 

was dispersed in aqueous SPOLC suspension (4 mL, 576 mg, 14 wt%) after the addition of 

ethanol (3 mL). For PEDOT@OLC, pristine OLC (1 g) and EDOT (570 mg) was dispersed 

in a mixture of water (4 mL) and ethanol (3 mL). For PEDOT@SPOLC/OLC, EDOT 

(575 mg) and pristine OLC (570 mg) was dispersed in aqueous SPOLC (4 mL, 576 mg, 

14 wt%) with the addition of ethanol (3 mL).  

To polymerize EDOT, an aqueous solution of sodium persulfate Na2S2O8 (2.4 M) was added 

dropwise to a solution with an EDOT:Na2S2O8 ratio of 1:2. After 24 hours of vigorous stirring 

using a hand-held coiled wire stirrer” (i.e. a cappucino creamer). The resulting mixture was 

centrifuged (6000 rpm, 20 minutes) and the supernatant subsequently removed. The particles 
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were redispersed and centrifuged six more times, alternating between ethanol and water as 

solvents. 

 

Fig. S1: Raman spectra of PEDOT@SPOLC, PEDOT@OLC and PEDOT (excitation 

wavelength: 532 nm). 

Tab. S1: Assignment of Raman modes for functional groups of PEDOT  

Raman shifts (cm-1) Assignment 

440, 575, 988 oxy- ethylene ring CO deformation 

1128 C-O-C deformation 

1265 CαCα stretching and CH bending 

1435, 1405, 1560 symmetric and asymmetric C=C stretching 

1365 thiophene ring CβCβ stretching 

2870, 2965 OH and CH stretching 
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Fig. S2: SEM picture (left) and its corresponding EDX measurement (tracking sulfur) for the 

PEDOT@SPOLC composite. 

 

 

Fig. S3: Differences in electrode manufacturing of PEDOT@SPOLC and PEDOT@OLC, 

where PEDOT@OLC shows delamination despite the identical electrode manufacturing 

procedure. Variations also did not lead to improved electrode characteristics. 
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Fig. S4: Schematic overview of a symmetric supercapacitor setup with separator, active 

material and current collector. 

 

 

Fig. S5: Cyclic voltammogram with 1 V potential window of PEDOT@SPOLC/OLC at low 

(A) and high (B) scan rates. 
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3.3 Printing electrodes with onion-like carbon 

Parts of this chapter are based on the manuscript: Functional ink with onion-like carbon for energy 

storage by C. Bauer, T. Neff, A. Day, A. Krueger 

For the third chapter, a manufacturing technique for supercapacitor electrodes was researched. 

The aim was to fabricate thin film electrodes for energy storage using OLC ink as active 

material in an innovative process. The driving force for the project was the versatility of 

printing techniques, as the shape and electrode thickness can easily be modified. A key 

challenge for this project was to increase the dispersibility of OLC in water, which was chosen 

as solvent due to its sustainability. Another factor for the ink was a small particle size of the 

OLC agglomerates, vital for the stability of the ink and to avoid clogging of the inkjet nozzle. 

Furthermore, the search for an electrochemically stable additive, which prevents precipitation 

of the OLC, was substantial. Therefore, the goal was to produce a stable ink with an OLC 

particle dispersion. 

3.3.1 Introduction  

The digital transformation with its accelerating number of decentralized electronic devices is 

powered by individual energy storage solutions.[1] Printing of those key parts enables 

customized design and can be integrated into the manufacturing process for the entire 

application.[2-5] Recently, functional inks were used to manufacture various devices like 

photodetectors,[6, 7] gas and humidity sensors,[8, 9] solar cells,[10] field effect transistors[11] 

as well as supercapacitors.[12-14]  

In supercapacitors, energy is stored in an electric double layer formed between the electrolyte 

and an active material. This active material must be electrochemically stable and offer a high 

specific surface in combination with an open porosity to grant accessibility for the 

electrolyte.[15] Materials based on sp2-hybridized carbon fulfill these requirements while 

maintaining a high degree of electric conductivity, necessary to deliver charge to the electrode 

surface, where the energy is stored in an electric field between the charged electrode and a 

layer of solvated ions.[16]  

In this work, onion-like carbon (OLC) was chosen as active material due to its conductivity 

and open mesoporous structure which enables accessibility for the electrolyte even at elevated 
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charging rates. OLC can be produced at large scale [17] and is considered biocompatible[18] 

due to its low toxicity.  

To print electrodes, carbon materials need to be dispersed in the form of an ink, forming a 

colloidal suspension in which the solid particles are evenly distributed in the liquid phase. 

Solvating carbon particles like OLC using common solvents is a challenge, because of 

interparticle interactions which promote agglomeration. Additionally, the absence of functional 

groups which could interact with solvents or repulse other particles hinders suspension or 

solvation of OLC. [19-21]  

Here we report on the production of a stable, environmentally friendly, water-based functional 

ink for the production of supercapacitor electrodes using OLC as active material. The ink 

dispersion is designed to be stable for years. It was studied by high resolution transmission 

electron microscopy, dynamic light scattering and Raman microscopy. With inkjet printing and 

spray deposition we report two different printing techniques to obtain thin film supercapacitor 

electrodes. The electrochemical performance and stability of the electrodes was demonstrated 

by cyclic voltammetry in a wide potential window and over 5000 cycles. 

3.3.2 Experimental section 

Active material production and milling  

The active material OLC was obtained after thermal annealing of detonation nanodiamond 

(Gansu Lingyun Corp.) in vacuum (~1 mbar) for two hours at 1500 °C in a tube furnace (STF 

16/450, Carbolite Gero GmbH).[22] Prior to milling, OLC (3.0 g) and 1.8 g sodium dodecyl 

sulfate (SDS) were dispersed in water (130.0 g) using an ultra-sonic bath for 30 minutes. 

Milling of the dispersion was conducted for two hours with an attrition mill (minicer, Netzsch) 

with a circumferential velocity of 10 m s-1 using zirconia milling beads (30-50 μm, Tosoh 

Corp.).[23] Particle size given as intensity distribution was obtained by dynamic light 

scattering (Zetasizer Nano ZS, Malvern) using the Marquardt method. 

Ink preparation 

For the spray printing the OLC dispersion (2.0 g) and deionized water (4.0 g) were mixed. For 

electrode production, the ink was sprayed onto carbon coated aluminum foil (Zflo 2653, 

Transcontinental Advanced Coatings) which was kept at 100 °C using a small piezoceramic 

atomizer with a mesh size of 10 μm operated at 110 KHz using a small driver board (300 mA 

and 5 V). 
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To yield the dispersion for inkjet printing, the OLC dispersion (2.0 g), deionized water (4.0 g) 

and DMSO (0.2 g) were mixed. The ink was printed onto carbon coated aluminum foil 

(Zflo 2653, Transcontinental Advanced Coatings, USA) which was attached to a DIN A4 paper 

using a conventional ink jet printer (MFC 290C, Brother), with a nozzle diameter of 30 μm. 

The deposition pattern was controlled by a computer. The viscosity of both inks was 

determined with a rolling-ball viscosimeter (Lovis 2000 ME, Anton Paar). 

Substrates coated by both techniques were die cut with a punching iron and pressed with a 

hydraulic press (ca. 0.2 GPa) yielding round electrodes (16 mm diameter). 

All electrodes were transferred into a drying furnace (130 °C). For electrochemical 

measurements, symmetrical supercapacitors were built using a stainless-steel test cell separated 

by a polymer membrane (Cellgard 2325, El-Cell, Germany). For the electrolyte, a 1 M solution 

of tetraethyl ammonium tetra-fluoroborate (TEABF4; TCI) in acetonitrile (CH3CN, Sigma 

Aldrich) was used. For each deposition technique, three test cells were assembled in the 

absence of humidity (<1 ppm) and oxygen (<1 ppm) using a glovebox (N2, Labmaster 130, 

M.Braun Inertgas-Systeme, Germany. For each applied scan rate the arithmetic average of ten 

consecutive cycles was used to calculate the total capacitance of the device 𝐶𝐶𝑉 (Eq. 1) as well 

as the specific capacitance for one electrode 𝐶𝐸 (Eq. 2), where a is the area of one electrode, I 

the current, v the scan rate and 𝑉0 the potential window: 

𝐶𝐶𝑉 =
∫ 𝐼

𝑉0

0
(𝑡) ∗ 𝑑𝑉

2 ∗ 𝑉0 ∗ 𝑣
 

(6) 

 

𝐶𝐸 =
2 ∗ 𝐶𝐶𝑉

𝑎
 

(7) 

For high resolution electron transmission microscopy (HRTEM), the ink was drop casted onto 

a copper grid coated with lacey carbon (Plano GmbH). The measurement was conducted using 

a FEI Titan 80-300 (Thermo Fischer Scientific Inc.) with an operating voltage of 300 kV. 

Scanning electron microscopy (SEM) images were recorded at an operating voltage of 5 kV 

using a Gemini Fe-SEM Ultra-plus Zeiss field emission scanning electron microscope (Carl 

Zeiss). The electrodes were attached by conductive carbon tapes without further preparation. 
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Raman spectra were measured with a DXR Raman microscope (Thermo Fisher Scientific Inc.), 

using a laser power of 0.02 mW and an excitation wavelength of 532 nm. 

3.3.3 Results and discussion 

The key for ink deposition is a homogeneous and stable dispersion. Pristine OLC dispersions 

without treatment or additives form aggregates precipitating completely from the dispersion 

within minutes. To increase the stability of the dispersion and to reduce the particle size in 

order to avoid clogging of the nozzle during deposition, it was necessary to disperse the OLC 

aggregates. As explained in literature, the attracting forces between primary particles are not 

only explained by π-π stacking between single OLC but also by covalent bonds which are 

connecting the particles. These bonds between OLC form during the high temperature 

fabrication where sinter necks between spherical OLC were developed.[21, 24] To break these 

interparticle connections, the force of an attrition mill was needed, as already shown for a 

dispersion of detonation nanodiamonds by our group.[23] To prevent reagglomeration of the 

OLC, additional steps are necessary to stabilize the dispersion. Possibilities are to introduce a 

surface functionalization step like oxidation[19] or fluorination [25]. Another strategy to 

increase the dispersibility of OLC is to introduce stabilizing additives like polyacrylic acid.[20] 

With 0.6 Wt% sodium dodecyl sulfate (SDS) an electrochemically stabile, ecologically and 

economically uncritical additive was used to stabilize ca. 1 wt% of OLC(Scheme.1).  

 

 

Scheme. 1: Deagglomeration of onion-like carbon by attrition milling and stabilization of the 

aqueous dispersion by sodium dodecyl sulfate forming mediating layer at the solid to liquid 

interface. 

Milling resulted in a black dispersion, stable for over two years, featuring milled OLC with a 

particle size between 40 and 300 nm and a ζ-potential of -30,3 mV (pH 8.3) (Fig. 1A). 
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Assuming a diameter of 12 nm of a primary OLC particle [24] and a close packing of equal 

spheres, a 100 nm secondary particle of the milled dispersion is estimated to consists of around 

400 primary OLC particles. The specific surface, determined using the Brunauer-Emmett-

Teller method (BET) changed from around 389 m² g-1 for pristine OLC to 220 m2 g-1 for the 

milled dispersion (Fig. 1B). A decrease in specific surface after milling of OLC is consistent 

with literature,[26] and is further promoted by a significant amount of SDS remaining after 

removal of the liquid by freeze drying. A redispersion of the freeze-dried dispersion, offering 

possibilities for process engineering was tested, however, did not yield a homogenous 

dispersion regarding the particle size (Fig. S1). Milling of OLC was also performed without 

surfactant but lead to an unsatisfying dispersion where the active material OLC precipitated 

within minutes. Furthermore, a concentration of surfactant 0.6 % was necessary to maintain a 

high weight fraction (1 %) of OLC in dispersion. Milling of OLC with SDS provided an 

excellent stability which is also demonstrated by the Tyndall effect observed in a dispersion 

even after  three years of storage (Fig.1c).   

 

Fig. 1: Particles size distribution measured by dynamic light scattering of the milled dispersion 

(A) as well as the impact on specific by milling (B) and its Tyndall effect (C). 

Milling of particles not only reduces the specific surface and size of the agglomerates but can 

also damage the particle structure, potentially deteriorating the properties of the electrode 

which has been reported for carbon nanotubes.[27] Especially within the context of additives 

like surfactants, exfoliation of carbon layers during milling can be promoted.[28] 



85 

 

To research the structural influence of milling, OLC were examined before and after 

deagglomeration by Raman microscopy as well as HRTEM measurements (Fig. 2). 

 

Fig. 2: Comparison between mOLC and OLC in Raman (A) and HRTEM images of OLC (B) 

and mOLC (C)  

The D/G ratio of pristine OLC 1.06 (1/0.94) increases to 1.16 for milled OLC (1.4/1.2) after 

milling. This change is indicating a slight increase in defect density. This supports the results 

reported by Lee et al.[20] and Reinert et al.[21] where different setups were used to disperse 

OLC. High resolution transmission electron measurements (HRTEM) underline these 

observations as they show that the primary structure of OLC (Fig. 2B) is conserved for the 

milled OLC (Fig. 2C) in the ink. With a high weigh fraction and structural stability of OLC, 

the dispersion underlines their qualification as functional carbon additive for inks, further 

rheological details of the ink, like the Ohnesorge Number are provided in the supporting 

information. 

 To deposit the OLC based ink, the small size of the OLC primary particles brings two 

beneficial features. First, small particles are required for inks to prevent nozzle clogging. 

Literature provides a rule of thumb limiting the maximal particle size to 1/50 of the nozzle 

diameter. In our case this can be translated to a maximum size of 3 μm for the inkjet printing 

and 1 μm for spraying. Second, the small primary particles entail a high surface to weight ratio 

which is a key parameter for capacitive energy storage materials. The packing of spherical 
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OLC particles results in a mesoporous electrode offering high accessibility and a big reservoir 

of electrolyte which is beneficial for the reactance of the system especially at high scan rates. 

Despite the presence of SDS in the electrode, the mesoporous structure remains accessible 

which can be derived from nitrogen sorption measurements (Fig. S2). The ink could be 

deposited via piezoelectric spraying and with the addition of DSMO also by inkjet technique. 

Differences in both techniques which affect the electrode are revealed by SEM measurements 

(Fig. 3). 

 

Fig. 3: Electrode surface shown by SEM measurement for spray- (A) and inkjet printed (B) 

electrodes. The insert shows reflected light microscope images of the respective nozzle used 

for deposition.  

It can be seen that the sprayed electrode possesses a rough surface (Fig. 3A) with 

inhomogeneities in the range of a few micrometers. This structure is a result of the fast coating 

process to a specific mass of around 0.5 mg cm-2 within 25 minutes. The substrate was heated 

to promote fast solvent evaporation enabling the fast rate of deposition. During the final steps 

of deposition, the solvent evaporation decelerated as a result of the growing thickness of the 

coating. This oversaturation with solvent resulted in coffee stain features and inhomogeneities 

in the form of channels extending deeply into the coating (Fig. S3). The inkjet printed electrode 

(Fig. 3B) did not show this behavior. The homogeneous surface can be explained by the 

addition of DMSO as a second phase in the ink to decrease capillary stress during solvent 

evaporation.[29] The addition of DMSO required a 10 minute break between every printing 

cycle, allowing the removal of the majority of the solvent, thus prolonging the process 

significantly. The cracks in the surface visible in the SEM measurement are caused by stress 

introduced bending of the substrate while it was feed through the printer. Despite the cracks, 

no delamination of active material was observed, demonstrating the connection between active 

material and current collector. 
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After investigating the morphology of the inkjet printed and sprayed electrodes, their 

electrochemical performance was assessed by measurements in a symmetrical two electrode 

configuration. This setup allowed the repolarization of the electrode between -2.5 and 2.5 V, 

featuring a cathodic- as well as an anodic charging and discharging process for every cycle. 

Regarding distributed demands in applications, a wide range of scan rates was investigated by 

cyclic voltammetry (Fig. 4). 

 
Fig. 4: Cyclic voltammetry measurements of the electrodes produces by inkjet printing (A and 

B) and sprayed electrodes (C and D) at different scan rates from 0.02 V s-1 up to 50 V s-1. 

Independent from the deposition technique, the electrodes show a quasi-rectangular shape of 

the voltammograms, which turns into an ellipsoid at high scan rates and increased current 

densities. The shape of the CV curves demonstrates that the energy is stored in form of electric 

double layer capacitance for both deposition techniques. Also, the current response at the 

potential limits is more pronounced for the sprayed electrodes suggesting ongoing charge 

storage processes. These processes could be caused by tortuosity or additional electrical states 
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of the active material available at elevated potentials. This could be further explained by a more 

disordered and less electrically connected structure of the sprayed electrode as observed by 

SEM measurements.  

To evaluate the performance of the differently assembled electrodes, the specific capacitance 

of the two electrode types was compared (Fig. 5A). It is noteworthy that a mass loading of 

around 0.5 mg cm--2was deposited in both techniques. 

 
Fig. 5: Comparison between the electrodes deposited by inkjet) and spray printing technique 

regarding their capacitance at different scan rates (A) and their long-term stability(B) 

The sprayed and the printed electrodes offer similar specific capacitances of 11 mF cm-2 for 

inkjet printed coatings and 14 mF cm-2 for spray coating at a scan rate of 0.01 V s-1. The 

specific capacitance decreases with increasing scan rate illustrating kinetic limitations 

providing values of around 1 mF cm-2 at 50 V s-1 in both systems. Alongside with an increasing 

frequency of change in current polarity the time for the counterions of the electrolyte to fully 

occupy the surface of the active material decreases which reduces the specific capacitance.  

Slight differences in capacitance between the two electrode types at lower scan rates suggest a 

higher useable surface for the electrolyte inside the pores of the sprayed electrode compared to 

the printed electrode. This difference in capacitance can not be explained by a thicker coating 

of one deposition technique since the gravimetric capacitance are also varies (24 F g-1 for 

printed and 27 F g-1 for sprayed electrodes at 0.01 V s-1, Fig. S4). The reduced availability and 

accessibility of the printed electrode surface could be explained by the closure of cracks after 

pressing the electrodes (Fig. S5). In contrast, the sprayed electrode was affected less by 

pressing (Fig. S6) and could maintain a higher area available for the electrolyte to develop an 

electric double layer necessary for charge storage. This trend vanishes/inverts at scan rates 
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above 1 V s-1 where the effect of electrical connectivity could be favorable in a dense structure 

offered by the inkjet printed electrodes. A detailed comparison of the electrochemical 

performance with similar systems from literature is reported in Table S1 in the supporting 

information.   

To assess the long-term stability of the electrodes, the cells were cycled 5000 times with a scan 

rate of 2.5 V s-1(Fig. 5B). The inkjet printed electrodes reached a retention of 97% of their 

initial capacitance after the test. For spray coated electrodes, fluctuations between 107% after 

1000 cycles and 92% after 5000 cycles were recorded which could originate from 

rearrangement processes of inhomogeneities in the coating during cycling. Even though the 

capacitance retention of the printed electrode was more consistent during the stability test, both 

systems offered a comparable overall electrochemical performance, qualifying the ink in 

combination with the spray and inkjet printing techniques for future usage in the field of device 

fabrication.  

3.3.4 Conclusions  

In summary, we have developed an easily scalable approach for the production of high 

performance supercapacitor electrodes using the deposition of functional inks based on OLC. 

With water as solvent and onion-like carbon as active material, the presented ink is based on 

sustainable components. An outstanding ink stability and high active material concentration of 

1% was achieved by using SDS (sodium dodecyl sulfate) as surfactant in combination with 

physical deagglomeration by ball milling. The ink was deposited via spray and inkjet 

techniques, demonstrating versatility and compatibility in terms of industrial methodology. The 

obtained electrodes showed capacitances of 24 mF cm-2for electrodes and 11 mF cm-2for inkjet 

printed electrodes. The performance of the electrodes was demonstrated in a wide potential 

window of 2.5 V and at different scan rates ranging from 0.01 to 50 V s-1. The storage 

capabilities were further supplemented with a high stability of the electrodes providing 97% 

(inkjet printing) and 92% (spray coating) of their initial capacitance after 5000 cycles. 

The developed ink in combination with the low-cost and scalable deposition techniques of 

inkjet printing and spraying provides an easy to integrate solution to efficiently produce high-

performance electrodes for future energy storage applications. 
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Tab. S1: Comparison of ink and electrode with literature values. 

Carbon 

material 

Weith 

in ink 

Additive 

(amount) 

Coating 

Method 

Solvent Capacitance 

(scan rate) 

Retention Ref. 

Onion-like 

carbon 

0.51 SDS(0.3wt

%) 

Spray/inkjekt Water 14 mF cm-2 

(10 mV s-1) 

97% 

(5000) 

This work 

Graphene  1  PEDOT:P

SS(0.2 

wt%) 

Spray coating NMP 0.4-1.8 mF cm-2 

(1V s-1) 

100% 

(50000) 

[30] 

Graphene 3 Ethylene 

cellulose 

1.5wt% 

Inkjet 14:3:3 

cyclohexanone/ter

pineol/di(ethylene 

glycol) methyl 

ether 

0.3mF (10 mV s-1) 97% 

(1000) 

[31] 

Carbon 

nano fiber  

16.1 PEDOT 

11.7 wt% 

Spray Ethylenglycol/Gly

cerol 

5.2mF(1 Ag-1) 92% (200) [32] 

aromatic 

azide 

functionaliz

ed 

multiwalled 

carbon 

nanotubes 

0.3 / Inkjet water 118 mF cm-2 (5 

mV s-1) 

90% 

(5000) 

[33] 

Activated 

carbon 

8 PVDF(5 

wt%) 

Triton 

inkjet Ethylene glycol 2.1 mF cm-2 (1 mV 

s-1) 

/ [34] 

Graphene 0.15-

0.2 

/ Inkjet water 0.27mF cm-2 (5 µF 

cm-2) 

75% 

(5000) 

[35] 

Arc 

discharge 

nanotubes 

1,02 1wt% SDS inkjet water 26 mF / [36] 

 

 
1The ink was diluted prior to deposition 
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Fig. S1: Comparison in particle size of the freeze-dried dispersion after redispersion and the 

dispersion directly after milling. 

 

Fig. S2: Nitrogen sorption measurements for as produced OLC and after ball milling (mOLC). 
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Fig. S3: SEM of channels of the sprayed electrode. 

 

 

Fig. S4: Comparison between the electrodes deposited by inkjet (pmOLC) and spray (smOLC) 

printing technique regarding their gravimetric capacitance. 
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Fig. S5: SEM of electrode surface of the printed electrode after pressing 

 

Fig. S6: SEM of electrode surface of smOLC after pressing 
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Ohnesorge number 

An empirical parameter often reported in context of inks is the inverse Ohnesorge number Z 

[37, 38] Using the density 𝜌, dynamic viscosity 𝜂 surface tension 𝛾 and the nozzle diameter α 

according to Eq. S1 Z indicates the droplet jetting behavior of the ink. 

𝑍 =
√𝛾𝜌𝛼

𝜂
 

(S1) 

Due to the different nozzle diameter a Z value of 75 was determined for inkjet printing while 

the spray process has a Z value of 41. Compared to the desired range of Z values (1-10) these 

high values predict the formation of satellite drops during printing.[39] To increase Z, 

thickening additives can be used to increase the viscosity of the ink. For our setup using a 

commercial inkjet printer, we experienced problems when increasing the viscosity of the ink 

using carboxymethyl cellulose as it only lead to nozzle clogging. Therefore, we avoided the 

usage of thickening additives and even observed an improvement in inkjet printability when 

reducing the active material concentration from 0.5 to 0.3%. Regardless of the high Z value, 

printability of the ink was given and the formation of satellite drops was accepted as a 

compromise to print electrodes with our equipment. 
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3.4 Sodium-ion batteries with onion-like carbon 

Research of this chapter was part of the project Na+Nanobattterie funded by Bayerisches 

Staatsministerium für Umwelt und Verbraucherschutz. 

The fourth chapter of the thesis is attributed towards the integration of onion-like carbon (OLC) 

into the electrode of sodium ion batteries (SIB). As the structure of OLC was not expected to 

provide structures to host sodium ions, the goal in this chapter was to use a material that can 

not store sodium ions, for sodium ion battery electrodes. Therefore, different approaches were 

conducted to introduce structures to store sodium ions. This helped to understand OLC and its 

possible function in SIB technology. 

SIB Technology  

Many learnings from the lithium ion batteries (LIB) technology, which is already 

commercialized, can be transferred and used for SIB. With alkali ions being the backbone for 

both technologies similarities in chemical behavior are featured. Therefore, a lot of the cell 

components like the active material or solvents for electrolyte used in lithium ion batteries LIB 

can also be applied in SIB. For further work on SIB, the differences of both technologies, must 

be acknowledged and emphasized.[1] The main reason to use sodium ion in batteries is the 

abundance of sodium which represents 2.83% in the crust of the earth, compared to a share of 

0.0063% for lithium.[2] It is still part of discussion, if SIB can be seen as disruptive technology, 

as the technology is currently lacking power density.[3] However, a superior performance over 

LIB is not expected nor mandatory for commercial success of SIB. SIB are rather considered 

a well-balanced technology regarding the trilemma of ecological combability, power density 

and economical edge.[3] The key challenge for SIB targeted in this chapter arises from a 

different insertion mechanism of sodium ions in carbon-based anode material compared to LIB. 

Therefore, the active material has to provide specific structural properties,[4] researched in the 

following with special focus of troubleshooting alongside half-cell composition and 

construction. Besides the use of OLC as active material in the anode the role of OLC in SIB is 

also discussed. 

3.4.1 Construction and composition of the half-cells 

To research the capabilities of specific anode active materials, half-cells were built using a 

stainless-steel cell (ECC-Ref, El-Cell) as electrochemical battery test cell in a two- and a three-

electrode configuration. The setting for a two-electrode configuration consisted out of a 
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working electrode (WE) featuring the active material and a counter electrode (CE) which was 

also used as reference electrode (RE), both electrodes were electrically isolated by a glass fiber 

separator (El-Cell) (Fig. 16). In a later stage, a three-electrode configuration was used where 

an additional piece of sodium was used as RE. 

 

Fig. 16: Schematic overview of the half-cell setup for (a) a two-electrode and (b)a three-

electrode configuration. 

Beside lower costs for sodium, the usage of an aluminum foil as current collector instead of a 

more expensive copper foil is a another advantage of sodium ion batteries over lithium-ion-

batteries (LIB).[5] This different metal can be used because sodium ions in contrast to lithium 

ions do not form an alloy with aluminum at the operating potential. For lithium ions, the 

alloying with aluminum process damages the current collector and therefore reduces the 

performance of the cell.[6] The CE for the SIB was custom-made by rolled metallic sodium 

ingots, as unlike for the Li-technology, there was no commercial sodium foil available (Fig. 

17). 
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Fig. 17: Schematic representation of the production of the sodium counter electrode. 

For preliminary work, the sodium ingots were molten in silicon oil at a temperature of around 

100°C. The impurities released after melting, discoloring the solvent, were removed by 

replacing the silicon oil with petroleum ether. The usage of petroleum ether is also desirable 

over silicon oil due to its lower boiling point. This property is especially favorable as the 

removal of solvent, necessary before transferring sodium into the glovebox, is facilitated by 

rapid evaporation. Before introducing sodium cubes to the glovebox, the oxide layer was 

removed by removing around 0.3 mm of every surface using a knife. In the box, this cutting 

step was repeated. After this cleaning step, the sodium cube was transferred into a polyethylene 

pouch (freezer bag). This pouch was then placed into a custom-made stainless-steel mold where 

it was rolled out using a glass cylinder. The polyethylene pouch avoided contamination and 

ensured an easy handling of the sodium foil, which otherwise tends to stick to stainless steel. 

The resulting sodium foil was die cut with a punching iron to yield the CE with the desired 

diameter. For the cell stack, the separator was soaked with electrolyte (see below) and placed 

between RE and CE. The cell was sealed, transferred out of the glovebox and left to rest for 

6 h before starting the electrochemical characterization. The resting time was necessary in 

order to allow the electrolyte to wet the porous electrode.  
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OLC as active material for SIB Anode 

Different compositions of the WE, electrolytes and setups were tested. Considerations to use 

aqueous electrolytes with salts like sodium carbonate were quickly discarded in favor of 

organic electrolytes. This decision was made for several reasons, as the aqueous electrolyte 

caused corrosion problems with the aluminum current collector. Furthermore, the potential 

stability of this electrolyte was not sufficient for sodium intercalation, which was expected to 

require a potential of around 0.01 V vs sodium (ca. -2.7 V vs SHE).[7, 8] Therefore, a 1:1 

mixture of ethylene carbonate and propylene carbonate with NaPF4 (1M) as conductive salt 

was used subsequently, which is commonly used for SIB.[9] The WE consisted of OLC/CMC 

(acros organics)/conductive additive (C-nergy65, Imerys) in a ratio of 10:1:1. Here OLC was 

used as active material which was received by annealing of detonation diamond at 1500°C in 

vacuum as described elsewhere.[10] This setup was tested using galvanostatic cycling with a 

current density of 20 mA/g in a potential window between 2.5 and 0.5 V vs. Na/Na+ (Fig. 3a) 

with subsequent post mortem analysis of the electrode surface by SEM (Fig. 3b). The protocol 

for the measurement was designed so that the constant charging of the electrode would stop 

either at the desired voltage of 0.5 V vs. Na/Na+ or after 10 h of charging (Fig. 3a, spot 1). 

After reaching a potential of 0.5 V vs. Na/Na+, a protocol segment was appointed regulating 

the current in order to maintain the potential 0.5 V vs. Na/Na+ (Fig. 3a, spot 2). The task of 

this constant voltage step was to reach a local equilibrium by accounting for diffusion and 

rearrangement of sodium ions in the active material. This step was followed by a 15 min break 

where the open current voltage was monitored (Fig. 3a, spot 3). A change in voltage during 

this break would indicate the instability of the current state of charge, probably caused by side 

reactions. This undesired change in voltage would then trigger an additional charging step in 

the protocol followed again by a 15 min break. If the voltage now remained stable, side 

reactions are finished granting a sufficiently stable state of charge before prior to the 

discharging step of the protocol. 
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Fig. 3: Investigation of OLC as anodic active material, with the (a) half-cell measurement of 

a SIBs using galvanostatic cycling and (b) SEM post mortem analysis of the active layer of the 

SIB half-cell. 

In the experiments the stable state of charge was never reached, as the voltage did change 

during the 15 min break (Fig. 3a, spot 3).  The measurement was stopped eventually as a safety 

feature in the protocol was triggered as a certain unexpected charge of ca. 490 mAh/g was 

reached. The amount of charge was unexpected as it exceeded the estimated theoretical limit 

of hard carbon (ca. 280 mAh/g)[11] and especially since intercalation, where the main charge 

storage capacity is attributed, is not expected to happen in the examined potential region.[12] 

The unstable and irreversible character of the measurement suggested undesirable side 

reactions rather than reversible energy storage. The absence of a stable local equilibrium 

proposes ongoing reactions, which either could be an irreversible insertion of sodium ions in 

the active material or an ongoing SEI formation.[13] If the SEI formation on the surface would 

result in a stripping of active material, a fresh layer of material to be coated would be available. 

To identify this looping process a post mortem analysis of the electrode surface was conducted 

using SEM (Fig. 3b). Beside remains of the glass fiber separator, no morphology changes or 

structural damage was visible. Therefore, ongoing SEI formation at the anode was unlikely the 

reason for the observed irreversible uptake of charge. Another possible explanation, 

responsible for irreversible reactions, is trapping of sodium ions in structures of the active 

material. This phenomenon was also reported for other carbon based active materials.[14, 15] 

It is noteworthy that sodium ion insertion, as precondition for sodium ion trapping, is expected 

to occur only at a potential of around 0.35 V vs Na/Na+.[15] As the conducted measurements 

only reached a potential of 0.5 V vs Na/Na+, sodium ion trapping can not serve as explanation 
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for the observed irreversibility. Another hint was found due to unexpected discoloring of the 

CE/REF (Fig. 4b and c). The color of the electrode switched from silver to green after passing 

the measurement program, indicating reactions with the electrolyte at the CE/REF. To 

investigate and also to solve this problem, the custom mixed electrolyte was replaced with a 

commercial electrolyte. This premixed electrolyte featured 1M sodium 

bis(trifluoromethanesulfonyl)imide (solvionic) dissolved in dimethyl carbonate and ethylene 

carbonate. Additionally, the conductive additive was identified as a source of systematic error, 

due to its ability to store significant amount of Na-ion itself.[16] Therefore, the conductive 

additive was removed to avoid any interference with the correct capacity assignment of the 

active material. The setup itself was further changed from a two- to a three-electrode 

configuration to unlink the reference potential from irreversible reactions at the CE.  

The latter change enabled a discrete observation of the reactions occurring at the CE or WE as 

well as an independent and therefore stable potential of the REF. The measurement window 

was changed to 2.5V-0.01 V vs Na/Na+ to observe sodium ion trapping. To highlight those 

processes and their corresponding potential, the method of cyclic voltammetry (scan rate 

0.2 mV/s) was chosen (Fig. 4a). For further understanding of the processes happening in the 

galvanostatic cycling experiment (Fig. 4a) the CE of the system using 1M sodium 

bis(trifluoromethanesulfonyl)imide dissolved in dimethyl carbonate and ethylene (Fig. 4b) was 

compared with the CE and RE, using 1M sodium hexafluorophosphate in propylene and 

ethylene carbonate (Fig. c).  
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Fig. 4: Characterization of the sodium ion storage behavior of OLC using (a) cyclic 

voltammetry. Post mortem analysis of the counter electrode with different electrolytes (b) 1M 

sodium bis(trifluoromethanesulfonyl)imide dissolved in dimethyl carbonate and ethylene 

carbonate (c) using 1M sodium hexafluorophosphaste in propylene and ethylene carbonate.  

The cyclic voltammetry measurement of the electrode is showing no peaks and therefore no 

characteristic side reactions during cycling (Fig. 4a). This indicates that the cause of the 

irreversibility was not caused by the OLC active material. As the commercial conductive agent 

was used successfully in other SIBs[16] and the same source of metallic sodium was used for 

all cells, the problems must have originated from the electrolyte. The error was presumably 

caused by residual water in the electrolyte. This was supported by the fact that after the 

changing the electrolyte, the CE did not change the color after cycling (Fig. 4b and c). 

However, no peaks in the CV also means that no significant sodium ion storage in the active 

material occurred during cycling. This observation indicated that pristine OLC is not eligible 

for sodium ion storage. This result was also recently confirmed by Presser et al. whose group 

measured capacity values in region of 4-8 mAh/g[16] for OLC. To set this into contrast, some 

conductive agents offer more than tenfold the capacity of OLC.[16] With this knowledge, the 

importance of the removal of conductive agents for capacity assessment at low values is 

immanent. As discussed earlier, Presser et al. attributes the inaccessibility of OLC for sodium 

ions as the reason for their low specific capacity.[16] Even if accessibility for sodium ions 

would be achieved, the low interlayer distance of the carbon planes remains as barrier for 

sodium ion insertion into the material. To enable sodium ion intercalation the desired interlayer 
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distance is around 0.4 nm; below this distance, intercalation compounds of sodium and carbon 

are unstable from an energetic point of view.[17] OLC features an interlayer distance of only 

around 0.35 nm.[18] A redesign of OLC has to tackle both, the accessibility for sodium ions as 

well as the interlayer distance within the carbon spheres.[16, 18] 

3.4.2 Redesigning onion-like carbon as active material for sodium ion 

batteries  

Accessibility as well as an increase in interlayer distance was targeted in order to change the 

character of the OLC primary particles. The motivation for this change was to enable sodium 

ion insertion, which presumably increases the specific capacity of OLC, making them an 

eligible active material. In carbon nano structuring an increase in interlayer distance is a 

common approach, especially applied to produce graphene by exfoliation.[19] With the 

Hummers method[20] as well as a microwave assisted approach[21] two technologies were 

utilized to restructure OLC. The basic idea for using the Hummer method was that holes, etched 

into the layers of the OLC by the nitric acid, are utilized to functionalize inner shells of the 

OLC eventually pushing those layers apart (Fig. 5). 

 

Fig. 5: Hummer approach to increase the interlayer distance of OLC with the (a) flowchart of 

the method and (b) schematic idea of the experiment 

Therefore, 1 g of OLC was mixed with 1 g NaNO3 and 60 ml H2SO4 stirred at 0 °C prior to the 

addition of 3 g KMnO4. This mixture was stirred for 96 h at 35°C before adding water. This 

should introduce functional groups at the carbon planes in various layers to drive them apart 

(Fig. 5b). The microwave assisted approach targeted to introduce an energy shock and a volume 
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expansion inside of the OLC. This shock originated from the transformation of solid 

ammonium bicarbonate, located in the inner layers of OLC towards gaseous ammonia and 

carbon dioxide. This volume increase was supposed to partially burst the layers which would 

enable to expand the interlayer distance. 

 

 

 

Fig. 6: Microwave assisted approach to increase the interlayer distance of OLC with the (a) 

flowchart of the method and (b) schematic idea of the experiment. 

Ammonium bicarbonate (1.5 g) was mixed with OLC (0.5 g) by ball milling (90 min at 

100 rpm and 20 min at 300 rpm, Fig. 6a). This should introduce ammonium bicarbonate into 

the layered structure of the OLC (Fig. 6b). Afterwards, the samples were heated at 60 °C in 

vacuum for 30 min and filled in a pressure tube. Energy was introduced by microwaving the 

pressure tube with a power of 800 and 1200 W, respectively. Within seconds of irradiation 

violent reactions featuring lightning triggered the safety valve of the safety pressure valve and 

the treatment had to be interrupted. To review the structural changes caused by both methods, 

the resulting materials were examined by x-ray diffraction and compared with pristine OLC 

which were annealed at 1500 °C in vacuum.  
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Fig. 7: X-ray diffraction pattern of the treated OLC samples with regard to the graphitic layer 

distance reflex (002). 

It can be seen that none of those methods was able to expand the interlayer distance to values 

of 400 pm which were desired for sodium ion storage. This result can be derived from the peak 

position in x-ray diffraction (Fig. 7) and is presumably caused by the inaccessibility of the 

shells of OLC (Fig. 8a and b).  

 

Fig. 8: Schematic representation of onion-like carbon and graphitized onion-like carbon as 

well as the introduction of ions (a and c) and the presumed resulting compound (b and d). 
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Without the accessibility, the reactants can not reach the intended location to apply pressure 

and drive the layers apart (Fig. 8b). Without accessing inner layers, there was no effect for the 

ammonia bicarbonate treatment. Also, the Hummers methods only could lead to surface 

functionalization of OLC, desired for other applications.[22] 

However, accessibility was reported for types of onion-like carbon synthesized under different 

conditions.[23, 24] To understand why the experiments did not work on OLC but for other 

related materials, it is noteworthy that these other carbon onions are consisting of connected 

graphitic segments. Therefore, it is important to distinguish between onion-like carbon (GOC, 

Fig. 8a) and graphitic onion-like carbon (GOLC, Fig. 8c). GOLC in contrast to OLC is formed 

from connected graphitic areas rather than of concentrically stacked spherical shells. At the 

joints of these graphitic areas, GOLC features disorder which is radially propagated towards 

its center. This disorder offers micropores, which enable intraparticle accessibility[25], not 

available for OLC derived from detonation diamond, annealed in vacuum[18] at temperatures 

up to 1800 °C[26] (Fig. 8d). This disorder of GOLC can also be the first point of action when 

etching is happening and presumably allows access into the layered segments for ions or 

reactants, which could cause an increase in interlayer distance.[24] For OLC which does not 

feature this radial disorder, it is still part of research if any activation steps introduces such kind 

of microporosity or would rather remove the complete layer before etching the next inner 

layer.[27] Initiated by these considerations, the role of pristine OLC in SIB has to be reassessed. 

OLC as conductive agent in hard carbon electrodes 

The inaccessibility of OLC can also be a beneficial feature rather than an obstacle, when used 

in SIB. Especially for conductive additives, interference of the electrolyte with the additive can 

be minimized as ion trapping would be prevented. Also, the electric conductivity and the 

interconnected character of OLC agglomerates are beneficial properties for its usage as 

conductive additives. In contrast to the group of Presser which already tested OLC as 

conductive additive in SIB with antimony as active material,[16] in this work hard carbon is 

used as anodic active material. The source of hard carbon for the presented SIB were banana 

peels, whose pyrolysis product features an interlayer distance suitable for reversible Na-Ion 

storage.[28] For the preparation of the active material, banana peels were pyrolyzed at 1100 °C 

for 1 h in vacuum (10-3mbar) in a tubular furnace.  
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Fig. 9: Pyrolyzed banana peel (a) X-ray diffraction pattern compared with onion-like carbon 

(b) SEM measurement 

As expected, the pyrolyzed biomaterial featured a higher degree of disorder compared to OLC. 

Also the peak related to the interlayer distance is shifted towards 21 °, which indicates a higher 

interlayer distance more promising to intercalate sodium ions (Fig. 9a). For the electrode which 

consisted out of biomaterial: OLC : CMC (10:1:1) the biomaterial was ground with a coffee 

mill to particle sizes in the range of several micrometers (Fig. 9b). For the electrochemical 

characterization, a three-electrode configuration was used, with metallic sodium as RE and CE, 

a glass fiber separator and 1M sodium bis(trifluoromethanesulfonyl)imide dissolved in 

dimethyl carbonate and ethylene as electrolyte (Fig. 10). 

 

Fig. 10: Electrochemical characterization of the biomaterial electrode with (a) cyclic 

voltammetry using a scan rate of 0.2 mV/s featuring different zones (arabic numerals) of 

sodium ion: (zone 1) storage at the surface (zone 2) storage by intercalation as well as (zone 

3) deintercalation. Electrochemical characterization of the biomaterial electrode with (b) 

galvanostatic cycling using a current density of 0.1 A/g (2 C, 10th cycle) in a potential window 

between 2.5 and 0.01 V vs. Na/Na+. Different zones (roman numerals) of sodium storage are 
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visible for charging and discharging of the electrode. Zone I and II represent surface related 

ion storage whereas III and IV accounts for intercalation and deintercalation of sodium ions.  

Characteristic zones for sodium ion storage can be observed in the CV (Fig. 10a, Arabic 

numerals) as well as for the GC (Fig. 10b roman numerals).[7, 8, 12, 29] Specifically, the cyclic 

voltammogram shows signs of sodium ion storage at surface defects (Fig. 10a Zone 1) but also 

sharp peaks, indicating  sodium ion intercalation (Fig. 10  a Zone 2) and deintercalation 

(Fig. 10a Zone 3). This reversible energy storage can also be observed in galvanostatic 

charging and discharging measurements, featuring the following zones: (Fig. 10b): 

1. I: Charging: Na-ion adsorption in surface related sites 

2. II: Discharging: Na-ion desorption in surface related sites 

3. III Discharging: Na-ion deintercalation 

4. IV Charging: Na-ion intercalation 

These electrochemical measurements show a reversible energy storage expected for sodium 

electrodes. The capacity is around 180 mAh/g and a retention of almost 100% (for the 10th 

cycle) is comparable with SIB also using banana peel as active material (290 mAh/g at 

200 mA/g).[28] This underlines that the choice of active material is crucial for SIB but also 

demonstrates the viability of a hard carbon anode with OLC used as conductive agent. At this 

stage, the presented SIB and its electrodes are considered as successful proof-of-concept 

device. The next steps towards a commercial application require the comparison of different 

conductive agents, benchmark testing and optimization. The device and the previously 

mentioned requirements additionally offer a promising starting point for future research on 

OLC in SIB. 

Research on the SIB in this chapter highlighted various difficulties hindering the storage of 

sodium ions in a carbon active material. At the same time various strategies to solve these 

challenges were presented and discussed. Also, problems with the half cell production were 

highlighted and evaluated. Rather trivial but vital factors like the right choice of electrolyte, 

the half-cell configuration and the counter electrode production were evaluated. The resulting 

setup has featured three electrodes, an organic electrolyte and a sustainable carbon active 

material. With microwave treatment and Hummer’s method, two methods were unsuccessfully 

performed to improve the structure of OLC aiming to enable sodium ion insertion. This result 

was attributed to the inaccessibility of the inner shells of OLC. Inspired by similar results found 

in literature, the OLC were rather used as conductive agent in SIB electrode using banana peel 
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as active material with a capacity of 180 mAh/g. This role utilizes and embraces the inability 

of OLC to store sodium ions rather as feature than as problem as OLC do not compete with the 

active material nor trap sodium ion.  

3.4.3 References 

[1] Q. Liu, R. G. Xu, D. B. Mu, G. Q. Tan, H. C. Gao, N. Li, R. J. Chen, F. Wu, Progress in 

electrolyte and interface of hard carbon and graphite anode for sodium-ion battery, Carbon 

Energy 4(3) (2022) 458-479. https://doi.org/10.1002/cey2.120 

[2] F. Xie, Z. Xu, Z. Guo, M.-M. Titirici, Hard carbons for sodium-ion batteries and beyond, 

Progress in Energy 2(4) (2020) 042002. https://doi.org/10.1088/2516-1083/aba5f5 

[3] L. Zhao, T. Zhang, W. Li, T. Li, L. Zhang, X. Zhang, Z. Wang, Engineering of sodium-ion 

batteries: Opportunities and challenges, Engineering  (2022). 

https://doi.org/10.1016/j.eng.2021.08.032 

[4] T. Zhang, C. Li, F. Wang, A. Noori, M. F. Mousavi, X. Xia, Y. Zhang, Recent Advances 

in Carbon Anodes for Sodium-Ion Batteries, Chem Rec  (2022) e202200083. 

https://doi.org/10.1002/tcr.202200083 

[5] E. Quartarone, T. Eisenmann, M. Kuenzel, C. Tealdi, A. G. Marrani, S. Brutti, D. Callegari, 

S. Passerini, Towards Advanced Sodium-Ion Batteries: Green, Low-Cost and High-Capacity 

Anode Compartment Encompassing Phosphorus/Carbon Nanocomposite as the Active 

Material and Aluminum as the Current Collector, Journal of the Electrochemical Society 

167(8) (2020) 080509. https://doi.org/10.1149/1945-7111/ab856e 

[6] S. T. Myung, Y. Hitoshi, Y. K. Sun, Electrochemical behavior and passivation of current 

collectors in lithium-ion batteries, Journal of Materials Chemistry 21(27) (2011) 9891-9911. 

https://doi.org/10.1039/c0jm04353b 

[7] S. Alvin, H. S. Cahyadi, J. Hwang, W. Chang, S. K. Kwak, J. Kim, Revealing the 

Intercalation Mechanisms of Lithium, Sodium, and Potassium in Hard Carbon, Advanced 

Energy Materials 10(20) (2020) 2000283. https://doi.org/10.1002/aenm.202000283 

[8] C. Bommier, T. W. Surta, M. Dolgos, X. Ji, New Mechanistic Insights on Na-Ion Storage 

in Nongraphitizable Carbon, Nano Lett 15(9) (2015) 5888-92. 

https://doi.org/10.1021/acs.nanolett.5b01969 

[9] A. Ponrouch, D. Monti, A. Boschin, B. Steen, P. Johansson, M. R. Palacin, Non-aqueous 

electrolytes for sodium-ion batteries, Journal of Materials Chemistry A 3(1) (2015) 22-42. 

https://doi.org/10.1039/c4ta04428b 

[10] M. Zeiger, N. Jackel, D. Weingarth, V. Presser, Vacuum or flowing argon: What is the 

best synthesis atmosphere for nanodiamond-derived carbon onions for supercapacitor 

electrodes?, Carbon 94 (2015) 507-517. https://doi.org/10.1016/j.carbon.2015.07.028 

[11] B. W. Xiao, T. Rojo, X. L. Li, Hard Carbon as Sodium-Ion Battery Anodes: Progress and 

Challenges, Chemsuschem 12(1) (2019) 133-144. https://doi.org/10.1002/cssc.201801879 

[12] P. C. Tsai, S. C. Chung, S. K. Lin, A. Yamada, Ab initio study of sodium intercalation 

into disordered carbon, Journal of Materials Chemistry A 3(18) (2015) 9763-9768. 

https://doi.org/10.1039/c5ta01443c 

https://doi.org/10.1002/cey2.120
https://doi.org/10.1088/2516-1083/aba5f5
https://doi.org/10.1016/j.eng.2021.08.032
https://doi.org/10.1002/tcr.202200083
https://doi.org/10.1149/1945-7111/ab856e
https://doi.org/10.1039/c0jm04353b
https://doi.org/10.1002/aenm.202000283
https://doi.org/10.1021/acs.nanolett.5b01969
https://doi.org/10.1039/c4ta04428b
https://doi.org/10.1016/j.carbon.2015.07.028
https://doi.org/10.1002/cssc.201801879
https://doi.org/10.1039/c5ta01443c


112 

 

[13] L. A. Romero-Cano, H. Garcia-Rosero, F. Carrasco-Marin, A. F. Perez-Cadenas, L. V. 

Gonzalez-Gutierrez, A. I. Zarate-Guzman, G. Ramos-Sanchez, Surface functionalization to 

abate the irreversible capacity of hard carbons derived from grapefruit peels for sodium-ion 

batteries, Electrochimica Acta 326 (2019) 134973. 

https://doi.org/10.1016/j.electacta.2019.134973 

[14] E. M. Lotfabad, P. Kalisvaart, A. Kohandehghan, D. Karpuzov, D. Mitlin, Origin of non-

SEI related coulombic efficiency loss in carbons tested against Na and Li, Journal of Materials 

Chemistry A 2(46) (2014) 19685-19695. https://doi.org/10.1039/c4ta04995k 

[15] Z. L. Jian, C. Bomrnier, L. L. Luo, Z. F. Li, W. T. Wang, C. M. Wang, P. A. Greaney, X. 

L. Ji, Insights on the Mechanism of Na-Ion Storage in Soft Carbon Anode, Chemistry of 

Materials 29(5) (2017) 2314-2320. https://doi.org/10.1021/acs.chemmater.6b05474 

[16] K. Pfeifer, S. Arnold, O. Budak, X. L. Luo, V. Presser, H. Ehrenberg, S. Dsoke, Choosing 

the right carbon additive is of vital importance for high-performance Sb-based Na-ion batteries, 

Journal of Materials Chemistry A 8(12) (2020) 6092-6104. https://doi.org/10.1039/d0ta00254b 

[17] Y. Li, Y. Lu, P. Adelhelm, M. M. Titirici, Y. S. Hu, Intercalation chemistry of graphite: 

alkali metal ions and beyond, Chem Soc Rev 48(17) (2019) 4655-4687. 

https://doi.org/10.1039/c9cs00162j 

[18] M. Zeiger, N. Jackel, V. N. Mochalin, V. Presser, Review: carbon onions for 

electrochemical energy storage, Journal of Materials Chemistry A 4(9) (2016) 3172-3196. 

https://doi.org/10.1039/c5ta08295a 

[19] A. Ibarra-Hernandez, A. Vega-Rios, V. Osuna, Synthesis of Graphite Oxide with Different 

Surface Oxygen Contents Assisted Microwave Radiation, Nanomaterials (Basel) 8(2) (2018) 

106. https://doi.org/10.3390/nano8020106 

[20] W. S. Hummers Jr, R. E. Offeman, Preparation of graphitic oxide, Journal of the american 

chemical society 80(6) (1958) 1339-1339. https://doi.org/10.1021/ja01539a017 

[21] J. X. Lin, Y. J. Huang, S. Wang, G. H. Chen, Microwave-Assisted Rapid Exfoliation of 

Graphite into Graphene by Using Ammonium Bicarbonate as the Intercalation Agent, 

Industrial & Engineering Chemistry Research 56(33) (2017) 9341-9346. 

https://doi.org/10.1021/acs.iecr.7b01302 

[22] J. Bartelmess, S. Giordani, Carbon nano-onions (multi-layer fullerenes): chemistry and 

applications, Beilstein J Nanotechnol 5(1) (2014) 1980-98. 

https://doi.org/10.3762/bjnano.5.207 

[23] A. Dimas Chandra Permana, A. Omar, I. Guillermo Gonzalez‐Martinez, S. Oswald, L. 

Giebeler, K. Nielsch, D. Mikhailova, MOF‐Derived Onion‐Like Carbon with Superior Surface 

Area and Porosity for High Performance Lithium‐Ion Capacitors, Batteries & Supercaps  

(2022) e202100353. https://doi.org/10.1002/batt.202100353 

[24] S. Zhang, J. Niu, H. Song, L. Zhu, J. Zhou, X. Chen, J. Liu, S. Hong, R. Song, Can closed 

shell graphitic materials be exfoliated? Defect induced porphyra-like graphene from the 

cooperation of activation and oxidation, Journal of Materials Chemistry A 1(45) (2013) 14103-

14107. https://doi.org/10.1039/c3ta13383d 

[25] M. Klose, K. Pinkert, M. Zier, M. Uhlemann, F. Wolke, T. Jaumann, P. Jehnichen, D. 

Wadewitz, S. Oswald, J. Eckert, L. Giebeler, Hollow carbon nano-onions with hierarchical 

porosity derived from commercial metal organic framework, Carbon 79 (2014) 302-309. 

https://doi.org/10.1016/j.carbon.2014.07.071 

https://doi.org/10.1016/j.electacta.2019.134973
https://doi.org/10.1039/c4ta04995k
https://doi.org/10.1021/acs.chemmater.6b05474
https://doi.org/10.1039/d0ta00254b
https://doi.org/10.1039/c9cs00162j
https://doi.org/10.1039/c5ta08295a
https://doi.org/10.3390/nano8020106
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1021/acs.iecr.7b01302
https://doi.org/10.3762/bjnano.5.207
https://doi.org/10.1002/batt.202100353
https://doi.org/10.1039/c3ta13383d
https://doi.org/10.1016/j.carbon.2014.07.071


113 

 

[26] M. Klose, R. Reinhold, K. Pinkert, M. Uhlemann, F. Wolke, J. Balach, T. Jaumann, U. 

Stoeck, J. Eckert, L. Giebeler, Hierarchically nanostructured hollow carbon nanospheres for 

ultra-fast and long-life energy storage, Carbon 106 (2016) 306-313. 

https://doi.org/10.1016/j.carbon.2016.05.046 

[27] M. Zeiger, N. Jackel, M. Asian, D. Weingarth, V. Presser, Understanding structure and 

porosity of nanodiamond-derived carbon onions, Carbon 84 (2015) 584-598. 

https://doi.org/10.1016/j.carbon.2014.12.050 

[28] E. M. Lotfabad, J. Ding, K. Cui, A. Kohandehghan, W. P. Kalisvaart, M. Hazelton, D. 

Mitlin, High-density sodium and lithium ion battery anodes from banana peels, ACS Nano 8(7) 

(2014) 7115-29. https://doi.org/10.1021/nn502045y 

[29] J. M. Stratford, P. K. Allan, O. Pecher, P. A. Chater, C. P. Grey, Mechanistic insights into 

sodium storage in hard carbon anodes using local structure probes, Chem Commun (Camb) 

52(84) (2016) 12430-12433. https://doi.org/10.1039/c6cc06990h 

https://doi.org/10.1016/j.carbon.2016.05.046
https://doi.org/10.1016/j.carbon.2014.12.050
https://doi.org/10.1021/nn502045y
https://doi.org/10.1039/c6cc06990h


114 

 

4 Summary and outlook 

In this thesis, the usage of onion-like carbon (OLC) for energy storage applications was 

researched regarding sustainability, performance and processability. This work targets to 

increase the scientific understanding regarding the role of OLC in electrodes and to facilitate a 

large-scale production, which is the foundation for commercial application. Research was 

devoted to increase the knowledge in the particular field, to yield synergistic approaches and a 

shared value regarding sustainability and performance. 

The study of the first chapter was dedicated to increase the sustainability of OLC electrodes 

for supercapacitors. Up to date, the usage of fluorinated polymers as binder is a point of 

concern. A desirable replacement is carboxymethyl cellulose because of the plant based and 

therefore sustainable background. Although this binder was successfully applied in electrodes 

using different active materials, it caused problems when combined with OLC as the structure 

of the OLC agglomerates features big macropores. These voids absorbed a huge amount of 

binder, which was problematic for the intended usage as supercapacitor electrodes. Firstly, 

binder in voids is not available for cohesion with other particles and secondly, this inactive 

binder adds dead weight to the electrode. Additionally excess binder clogs the pores of the 

electrodes. Therefore, the goal for the first chapter could be formulated: 

Reduce the specific volume agglomerate while maintaining the specific surface of onion-like 

carbon. 

Hereby, OLC was agglomerated prior to electrode production. Even though the volume was 

decreased, agglomeration did not clog the porosity of the material. The initial specific surface 

of 527 m2/g could be maintained by simply forming bigger and denser agglomerates, which 

only reduced the size of big voids. Preagglomeration enabled the use of green cellulose based 

binder. The resulting green electrodes provided a capacitance of 56 F/g, which was 22% higher 

compared to electrodes relying on a conventional fluorinated binder. These electrodes provide 

a shared value regarding sustainability and performance.  

For the system presented in the second chapter, a superior performance of the electrodes was 

targeted. To increase the capacitance, a functionalization with pseudocapacitive functional 

groups was chosen. This strategy is commonly applied when using a carbon template due to its 

conductivity and mechanical stability. For the material selection, it was critical to work with 

the strong point of OLC, which is a fast power handling. Although PEDOT showed a moderate 
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specific capacitance, the remarkable stability of the oxidized state, the power handling and 

commercial availability was convincing. Besides its boost in capacitance, this conductive 

polymer also should replace the binder in order to gain a sturdy electrode without the drawback 

of dead weight usually added by using an electrochemically inactive binder. The challenges for 

this system were to maintain a homogeneous coating of OLC, while PEDOT and OLC are 

insoluble in common solvents and to maintain a stable connection between PEDOT and OLC 

when used in the electrode. Therefore, the challange was: 

Develop a system, which is soluble (during production) but also insoluble (as electrode). 

The solution was to functionalize OLC with sulfonic groups, followed by the in situ 

polymerization of EDOT at the OLC particles. By phenylation to POLC and sulfonation to 

SPOLC, those functionalized OLC particles were readily dispersible in a water/ethanol 

mixture. During the polymerization of EDOT, the sulfonic groups electrostatically attracted 

PEDOT molecules to the surface of the OLC particles. The formed PEDOT@SPOLC 

composite precipitated, as electrostatic repulsion of the sulfonic groups was compensated by 

PEDOT. Electrochemical measurements showed a specific capacitance of around 77 F/g 

featuring a 27% increase over the first system. Also, a composite without functionalization, 

only featuring PEDOT and pristine OLC, was tested but lacked mechanical stability compared 

to the PEDOT@SPOLC system. This observation could be explained by HRTEM 

measurements, where a homogeneous coating of PEDOT could be verified for 

PEDOT@SPOLC while PEDOT@OLC only features high PEDOT aggregation in voids of 

OLC agglomerate. 

For the third chapter, the manufacturing methods were in focus involving the usage of ink-jet 

printing technology. Thereby, a fast and resource efficient preparation method for electrodes 

was targeted. For inkjet printing, a stable dispersion of the active material was required. This 

approach entails the same problem of indispersibility of pristine OLC as discussed in the 

previous chapter. Therefore, the goal was:  

Produce a stable ink with an unstable OLC particle dispersion. 

The solution for this challenge was to use a surfactant, which facilitated the dispersion of OLC. 

The addition of a surfactant alone was not sufficient to achieve a stable dispersion due to the 

size of the OLC agglomerates. With the attrition mill, a standard technique was used to break 

up the OLC agglomerates. With smaller agglomerates in size of round 100 nm and the addition 

of surfactant during milling, a dispersion was obtained, which was stable over years. To 
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maintain sustainability, water was used as a solvent and for the surfactant, the widely 

commercially used sodium dodecyl sulfate (SDS) was used. The dispersion was adapted for 

inkjet printing supercapacitor electrodes. The small particle size resulting from milling was 

also important to prevent clogging of the nozzles of the inkjet printer. Several printing cycles 

were performed to deposit 0.5 mg/cm² of OLC active material onto an aluminum current 

collector. The specific capacitance of the printed supercapacitor electrodes (ca. 27 F/g) was 

smaller compared to the previous electrodes, which is related to surfactant remaining in the 

pores of the electrodes.  

The last chapter of the thesis is dealing with the usage of OLC in sodium ion batteries. The 

main objective involved several attempts to increase the interlayer distance of OLC to enable 

sodium-ion storage. Graphene exfoliation inspired techniques like the Hummers method and 

explosive microwave experiments did not feature legible changes in active material. These 

results were mainly attributed due to the inaccessibility of the interlayer space of OLC. 

Therefore, the goal was: 

To use material for sodium ion batteries which can not store sodium ions. 

This contradiction was solved by using OLC as conductive agent rather than active material. 

To maintain the idea of sustainability, a biomaterial derived active material was chosen, which 

was found in banana peel. In this work, electrodes featuring pristine OLC as conductive agent, 

a cellulose-based binder and banana peels as active material were manufactured and 

electrochemically characterized. The successful combination of those materials was proven by 

the ability to reversible store energy, featuring a capacity of around 180 mAh/g. 

All these applications reflect the diverse properties and innovative potential of OLC fulfilling 

multiple roles in energy storage. The main challenge was to solve or work around the problem 

of insolubility for OLC particles, where the transition between dispersion and dry state was 

always the key step and innovative driver for all applications. Regarding sodium storage, the 

key challenge was and still is to achieve a radial porosity in OLC, potentially unlocking 

additional opportunities to extend the role of OLC in the field of energy storage. 

 

German Summary 

Im Rahmen dieser Arbeit wurde die Verwendung von Onion-like Carbon (OLC) als 

Aktivmaterial zur Energiespeicherung untersucht. Die Arbeit zielte darauf ab, das 
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wissenschaftliche Verständnis der Rolle von OLC im Kontext der elektrochemischen 

Energiespeicherung zu verbessern. Hierfür wurde an den Prozessschritten und Verfahren 

gearbeitet, um OLC-basierte Elektroden erfolgreich in Superkondensatoren und 

Pseudokondensatoren zu verwenden. Auch der Einsatz von OLC als Aktivmaterial für 

Natriumionenbatterien wurde erforscht, wobei sich das Material in dieser Anwendung als 

Aktivmaterial ungeeignet erwies. Die Bearbeitungen dieser Fragestellungen war darauf 

ausgerichtet, das Wissen in diesem Bereich zu erweitern, synergetische Ansätze für 

Problemlösungen zu finden und einen Mehrwert in Bezug auf Nachhaltigkeit, Performance und 

Prozessierbarkeit zu schaffen.  

Das erste Kapitel widmet sich der Verbesserung der Nachhaltigkeit von OLC-basierten 

Elektroden für Superkondensatoren. Für die Elektrodenherstellung stellt die Verwendung von 

fluorierten Polymeren als Binder ein Problem dar. Ein sinnvoller Ersatz war 

Carboxymethylellulose, da dieser Binder auf Pflanzen basiert und somit nachhaltig ist. Obwohl 

dieser Binder in Elektroden mit verschiedenen Aktivmaterialien erfolgreich eingesetzt wurde, 

war die Kombination mit OLC problematisch. Dafür verantwortlich war die Struktur der OLC-

Agglomerate, genauer gesagt, deren Makroporen. Diese Hohlräume absorbierten eine große 

Menge an Binder, der erstens nicht für den Zusammenhalt mit anderen Partikeln zur Verfügung 

stand und zweitens der Elektrode aufgrund ihrer elektrochemischen Inaktivität überschüssiges 

Eigengewicht verlieh. Außerdem blockierte diese zusätzliche Menge Binder die Poren. Daher 

wurde folgendes Ziel für das erste Kapitel formuliert: 

Erhöhung der spezifischen Porosität durch Verringerung des Volumens.  

Die Innovation bestand darin, OLC noch vor der Elektrodenherstellung zu agglomerieren. 

Obwohl das Volumen verringert wurde, führte die Agglomeration nicht zu einer Verstopfung 

der Poren des Materials. Die ursprüngliche spezifische Oberfläche von 527 m2/g konnte 

beibehalten werden, indem größere und dichtere Agglomerate gebildet wurden. Dies 

verringerte somit lediglich das Volumen der großen Hohlräume. Diese Methode ermöglichte 

die Verwendung von grünem Cellulosebinder und die Herstellung von Dünnfilmelektroden mit 

Rakeltechnik in einem wässrigen Verfahren. Die resultierenden grünen Elektroden lieferten 

eine Kapazität von 56 F/g, was einer Erhöhung um 22 % entspricht im Vergleich zu Elektroden, 

die mit fluorierten Bindemitteln hergestellt wurden. Diese Ergebnisse belegten den Wert dieser 

Entdeckung in Bezug auf Nachhaltigkeit und Leistung. 
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Für das im zweiten Kapitel vorgestellte System wurde eine höhere Leistung des Kondensators 

angestrebt. Um die Kapazität zu erhöhen, wurde eine Funktionalisierung mit 

pseudokapazitiven funktionellen Gruppen gewählt. Für die Materialauswahl war es 

entscheidend, mit den Stärken von OLC zu arbeiten, nämlich der Zugänglichkeit für den 

Elektrolyten und der damit verbundenen schnellen Ausbildung der Doppelschicht. Obwohl 

PEDOT eine mäßige spezifische Kapazität aufweist, überzeugte die bemerkenswerte Stabilität 

des oxidierten Zustands, die Leistungsaufnahme als auch die kommerzielle Verfügbarkeit. 

Neben der Kapazitätssteigerung sollte dieses leitfähige Polymer auch das Bindemittel ersetzen. 

Die Herausforderung bei diesem System bestand darin, eine homogene Beschichtung der 

unlöslichen Edukte OLC und PEDOT zu erhalten, die zu einer stabilen und unlöslichen 

Elektrode führen. Daher war das Ziel: 

Entwicklung eines Systems, das bei der Verarbeitung zunächst löslich, als Elektrode jedoch 

unlöslich ist. 

Dieses Ziel konnte durch die Funktionalisierung von OLC mit Sulfonsäuregruppen und die in 

situ Polymerisation von EDOT an den OLC-Teilchen realisiert werden. Durch Phenylierung 

zu POLC und Sulfonierung zu SPOLC waren die so erhaltenen funktionalisierten OLC-Partikel 

(SPOLC) leicht in einem Wasser-Ethanol-Gemisch dispergierbar. Während der Polymerisation 

von EDOT wurden die  PEDOT-Moleküle elektrostatisch an die Sulfonsäuregruppen der OLC 

Partikeloberfläche gebunden. Das gebildete PEDOT@SPOLC-Komposit fiel aus der Lösung 

aus, da die elektrostatische Abstoßung der Sulfonsäuregruppen nun durch PEDOT kompensiert 

wurde. Elektrochemische Messungen der aus diesem Aktivmaterial hergestellten Elektroden 

ergaben eine spezifische Kapazität von etwa 77 F/g, was einer Steigerung von 27 % gegenüber 

dem System aus Kapitel 1 entspricht. Es wurde auch ein Komposit ohne Funktionalisierung 

getestet, das nur PEDOT und funktionalisiertes OLC enthielt, welchem es jedoch an 

mechanischer Stabilität mangelte. Dies konnte durch HRTEM-Untersuchungen erklärt werden, 

bei denen eine homogene Beschichtung von PEDOT für PEDOT@SPOLC nachgewiesen 

werden konnte, während PEDOT@OLC nur eine hohe PEDOT-Aggregation in den 

Hohlräumen des OLC-Agglomerats aufwies. 

Im dritten Kapitel stand die Herstellungsmethode für Superkondensatoren im Mittelpunkt, die 

den Einsatz der Tintenstrahldrucktechnologie beinhaltete. Dabei wurde eine schnelle und 

ressourceneffiziente Herstellungsmethode für die Elektrode angestrebt. Für den 

Tintenstrahldruck war eine stabile Dispersion des aktiven Materials erforderlich. Mit der nicht 
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vorhandenen Dispergierbarkeit von unbehandelten OLC brachte dieser Ansatz eine ähnliche 

Problematik mit sich, wie im vorherigen Kapitel beschrieben. Daher war das Ziel: 

Herstellung einer stabilen Tinte mit einer OLC-Partikel-Dispersion. 

Hierbei wurde ein Tensid verwendet, um die Dispergierbarkeit von OLC zu erleichtern. 

Aufgrund der Größe der OLC-Agglomerate reichte die Zugabe von Tensid allein jedoch nicht 

aus, um eine stabile Dispersion mit OLC herzustellen. Mit der Vermahlung in einer 

Kugelmühle wurde daher eine Standardtechnik zum Aufbrechen der OLC-Agglomerate 

verwendet. Mit kleineren Agglomeraten in der Größe von rund 100 nm und der Zugabe von 

Tensid beim Mahlen wurde eine Dispersion erreicht, die über Jahre hinweg stabil war. Zur 

Aufrechterhaltung der Nachhaltigkeit wurde Wasser als Lösungsmittel und als Tensid das 

handelsübliche Natriumdodecylsulfat (SDS) verwendet. Die Dispersion wurde außerdem für 

den Tintenstrahldruck von Superkondensatorelektroden angepasst. Die geringe Partikelgröße, 

die sich aus dem Mahlen ergibt, verhinderte auch ein Verstopfen der Düse des 

Tintenstrahldruckers. Es wurden mehrere Druckzyklen durchgeführt, um 0.5 mg/cm² des 

aktiven OLC-Materials auf einen Aluminium-Stromkollektor aufzubringen. Dadurch konnten 

stabile und funktionsfähige Superkondensatorelektroden mit einer Kapazität von bis zu 27 F/g 

herstellt werden. 

Das letzte Kapitel der Arbeit befasste sich mit der Verwendung von OLC in 

Natriumionenbatterien. Hierbei wurden mehrere Versuche unternommen den 

Zwischenschichtabstand auf bis zu 400 pm zu erhöhen, um die Aufnahme von Natriumionen 

zu ermöglichen. Sowohl durch Graphen-Exfolierung inspirierte Techniken wie die Hummer-

Methode als auch explosive Mikrowellenexperimente brachten keine erkennbaren 

Veränderungen des Aktivmaterials. Dies wurde hauptsächlich auf die Unzugänglichkeit des 

Zwischenschichtraums von OLC zurückgeführt. Daher war das Ziel: 

Verwendung von OLC in Natriumionenbatterien, obwohl OLC keine Natriumionen speichern 

kann. 

Dieses Ziel wurde durch die Verwendung von OLC als leitfähiges Additiv statt als 

Aktivmaterial erreicht. Um den Gedanken der Nachhaltigkeit Folge zu leisten, wurde hier auf 

ein aus Biomaterialien gewonnenes, Aktivmaterial gesetzt. Mit pyrolysierten Bananenschalen 

Aktivmaterial, OLC als leitfähigem Additiv sowie einem Bindemittel auf Cellulosebasis 

wurden Messzellen gebaut und elektrochemisch charakterisiert. Die erfolgreiche Kombination 
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dieser Materialien wurde durch die Fähigkeit der reversiblen Energiespeicherung der Zelle 

nachgewiesen, wobei eine Kapazität von etwa 180 mAh/g erreicht werden konnte. 

All diese Anwendungen spiegeln die vielfältigen Eigenschaften und das innovative Potenzial 

von OLC wider. Eine wesentliche Herausforderung der Projekte war stets, das Problem der 

Unlöslichkeit von OLC-Partikeln zu umgehen, wobei der Übergang zwischen Dispersion und 

trockenem Zustand immer der Schlüsselschritt und der Innovationstrieb für alle Anwendungen 

war. Im Hinblick auf die Natriumspeicherung bestand und besteht die größte Herausforderung 

darin, Zugänglichkeit ins Innere der OLC zu schaffen, um den Ebenenabstand der 

„Zwiebelschichten“ zu erweitern. Gelingt dies in zukünftigen Arbeiten, könnten sich 

zusätzliche Möglichkeiten zur Verwendung von OLC im Bereich der Energiespeicherung 

eröffnen. 
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