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Abstract 

Ultracapacitors, also called electrochemical double layer capacitors (EDLC) or 

supercapacitors, may improve the performance of conventional electrolytic capacitors 

in terms of specific energy, or improve the performance of rechargeable batteries in 

terms of specific power when combined with respective device. However, the 

application of ultracapacitors faces the problem of ageing – the deterioration of 

capacity and increase of equivalent series resistance of the system.  

This thesis intends to elucidate ageing mechanisms of ultracapacitors based on 

activated carbon electrodes with tetrafluoroborate in acetonitrile as electrolyte.  

Multi-method experimental investigations are presented which allow to obtain a 

comprehensive picture of ageing. Ultracapacitors were electrochemically aged under 

various conditions by applying voltages and temperatures close to the actual operation 

conditions. The influences of ageing on the electrodes were investigated by structural 

and chemical characterization. Gas volumetric measurement (porosimetry) and 

Raman spectroscopy were applied to follow the structural changes; elemental analysis, 

electron spectroscopy for chemical analysis (ESCA, XPS) and attenuated total 

reflection infrared spectroscopy (ATR-IR) were applied for chemical composition 

analysis.  

It was found that the changes of both structure and chemical composition, which 

occur on aged anodes and cathodes, are asymmetric. Aged anodes showed more 

significant changes such as stronger decrease of pore volume and specific area, and 

more complex chemical species. Chemically bound nitrogen species were found only 

on aged anodes, but not on fresh electrodes and aged cathodes.  

Based on the experimental results, several mechanisms for ageing are suggested. The 

functionalities in activated carbons play an important role for ageing. Various oxygen-

containing functional groups can take part in the reactions. A higher amount of 

functionalities means that more electroactive sites can be found on the graphene 

sheets in activated carbons to promote electrochemical reactions. Thus one can 

assume that less functional groups in activate carbons would be preferable for the 

stability of ultracapacitors. 
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Ageing tests were carried out on individual components of the electrodes, mainly on 

activated carbon powders and conductive carbon additives. Observations are 

consistent with those on assembled electrodes. It turned out that the activated carbons 

from synthetic resin precursors, which have fewer oxygen functional groups, suffer 

less from ageing than those from natural precursors with more oxygen functional 

groups. A similar phenomenon was also observed on the conductive agents. 
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Zusammenfassung 

Elektrische Doppelschichtkondensatoren, auch Ultracapacitors oder Supercapacitors 

genannt, sind eine elektrochemische Energiequelle mit hoher spezifischer Energie und 

hoher spezifischer Leistung. Jedoch steht die Anwendung von elektrischen 

Doppelschichtkondensatoren vor dem Problem der Alterung - die Verschlechterung 

der Kapazität und die Zunahme des gleichwertigen Reihenwiderstandes des Systems 

im Verlauf der Zeit.  

Diese Doktorarbeit beabsichtigt die Alterungsmechanismen der elektrischen 

Doppelschichtkondensatoren mit Aktivkohlenelektroden und Tetrafluoroborat im 

Acetonitril als Elektrolyt aufzuklären.  

Es werden experimentelle Untersuchungen unter Verwendung verschiedener 

Methoden vorgestellt, die einen umfassenden Einblick der Änderungen durch 

Alterung geben. Elektrische Doppelschichtkondensatoren wurden unter verschiedenen 

Spannungen und Temperaturen, vergleichbar mit tatsächlichem Betrieb, gealtert. Die 

Einflüsse von der Alterung auf die Elektroden wurden durch strukturelle und 

chemische Charakterisierung erforscht. Die volumetrische Gasmessung 

(Porosimetrie) und die Ramanspektroskopie wurden verwendet um die 

Strukturveränderungen zu bestimmen; die Elementanalyse, die 

Elektronenspektroskopie für chemische Analyse (ESCA, XPS) und die verminderte 

Gesamtreflexioninfrarotspektroskopie (ATR-IR) wurden verwendet um die 

Änderungen der chemischen Komposition durch Alterung zur charakterisieren.  

Es wurde heraus gefunden, dass die Aenderungen der Struktur und der chemischen 

Komposition auf den gealterte Anoden und den gealterten Kathoden asymmetrisch 

sind. Gealterte Anoden zeigten bedeutendere Änderungen wie stärkere Abnahme des 

Porenvolumens und der spezifischen Oberfläche, und der komplizierteren chemischen 

Spezies. Stickstoff wurde nur auf gealterten Anoden, aber nicht auf neuen Elektroden 

und gealterten Kathoden, gefunden.  

Aufbauend auf diesen experimentellen Resultaten konnte einige Mechanismen für die 

Alterung vorgeschlagen werden. Die Funktionalitäten in Aktivkohle spielen eine 

wichtige Rolle für die Alterung. Verschiedene Sauerstofffunktionsgruppen können an 

den Reaktionen teilnehmen. Eine grössere Anzahl Sauerstofffunktionsgruppen 

bedeutet, dass mehr electroaktive Teile in Akteivkohle gefunden werden können, um 
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elektrochemische Reaktionen zu foerdern. Man kann annehmen, dass weniger 

Sauerstofffunktionsgruppen für die Stabilität von elektrischen Doppelschicht-

kondensatoren vorzuziehend sein würden.  

Alterunguntersuchungen wurden auf einzelnen Bestandteilen der Elektroden, 

hauptsächlich auf der Aktiviertkohlenstoffpulver und der leitenden 

Kohlenstoffzusaetzen durchgeführt. Beobachtungen sind mit denen auf 

zusammengebauten Elektroden konsistent. Die Aktivkohle aus Kunstharz mit weniger 

Funktionalitäten zeigt bessere Stabilitaet gegen die Alterung als die aus natürlichen 

Precursors mit mehr Sauerstofffunktionsgruppen. Ein ähnliches Phänomen wurde 

auch bei leitenden Kohlenstoffzusätzen beobachtet. 
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Chapter 1  

 
Introduction 
 
In the last two decades, the predictable depletion of fossil fuels and the environmental 

impact have driven people to develop low-cost and more environmentally friendly 

energy conversion and storage systems. Among many options electrochemical power 

sources have attracted acute attention and have been widely applied. Electrochemical 

power sources can be found from portable electronics to large electric vehicles (EV), 

such as rechargeable batteries (lithium ion battery, nickel-metal hydride battery and 

advanced lead acid battery), fuel cells and electrolytic capacitors.  

 
Figure 1.1 Ragone plot for energy-related electrochemical systems [Koetz00] 

Specific energy and specific power are two figures of merit to evaluate the properties 

of these systems. High specific energy means to store a maximum amount of energy 

in minimal weight or volume and high specific power means to fulfill the output in 

very short time. Fuel cells and rechargeable batteries are typical power devices with 

high specific energy but poor specific power and conventional electrolytic capacitors 

stand on the other end to have high specific power with poor specific energy. 

Although some progress has been made in lithium ion battery field which improved 

the situation from one end slightly, there is still a big gap. This is suggested to be 

bridged by electrochemical capacitors (also called ultracapacitors or supercapacitors) 

(see Fig. 1.1).   

Ultracapacitors may improve the performance of the electrolytic capacitor in terms of 

specific energy or improve the performance of the rechargeable batteries in terms of 
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specific power when combined with the respective device. In addition, ultracapacitors 

have a much longer cycle life than batteries because no or negligibly small chemical 

charge transfer reactions are involved. With these properties, they are of key 

importance in supporting the voltage of a system during increased loads for a lot of 

devices from portable equipment to hybrid electric vehicles (HEV), such as passenger 

cars, buses and locomotives. Their power assistance supports engine starting and 

acceleration. Due to their high power density for charging as well as discharging they 

are suitable for regenerative braking, which means to recuperate the redundant energy 

during slowing down and braking. In electronic devices such as cellular phones, 

camcorders, and navigation devices, ultracapacitors can also be found for low drain-

rate memory, microprocessor and real time clock backup. [Conway99, Kötz00]. Three 

types of ultracapacitors working on different principles have been developed and 

applied.   

1.1 Ultracapacitors working on double layer capacitance  

This is the most widely applied type of ultracapacitor. It works on the principle that 

electrostatic charges are stored in the electrochemical double layer (Helmholtz layer) 

formed at a solid/electrolyte interface.  

When the capacitor is charged, charge excess and depletion will be formed on two 

ends, positive and negative ionic charges within the electrolyte separate and migrate 

towards two ends to compensate for this. In this case, two double layers are formed 

and charges are stored there. The capacitance is calculated according the formula  

V
Q

C      (1.1) 

The correspondingly stored energy will be  

2CV
2
1QV

2
1E     (1.2) 

Hence, capacitance and working voltage are two essential factors to improve the 

energy storage capability. For a smooth electrode in concentrated electrolyte solution, 

capacitance can be estimated according to equation  

d
A

C r0 uu
   (1.3) 

where,�$� LV� WKH� DUHD� RI� HOHFWURGH�� 0� LV� YDFXXP�SHUPLWWLYLW\�� r is relative dielectric 

constant and d is the thickness of the double-layer. The thickness of the double layer 
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is always in the range of several angstroms, so the most effective way to increase the 

capacitance is to enlarge the electrode area.  

 

 

As shown in Fig. 1.2, the definition of the electrodes in the present work is according 

to the charging state. 

A lot of work has been done to develop large area electrodes for ultracapacitors, using 

for instance, activated carbons, carbon felts, glassy carbons and carbon aerogels, etc. 

However, a large area should never be the only standard for estimating this kind of 

electrodes. The availability of the area, the structural and chemical stabilities and the 

cost are also very important. A good combination of these has to be found in practice. 

1.2 Ultracapacitors working on “Pseudocapacitance” 

Pseudocapacitance arises in some electrosorption processes and in redox reactions at 

an electrode. In this system, the materials give accessibility to protons and electrons 

that are involved in several overlapping redox processes. This effect is Faradaic in 

origin, involving the passage of charge across the double layer, as in battery charging 

or discharging, but capacitance arises on account of the special relation that originates 

from� WKHUPRG\QDPLF� UHDVRQV�EHWZHHQ� WKH�H[WHQW�RI�FKDUJH�DFFHSWDQFH� � T�� DQG� WKH�
FKDQJH� RI� SRWHQWLDO� � 9��� thereby� D� GHULYDWLYH� G� T��G� 9�� RU� GT�G9�� ZKLFK� LV�
equivalent to a capacitance, can be formulated. Pseudocapacitance is usually coupled 

with an appreciable double-layer capacitance component.  

Two principal types of materials for this category have been discovered and studied,: 

one is electroactive oxides or hydrous oxide films of transition metals, e.g. RuO2, 

IrO2, Co3O4, MoO3 [Conway99]; the other is electrogenerated or chemically formed, 

Figure 1.2 Working principle of a single-cell double layer capacitor 

anode cathode 

charging 

discharging   

V 
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redox-active films of conductive polymers such as polyaniline, polypyrrole, and 

polythiophene, and various derivatives thereof [Gottesfeld91, Gottesfeld87, Rudge94, 

Rudge94, Conway 90]. RuO2 out of the first type has been commercialized, but due to 

the high cost of Ru metal as the raw material, the application is limited to the military 

field. Conductive polymers are not commercialized yet for the limitation of long-term 

cycling stability. 

1.3 Asymmetric ultracapacitors 

Based on the working principles introduced above, asymmetric ultracapacitors have 

been developed and put into application a long time ago. It combines one electrode 

working on electrostatic energy storage and the other working on the Faradaic 

process. Normally activated carbons are used as the cathode and Ni(OOH) or 

conductive polymers as the anode. Through the structural tailoring of anode materials, 

the shortage of power output from Faradaic process can be remedied and high energy 

density and power density can be realized at the same time [Nelson05, Ganesh05]. 

The application of this kind of ultracapacitors is mainly limited due to the cost. 

1.4 Goals and structure of the thesis 

Among the above introduced types of ultracapacitors, the first type of ultracapacitors 

with porous carbon electrode is most widely applied for the sake of cost advantage, 

durability and stability. However, even though this system works on the basis of 

electrostatic charge storage, this system normally holds 5-10% contribution from 

pseudocapacitance. Since the structure and surface characteristics of porous carbon 

materials are complicated, the processes involved were not fully elucidated so far. 

Under critical conditions, like high temperature, overcharge and overdischarge, some 

irreversible electrochemical process might happen and result in ageing processes, 

such as capacitance loss and performance deterioration. This will obviously influence 

the performance and long term stability of the system. It is meaningful to figure out 

the ageing mechanisms for the further improvement and development of 

ultracapacitors. 

This thesis focuses on the clarification of the mechanisms which induce the ageing of 

ultracapacitors with porous carbon electrodes. A multi-method research has been 

carried out for this purpose.  
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To give a clearer idea of our work, more background knowledge is given in chapter 2, 

where the construction of ultracapacitors, the materials used in ultracapacitors, the 

definition of ageing, and primary analysis of ageing are described.  

In chapter 3, the methods applied for characterization are introduced, as well as the 

experimental details. Raman spectroscopy and porosimetry are applied for structural 

characterization. Electron spectroscopy for chemical analysis (ESCA), Fourier 

transformed infrared (FTIR) and CHN (carbon, hydrogen and nitrogen) elemental 

analysis are applied for chemical characterization. The working principles and 

operations for these methods will be explained. More experimental details can be 

found in chapter 4.  

The influences of ageing conditions including temperature and voltage are briefly 

discussed in Chapter 5. 

Chapter 6 gives the results of integrated electrodes from assembled ultracapacitors 

from various methods, and a thorough analysis as well as discussion. In this case, the 

integrated electrode means it contains several components such as activated carbons, 

conductive agents and binders, e.g. fluoropolymers, adhering to an aluminium current 

collector. Asymmetric structural and chemical changes have been found on the anode 

and cathode.  

Based on the results from Chapter 6, ageing mechanisms on the anode and cathode 

are discussed in Chapter 7.  

 To further clarify the ageing influences on the individual components of the 

electrodes, in contrast to the integrated electrodes studied in Chapter 6, various 

activated carbons, conductive agents are chemically and electrochemically aged and 

characterized separately. Results and discussions can be found in Chapter 8. 

A brief summary of the present work and suggestions for the improvement of the 

properties of the ultracapacitors from the point of anti-ageing are given at the end.  
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Chapter 2  

 
Background 
 

2.1 Construction of ultracapacitors 
                

 

Figure 2.1. Construction of ultracapacitors 

As shown in Fig. 2.1, ultracapacitors are composed of two electrodes, anode (positive 

electrode) and cathode (negative electrode) to store electric energy. An isolating 

porous separator is inserted between the electrodes in order to prevent a short circuit, 

while the ions are allowed to permeate through. The electrolyte is ion-conducting to 

supply the ions to form capacitance on the interface between the electrode and 

electrolyte as introduced in Chapter 1, for example, a solution of tetraethylammonium 

tetrafluoroborate (TEATFB) in acetonitrile (ACN) (see Fig. 2.1).  

The electrode for ultracapacitors normally contains several ingredients with different 

functions – active ingredients such as activated carbon to offer high specific area for 

the capacitance, conductive agents such as carbon black and graphite to improve the 

conductivity between the activated carbon grains. In order to improve the packing 

density to achieve higher capacitance and higher conductivity, activated carbon and 

conductive agents are kept integrated as a layer by binders which are typically 

fluoropolymers (polyethylene, carboxylmethylcellolluse and other water soluble 

binders can also be applied). Mixing processes are typically blending or slurry 

dispersion. This layer then firmly adheres to a current collector, which is normally a 

metal foil to input and output the current.  
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What is ageing? 

Ageing means the performance deterioration, which for ultracapacitors is the decrease 

of capacitance and increase of equivalent series resistance (ESR) with time.  

The definition of capacitance has been given in Chapter 1. A simplified simulated 

circuit for the ultracapacitor system is shown in Fig. 2.2, which includes the double 

layer capacitances C1 and C2 formed on the interface of the electrode and electrolyte, 

the equivalent series resistance (ESR) composed of (1) the contact resistance between 

particles of electrode materials, (2) the contact resistance between the current 

collector and electrode material, (3) the electrolyte resistance and (4) the contact 

resistance between the terminal to the current collector.  Rp in the circuit represents 

the parallel resistance, which may be from ohmic leakage pathways between the two 

electrodes of a charged capacitor or from some leakage processes, corresponding to 

Faradaic, potential-dependent charge transfer reactions.  

 
Figure 2.2 Simulated circuit for double layer ultracapacitors 

To avoid a misunderstanding due to the oversimplification in the Fig 2.2, two points 

have to be noted here: first, the situation for porous electrodes is much more 

complicated than what is shown here, a distributed RC network should be included in 

the equivalent circuit according to transmission-line model, which is out of the focus 

of the present work; second, in a real system there is no dripping electrolyte, two 

electrodes are separated only by the separator which means the distance is in 

micrometer range. 

Although electric double layer capacitors work on the principle of electrostatic charge 

storage, there are always some electrochemical processes involved, which normally 
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contribute 5 to 10 percent to the whole capacitance, most of these reactions are 

usually reversible. When the capacitors are utilized under critical conditions such as 

high temperature and/or high voltage, irreversible reactions might occur such as by-

product deposition on the electrode surfaces and gas evolution. These have various 

influences: First, the active element in the system is irreversibly consumed; second, 

gas evolution and accumulation in closed systems increase the internal pressure, 

which in extreme cases causes structural destruction of ultracapacitors; finally, all 

these effects will change the structural and chemical characteristics of the electrodes, 

which in turn influence capacitance and equivalent series resistance.  

Ageing is a comprehensive effect and may be caused by all the components of the 

system. Therefore to understand this calls for a multi-method investigation. 

Asymmetric polarization on the anode and cathode of ultracapacitors 

Apart from the definitions introduced above, it is worthwhile to mention here the 

asymmetric polarization of the ultracapacitors based on porous carbon materials to 

give an idea of the potential range where the present work is carried out. 
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Figure 2.3 Asymmetric polarization of ultracapacitors, a. Dependence of Van and Vca on Vsum, b.Fractional 

Van and Vca with Vsum 

In the usual ultracapacitors, symmetric design is adopted. However, results from the 

three electrode setup indicate that there is an asymmetric polarization on the anode 

and cathode, as shown in Fig. 2.3. [Siemens01, Yang05] Where, the open circuit 

potential (OCP) between the anode and reference electrode (RE, Ag/Ag+) is denoted 

as Van, and that between cathode and RE as Vca and the sum voltage Vsum (or VWE-CE) 

between working and counter electrodes is the sum of Van and Vca, i.e., Vsum=|Van| 

+|Vca|. According to Fig. 2.3a, both of Van and Vca on Vsum increase linearly with the 

increase of Vsum. The linearity implies that it is quite close to an ideal capacitor with 
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negligible Faradaic reactions. After Vsum reaches 2 V, a deviation from the linearity is 

observed, which can be correlated to the onset of some electrochemical reactions. In 

Fig. 2.3b, the ratio of Van and Vca versus Vsum is shown.  It is clearly seen that Rvan and 

Rvca meet each other only at the Vsum=0 V, and then run separately in inverse 

direction.  Rvan decreases gradually and reaches 0.44 at Vsum=2.3 V, whereas Rvca 

increases and reaches 0.56. 

2.2 Materials for ultracapacitor electrodes 

As mentioned before, materials for double layer ultracapacitors should have high area 

available to form as high a capacitance as possible. In addition, they should have high 

electrochemical stability.  

Carbon is an element almost uniquely suited for fabrication of the double layer 

ultracapacitors. Carbon has the ability to bond to itself (catenation) via sp3 (diamond-

like) and sp2 (graphite-like) hybridization. The sp2 hybrid has three outer electrons in 

three equivalent bonding orbitals respectively, which are directed in a plane at 120° to 

each other. The fourth electron in the third p-orbLWDO� LV�FDSDEOH�RI� IRUPLQJ� –bonds 

with neighbouring atoms. Because of these variations, it exists in several well-known 

allotropic forms —diamond, fullerenes, graphite, amorphous carbon, and carbon 

nanotubes. Among these, graphite and amorphous carbon such as activated carbon 

and carbon black have already been widely applied for electrochemical systems. 

 From the electrochemical point of view, carbon is relatively stable and has a potential 

voltage range of almost ideal polarizability approaching 1.2V in aqueous solution 

limited by the potential difference between the cathodic and anodic decomposition 

reaction as shown below, and possibly up to 3.5V in non-aqueous media.  

[Conway99]  

22
1 HeH ��

��

   cathodic 

 OHeHO 22 22
2
1 ���

��

  anodic 

Solid carbons are taken to consist mainly of carbon atoms grouped into layers of fused 

aromatic rings exhibiting a certain degree of planarity (or two-dimensional order). 

This planarity can be extended from a few rings (as in non-graphitizable carbons) to 

thousands of them (as in graphitizable carbons). In either case, the individual layers 

are likely to contain imperfections (e.g., twists, non-aromatic links, and carbon 
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vacancies), in spite of which they tend to stack more or less on top of each other, and 

are held in position by weak van der Waals forces (ca. 13.2 kJ/C atom [Krevelen81], 

versus >288 kJ/C atom for carbon-carbon bonds). Heating to temperatures higher than 

2500 °C in non-reactive environments may (for graphitizable carbons) or may not (for 

non-graphitizable ones) smooth the imperfections and improve the stacking order, so 

as to make the structure of the material resemble that of graphite more or less. 

According to this ability, carbons can be classified into graphitizable and non-

graphitizable. The so-called “graphitizable” carbons tend to be soft and non-porous, 

with relatively high densities, and can be readily transformed into crystalline graphite 

by heating at temperatures in the range 2200-3000 °C. In contrast, “non-

graphitizable” carbons are hard, low density materials which cannot be transformed 

into crystalline graphite even at temperatures of 3000 °C and above. The low density 

of non-graphitizable carbons is a consequence of a microporous structure as 

introduced later, which gives these materials an exceptionally high internal surface 

area. These structural arrangements are responsible for remarkable chemical, 

electronic and electrical properties of carbons. [Kinoshita88, Bansel88, Donnet76] 

In the present study, activated carbon is utilized as active ingredient to form 

capacitance, other carbonaceous materials like carbon black and graphite are applied 

as current conductive agents to improve the conductivity of the electrode. Hereinafter 

we give a brief introduction of structural, physical and chemical properties of these 

materials. To facilitate the discussion, we start from graphite and then take this as the 

basis for other carbon materials. 

2.2.1 Graphite 

From the point of crystallographic structure, the ideal graphite structure consists of 

layers of carbon atoms arranged in hexagonal rings that are stacked in a sequence 

ABABÂÂÂ��7KLV� IRUP�RI�JUDSKLWH� LV�FDOOHG�KH[DJRQDO�JUDSKLWH��7KH�JUDSKLWH� VWUXFWXUH�
with the stacking sequence ABCABCÂÂÂ�LV�FDOOHG�UKRPERKHGUDO�JUDSKLWH��ZKLFK�LV�OHVV�
stable and less prevalent than hexagonal graphite. The carbon-carbon bond length is 

0.142 nm in the hexagonal rings and 0.335 nm in the direction of the c axis, which is 

perpendicular to the rings. The layer planes are composed of a hexagonal array of 

carbon atoms held by stable covalent bonds, but with weak van der Waals bonds 

between the layers. Because of the anisotropic structure of graphite, anisotropic 

properties are to be expected. Metallic properties are exhibited in the direction parallel 



12 

to the layer planes, while semiconducting properties are exhibited in the perpendicular 

direction. The electrical resistivity is about 10-2� ÂFP�LQ�WKH�GLUHFWLRQ�RI�WKH�F�D[LV�DQG�
10-4� ÂFP� LQ� WKH� GLUHFWLRQ� SDUDOOHO� WR� WKH� KH[DJRQDO� FDUERQ� SODQHV�� 7KH� KLJK�
conductivity of graphite and its good chemical stability are attractive features for its 

use in electrochemistry. Graphite is widely applied in lithium ion batteries as an 

electrode for various electrochemical processes.   

 

 

 
Figure 2.4 Crystal structure of graphite 

Graphite occurs naturally in the earth’s crust, however, the ash content of natural 

graphites is generally quite high (5 to 20%) thereby natural graphites are not used 

much in electrochemical systems. Of greater importance for electrochemical 

applications is artificial graphite, which is produced from different precursors (.e.g., 

petroleum coke, pitch coke, and carbon blacks) by a variety of methods. 

2.2.2 Activated carbons 

Activated carbons normally have a porous structure and very high specific areas from 

1000 to 2000 m2/g or even higher, which means a couple of grams activated carbon 

will have a surface area similar to or even more than a soccer field.  

In terms of structure, activated carbons are non-graphitizable and composed of 

imperfect sections of graphitic lamellae.  It is possible to imagine taking perfect 

lamellae and ‘cutting’ them into sizes varying from about 1 nm to about 500 µm. The 

smaller sizes, 1-10 nm, can be crumpled and defects can be introduced. They can be 

‘bonded’ together to create a three-dimensional network.  
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Figure 2.5 Franklin’s representations of (a) non-graphitizable and (b) graphitizable carbons. 

[Franklin51] 

The first structural models of graphitizable and non-graphitazable carbons were put 

forward by Franklin in her 1951 paper [Franklin51]. In these models, the basic units 

are small graphitic crystallites containing a few layer planes, which are joined 

together by cross links. The precise nature of the cross-links is not specified. A 

schematic illustration of Franklin’s models is shown in Fig. 2.5. Her theory of 

crystallite growth in carbons depended on the assumption that growth results from the 

movement of whole layers or large fragments rather than individual atoms. It follows 

from this that the degree of crystal growth will depend on the orientation of the 

individual structural units and the amount of cross-linking between them. In non-

graphitizable carbons, the structural units are oriented randomly, as shown in 

Fig. 2.5(a), and the cross links are sufficiently strong to impede movement of the 

layers into a more parallel arrangement. On the other hand, the structural units in a 

graphitazable carbon are approximately parallel to each other and the links between 

adjacent units are assumed to be weak as shown in Fig. 2.5(b). The transformation of 

such a structure into crystalline graphite would be expected to be relatively facile.  

The most serious shortcoming of Franklin’s models for the structure of graphitazable 

and non-graphitizable carbons is that the nature of the cross-links between the 

graphitic fragments is not specified. Such cross-links must be extremely strong, since 

they are sufficient to prevent graphitization even at temperatures of 3000 °C and 

above. As far as models incorporating sp3-bonded carbon atoms are concerned, the 

main problem is that sp3 carbons are thermodynamically unstable at high 

temperatures. Diamond is converted to graphite at 1700 °C, while tetrahedrally 

bonded carbon atoms in amorphous films are unstable above about 700 °C. Therefore, 

the presence of sp3 atoms in a carbon cannot explain the resistance of the carbon to 
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graphitization at high temperatures. It should also be noted that the x-ray diffraction 

evidence for sp3-bonded atoms in non-graphitizable carbons has been questioned. 

 

 
Figure 2.6 (a) Possible carbonaceous structural unit produced by pyrolysis of cellulose precursor, 

according to Byrne and Marsh, (b) model of microporous carbon made up of such units. [Byrne95] 

Some models of disordered carbons have been put forward in which the carbons are 

not exclusively bonded in six-membered rings. These probably provide a much more 

realistic basis for understanding the structure of non-graphitizable carbons than the 

early models based on curved and twisted graphene sheets. Byrne and Marsh 

[Byrne95] discussed the structure of carbons produced by the pyrolysis of cellulose-

type precursors. They suggested that such carbons might be made up of small 

structural units such as that illustrated in Fig. 2.6a. This structure contains sp2 and sp3 

carbons bonded in five- six-, and seven-membered rings. A group of such structures, 

with adsorbate molecules situated in the gaps between the units, is shown in Fig. 2.6b. 

The structure forms during the manufacturing process, which involves   two main 

steps: carbonization and activation. The carbonization of the carbonaceous raw 

material is achieved at temperatures below 800 ºC in the absence of oxygen. During 

the carbonization, most of the non-carbon elements such as oxygen and hydrogen are 

removed as volatile gaseous products by the pyrolytic decomposition of the starting 

materials. Afterwards the material is activated. There are two principal activation 

methods, thermal activation and chemical activation. Thermal activation involves 

heating previously charred materials at high temperature (700-1100 ºC) in the 

presence of oxidizing gas such as steam (H2O). Chemical activation involves heating 

a mixture of the raw material and a dehydrating agent, e.g. nitric acid or sulfuric acid, 

to temperatures from 400 to 800 ºC. During activation, the residual carbon atoms 

group into sheets of condensed aromatic ring systems with a certain degree of planar 

structure. The mutual arrangement of these aromatic sheets is irregular and therefore 
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leaves free interstices between them which may become filled with the tarry matter or 

the products of decomposition. These interstices give rise to pores, which make 

activated carbons excellent adsorbents. [Oberlin84] The characteristics of porosity in 

activated carbons will be introduced later in this chapter. 

Activated carbons can be obtained from a wide variety of carbonaceous materials. 

The most frequently used on a commercial scale are peat, coal, brown coal, wood and 

coconut shell. However, it is not easy to control the extent and size distribution of 

resultant porosities when these natural feedstocks are used, for they have large 

structural variability. Therefore, in addition there are other precursors required from 

which to produce carbons with reproducible pore size distributions to meet 

specifications. Such precursors are the synthetic resins and other polymeric materials. 

In general the properties of the final product are determined by several factors such as 

the raw material used, the activating agent, and the conditions of the activation 

process. [Bansal88] 

2.2.3 Carbon blacks 

Carbon black mainly consists of carbon (ca. 97-99%) and is considered to be 

amorphous. Many models have been proposed for the structure of carbon-black 

particles and here we give one example from Heidenreich’ s publication in 1968 (see 

Fig2.7). It has similar microstructure to graphite. They are poorly crystallized solids 

in which assemblies of microcrystallites form spherical particles, disordered at the 

center of the particle, but tending towards an “ onion peel”  framework at the outer 

border. The interlayer distances are large: 0.35 to 0.36 nm, and never less than 0.34 

nm even after thermal treatment at 3000 ºC. They are therefore non-graphitizable 

carbons.  

Carbon blacks are constituted by small, generally spherical particles (primary 

particles) with diameters in the size range of 10 to 75 nm depending on the method of 

preparation. In addition to variations in particle size, carbon blacks possess different 

types of aggregates. Aggregates consist of fused primary particles and range in size 

from 50-400 nm. The aggregate is considered to be the smallest dispersible unit (or 

working unit) of carbon black. [Dawson96, Cabot05] A low structure black is made of 

less primary particles compactly fused together and hard to disperse, while a high 

structure black is made of many primary particles with considerable branching and 

chaining thereby the graphite layer planes are continuous between the particles. 
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[Burgess71] Considering the performance, high structure carbon blacks have higher 

specific areas, higher conductivity and better dispersions.  

 
Figure 2.7 Microstructural model of carbon black [Heidenrich68] 

Carbon black is electrically conductive and is widely applied for conductivity 

improvement in polymer engineering and electrochemical industry. When the carbon 

black is homogeneously dispersed and mixed with the matrix to a certain 

concentration, agglomerates of the aggregates are formed, in which a compact one-, 

two- or three-dimensional network of the conducting phase  is then obtained, thereby 

increasing the conductivity.  In the electrodes for our research, carbon blacks are 

blended with activated carbon and binders to form the active layer, as shown in Fig. 

2.1. 

The main stages of carbon-black formation in manufacturing processes involve the 

thermal decomposition or partial oxidation of hydrocarbons and the formation of 

polyaromatic macromolecules in the vapour phase followed by nucleation of these 

macromolecules into droplets, which are then converted into carbon black particles. 

The structure, characteristics and performance may significantly vary for different 

precursors and manufacturing processes. Three major manufacturing processes are 

applied to produce commercial carbon blacks – channel process, furnace process and 

thermal process. 

2.2.4 Porosity in carbon 

Activated carbons are used for electrode material for ultracapacitors because of their 

porous structure, high specific area, outstanding adsorption ability and low cost. 

Hence it is significant to understand the porosity in carbon, which involves the 

specific area, pore morphology and pore size distribution. 

Based on the experiences of adsorption chemistry, total porosity is classified into 

three groups. IUPAC classifies porosities as follows: [Sing85] 

Micropores   width less than 2 nm 
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Mesopores  width between 2 and 50 nm 

Macropores   width greater than 50 nm  

It is useful as well to classify micropores further into ultra-(<0.7 nm width) and super- 

(1.0-2.0 nm) micropores, these definitions being relevant when considering 

physisorption behaviour.  

For a discussion of the principle, adsorption of gasses is commonly employed. 

Micropores are considered as being about the size of adsorbate (the gas or vapour 

when adsorbed, the terms admolecule and adatom are also used in this context) 

molecules and accommodate one, two or perhaps three molecules. Mesoporosity is 

wider and is characterized by hysteresis loops stemming from capillary condensation 

during adsorption and desorption at high relative pressures of adsorption, which will 

be discussed in depth later. Macropores are transport pores to the interior of particles, 

and are considered as external surface.  

The forces responsible for adsorption are van der Waals or London dispersion forces, 

which arise from induced dipole – induced dipole interactions. Unless some form of 

chemical bonding is involved, it is usually assumed that the surface is inert and 

therefore that the gas-VROLG� LQWHUDFWLRQ� HQHUJ\�� �� LV� FRQWUROOHG� E\� WKH� FKDQJH� LQ�
potential energy of the gas molecule, by the depth of the potential energy well 

corresponding to the most favourable physisorbed site. For the simplest type of 

adsorption system, i.e. a small non-polar molecule on a uniform non-polar surface, the 

interaction energy may be expressed in the approximate Lennard-Jones (12:6) form as 

[Kittel96] 

�Uij) = Bij�Uij-12 -Cij��Uij -6 
where, i is a adsorbed molecule, j is an atom in the solid, rij is the distance between i 

and j, and Bij and Cij are characteristic repulsion and attraction constants for the gas-

solid system. 

The sorption behaviour in macropores is distinct from that of mesopores and 

micropores. Whereas macropores are so wide that they can be considered as nearly 

flat surfaces (see Fig. 2.8a). The sorption behaviour in micropores is dominated 

almost entirely by the interactions between fluid molecules and the pore walls; in fact 

the adsorption potentials of the opposite pore walls are overlapping. Hence the 

adsorption in micropores (i.e., micropore filling) is distinct from the adsorption 

phenomena occurring in mesopores. As illustrated in Fig. 2.8b, the pore potential in 

mesopores is not dominant anymore in the core of the pores. Hence, the adsorption 
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behaviour in mesopores depends not only on the fluid-wall attraction, but also on the 

attractive interactions between fluid molecules, which may lead to the occurrence of 

capillary (pore) condensation. Pore condensation represents a phenomenon whereby 

gas condenses to a liquid-like phase in pores at the pressure less than the saturation 

pressure P0 of the bulk fluid. It represents an example of a shifted bulk transition 

under the influence of the attractive fluid-wall interactions. 

 
Figure 2.8�6FKHPDWLF�LOOXVWUDWLRQ�RI�DGVRUSWLRQ�SRWHQWLDO�� ��RQ��D��SODQDU��QRQSRURXV�VXUIDce; (b) 

mesopore; (c) micropore, d is pore width [Lowell04] 

What the admolecule “ sees”  are atoms of adsorbent (the solid material on which 

adsorption occurs) separated from other adsorbent atoms, and sometimes there is just 

enough space (a volume element) for the admolecule to locate itself between several 

of these adsorbent atoms. During an adsorption process, adsorbent molecules diffuse 

through the network of interconnected micropores. The process of physisorption is 

dynamic. When a state of equilibrium is established between the adsorbed phase and 

the adsorbent, there is a continuous process of replacement of the adsorbed molecules 

within a pore. The frequency of change is of the order of 103-1010 s-1. There is always 

diffusion into and out of the pores. During adsorption at low relative pressures, 

admolecules spend most of their time in the smallest (with highest energy) volume 

elements of the pores. All other volume elements act as transport pores. With 

progressive increase in relative pressure, adsorption takes place in volume elements of 

progressively increasing size (or decreasing energy). Some volume elements are 

(a). (b). (c). 

 

d > 50 nm d=2 – 50 nm  d < 2 nm 
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capable of holding two or three admolecules, and so establish the process of 

cooperative adsorption.  

Porosity in solids is characterized by information contained within the adsorption 

isotherm. The adsorption isotherm is a description of equilibrium states of an 

adsorbate within an adsorbent. To quantify the adsorption process, the extent of 

adsorption (described as nad in mmol of adsorbate per gram of adsorbent) is related to 

the equilibrium partial pressure P/P0 at constant temperature (where P is the 

equilibrium pressure of adsorption, and P0 is the saturated vapour pressure at the 

selected temperature. P is normally lower than P0 otherwise liquid condensation will 

occur, so the maximum for P/P0 in the isotherms is 1). 

Fig. 2.9 sets out the six major classes of isotherm shapes that are obtained form 

adsorption experiments.  

 
Figure 2.9 IUPAC classification of sorption isotherms [Sing85] 

Type I isotherms are typical for microporous solids in which micropore filling occurs 

significantly at relatively low partial pressure <0.1 P/P0, the adsorption process being 

complete at appr. 0.5 P/P0. Examples include the adsorption of nitrogen on 

microporous carbon at 77 K and of ammonia on charcoal at 273 K. 

Type II isotherms describe physisorption of gases by non-porous solids. Monolayer 

coverage is succeeded by multilayer adsorption at higher P/P0 values without 

restriction. Carbons with mixed micro- and mesoporosity can also exhibit this type of 

adsorption behaviour.  
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Type III and Type V isotherms are convex toward the relative pressure axis. These 

isotherms are characteristic of weak gas-solid interactions, where the interaction between 

the adsorbates is stronger than that between adsorbent and adsorbate. 

Type IV isotherms show a hysteresis loop which is associated with mesoporous 

solids, where capillary condensation occurs. The vapour over concave surfaces 

(internal pore surfaces) may condense at pressures lower than the condensation 

pressure for flat surfaces. This difference of the pressure of condensation and 

evaporation for some pores (corresponding to the same adsorbed amounts) results in 

isotherm hysteresis. 

Type VI isotherm is a stepwise isotherm and represents complete formation of 

successive monomolecular layers. 

In order to confine the conditions for mathematic modeling, various pore shapes have 

been assumed for activated carbons, e.g. slit pore, cylindrical pore, bottle neck and 

wedge. For example, Dubinin Radushkevich (DR) equation for microporosity 

assessment and micropore size distribution are based on the slit pore model. This will 

be introduced in detail in Chapter 3.  

2.2.5 Interfacial chemistry and electrochemistry of carbon surfaces 

As mentioned earlier in this chapter, solid carbons make up a very long list of 

materials and they have diverse physical and chemical characteristics. In spite of their 

diversity, solid carbons share two unique features: 

x the presence of sp2-hybridized carbon exhibiting at least two-dimensional order  

x the possibility with which they combine with other elements (e.g., oxygen) to from 

a variety of surface functional groups.  

The second feature has important consequences for the utilization of these materials. 

On the positive side, the tremendous flexibility of solid carbons provides the 

possibility to produce materials with optimum surface chemical, electrochemical, and 

physical properties for selected applications. On the other hand, the properties (in 

particular the chemistry and the electrochemistry) of final products are invariably 

difficult to predict, to evaluate and to reproduce. The accumulated knowledge about 

the properties of solid carbons relies heavily on the interpretations obtained over the 

years using data generated by a wide variety of experimental techniques such as 

temperature programmed desorption (TPD), X-ray photoelectron spectroscopy (XPS), 

infrared (IR), Boehm’ s titration (acid-base titration) and electrochemical 
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measurements like cyclic voltammetry. Unfortunately, when applied to solid carbons, 

many physical and virtually all chemical characterization tools fail to provide direct, 

unambiguous results. Nevertheless, all techniques that uncover differences among 

samples are important, because their underlying theories and inferences provide (i) a 

much needed frame of reference and (ii) a basis for critical, comparative assessment. 

At the present time, the following are generally agreed upon as being well-known 

facts about carbon surfaces [Leon94]: 

x They can form chemical or physical bonds with other substances; 

x They can accommodate Bronsted acid sites, Lewis basic sites, and sites capable of 

taking up or giving up single electrons (i.e., oxidizing or reducing sites, respectively). 

(Bronsted acid is proton donor and the Bronsted acidity is defined according to the 

proton donating ability of a substance, and on the contrary Bronsted base is a proton 

acceptor. Lewis acid is a molecular entity that is an electron-pair acceptor, in turn the 

Lewis acidity describes the electrophilicity; Lewis base is normally the electron-pair 

donor.) 

x Many heteroatoms hold on tenaciously to the surface and can only be removed at 

the expense of some carbon ( e.g., oxygen adsorbed at temperatures as low as 233K 

being primarily released, upon heating, as CO and CO2); 

x Oxygen is invariably the most common heteroatom found on carbon surfaces, a 

fact that explains the large number of studies devoted to oxygen functional groups. 

One notion widely accepted is that clean carbon surfaces are made up of (at least) two 

chemically different kinds of sites, basal and edge carbon atoms. The validity of this 

assumption was confirmed for highly pure graphite, by noting that the reactivity of 

edge sites toward oxygen is over one order of magnitude higher than that of basal 

sites [Henning66, Thomas65] Logically when the structural order of solid carbons 

decreases, its edge-to-basal site ratio increases, and so does the carbon’ s overall 

reactivity. [Radovic83] The surface reactivity can lead to the presence of surface 

functionalities, usually involving oxygen species.   

As shown in Fig. 2.10 various surface functionalities have been proved to exist in 

carbon materials. The unique character of most functional groups stems from the fact 

that they are made up of heteroatoms whose electronegativities are different from 

those of carbon atoms. The more electronegative atom in a bond tends to acquire a 

negative partial charge, leaving the other atom with a positive partial charge, thus the 
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functional groups fall into two categories: donor groups shift the electron cloud away 

from them and acceptor groups shift the electron cloud towards them. Donor groups 

FRQWDLQ� -�RU� -electron pairs (e.g., OH, OR, O(C=O)R), which can partially donate 

and behave as Lewis base. Acceptor groups contain empty orbitals (e.g., (C=O)OH, 

(C=O)OR, (C=O)H), which tend to partially fill by withdrawing electrons from their 

neighbouring atoms and behave as Lewis acid. Carbon substrates generally contain 

aromatic portions that permit both electron cloud and charge delocalization via 

H[WHQGHG� �ERQGLQJ��7KH�GLVWLQFWLRQ�EHWZHHQ�GRQRU�DQG�DFFHSWRU�JURXSV�LV�LPSRUWDQW�
in that it sets the stage for the generation of acidity scales for functional groups on 

carbon surfaces. If taking the conventional Bronsted strength, i.e. the ability to donate 

a proton, as the standard, acceptor groups are weaker Bronsted acid because they tend 

to localize the electron cloud density around them and this makes them less willing to 

release protons while donor groups on the other hand, tend to form stronger Bronsted 

acid. Carbon substrates largely determine the extent to which these effects can take 

place. For instance, if one compares the Bronsted acid strength of ArOH and 

Ar(C=O)OH (where Ar presents an aromatic substrate), one finds that the latter is 

more acidic because, even though it acquires charge from the substrate, it manages to 

spread it between its two oxygen atoms through resonance. The former is willing to 

give electrons but cannot spread its charge as efficiently as the latter.  
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Figure 2.10 Functional groups on carbon surface (density of functional groups exaggerated) 

 

On the other hand, carbon surfaces respond to electrochemical stimuli. Either some of 

the functional groups can be oxidized or reduced, or they act as an intermediate to 

promote the oxidation or reduction of other species in the surrounding. The 

occurrence of these two kinds of reactions involves a transfer of electrons (rather than 

ions). Considering the functional groups on the surface of carbon, there are quite a 

IHZ�XQSDLUHG�HOHFWURQV��VXFK�DV�GHORFDOL]HG� �HOHFWURQV�DQG�ORFDOL]HG� ��DV�VKRZQ�LQ�
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Fig. 2.11. Their amount is normally proportional to the surface area. This is taken as 

an indication that one or more types of oxygen functional groups could act as electron 

acceptors. 

 

Figure 2.11 Schematic representation of a graphene layer including the oxygen containing functional 

groups at the edges. Dot and dot�� PHDQ� XQSDLUHG� � electron and in-plane� � SDLU� �ZKHUH� � LV� D�
ORFDOL]HG� �electron), respectively. [Radovic99] (All carbon atoms in the structure are supposed to be 

sp2 hybridized, and it is difficult to illustrate with “ double/single alternating bonds” .) 

IR evidence [Zawadzki89] and a number of electrochemical observations have 

provided some solid basis for the electron transfer process by radicals produced by 

quinoid on carbon surfaces. Other functional groups could in principle intervene as 

well, e.g. carbonyl, phenolic groups. Some of the functional groups like carboxyl 

groups (except carboxylic acid) may not be so active in electron transfer as quinoid 

groups, but this might be due to the fact that the energy needed to effect the electron 

transfer could actually break bonds which will result in the decomposition of the 

structure. In this regard, one must bear in mind that on solid carbons the nature of the 

substrate can have a substantial effect on the electrochemical behaviour of the 

available functional groups; for instance, large aromatic substrates and “ activating”  

functional neighbours can facilitate their reduction. For instance (see Fig. 2.12), 

quinoid functionalities consist of a couple of carbonyl groups placed on the edge of 

the common graphene layer (structure I). Resonance considerations permit the 

stabilization of a number of radicals (structure II) in equilibrium with structure I. 

These radicals may take up electrons and become anions (structure III and V). The 
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anions may further bind protons in solution, as shown in structure IV and VI. In this 

case, quinoid functionalities are transformed into phenol groups. This behaviour 

resembles very much that encountered on quinhydrone electrode, for which the 

reaction C6H4O2+2H++2e- = C6H4(OH)2 is well documented.[Janz61, Midgley91] 
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Figure 2.12 Electron transfer activity of quinoid sites. 

In general, the existence of various functional groups on the surface of carbon 

significantly influences the physical and chemical properties of the material. It also 

offers many possibilities for complicated chemical and electrochemical reactions. 

2.3 Electrolyte 

From the working mechanism introduced in the first chapter, the electrolyte can 

influence the performance of ultracapacitors in two aspects. One is the working 

potential, which determines the energy stored in the system, the other is the equivalent 

series resistance (ESR) that will influence the power output.  

As shown in the first chapter, the energy stored in ultracapacitors is proportional to 

the square of the working potential, which is normally limited by the electrochemical 

stability window of the system, in most cases, much smaller than that. The 

electrochemical stability window is defined as the potential range in which an 

electrode can be polarized in a solution without the passage of substantial Faradaic 

currents. In general, this parameter for a solid-liquid system is limited by the 

electrochemical stability of the salt or the solvent or by the dissolution or degradation 

of the electrode. Hence, the nature of the solvent, the nature of the salt, the nature of 
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the electrode materials will all influence the electrochemical stability window. 

Sometimes the impurities in the system might also affect the electrochemical stability. 

 

Figure 2.13 Types of ion pairs in an electrolyte solution (taking aqueous system as example): (a) 

solvated-ion pairs (b) solvent-shared ion pairs, and (C) contact ion pairs  

For the conductance of the electrolyte-solvent system, two principal factors are 

involved. One is the concentration of free charge carriers e.g., cations and anions, and 

another is the ionic mobility or conductance contribution per ion. The former is 

normally determined by the degree of dissociation into free ions. Basically, in order to 

obtain good solubility and charge separation in solution, the charge density of the ions 

has to be low, and thus bulky anions and/or cations have to be chosen. The mobility is 

related to the ionic concentration, temperature and the dielectric constant of the 

solvent. It has been recognized that the variation with solvent can be described in 

terms of two general types of solvents, designated “ leveling”  and “ non-leveling”  or 

“ discriminating” . Three stages of ion pairing, depending on the extent of retention of 

solvation, are illustrated in Fig. 2.13. A leveling solvent is one that provides strong 

solvation and a tendency for complete dissociation or minimum ion pairing, as (a) in 

Fig. 2.13. Such solvents are usually those that have high dielectric constants, often 

with hydrogen-bonded structures with large dipole moments, and lead to less 

differentiation (hence leveling) of conductivities due to ion pairing. Non-leveling 

solvents lead to a wider differentiation of the conductivities, mainly on account of 

solvent-specific ion pairing that is related to ion size and solvation, and to the 
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dielectric constant and donicity of the solvent. The ion-pairing degree can be loose 

like (b) or compact like (c) in Fig. 2.13. 

2.3.1 Aqueous media 

H+, K+ and Na+ have the highest mobility (U) and conductivity of equivalent solution 

� 0) among the cations, and SO4
2- and OH- have the highest values among the anions. 

Their ionic properties at infinite dilution in aqueous solutions at 25ºC are shown in 

table 2.1. [Bard01] So H2SO4 or KOH are normally chosen for the aqueous electrolyte 

in carbon-type double-layer capacitors. [Conway99] 

Table 2.1 Ionic Properties at Infinite Dilution in Aqueous Solutions at 25 ºC [Bard01] 

Ion 0, cm2 -1 equiv. U(×10-4), cm2sec-1V 

H+ 349.82 36.25 

K+ 73.52 7.619 

Na+ 50.11 5.193 

OH- 198 20.52 

1/2SO4
2- 79.8 8.27 

 

High conductivity highly improves the property of ESR of electrochemical double 

layer capacitors, and this system is especially suitable for high power output. 

However, the decomposition limit from water is thermodynamically 1.2 V, as 

mentioned before or practically, in kinetic terms, 1.3-1.4 V. Redox reactions are as 

follows:  

Anode   
��

��� eHOOH 22
2
1

22  

Cathode:   222 HeH ��
��

 

To prevent the ESR increasing from the depletion of ions in the electrolyte, relatively 

concentrated electrolytes are required. In this case, corrosion of the hardware 

components has to be taken into account, which is important for the design, reliability 

and self-discharge characteristics of the capacitor device. From this point of view, 

neither H2SO4 nor KOH is ideal, for they are both highly corrosive.  

From these discussions, it is obvious that although aqueous electrolytes yield low 

ESR values, their electrochemical stability window is narrow. A wider 

electrochemical stability window is necessary for the “ energy performance”  of 

ultracapacitors. Consequently, nonaqueous electrolytes have attracted more attention. 
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With nonaqeuous media, a much wider variety of electrolyte-solvent systems are 

available and has been extensively investigated. 

2.3.2 Nonaqueous media 

As mentioned above, nonaqueous media have the advantage of wider electrochemical 

stability windows over aqueous systems, however, this also means requirements for 

the solvent and salt are stricter – the content of impurities and water has to be 

controlled. 

2.3.2.1 Solvent 

The criteria for the choice of solvents depend on the following factors: 

x The reactivity of the solvent toward the electroactive species and the electrode 

material. 

x The polarity, and hence the ability to dissolve salts and provide appropriate 

conductivity. 

x The electrochemical stability window of the solvent (which means the voltage 

domain without solvent reaction). As discussed below, this parameter, however, may 

relate strongly to the salt chosen [Aurbach91]. It should be emphasized that the 

electrochemical window relates strongly with the purity. For instance, trace oxygen 

and water are highly reactive in many systems, and their reduction may interfere with 

the purely electrochemical behaviour of the system, thus limiting the electrochemical 

window of the solvent-salt system [Cotton66, Aurbach90]. Hence, the possibility of 

obtaining highly pure material is also an important criterion for the choice of solvent. 

x Safety aspects such as toxicity and flammability. They are of major concern in 

applications as well as the cost. 

x Physical aspects such as volatility, melting and boiling points.  

Out of above concerns, suitable solvents for ultracapacitors are mainly from the 

following three classes: 

1) +LJK�GLHOHFWULF�FRQVWDQW��FORVH�WR�ZDWHU�DW� � �����GLSRODU�DSUotic solvents such as 

RUJDQLF�FDUERQDWHV��HWK\OHQH�FDUERQDWH��(&�� � �������DQG�SURS\OHQH�FDUERQDWH�3&�� �
= 69); 

2) Lower dielectric dielectric constant but high donor-number (a measure of the 

ability of a solvent to solvate cations and lewis acids) solvents such as ethers, 

dimethoxy ethane (DME), tetrahydrofuran (THF); 
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3) Intermediate dielectric constant aprotics such as acetonitrile (ACN), 

dimethylformamide (DMF), dimethylacetamide (DMA) and butyrolactone (BL). 

The first comprehensive set of data on the oxidation reactions of nonaqueous 

electrolyte solutions, as well as their positive anodic limit for use in electrochemistry, 

was prepared by Mann [Mann70]. Table 2.2 summarizes some useful selected data 

from his review.  

Table 2.2   Oxidation potentials and reactions of nonaqueous systems 

Solvent 
Salt 

anion 

Working 

electrode 

Reference 

electrode 

Anodic limiting 

reaction/products 

Limiting 

potential(V) 

ACN ClO4
- Pt Ag/AgNO3 

ClO4
-— e-+ClO4.; ClO4 � +CH3CN --

HClO4+ �
���

2CN --  NCCH2CH2CN 
2 

ACN BF4
- Pt Ag/AgNO3 

Reaction unidentified, 

CH3CONH2 was detected 
4 

PC ClO4
- Pt Hg/Hg2Cl2/KCl Unidentified 1.7 

DMF ClO4
- Pt Hg/Hg2Cl2/KCl 

HCON(CH3)CH2·  

formation 
1.6 

THF ClO4
- Pt Ag/AgClO4 Unidentified 1.5-1.8 

 

From Mann’ s review, it is clear that the anion of the electrolyte and the electrode 

material have a pronounced effect on the oxidation potentials of the nonaqueous 

systems. When the anion is ClO4
-, its oxidation onset at potentials above 1.5 V versus 

Ag/Ag+ may promote further intensive solvent degradation, as was found with ACN. 

It is important to note that using BF4
- instead of ClO4

- in ACN extended its anodic 

stability by 2 V. Later on, more work has been conducted on the anodic stability with 

nonaqueous reference electrodes, whereas the data correspond well to the data 

provided by Mann obtained with aqueous reference electrodes.[Zyat’ kova93] It 

appears that acetonitrile is the solvent with the highest anodic stability and PC is more 

reactive than acetonitrile from this point of view. [Lund01] Moreover, acetonitrile is 

advantageous from its physical properties. For example, ACN has lower viscosity and 

the conductivity of TEATFB in ACN is higher than that in PC. Recently, the work by 

the group of Lust in the University of Tartu, Estonia, indicated in their research that 

pore resistance, i.e. the internal distribution of the electrode resistance with ACN as 

solvent is much lower than that with PC. [Arulepp04, Lust04, Lust02, Lust03]  
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2.3.2.2 Electrolyte salts – cathodic and anodic reactions 

As discussed before, the first criterion for the choice of salts that can be used with 

respect to the solvents is appropriate conductivity. In order to obtain good solubility 

and charge separation in solution, the charge density of the ions has to be low, and 

thus bulky anions and/or cations have to be chosen. Hence, in electrochemical double 

layer capacitors, the cations may be onium ions such as tetraalkylammonium ions 

(R4N
+) and tetraalkylphosphonium salts and sometimes may be Na+, K+ in aqueous 

systems. Tetraalkylammonium salts have come into favor due to their better solubility 

and conductivity in the high dielectric constant solvents. This cation is preferred in 

applications since it avoids the possibility of alkali metal deposition on the cathode of 

a capacitor upon adventitious overcharge, which would lead to passivation. 

Furthermore, the reduction potential of this cation is very low thereby a wide 

electrochemical window can be obtained. Work of Peters’  group in Indiana University 

[Dahm96] indicated that, when using glassy carbon as working electrode, the cathodic 

stability of tetraethylammonium in dimethylformamide can reach appr. -3.0 V vs. 

saturated calomel electrode at 25 ºC. A number of investigations have dealt with the 

cathodic reaction of tetraalkylammonium on various electrodes. [Simonet77, 

Bernard79, Bernard82, Finkelstein59, Finkelstein65, Ross60, Ross70, Simonet98] 

Tetraalkylammonium is reduced according to the mechanism shown below. Alkanes, 

alkenes and trialkylamines are the main products. The size of alkyl group may 

influence the ease of reaction and yield from the point of stereochemistry. 

R4N
+ + e- ----  RÂ���53N  (1) 

RÂ���H-----  R-    (2) 

R- +H2O ---- RH + OH-  (3) 

R-+ R4N
+---- RH +R(-H) + R3N (4) 

The commonly used anions are also characterized by relatively bulky structures, such 

as BF4
-, ClO4

-, PF6
-, AsF6

-, SO3CF3
-.   The anodic stability of the above salts is in 

following order: AsF6
-, PF6

- ��%)4
- > SO3CF3

-�&O24
-[Ciemieki84, Ue94]. As shown in 

table 2.2, when the anion is ClO4
-, its oxidation onset at potentials above 1.5V (vs. 

Ag/Ag+) may promote further solvent degradation, as was found in ACN. When using 

BF4
- instead of ClO4

- in ACN, the anodic stability limit is extended by 2V. 
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The oxidation potentials of PF6
- and BF4

- are even higher than that of the solvents 

ACN and PC. Hence the oxidation potential limit of the system when applying these 

salts is due to the solvents rather than the salts.  

Table 2.3 Electrolytic conductivities (mS·cm-1) of organic liquid electrolytes at 1 mol/l, 25ºC 

[a. Ue94, b. House71, c. Rousseau72] 

Electrolyte PC DMF ACN 

Et4NBF4 13a 26 b 56 b 

Bu4NBF4 7.4 a 14 b 32 b 

Et4NPF6 12 a 25 a 55 a 

Bu4NPF6 6.1 a 13 a 31 a 

Et4NCF3SO3 11 a 21 c 42 c 

Bu4NCF3SO3 5.7 a 11 c 23 c 

Et4NClO4 11 a 24 b 50 b 

Bu4NClO4 6.0 a 12 b 27 b 

 

Table 2.3 presents some data on the electrolytic conductivities of salts composed of 

the cations and anions discussed above. Et4NBF4 in ACN has the best conductivity. 

Combined with the aforementioned electrochemical stability, this electrolyte system 

shows obvious advantages.  

2.4 Current collector – aluminium foil 

Aluminium foil is normally applied for the current collector.  

Similar to the majority of wet electrolytic capacitors, aluminium with etched surface 

is applied to improve the contact between the aluminium foil and the activated carbon 

layer.  

A number of methods have been developed for the roughening of the aluminium 

surface, including sand blasting, mechanical embossing, scratching with rotating 

brushes, use of abrasive materials and chemical/electrochemical etching with acids 

and salts. Of all proposed and known methods of roughening the anode surface, the 

chemical/ electrochemical etching processes have been found to be most satisfactory 

and are therefore in general use, in one form or another.  

The manner in which various reagents etch aluminium is usually characteristic of the 

specific etching agent; in general, however, alkali tends to attack aluminium surfaces 
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uniformly, whereas certain of the acid reagents have a definite roughening action. 

Etching with alkali, therefore, reduces the thickness of the anode material uniformly 

with only a minor increase in effective surface area. Hydrochloric acid (single or in 

combination with metal chlorides), however, has a pronounced roughening action, 

increasing the anode surface area.  

Aluminium exposed to air always has a thin film of oxide on its surface. The full 

roughening action of the hydrochloric acid cannot become effective until this oxide 

film is penetrated. As a result, the most effective way of etching aluminium foil is to 

first remove the oxide film by the uniform attack of an alkali hydroxide, such as 

NaOH. NaOH is best used hot and in concentrations from 4 to 10 per cent. The time 

of immersion can be determined by experiment, but should only be long enough to 

remove the surface film with less material loss of metal. 

The characteristics of the aluminium sheet or foil are also important in determining 

the results obtained by etching. For best results, the foil should be especially 

fabricated for etching. There is a definite relation between the crystal structure of the 

metal and the effectiveness of the etching. It has been found, for example, that 

aluminium, annealed to a high temperature, has a coarser grain structure than 

aluminium annealed for a long period of time at a lower temperature. Hard drawn 

aluminium does not etch as satisfactorily as soft aluminium, and the coarser grain 

structures produce the best results.  

The purity of aluminium also has a marked effect on the etching results; aluminium of 

a purity of 99.99% will be hardly affected by the same procedure which produces full 

effective etching of aluminium of a purity of 99.8%. It might be mentioned in passing, 

that full advantage is taken of this fact in obtaining an accurate method of quickly 

checking for total aluminium content of aluminium foil.  

Etching of aluminium foil brings with it the important problem of removing all traces 

of chlorides and other contaminating substances, such as other metals, from the 

surface. Metals such as iron and copper plate out electrolytically on the aluminium 

and must be later removed. This is invariably accomplished by treatment with nitric 

acid.  

One important point that has to be mentioned here is the influence of current collector 

foil on the anodic stability limit of electrochemical windows in nonaqueous systems. 

As has been found for lithium ion battery, at potentials above 3V (vs. Li/Li+), many 

nonactive metals that are important as current collectors (e.g., Ni, stainless steel and 
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Al) may oxidize and dissolve. However, the metal cation and the salt anion (e.g. ClO4
-

, halides, AsF6
-, BF4

-, SO3CF3
-) may form insoluble salt that passivates the electrode 

and thus prevent massive dissolution of the electrode material at high potentials. 

Hence, in many cases we obtain an apparent stability of metal electrodes because of 

passivation. A typical case is aluminium , which is the most preferred current 

collector for 4V cathodes in Li ion batteries, they can withstand even much higher 

potentials. This is because the most commonly used salts for Li batteries (which 

comprise fluorinated anions such as BF4
-, AsF6

-) liberate active fluoride (e.g., due to 

trace HF unavoidably present with these salts, or formed by hydrolysis with trace 

water). It is assumed that at high potentials, AlF3 is formed, which passivates the 

electrode very efficiently, preventing Al ion diffusion into the solution. Fortunately, 

the AlF3 film is sufficiently thin to allow electron tunneling, and thus the electrical 

contact with the electrode active mass is maintained. [Aurbach99] 

2.5 Binder 

There are quite some choices for the binders for ultracapacitors like fluoropolymers 

polyvinyl alcohol, polyvinyl acetate, polyvinyl butaryl, methyl cellulose, and 

carboxylmethylcellulose. [Mushiake00]  

Fluoropolymers are most widely applied in the ultracapacitors for their excellent 

stability and versatility. In the family of fluoropolymers, there are various products 

such as polytetrafluoroethylene (PTFE), Polyvinylidene fluoride (PVDF) 

ethyltrifluoroethylene (ETF) and fluorinated ethylene propylene (FEP). PTFE is the 

most well known and widely applied one.  

PTFE is made of a carbon backbone chain, and each carbon has two fluorine atoms 

attached to it. PTFE is a vinyl polymer, and its structure, if not its behaviour, is 

similar to polyethylene. Polytetrafluoroethylene is made from the monomer 

tetrafluoroethylene by free radical vinyl polymerization. This molecule is highly 

repellent to other materials and has very high chemical stability. Only few substances 

can attack it in extreme conditions. To increase the adhesion of PTFE to other 

materials, the PTFE surface is often activated. 

F

F

F

F F F

F F

* *n
 

free radical 
vinyl polymerization

tetrafluoroethylene polytetrafluoroethylene  

In the present studied system, a fluoropolymer is applied as the major binder.  
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Chapter 3  

 
Methods 
 

3.1 Structural characterization  

3.1.1 Gas volumetric porosimetry 

The adsorbed amount as a function of pressure can be obtained by volumetric 

(manometric) and gravimetric methods, carrier gas and calorimetric techniques, etc. 

However, the method most frequently used for the micropore characterization in the 

materials like activated carbon, is the gas volumetric measurement.  

3.1.1.1 Working principles 

The gas volumetric method is based on calibrated volumes and pressure 

measurements by applying the general gas equation. It is performed by the addition of 

a known volume of gas (adsorbate), typically nitrogen, to a solid material in a sample 

vessel at cryogenic temperatures. At cryogenic temperatures, weak molecular 

attractive forces will cause the gas molecules to adsorb onto a solid material. An 

adsorbate is added to the sample in a series of controlled doses, the pressure in the 

sample vessel is measured after each dosing. By measuring the reduced pressure due 

to adsorption, the ideal gas law can be used to determine the quantity of gas adsorbed 

by the sample. As discussed in Chapter 2, the resulting relationship of volume of gas 

adsorbed vs. relative pressure at constant temperature (P/P0, where P is the equilibrium 

pressure of adsorption, and P0 is the saturated vapour pressure at the selected 

temperature) is known as an adsorption isotherm.  

It was noted by Freeman [Freeman70] and Marsh [Marsh87] that an experimental 

adsorption isotherm is a very specific curve. An isotherm is indicating how many 

pores are filled at each level of site energy or adsorption potential. The total isotherm 

is a description of the distribution of adsorption potential within the sample. The 

linearization of an experimental isotherm is stating that the distribution of adsorption 

potentials of about 1021 sites per gram, can be described in terms of a mathematical 

equation of statistical distributions, e.g. a Rayleigh, Gaussian, Lorentzian or log-

normal distribution. [Marsh65, 67] 
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3.1.1.2 Adsorption equations  

The Langmuir equation is based on the assumptions that: (1) only monolayer 

adsorption can occur, (2) adsorption is localized, with no adsorbate-adsorbate 

interactions and (3) the heat of adsorption is independent of surface coverage, i.e. the 

adsorbent has a homogeneous surface. These assumptions are invalid for sure for any 

UHDO�VXUIDFH�H[FHSW�IRU�YHU\� ORZ�FRYHUDJH�� ���7KXV��LW� LV�MXVW� LQWURGXFHG�DV�WKH�EDVH�
for other model but not applied in the present work.  

Brunauer, Emmett and Teller (BET), in 1938, extended Langmuir’ s kinetic theory to 

multilayer adsorption. The BET model assumes that the uppermost molecules in 

adsorbed stacks are in dynamic equilibrioum with the vapour. Since the equilibriou is 

dynmic, the actual location of the surface sites covered by one, two or more layers 

may vary but the number of molecules in each layer will remain constant. The 

equation (for unrestricted multilayer formation) is 
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where, P = equilibrium pressure 

P0= saturation vapour pressure at adsorption temperature 

V = volume of gas adsorbed 

Vm = volume of gas adsorbed on the first monolayer 

c = constant related exponentially to the heat of adsorption in the first layer. 

Plotting P/V(P0-P) against P/P0 results in a line with a slope of (c-1)/Vm uc and an 

intercept of 1/(Vmuc). Thus the volume of gas adsorbed on the first monolayer (Vm) 

and the constant (c) can be obtained. Furthermore, by using the ideal gas law, at the 

standard temperature and pressure (STP), the molar volume of an ideal gas is 22414 

cm3, so the number of molecules required to cover the monolayer (n) can be 

calculated by 

 
13 .22414

�

 
molcm

V
n m     (3-2) 

When the cross-sectional area of the adsorbate molecule (Am) is known, the total 

surface area of the adsorbent is given by LnAS mt  , where L is Avogadro’ s number. 

Thus the specific surface area (S) of the adsorbent can be calculated from the total 

surface area (St) and the sample weight (w) as S=St/w. [Brunauer38, Lowell04, 

Quantachrome01]. 
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The BET equation requires a linear plot. For most solids, using nitrogen as the 

adsorbate, the linear region is restricted to a limited region in the P/P0 range of 0.05 to 

0.35. This linear region is shifted to lower relative pressures for microporous 

materials. It is found in our research, in the P/P0 range of 0.01 to 0.10, a linear 

behavior is well reproduced for most of the samples. The so-called five point BET is 

then applied for specific area calculation, which takes five volume and relative 

pressure values in the linear region to obtain slope and intercept. The error of the BET 

method can be high due to its inherent drawbacks – the modeling for this equation 

does not describe the process of adsorption in microporous carbons. In micropores no 

real multilayer adsorption can really happen (refer to Fig. 2.8). 

The Dubinin-Radushkevich (DR) equation [Dubinin47] differs from the Langmuir 

and BET equations in that it is not based on a model process to describe the 

physisorption of gasses but on considerations of energies of adsorption. Dubinin 

recognized that the adsorption energy for ultramicropores (diameter at 0.4 to 0.7 nm) 

is much higher than for supermicropores (diameter at 0.7 to 2 nm) due to enhanced 

adsorption effects in microporosity, as introduced in Chapter 2. With a slit-shaped 

pore model as the basis for the theory, Dubinin proposed that ultramicro- and 

supermicropores fill differently according to their respective adsorption potential and 

the interaction between the adsorbed molecules (refers to Fig.2.7). The “ primary 

micropore filling”  takes place at very low P/P0 (e.g. 10-5 to 10-2) and involves the 

HQWU\�RI�LQGLYLGXDO�PROHFXOHV�LQWR�SRUHV�RI�PROHFXODU�GLPHQVLRQ��LQ�WKH�UDQJH�G� � �WR�
� ��G� LV� WKH�GLVWDQFH�EHWZHHQ� WZR�ZDOOV�RI� WKH�SRUH�� � is the molecular diameter of 

adsorbate). Secondary micropore filling is believed to be a cooperative process, 

occurring in the wider micropores (e.g. in slits of d §� � � WR� � �� DQG� LQYROYHV�
adsorbate-adsorbate interaction or quasi-multilayer adsorption. This mechanism is 

known as TVFM (the volume filling of micropores). 

Dubinin et al. also assumed that the distribution of pore sizes was heterogeneous and 

followed a Gaussian distribution [Dubinin47]. They postulated that the fraction of the 

adsorption volume V occupied by liquid adsorbate at various adsorption potentials 

can be expressed as a Gaussian function:  

2
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where, 
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W = volume of adsorbate filled micropore (cm3/g) at relative pressure P/P0 and 

temperature (K) 

W0 = total volume of the micropores (cm3/g) 

A = adsorption potential, asserted to be 
P
P

RTA 0ln when the adsorbate is in the 

liquid state   

� �DGVRUEDWH�DIILQLW\�FRHIILFLHQW 
E0 = characteristic energy of the adsorbent 

Substitution and simplification yields:  
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PBTWW E      (3-4) 

where, B is a structural constant, which can be obtained from the slope and taken as a 

qualitative measure of the relative average micropore size of the adsorbent as shown 

in equation 3-4. The larger the B value is, the lower the characteristic energy E0 is and 

the larger the average micropore size is (i.e. a wider distribution). Hence the following 

information can be obtained by interpreting an adsorption isotherm using the DR 

equation, (1) extent of micropore volume capacity; (2) relative pore-size distributions; 

(3) deviations of adsorption energies from a Gaussian or related type of distribution.  

3.1.1.3 Pore size distribution (PSD) analysis 

The distribution of pore volume with respect to pore size is called a pore size 

distribution. In the last half century, many models have been proposed for pore size 

distribution in micropore range, e.g. methods based on the experimental correlations – 

DR method as described above, Dubinin-Astakhow (DA) method,  Horvath-Kawazoe 

(HK) method [Horvath83] and Saito-Foley (SF) method [Stoeckli90]; and in the 

mesopore range, methods based on the Kelvin equation such as Barret, Joyner and 

Halenda (BJH) method [Barrett51] and Dollimore and Heal (DH) method 

[Dollimore64]. But these classical macroscopic theories normally do not give a 

realistic description of the filling of micropores and even narrow mesopores because 

each of them is based on some assumptions in order to simplify the situation. This 

leads to an underestimation of pore sizes. 

In contrast, molecular models of adsorption such as density functional theory (DFT) 

and Monte Carlo (MC) simulations, based on statistical mechanics, give a much more 

accurate description of adsorption phenomena [Cracknell95]. Based on given 
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intermolecular potentials of fluid-fluid and fluid-solid interactions, they allow the 

construction of adsorption isotherms in model pores. [Seaton89, Aukett92, 

Lastoskie93, Olivier95, Olivier97, Quirke96, Gusev97, Gusev97, Jagiello04, 

Jagiello98]  

An important assumption is normally made when DFT is used to model adsorption in 

an amorphous material: the material is made up of a collection of independent, non-

interconnected pores of some simple, defined geometry (usually of slit or cylindrical 

shape).  And in experimental systems the adsorbed fluid in a pore is in equilibrium 

with a bulk gas phase. For such a system the grand canonical ensemble provides the 

appropriate description of the thermodynamics. 

The general procedure is as follows: 

1) Define the interaction potentials for the fluid-sorbent and fluid-fluid 

interactions with Leonard-Jones potential. The fluid interactions with the sorbent will 

depend, among other things, upon the structural and chemical nature of the surface, 

the shapes and sizes of the pores in the material, and the connectivity of the porous 

network.  

2) Apply statistical mechanics to calculate the sorbent property (which we shall 

GHQRWH� �� IRU� LQGLYLGXDO� SRUHV� RI� VL]H� +�� VKDSH� �GHQRWHG� V\PEROLFDOO\� DV� J��� DQG�
VXUIDFH� LQWHUDFWLRQ� sf (the solid fluid intermolecular potential, which in general 

depends on the surface location), at specified temperature T and pressure P.  

3) &DOFXODWH� WKH� RYHUDOO� VRUEHQW� SURSHUW\� t at state conditions T and P by 

integrating the individual pore properties over the distribution of pore sizes, pore 

shapes, and surface interactions:   

sfsfsft dHdgdgHfPTgHPT )))< < ³³³ ),,(),;,,(),(     (3-5) 

,Q�SUDFWLFH��WKH�GLVWULEXWLRQ�IXQFWLRQ�I�+�J� sf) is rarely available from experiment for 

such calculations. Instead, one can fit the model results for individual pores to 

experimental property data to extract desired distribution information. For highly 

ordered crystalline sorbents such as zeolites, this procedure can yield detailed 

structural information. Activated carbons, by contrast, are less well ordered sorbents 

that generally possess a broader distribution of pore sizes, geometries, and so on. For 

these sorbents it is more difficult to characterize the complete distribution function 

I�+�J� sf). In order to render the problem tractable, it is proposed to replace above 

equation by the simpler equation 
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³ )< < dHHfPTgHPT sft )(),,,;(),(  (3-6) 

where, f(H) is the PSD. This equation will be correct for materials having a single 

pore geometry and chemically homogeneous surfaces. For real materials, in which 

geometric and chemical heterogeneity occurs, f(H) is regarded as giving the PSD for 

an effective porous material, in which all of the heterogeneity of the real material is 

approximated by a distribution of pore sizes. [Lastoskie93] 

To solve for the pore size distribution of porous carbons, model isotherms are fitted to 

experimental nitrogen uptake measurements. Mathematically, the experimental 

isotherm N(P/P0) is expressed as  

dHHfH
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where,  N(P/P0) = experimental adsorption isotherm data 

  Hmin = width of the smallest pores considered in the analysis 

  Hmax = width of the largest pores considered in the analysis 

  �3�30, H) = the mean density of nitrogen in a pore of width H at (P/P0) 

  f(H) = pore size distribution function 

7KH� GHQVLW\� IXQFWLRQDO� WKHRU\� SURYLGHV� WKH� LQGLYLGXDO� SRUH� LVRWKHUPV� �3�30, H), 

which are then applied to the experimental adsorption measurements in the numerical 

solution of the integral to obtain the pore size distribution f(H). 

3.1.1.4 Instrumentation 

Low-temperature measurements with gases such as argon and nitrogen are generally 

preferred for gas volumetric methods. The quantity of gas remaining in the gas phase 

is measured. The amount of gas adsorbed at equilibrium pressure is given as the 

difference between the amount of gas admitted and the amount remaining in the space 

around the adsorbent. A schematic description of this type of instrument can be found 

in Fig. 3.1. 

The principle behind this method consists of consecutively introducing known 

amounts of adsorbate to the sample, which is kept at liquid nitrogen temperature (77 

K). Adsorption of the injected gas in the sample causes the pressure to slowly 

decrease until an equilibrium pressure is established in the manifold. The equilibrium 

pressure is measured by a transducer chosen according to the pressure range where 

adsorption is established during the experiment. The gas uptake is calculated directly 
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from the equilibrium pressure values. The raw experimental data are the equilibrium 

pressures and the amount of gas adsorbed for each step. Helium is applied for the 

calibration of the instrument and calculation of the dead volume in the manifold.  

 
Figure 3.1 Volumetric adsorption measurement 

All physisorbed material must be removed from the adsorbent surface before the 

isotherm is determined. This is usually achieved by outgassing the adsorbent at 

elevated temperature.  

3.1.2 Raman spectroscopy 

Raman spectroscopy is widely applied in condensed matter physics and chemistry to 

study vibrational, rotational, and other low-frequency modes in a system. It is a 

powerful technique to diagnose the internal structure of molecules and crystals, and is 

widely used for the structure identification of graphite, diamond and other carbon 

materials.  

3.1.2.1 Working principles and characteristics 

When the light strikes an object, most of the photons are elastically scattered, i.e. the 

scattered photons have the same energy and wavelengths as the incident photons, 

which is called Rayleigh scattering (as shown in Fig. 3.2a). However, a small fraction 

(approximately 1 of 107 photons) can be inelastically scattered by quasi-particle 

excitations of the medium, which is termed the Raman effect, thereby either giving 

energy to the medium (Stokes scattering, as shown in Fig. 3.2b) or removing energy 

from it (anti-Stokes scattering, as shown in Fig. 3.2c). Anti-Stokes transitions are 

much weaker than Stokes and hard to detect in conventional experiments.  
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Raman scattering is, as a rule, much weaker than Rayleigh scattering and most 

experiments require an intense source which is as monochromatic as possible – a laser 

with a narrow linewidth is usually used – and the collected light must be carefully 

filtered to exclude the dominant Rayleigh signal. Other potentially large sources of 

non-Raman signal include fluorescence (the decay of long-lived electronic 

excitations) and of course light from ambient sources. Fluorescence can be 

particularly pernicious to a Raman measurement because the fluorescence signal is 

also shifted from the laser frequency, and so can be much more difficult to avoid. 

(Note that although the fluorescence spectrum is shifted from the laser frequency, the 

fluorescence shift depends on the laser frequency whereas the Raman shift does not). 

 

Excitation with easily available laser lines in the visible range means that Raman 

effect is in the energy range of molecular and lattice vibrations. For solid samples, the 

Raman effect involves a coupling between incident photons and quasi-particle 

excitations such as phonons (lattice vibrations) and electronic single particle or 

collective excitations within a sample, which results in the emission of light from the 

sample, shifted in frequency from the incident “ excitation”  light. 

Single resonance Raman is widely known in Raman spectroscopy and frequently used 

to study the electronic and vibrational properties of crystals or molecules. This occurs 

when the virtual state approaches an electronic excited state, thereby resulting in a 

large enhancement of the Raman cross section and an increase of the Raman signal up 

to a factor of 106 [Martin83]. Closely related is the idea of double resonant Raman 

S0, N0 

Figure 3.2 Schematic representations of the energy levels of Rayleigh and Raman scattering. S0 and N0: 

electronic and vibrational ground state; N1:  first excited vibrational state 
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scattering, where the phonon energy has to match the energy difference between two 

electronic bands in excited states. Double resonances are much stronger than single 

resonances. However, they are only observed under very specific conditions: the 

energetic difference between two electronic bands is adjusted to the phonon energy by 

applying electric or magnetic fields, uniaxial stress, or by a proper choice of the 

parameters of semiconductor quantum wells [Miller86, Cerdeira86, Alexandrou88, 

Gubarev91]. Double resonant conditions were thereby realized for distinct excitation 

energies. [Thomsen00] 

 
(a) E2g vibration mode 

 

(b) A1g  vibration mode 

Figure 3.3 Vibration modes in carbonaceous materials 

The first order Raman spectra of carbonaceous materials show two significant modes. 

Besides the G mode with an E2g symmetry at around 1600 cm-1 (as shown in Fig. 

3.3a) there is an additional defect induced peak, the so-called D mode with A1g 

symmetry at about 1380 cm-1 (see Fig. 3.3b). [Tuinstra70, Vidano81, Kawashima95, 

Kauschke87, Nemanich79] The D mode is related to the finite crystallite size and 

disappears for perfect crystals. Its frequency was found to shift with excitation energy 

at a rate of 40-50 cm-1/eV over a wide excitation energy range [Vidano81, Wang90, 

Sood98], a phenomenon which has not been well understood until now. A relatively 

convincing explanation was recently proposed by Thomsen and Reich that double 

resonances are responsible for the observation of the defect induced D mode in 

graphite and its peculiar dependence on excitation energy. The double resonance 

considered has a much stronger enhancement than simple incoming or outgoing 

resonances and this explains why the defect mode (and its second order peak) is so 

VWURQJ� FRPSDUHG� WR� WKH� JUDSKLWH� � SRLQW� YLEUDWLRQ� >7KRPVHQ��@�� 7KH� UDWLR� RI� WKH�
intensities of these two peaks gives information on the microstructure of 

carbonaceous materials. 
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3.1.2.2 Instrumentation 

 

Figure 3.4 Schematic picture of Raman spectrometer and detector, S sample, PA polarization analyzer, 

D deflection prism, L1,2 lenses, F filter for suppressing the Rayleigh line (on interference basis or 

holographically), E entry slit, G grating, C collimator mirrors, CCD charge-coupled device 

In the present work, a Raman-microscope-spectroscope is applied. Fig. 3.4 shows a 

schematic picture of the Raman spectrometer and detector. In standard Raman 

configuration, a laser beam is filtered for monochromaticity and directed by a system 

of mirrors to a focusing/collecting lens. The beam is deflected onto the sample; the 

scattered light which passes back through the same lens is then passed through a 

second lens into the spectrometer. Between the two lenses there is a polarization 

analyzer and a filter for suppressing the Rayleigh line (on interference basis or 

holographically).  The spot size of the laser beam can be adjusted from 10 to 40 P�
with various lens. After entering the spectrometer the light is reflected from the 

collimator mirror C onto the grating G, spectrally separated there, and it finally hits 

the detector.  

Nowadays, multichannel charge-coupled devices (CCD), in which the different 

positions (wavelengths) are read simultaneously, are most used for Raman detectors. 

The wavelength/intensity information is then read to a computer and converted in 

software to frequency/intensity. This is the Raman spectrum raw data.  
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3.2 Chemical Analysis  

3.2.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for 

chemical analysis (XPS), is one of the most widely used surface characterization 

methods. The popularity of XPS as a surface analysis technique is attributed to its 

high information content, its flexibility in addressing a wide variety of samples, its 

sound theoretical basis, and its nondestructiveness.  

3.2.1.1 Working Principles and Characteristics 

XPS is working on the basis of the photoelectric effect [Einstein05]. When a photon 

impinges upon an atom, the energy of the photon might be totally transferred to an 

electron and excite the emission of the electron from the atom.  

The basic physics of this process can be described by Einstein equation, simply stated 

as EB = h  – KE, where EB is the binding energy of the electron in the atom, which 

represents the difference in energy between the electrons in ionized and neutral atoms; 

h  is the energy of the radiation source (h = Planck constant 6.62 x 10-34 J·s,  = 

frequency of the radiation in Hz) and KE is the kinetic energy of the emitted electron 

that is measured in the XPS spectrometer.  

Fig. 3.5 and Fig. 3.6 show the energy level diagram for an electrically conductive 

sample and an electrically insulating sample, respectively.  

For a conductive sample, by grounding the sample and the spectrometer, the Fermi 

levels of the sample and spectrometer are aligned thereby EB can be obtained by  

EB = h  – KE - Isp 

where Isp is the work function of the spectrometer.   

However, when the sample does not have sufficient electrical conductivity, the Fermi 

levels are not aligned and binding energy cannot be drawn from the working function 

of the spectrometer anymore. Normally an additional source of electrons is required to 

compensate for the positive charge built up by emission of the photoelectrons. As 

shown in Fig. 3.6, the energy equation now becomes:  

e
f
B

vac
B KEhEE )�� )� s  

Thus, binding energy (EB) is referenced to vacuum level of the sample (Evac) and the 

HQHUJ\� RI� WKH� FKDUJH� QHXWUDOL]DWLRQ� HOHFWURQV� � e). This makes it difficult or 
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impossible to measure absolute EB values, and in this case an internal reference is best 

to be introduced for calibration. 

 

Figure3.5 The energy level diagram for an electrically conductive sample that is grounded to the 

spectrometer. The Fermi levels of the sample and spectrometer are aligned ( s
fE = sp

fE ) so that EB is 
referenced with respect to Ef. The measurement of EB�LV�LQGHSHQGHQW�RI�WKH�VDPSOH�ZRUN�IXQFWLRQ�� s, 
EXW�LV�GHSHQGHQW�RQ�WKH�VSHFWURPHWHU�ZRUN�IXQFWLRQ�� sp 

 

 
Figure 3.6 The energy level diagram for a sample electrically insulated from to the spectrometer. The 

vacuum level of the sample ( s
vacE ) is aligned with the energy of the charge neutralization electrons 

� e) so that EB� LV�UHIHUHQFHG�ZLWK�UHVSHFW� WR� e. The measurement of EB is dependent on the sample 
ZRUN�IXQFWLRQ�� s [Ratner97] 

In XPS, X-ray, as the irradiation source, can penetrate the sample on the scale of 1000 

nm, while electrons with the energy ranging between 10 and 1000 eV are only able to 
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penetrate less than 10nm. The small inelastic mean free path (IMFP) of electrons, 

which is defined as the average length over which the electron can travel without 

energy loss, enables XPS’ s high surface sensitivity. The sampling depth into a solid is 

normally within a few nm depending on the materials and electron energy, and 

sensitivity reaches 0.1 to 1 monolayer. In XPS, only the photoelectrons possessing 

characteristic emission energies will contribute to the photoemission peaks, while 

electrons emitted from the surface zone that have lost some energy due to inelastic 

interactions will form a scattering background.  

A closer look at the process shows that the binding energy of the electron in the atom 

is determined by the initial state and final state of the electrons. The initial state is the 

ground state of the atom prior to the photoemission process, which is mainly 

determined by the type of the atom. The core electron of an element has a unique 

binding energy, which can be seen as a "fingerprint". If the energy of the atom’ s 

initial state is changed, e.g. by formation of chemical bonds with other atoms, EB will 

shift with a fixed value, which is defined as chemical shift. Hence through the 

analysis of the binding energy of defined elements, the chemical composition of a 

sample can be obtained. Take carbon as an example, when carbon is bonding to a 

hydrogen atom, the binding energy of C1s (corresponds to the electrons in the 1s level 

in C atom) is typically at 284.6eV. When hydrogen is substituted by other elements 

like oxygen, nitrogen and the bonding changes, the binding energy will change. 

Upward shifts in binding energies result from a decrease in electron density around 

the nucleus in question (i.e., from oxidation), whereas downward shifts result from an 

increase. Linear correlations between these shifts and the charge on given atoms can 

be expected and have been reported for carbon-oxygen, carbon-nitrogen, carbon-

fluorine functional groups, etc. [Papirer78, HP72, Albers92]  

On the other hand, the binding energy is also determined by the final state which is 

mainly dependent on the relaxation effect in solids. In all cases the electron 

rearrangements during photoemission will result in the lowering in EB. Contributions 

to the relaxation energy arise from both the atom containing the core hole (atomic 

relaxation) and its surrounding atoms (extra-atomic relaxation). Sometimes, the final 

state effects can help to obtain information about the chemical environments. 

However, in our research, this final state influence is not expected to be of 

significance. 
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Furthermore, as already discussed, when the electrical conductivity of the sample is 

not sufficient, positive charge accumulation may occur due to the excitation of 

photoelectrons and then result in the shift of binding energy to higher values. In this 

case, an additional source of electrons to compensate for the charge effect will be 

necessary. Ideally, this is accomplished by flooding the sample with a monoenergetic 

source of low-energy (<20 eV) electrons, e.g. from a heated tungsten filament.   

An unambiguous interpretation of XPS spectra in our research is not straightforward. 

Problems arise because, e.g. (i) the external (probed) and the internal composition of a 

solid carbon sample may differ, and they often do; (ii) in porous carbons external 

voids can constitute a portion of the probed space and artificially lower the measured 

concentration of surface species, especially those close to, but not necessarily at, the 

gas-solid interface (e.g., carbon); (iii) charging effect as described above can render 

measuring absolute EB values difficult and even impossible and a proper standard has 

to be applied, which is not available in our case, as will be discussed in the related 

chapter; (iv) the deconvolution of lumped C 1s, O 1s, or N 1s peaks into individual 

components and a proper assignment is far from being straightforward at present, 

although software offers quick solutions. [Bansal88, Stoehr90, Papirer78, HP72, 

Albers92]  

From the point of quantification, since the spectral peaks from a mixture or a 

compound are approximately the sum of all the elemental peaks from the individual 

constituents and the intensity of one peak is proportional to the number of atoms in 

the surface regions, a semi-quantitative analysis of chemical composition is feasible. 

Since XPS is based on the excitation of electrons at core levels and since the atoms 

have different levels, each element shows different sensitivity to the excitation. This is 

normally defined as sensitivity factor, which is proportional to the intensity of the 

peaks.  By measuring the peak areas and correcting them by sensitivity factors (in 

addition an instrumental fact has to be incorporated), the relative abundance of each 

detected element can be determined. For a sample with defined stoichiometry and 

high purity, XPS can give quantitative results with good reproducibility and accuracy. 

While the atomic percentage of the element decreases toward the XPS detection limits 

(ca. 0.1 atomic percent), the relative standard deviation will increase significantly. For 

inhomogeneous samples, the reliability of the quantification from XPS is 

questionable. In addition, the presence of contaminants also disturbs the quantitative 
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analysis at the surface of samples. In this case, sputtering is a good tool for cleaning 

the sample.  

3.2.1.2 Instrumentation 

For XPS, normally three parts are indispensable: 

1) Ultra-high vacuum system (< 1 x 10-9 Torr) is applied to exclude the 

interference from gas particles to electrons and keep the cleanliness of the analyzed 

surfaces. 

2) X-rays are applied for the source of radiation because the energy of soft X-ray 

is in the range from 200eV to 2000eV and compatible with the binding energy of the 

electrons at core levels in nearly all elements. X-rays are produced by impinging a 

high energy electron beam at around 10 keV on an anode (Al or Mg are most 

commonly applieG�� QRUPDOO\� FDOOHG� $O. � DQG� 0J. � ;-ray). A monochromator 

between the X-ray source and sample is normally used to narrow the energy spread of 

X-rays striking the sample, improve the resolution, and prevent electrons, satellite X-

ray lines and heat radiation from striking the sample.   

 

Figure 3.7 A Schematic diagram of an XPS spectrometer 

3) Analyzers are applied to measure the flux of emitted electrons of a particular 

energy. Typically, there are two types of electron detectors: concentric hemispherical 

analyzer (CHA), cylindrical mirror analyzer (CMA). The preferred option for 

photoemission experiments is CHA, which uses an electric field between two 

hemispherical surfaces to disperse the electrons according to their kinetic energy. 
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Electrons with a range of energies are allowed to successfully travel from the entrance 

to the exit of the analyzer without a collision with one of the hemispheres, electrons 

with energies outside this range will be dispersed as shown in Fig. 3.8. The center line 

potential (thick broken line in Fig 3.8) is known as the pass energy. The higher the 

pass energy is, the stronger signal is achieved, while the resolution is lower. So 

normally for the survey scan to find the elements, higher pass energy is applied, and 

when detailed assignment for chemical shifts is necessary, lower pass energy is more 

suitable.  

+
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Input lens

Channeltron or
multi-channel detector

 

Figure 3.8 Schematic diagram of CHA analyzer 

3.2.2 Fourier Transformed Infrared(FTIR)  

IR spectroscopy is widely applied for the determination of molecule structure and 

identification of compounds. Its attractiveness comes from its enormous versatility, 

simple sample handling, fast information collection, nondestructiveness, as well as its 

low cost compared to other techniques which requires high vacuum for operation. It 

offers the information for detailed identification of the functional groups on the 

surface of activated carbons, which cannot be reached from the XPS results.  

3.2.2.1 Working Principles and Characteristics 

Infrared (IR) spectroscopy measures the infrared intensity versus wavelength (or 

energy in wavenumbers) of light. Based upon the energy, infrared light can be 

categorized as far infrared (4 ~ 400cm-1), mid infrared (400 ~ 4,000cm-1) and near 

infrared (4,000 ~ 14,000cm-1). The mid IR region is of greatest practical use for 

functional group identification.  

Through energy uptake, the atoms in molecules can be excited to vibrate around their 

state of equilibrium. Like the energy of the electrons, the vibrational energy is also 

quantized, which means only when the radiant energy matches the energy of a 

specific molecular vibration, absorption can occur. Certain groups of atoms absorb 
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energy and therefore give rise to bands at approximately the same frequencies so that 

the position of absorption bands is characteristic. Thus the energy usually given in 

wavenumbers, sometimes referred to as frequencies at which a molecule absorbs 

radiation give information on functional groups present in the molecule. This offers 

the possibility of directly stating the structural groups.  

As we already introduced in Chapter 2, various carbon-oxygen functional groups exist 

on the surface of carbon materials. To distinguish these functional groups, infrared 

has the inherent advantage that similar functional groups will behave differently when 

they are connected to different elements or other functional groups. Taking carbonyl 

group C=O as an example, it has a characteristic vibration at about 1750 cm-1 in 

lactones, 1730 cm-1 in esters, 1700 cm-1 in carboxylic acids, 1580 cm-1 in quinoids. 

This can remedy the disadvantage of XPS that signals from these groups will 

convolute, and allow better assignment of XPS peaks.  

Optical phonons can also be excited by infrared radiation because they, too, 

correspond to a mode of vibration creating a time-varying electrical dipole moment. 

Phonons that interact in this way with light are called infrared active. Phonon 

vibrations of the graphite lattice can normally be found at about 1588 cm-1 in infrared 

spectra. This mode has been observed widely in the infrared spectra of carbonaceous 

materials while the interpretation does not reach a consensus, which will be discussed 

in Chapter 5.  

IR spectroscopy is very closely related to Raman spectroscopy [Colthup90, Hendra91, 

Grasselli91]. Both types of spectroscopy often give similar spectra, but also sufficient 

differences exist so that they can provide supplemental or complementary 

information. For example, for symmetrical molecules with an inversion center, bands 

appear in the Raman spectra are not found in the IR spectrum, and vice versa. The 

difference of the selection rule of IR and Raman is, in order to be IR active, a 

vibration must cause a change in the dipole moment of the molecule, while in Raman, 

there must be a change in polarizability of the molecule. The polarizability is a 

measure for the “ deformation capability”  of the electron shell.  

Fourier transform infrared (FTIR) is widely applied. Interferometry is applied for the 

experiment so that all wavelengths are measured simultaneously, then a Fourier 

transform is calculated to convert the collected interferogram to the spectrum. This 

has the advantages of multiplexing (fast), throughput (high intensity) and higher 

wavenumber stability compared to dispersive IR spectrometer.  
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Researchers have tried for a long time to apply FTIR to characterize the functional 

groups existing on the surface of carbonaceous materials. [Puente98, Iglesias98, 

Rositani87, Starsinic83, Zhuang94, Zawadzki89, Zawadzki78, Zawadzki81, 

Ishizaki81, Biniak97, Danderkar98, Valente04, Moreno-Castilla97, Fanning93] But 

for this purpose, normal transmission FTIR faces two problems, one is the strong 

absorption of carbon. Well-distinguished spectra are not easy to record since the total 

complete mid IR range is affected. The other is the content of functional groups in 

carbonaceous materials is relatively low. For this reason, attenuated total reflection 

infrared is applied.  

Attenuated total reflection infrared (ATR-IR) spectroscopy, also known as internal 

reflection spectroscopy (IRS), is a versatile, nondestructive technique for obtaining 

the infrared spectrum of materials which are either too thick or too strongly absorbing 

to be analyzed by transmission spectroscopy. For bulk material or thick film, no 

sample preparation is required for ATR analysis and air is normally chosen as 

reference.  

 
Figure 3.9 Schematic representation of total internal reflection with single reflection. n1=refractive 

index of the internal reflection element; n2= refractive index of the sample with n2<n1, =angle of 

incidence; dp= depth of penetration, n1 > n2 

For ATR-IR spectroscopy, the infrared radiation is passed through an infrared 

transmitting crystal with a high refractive index such as Ge in order to get a total 

reflection of the radiation within the ATR element, see Fig. 3.9. The sample surface is 

pressed into close optical contact with the top surface of the crystal. The IR radiation 

from the spectrometer enters the crystal. It then reflects through the crystal and 

penetrates into the sample a finite amount along the top surface via the so-called 

“ evanescent wave” . The intensity of the evanescent wave decays exponentially with 

the distance from the surface of the internal reflection element. As the effective 

penetration depth is usually a fraction of a wavelength, total internal reflectance is 

generally insensitive to sample thickness.  
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However, total reflection never occurs if the sample absorbs the electromagnetic 

wave. The internal reflection technique measures the reduction of reflectivity due to 

the absorption by the sample. Since the IR source is polychromatic, some of the 

electromagnetic waves are totally reflected while others are not for the usual samples 

measured by the internal reflection technique. The reflected beam is a mixture of 

totally-reflected and partially-reflected waves, thus the name attenuated total 

reflection (ATR) technique.  

3.2.2.2 Instrumentation 

 

Figure 3.10 Schematic illustration of Fourier transform spectrometer with a classical Michelson 

interferometer 

Early-stage IR instruments of the dispersive type used a prism or a grating 

monochromator. Hence slow scanning is characteristic of a dispersive instrument. A 
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Fourier Transform Infrared (FTIR) spectrometer obtains infrared spectra by first 

collecting an interferogram of a sample signal with an interferometer, see Fig. 3.10. 

The beam of radiation from the source is split by a semi-permeable beamsplitter into 

two partial beams that are reflected on a fixed and on a movable mirror back to the 

beamsplitter where they recombine and are brought to interfere. The fraction directed 

back to the source is not used and gets lost. A shifting of the movable mirror changes 

the optical pathlength in this interferometer arm, whereby a phase difference between 

both partial beams results and, hence, a change of the interference amplitude. The 

intensity signal from the detector, as a function of the change of the optical pathlength 

corrected by a constant component, is called an interferogram. An FTIR spectrometer 

acquires and digitizes the interferogram, performs the FT function, and outputs the 

spectrum.  
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Figure 3.11 Calculation of the transmittance from sample and background single beam spectra.  

a. spectrum of sample 1 (shifted in the ordinate) and background spectrum 2  with air as reference  

b. quotient from both spectra 
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Normally single beam spectra, which occur primarily in the spectral measurement, are 

predominately calculated, whether it is with sample or as a pure background 

spectrum.  It is necessary to measure the cited spectra consecutively, whereby the 

quotient of both gives the transmittance spectrum. The procedure is explained in Fig. 

3.11. 

3.2.3 Elemental Analysis 

Elemental analysis is widely applied for determining the chemical composition of 

organics, as well as for carbonaceous materials such as activated carbons, carbon 

blacks. It is easy to operate, requires small amount of sample (in milligram range) and 

can give the content of C, N and H precisely. However, the shortage of this method is 

that it is destructive and has strict requirements on the sample – only powder samples 

can be analyzed. 

3.2.3.1 Working principles 

This method applies the combustion method. Samples are combusted in a pure 

oxygen environment, with the resultant combustion gases measured with a 

chromatograph.  

The content of the elements are calculated based on the weight of sample, the 

corresponding peak area collected from the chromatograph and a factor K of the 

instrument:  

%100uu 
W

IKC  

where, C = content of the element 

I = peak area of the combustion product detected by chromatograph 

W = weight of sample 

K = constant, calculated from a standard material with a known elemental 

composition, such as acetanilide, benzoic acid, EDTA, etc. (
Is

WsCsK u , Cs 

= percentage of the element in standard material, Ws = weight of the standard 

material, Is is the area of the peak from the combustion product of the element 

in chromatograph) 
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The absolute error in the measurement is 0.3% by weight.  Detection limits are 

generally 0.01 to 0.1%.  

3.2.3.2 Instrumentation 

Samples are packed into lightweight containers of oxidizable metal, which is normally 

tin or aluminium, and dropped into a vertical quartz tube, heated to 1050 ºC; a 

constant flow of helium is maintained. The high temperature created by the flash 

combustion of the container ensures a complete decomposition of metal salts and 

other materials that are not easily decomposed. When the sample is introduced, the 

helium stream is temporary enriched with pure oxygen. Flash combustion takes place, 

primed by the oxidation of the container. The resulting combustion products pass 

through specialized oxidation reagents such as chromium oxide (CrO3), to ensure the 

complete transformation from the carbon, hydrogen and nitrogen to carbon dioxide 

(CO2), water (H2O), nitrogen (N2) and nitrogen oxides, respectively. These gases are 

then passed over copper to remove excess oxygen and to reduce the nitrogen oxides to 

elemental nitrogen; helium is used as the carrier gas. The gases are then introduced 

into the chromatographic column, heated to about 190ºC. The individual components 

are separated, eluted in the order N2 – CO2 – H2O, and measured by a thermal 

conductivity detector (TCD). A schematic diagram of the instrument can be seen in 

Fig. 3.12.  

 
Figure 3.12 Schematic diagram of the instrument 1. combustion tube, 2. reduction tube, 3. mixing zone,  

4. separation zone, 5. detector 
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Chapter 4  

 
Experimental details 
 

4.1 Sample preparation 

4.1.1 Ageing of ultracapacitors 

This part of work is completed in Epcos, Heidenheim, Germany. Electrode from 

Epcos is assembled into 200 F ultracapacitors as shown in Fig. 4.1. The electrolyte is 

tetrafluoroborate (TEATFB) in acetonitrile at approximate 1 M (battery grade) and 

paper separator is applied. The ultracapacitors are then put into ageing experiments at 

various direct current (DC) voltages and various temperatures as shown in Table 4.1. 

 
Figure 4.1 Processing procedures of ultracapacitors 

About every 600 hours, the capacity and equivalent series resistance (ESR) are 

measured in Epcos by electrochemical impedance spectroscopy (EIS). The spectra are 

recorded with a PGSTAT30-FRA2 electrochemical analyzer (Autolab) in the 

frequency range from 1 kHz to 10 mHz at 0 V, 2.5 V at room temperature and -30 °C, 

respectively. The capacitance is calculated from the imaginary part of the complex 

impedance according to  C=-��� I=´�� 7KH� YDOXH� DFKLHYHG� IURP� ���� 9�� URRP�
temperature at f = 50 mHz is taken as the capacitance for the ultracapacitors. 

Afterwards, samples are sent to Max-Planck-Institute Stuttgart where the structural 

and chemical characterizations are carried out.  

The ultracapacitors are torn up mechanically by a cutting tool. Electrodes are cut into 

small pieces at about 0.5 u  0.5 cm2 (normally samples are taken from the middle part 

along the electrodes). The samples are immersed into a large quantity (appr. 10 ml for 

Electrode 
cutting 
 

Winding Electrodes + 
separator 
 

Assembling (Place the 
roll in Al housing 

 

Drying (vacuum, 
heating)  

Capping Crimping 
(Closing) 
 

Laser  
welding 

Electrolyte 
impregnation (H2O, 
O2 controlled) 

Sealing 



56 

each piece) of acetonitrile overnight to let the adsorbed salt diffuse out. Then the 

electrodes are rinsed by solvent (appr. 10 ml for each piece) with shaking for 10 to 12 

times to remove the salt, and the results presented later prove these procedures are 

effective enough for the removal of salts. After the desalting samples are pre-dried in 

normal oven (60 °C) and then sent to vacuum oven to be dried at 80°C and appr. 10-3 

Torr overnight to remove the water completely and sent to characterization. 

Table 4.1 Ageing conditions of ultracapacitors 

Ageing conditions 
Code 

Voltage(V) Temp(°C) Time (hours) 

I 2.5 80 3048 

II 2.3 80 3115 

III 2.5 70 3700 

IV 2.8 50 2919 

V 2.3 70 2904 

VI 2.5 50 2924 

Reference sample 2.3 room temperature 24 

 

4.1.2 Ageing of components for ultracapacitors  

Three activated carbon samples provided by Epcos are chosen for ageing experiments, 

two (A and B) from natural precursors (coconut shell) and one (C) from synthetic 

resin. The manufacturing procedure refers to Chapter 2. 

Three conductive agents provided by Epcos are chosen for ageing experiments, one 

acetylene carbon black sample (A-B); two ketjen blacks, Ketjen black A (K-A) and 

Ketjen black B (K-B). The precursors of the Ketjen blacks are unknown. 

Chemical ageing 

Powder samples are dried in vacuum oven at 80 °C and 10-3 Torr overnight and then 

transferred to a flow box (Kiki, Germany) purged with argon 5.0 (99.999 vol. %, 

water content 1 – 3 vpm and oxygen content 1-2 vpm). Normally it takes less than ten 

minutes for the transferring and the sample containers are sealed before being taken 

out of the oven to minimize the adsorption of water. Practically, the water and oxygen 

content might be higher than the defined value because of the contamination during 

transfer. We measured the water and oxygen content at the gas outlet of the flowbox, 

which indicated the water content is lower than 30 ppm and the oxygen content is 
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around 48 ppm. The technical parameters of the flow box can be found in Appendix I. 

In the flow box, the samples are immersed in acetonitrile (Merck, Germany, for DNA 

systhesis, max.10 ppm H2O) and electrolyte, respectively. The ratio of the carbon to 

the liquid is about 1: 10 in volume. The flasks are tightly sealed by the caps and with 

Parafilm® (The Lab Depot, Inc., USA) further. Each sample is prepared 5 times in 

parallel in order to test for various time periods. Afterwards, they are taken out from 

the flow box and put in the temperature control box at 50 °C. Although this is 

considered to be a relative tight way, water and oxygen might permeate into the 

samples from ambience during the storage. Once a month the samples are taken out, 

immersed in salts are fully rinsed and the characterizations are carried out. The 

longest time is comparable to the ageing time for the electrodes for about half a year. 

During the experiment, no significant solvent loss is observed.  

Electrochemical ageing 

Activated carbon powder samples are dried first in the vacuum oven at 80 °C and 10-3 

Torr overnight to remove the adsorbed water and then transferred to argon flow box. 

Then they are assembled directly in a Swagelock type (two electrodes) lab cell as 

shown in Fig. 4.2 without binders and conductive agents, neither without any extra 

container and polarized at 2.9 ± 0.1 V DC voltage for 45 days. The voltage is 

controlled by a DC power supply and monitored with a digital voltmeter. 

After the ageing is completed, the powders are taken out, separated into anode and 

cathode according to the polarization – since the powders are loose and fluffy, there is 

always mixing of the powder from anode and cathode.  

The powders are rinsed by acetonitrile in ultrasonic bath for half an hour and then sent 

to centrifugal separation at 15000 rpm for 10 minutes. The supernatant is carefully 

taken out to reduce the possible particle loss. The supernatant for the first time 

centrifugation is collected and analyzed by IR spectroscopy later. The rinsing and 

separating process is repeated for 6 to 8 times to let the adsorbed salt totally rinse off. 

The desalted powders are dried first in normal oven at 60 °C for 5 to 6 hours and then 

put into the vacuum oven to be dried at 80°C, appr. 10-3 Torr overnight to remove the 

water and then sent to characterizations. 

The experimental procedure for pure conductive agents is identical to that for 

activated carbons. 
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Figure 4.2 Schematic drawing of Swagelock type labcell – 1. working electrode 2. counter electrode 

3. paper separator 4. current collector (Al foil) 5 and 6. Swagelock fittings (stainless steel) – tube: 

bored through for tubing and tubing connection  7. assembled labcell; Mylar® film fitted to the inner 

walls of 5 and 6 to avoid the contact between 5, 6 and 4. 

4.2 Structural characterization 

4.2.1 Porosimetry 

77 K N2 isotherms are measured with a porosimeter (Autosorb-1, Quantachrome, 

USA). 

Since the length of the corresponding sample cell (glass tube) is too long for a normal 

electronic balance, a 3 mm(Ø) * 10cm (L) quartz tube is specially made. Samples are 

first put into the small tube and weighed to reduce the error from weighing. 

Thereinafter the small quartz tube is put into a Quantachrome 9 mm (Ø) glass sample 

tube for outgassing and measurement. 

In the present work, most of the samples are fine powder and have the problem of 

elutriation, which means the loss of powder out of the sample cell. This is caused by 

too rapid a gas flow out of the cell. The most serious problems are encountered during 

the outgassing procedure to degas the moist, “ light”  powders, which normally 

requires heating and evacuating. As the sample heats from ambient, the pressure over 

the sample decreases due to the action of the vacuum. At some point the water 

“ flashes”  into steam. This rapid expansion of gas volume drives powder out of the 

bulb and up the stem of the cell. The trapping of the powder will cause the corrosion 

of the gaskets and bring about leakage problems.  
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To prevent the elutriation , several measures have been adopted:  

x Wide diametHU�FHOO�WXEH�RI� ���PP�LV�DSSOLHG� 
x A glass fibre bundle is put at the outlet of specially made small quartz tube to 

firstly stop the powder; 

x Special filter with fine Pt fibre inside designed by Quantochrome is applied. This 

filter is normally tightly clampHG�DW�WKH�RXWOHW�RI�WKH� ��PP�VDPSOH�FHOO��$IWHU�VHYHUDO�
times measurements, the filter is cleaned with ethanol in ultrasonic bath to remove the 

trapped powder.  

x Outgassing temperature is first set to 60 °C for about 6 hours and then increased to 

150 °C to prevent “ flash”  generation of water vapour which blows the sample out of 

the cell.  

Normally the outgassing time is 24 hours. The samples are refilled with nitrogen after 

outgassing and weighed again to calibrate the weight in order to reduce the error from 

water and air adsorbed in original sample and the possible mass loss during 

outgassing. This takes 2 to 5 minutes and then the sample is sent to measurement. 

The specific surface area of the samples is calculated with 5 point BET in the range 

from P/P0 = 0.01 to 0.1. Calculations with DR and DFT models are carried out with 

the software Autosorb® (Quantochrome, USA). 

4.2.2 Raman spectroscopy 

Raman spectra are obtained with a Labram 010 spectrometer (Jobin Yvon Horiba, 

France) using the 632.8 nm He-Ne line as an excitation source. The laser power is 4 

P:�DQG�WKH�VOLW�ZLGWK�LV�VHW�WR����� P��5DPDQ�VSHFWUD�IURP�����WR������FP-1 at about 

1 cm-1 interval were measured for 100s in the backscattering geometry with a single 

monochromator. The detector is a charge coupled device electronically cooled. To 

improve the signal-to –noise ratio, 5 scans were averaged.  

Electrode samples are directly loaded on microscope slides. Powder samples are 

pressed to densely attach to microscope slides. This method is proved to be not 

sensitive to the interference of water. 

The obtained Raman spectra are first calibrated by polynomial baseline substraction 

by the Labram software, which is proved to be well reproducible. The deconvolution 

is carried out with five Lorentzian shape peaks on top of linear background in the 

region from 800 to 2000 cm-1 in Origin 7.5, as described later.  
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4.3 Chemical composition characterization 

4.3.1 Elemental analysis 

CHN analysis was performed on a Perkin Elmer Analyzer 240 at the University of 

Stuttgart. The samples are rinsed and dried in vacuum oven at 80 °C and appr.10-3 

Torr before being sent to measurement. The samples are carefully sealed by Parafilm® 

to prevent the interference from water. And the time interval between drying and 

measuring is tried to keep as short as possible to minimize the problem from 

contamination, however it still takes several hours which is relatively longer than 

other methods.   

This method requires powder samples to avoid the errors from incomplete combustion 

and inhomogeneity. The activated carbon layers from electrodes are cut into small 

pieces (less than 1 mm2), to satisfy these requirements.  

4.3.2 Infrared analysis 

Infrared spectra were collected on a Equinox 55 infrared spectrometer (Bruker, 

Germany) with a Globar mid infrared source and a deuterated triglycine sulfate 

(DTGS) detector. An ATR configuration (PIKE Miracle) with a germanium crystal as 

the internal reflection element (IRE) is applied. Detailed parameters of the IR 

spectrometer can be found in Appendix II.  

The sample chamber is continuously purged with argon 5.0 (99.999 vol.%) at the rate 

of appr. 4 l/min to reduce  the interference of water and carbon dioxide. 2000 scans 

are added at a resolution of 8 cm-1.  

Between two measurements, the Ge crystal is cleaned by water, wiped with soft lens 

paper and dried for 10 minutes. A pressure is loaded to guarantee the good contact 

between the sample and Ge crystal. To prevent the fluctuation of the pressure, the 

pressing tool (stamp) on the ATR configuration is recommended to be set at a fixed 

height value and not to change.  

The transmittance spectra are generated from raw spectra collected with samples 

referenced to the raw spectra of air.  

To distinguish the difference of the outmost surface and the inner part of the 

electrodes, the samples are stripped with adhesive tapes and analyzed with IR layer by 

layer (approximately 30-��� P� SHU� OD\HU�� ZKLFK� LV� HVWLPDWHG� IURP� WKH� WLPHV� RI�
VWULSSLQJ�WR�WRWDOO\�UHPRYH�WKH�DFWLYDWHG�FDUERQ�OD\HU�DW�WKH�WKLFNQHVV�RI����� P��� 
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4.3.3 XPS analysis 

XPS characterization of the surface composition and chemistry has been carried out 

RQ�D�$;,6�+6L�����DQG�8OWUD�VSHFWURPHWHU��.UDWRV�&R���8.��XVLQJ�$O�. �UDGLDWLRQ�
(energy: 1486.6 eV). An X-ray power of 150 W (15 kV, 10 mA) was used for all 

analyses. The base pressure in the sample analysis chamber is 10-9 to 10-10 Torr.  

Right after drying, samples are sent to the instrument to transfer to antechamber. The 

spectra obtained indicated there is no interference from water, which normally shows 

a O1s peak at 535 – 536 eV.  

Electrode samples are directly fixed on the sample holder, while the powder samples 

are pressed on an Indium foil (by an agate press) and then fixed on the sample holder. 

The photoelectron surface area (spot size) is around 1 mm2.  

Survey spectra (1200 eV to -5 eV) were recorded with the pass energy of 80 eV and 

the narrow scans for F 1s, O 1s, N 1s, C 1s were recorded with the pass energy of 20 

eV.  

The samples were sputtered off for appr. 20 nm by an argon ion gun to remove the 

possible contamination, which normally occurs during sample preparation and sample 

loading. The spectra show obvious changes, especially for the content of elements, in 

the first 10 nm sputtering. The converging is observed after the sample is sputtered off 

for appr. 20 nm, see Appendix III.  

For the electrode samples, charging effect is apparent because of the high thickness 

and low conductivity so that the neutralizer was applied to reduce the charging effect. 

The neutralizer is a tungsten fibre heated to emit electrons, which can compensate the 

positive charges accumulated on the surface because of the loss of electrons. The 

powder samples do not have this problem because of the low thickness of the carbon 

powder and good conductivity of the indium.  

Quantification is done by means of the relative elemental sensitivity factor method 

which uses the sensitivity factors referenced to F 1s, determined experimentally from 

many compounds with defined stoichiometry.  

The curve fitting of C 1s, N1s, O 1s, F 1s envelopes is carried out with a mixed 

Gaussian (30%) – Lorentzian (70%) component profiles after subtraction of a so-

called Shirley background with the CasaXPS processing software. All peak positions 

are calibrated with the graphitic carbon peak at 284.6 eV.  
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Chapter 5  

 
Influences of ageing conditions 
 
As described in Chapter 4, ultracapacitors are aged under various ageing conditions 

and ageing time, thereby they show various capacity and ESR deterioration. 

According to the capacity after ageing, the samples are encoded from I to VI for the 

severity of ageing.  The severity decreases with the number increase in turn. 

Table 5.1 Sample coding and the ageing condition 

Ageing conditions 

Code 
Voltage(V) Temp(°C) 

Time 

(hours) 

I 2.5 80 3048 

II 2.3 80 3115 

III 2.5 70 3700 

IV 2.8 50 2919 

V 2.3 70 2904 

VI 2.5 50 2924 

 

The capacity loss for each sample is shown in Fig. 5.1. According to the 

impedance spectra, the ESR of sample I and II increase several magnitudes 

compared to new capacitors and the data are not applicable anymore, so only 

samples III to VI are included.  

It is known that high voltage and temperature can both speed up the ageing, and in 

ultracapacitor field there is an empirical regulation based on propylene carbonate 

(PC) electrolyte that 10 K or 0.1 V increase cuts life time by half . [Hahn04] In 

this case, life can be calculated as:  

1.0
)3.2(
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)298(

)
2
1(0

VVKT
f

LL f

��� 

u 
 

where,  L = the lifetime of the capacitors investigated 

       L0 = the lifetime of the capacitors applied at 2.3V and 298 K 

 f  = the ageing factor, which can be calculated as shown above 
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  T = the ageing temperature (K) 

V = the ageing voltage (V) 

If following this relationship, in our case, sample I and IV, V and VI should have 

experienced similar ageing and have the compatible capacity loss and ESR increase. 

And the order of ageing would have been I = IV > III > II >V = VI. Apparently, as 

shown in Fig. 5.1, the order of ageing is not well consistent with this.  
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Figure 5.1 Capacity (as the ratio to the capacity of ultracapacitors not aged) and relative ESR increase 

for samples experienced various ageing conditions 

This discrepancy is possibly due to the evaporation of acetonitrile (boiling point 82 ºC 

at 1 atm). When the temperature increases, the actonitrile starts to evaporate in the 

closed system and will result in the accumulation of the internal pressure. Normally 

there is pressure release apparatus in ultracapacitors and the accumulation of pressure 

might blow it open. In this case, the ultracapacitor becomes and remains a relatively 

open system and the evaporation speeds up and the electrolyte permeates out further. 

In some extreme cases, white deposit crystals from electrolyte salt can be observed on 

the aged ultracapacitors. Some work was carried out in Epcos and tried to calculate 

the internal pressure value, since the real volume is hard to evaluate for 

ultracapacitors based on activated carbons no reasonable value could be reached. 

The weight loss of the ultracapacitors after ageing is given in Fig. 5. 2, which 

indicates sample I and II both aged under 80 ºC, have much higher weight loss than 

others. The weight loss might come from the solvent evaporation as well as gas 
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evolution from electrochemical reaction (details see Chapter7), however, the 

contribution from the latter one might be much less than the former one. The loss of 

solvent will directly cause the conductivity loss and ESR increasing. In this case, the 

deterioration of the properties of the ultracapacitors will follow a third ageing 

mechanism besides temperature and voltage, which is electrolyte depletion. However, 

when the temperature condition does not reach the extreme, the influence from 

voltage becomes obvious as shown in the results above.  
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Figure 5.2 Weight loss of samples experienced various ageing 
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Chapter 6  

 
Ageing effects on the electrodes of ultracapacitors 
 
In this chapter, the results collected from new electrode (without any contact with the 

electrolyte and treating) and aged electrodes from the ultracapacitors aged under 

various conditions are presented and discussed. Microstructural changes are 

characterized by porosimetry and Raman spectroscopy; chemical composition 

changes are characterized by the elemental analysis, XPS and IR spectroscopy.  

6.1 Microstructural changes of electrodes 

6.1.1 Pore structure changes – porosimetry  

High specific area is considered to be one of the most important advantages for the 

activated carbons applied for electrochemical double layer capacitors. A lot of work 

has been aimed at finding the relation between the specific area and the double layer 

capacitance of carbonaceous materials.  

Theoretically, the higher the specific area of the electrode is, the higher the double 

layer capacitance. However, the situation is far more complicated. Earlier work 

showed that there is no linear relation between the capacitance and the surface area 

while the pore size distribution is even more important. [Shi95, Qu98, Shirashi02, 

Salitra00, Endo01, Endo02, Tamai03, Lozano-Castellós03, Gryglewicz05, Tamail05]. 

An important factor is the accessibility of micropores to the electrolytic medium. The 

results show that the electrochemical double layer capacitance depends largely on the 

pore size and unhindered movement of ions in pores. Qu and Shi [Qu98] found that 

the DFT pore size distribution can be taken as one of the key factors that dictate the 

selection of activated carbon material for ultracapacitors. 

In the present work, N2 adsorption isotherms of the electrodes from ultracapacitors 

aged under various conditions are measured. The relation between the double layer 

capacitance, BET specific area, micropore volume and pore size distribution is 

primarily discussed. To avoid the deviation brought from the inhomogeneity, data 

from two to three samples from each capacitor are collected and compared. More is 

not feasible, because the measurement is very time consuming. Moreover, relative 
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rather than the absolute values are taken as the index for comparison to further 

remedy the deviation. 

6.1.1.1 Specific area and pore volume changes with ageing 

The N2 adsorption isotherms of the electrodes from the ultracapacitors aged at various 

conditions do not show significant differences in shape and adsorptive capacity. So 

only the comparison between new electrode (without any contact with the electrolyte 

or any other treatment) and aged electrodes from one of the aged ultracapacitors are 

shown in Fig. 6.1 (from Cap III). The isotherms are of type I, as introduced in Chapter 

3, which means the electrodes keep their microporous structure after ageing. The 

measurement of a reference sample (polarized only for 24 hours) indicates there is no 

obvious decrease in BET specific area and pore volume in both anode and cathode 

compared to the new electrode, which means the rinsing procedure is effective, 

furthermore short term polarization has little effect on the pore structure of electrodes.  
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Figure 6.1 77 K N2 adsorption isotherms of new and aged-electrodes 

The porosity characteristics of the materials measured are listed in Table 6.1. The 

pore volume is calculated by DFT taken as the total volume; the specific area (SBET) is 

calculated with the BET method within a range of relative pressure P/P0 from 0.01 to 

0.1 (micropore range). The volume (Vmic) and surface area (Smic) of the micropores 

are calculated with the DR model. The introduction of these models refers to Chapter 
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3. The porosity change (loss of pore volume, micropore volume, micropore specific 

area and BET specific area) is plotted versus the change of capacity in Fig. 6.2 to give 

a clearer indication of the ageing. 
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Figure 6.2 Pore volume and specific area loss of aged anodes and cathodes 

As already mentioned in Chapter 3, in a strict sense, the BET method is not applicable 

to microporous adsorbents. Micropores allow only 1 to 2 layers to adsorb (see Fig. 

2.8), so there is no real multilayer adsorption. Pore filling is usually completed at 

relative pressures below 0.1, and linear BET plots are found at even lower relative 

pressures. In this case the obtained BET surface area does not reflect the true internal 

surface area, but should be considered as “ characteristic or equivalent BET area” . 

[Lowell04] In the present work, the range of linearity for the BET plots is below 0.1, 

and five values in the range from 0.01 to 0.1 are taken for the BET calculation.  

The results in Table 6.1 show that the BET method underestimates the specific area of 

materials compared to the DR method based on micropore filling mechanisms. The 

DR method was for a long time considered to be a good way to postulate the 

micropore filling process for activated carbons, and linear DR plots over a large 

relative pressure range can be found for a number of microporous carbons. However, 



70 

the interactions of the adsorbate molecules with the porous material and their impact 

on micropore filling (and thus on the shape of the adsorption isotherm) are not 

considered in the DR model. When the adsorbent is highly inhomogeneous, the DR 

plots will deviate from linearity, thus the estimation of micropore volume and pore 

size distribution from that will be inconsistent. However, in the present study, it is 

observed that the linearity of DR plots from the activated carbon layers deviates not 

much, which proves the availability of this method and the homogeneity of the 

materials. Furthermore, the disadvantages of the BET method and DR model can be 

overcome by applying modern methods such as DFT (of statistical mechanics). It is 

widely used and considered to be one of the most accurate methods for size analysis 

of micro- and mesopores. [Lastoskie93, Neimark97, Neimark98, Jagiello04] 

Table 6.1 Porosity characteristics of electrodes 

Sample SBET  (m2/g) SDR (m
2/g) Vmic (cm3/g) Vtotal (cm3/g) 

New electrode 1264 1297 0.46 0.59 

anode 480 493 0.18 0.26 I 

cathode 1019 1043 0.37 0.48 

anode 972 1043 0.37 0.44 II 

cathode 1140 1238 0.44 0.54 

anode 911 962 0.35 0.43 III 

cathode 1115 1209 0.43 0.52 

anode 930 1019 0.36 0.43 IV 

cathode 1141 1210 0.43 0.54 

anode 910 976 0.35 0.42 V 

cathode 1127 1174 0.42 0.52 

anode 1061 1105 0.39 0.50 VI 

cathode 1218 1240 0.44 0.59 

 

From the data in Table 6.1 and Fig. 6.2 it can be found that, although the DR method 

and BET method give different absolute values for the specific area, the ratios of the 

specific area loss for the aged samples, calculated with both methods, are similar.  

The data in Table 6.1 and Fig. 6.2 demonstrate that aged anodes suffer a higher pore 

volume loss and surface area loss than cathodes.  But neither the specific area loss nor 

the pore volume loss can be correlated to the capacity deterioration quantitatively in a 

straightforward way. From the data it can also be seen that in a certain range, between 
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the more seriously aged sample (II) and less aged sample (VI), the pore characteristics 

are not very different. This hints that pore volume and specific area loss are only two 

of the factors influencing the capacity of ultracapacitors.  

6.1.1.2 Pore size distribution changes of the electrodes with ageing 

Pore size distribution histograms are calculated by the DFT model in the relative 

pressure range from 7.7 u  10-6 to 0.7, which corresponds to the pore size range from 

0.5 to 5 nm. The relative abundance of pores of the various pore width ranges (so 

called pore content in the histrogram and described by the percentage of the volume 

of the pores in certain pore size range versus the total pore volume) can be read easily 

(see Fig 6.3). The histogram describes the possible distribution of pores in each size 

range but not for precise pore widths, thus is considered to be more objective than the 

pore size distribution line (which describes the distribution of the pores with precise 

width). A minimum at about 1 nm can always be found in DFT pore size distribution. 

This feature has been observed in many studies for a number of carbon materials and 

is attributed to the fact that the pore model used in the DFT calculations does not 

adequately represent actual activated carbons.* [Jagiello04, Jagiello98, Olivier97]  
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Figure 6.3 DFT pore size distribution histogram comparison of new electrode and aged anode and aged 

cathode 



72 

The electrochemical capacity (the capacity of new ultracapacitors set as 100%) is 

plotted versus the content of pores in various pore size ranges in anodes and cathodes 

in Fig. 6.4. The original pore size distribution histogram was divided into ten size 

ranges (for mathematic reasons): 0.5 - 0.63 nm, 0.63 - 0.79 nm , 0.79 - 1nm, 1 - 1.26 

nm, 1.26 - 1.58 nm, 1.58 – 2.0 nm, 2.0 – 2.5 nm, 2.5 - 3.2 nm, 3.2 –  4.0 nm, 4.0 - 5.0 

nm. In some of these ranges the relation between the capacity loss and pore content is 

very similar and can be combined. This is why the pore size ranges are different for 

aged anodes and cathodes in the plots in Figure 6.4. 
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Figure 6.4 Relation of the electrochemical capacity and pore size distribution 

The data show that, in anodes, pores with sizes in the ranges of 0.5 – 0.79 nm, 0.79 – 

1.26 nm and 4 – 5 nm show no correlation with the capacity, while the content of the 

pores with widths in the range of 1.26 to 3.2 nm can be correlated to the 

electrochemical capacity quite well. In other words, ageing decreases the content of 

the pores in this size range. In cathodes, the amount of pores between 0.5 and 0.79 nm 

decreases with ageing, but much less than the decrease of the pores in the rang of 1.26 

to 3.2 nm for the anodes. The content of pores of larger than 1.26 nm does not change 

much with ageing. For pores from 0.79 to 1.26 nm, the relation of the pore content 

change and capacity change follows no obvious rule. 

There are only a few investigations dealing with the relation of pore characteristics of 

activated carbon and ultracapacitor capacitance and the results do not agree. 

Theoretically, the pore size should be as large as possible to allow for maximum 

kinetics, which is important for the power performance of the ultracapacitors; at the 

same time the specific area should be high enough to facilitate maximum adsorption 
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for capacitance formation, which is important for the energy performance. An optimal 

combination of these two parameters is of course desired. It was estimated that only 

pore diameters larger than 5 nm may be useful in nonaqueous electrolytes. 

[Kinoshita95]. However, Japanese industry data [Endo02] emphasize that the pore 

size within the range of 3 – 4 nm is suitable for ultracapacitors with 

tetraethylammonium tetrafluoroborate (TEATFB) in propylene carbonate (PC). Endo 

et al. [Endo01] found that a pore around two to three times larger than that of the 

electrolyte ions should be the most suitable pore size for allowing a high capacitance. 

In their later work, diameter of Et4N
+ and BF4

- were calculated to 0.74 nm and 0.49 

nm, respectively. These values are comparable with Ue’ s calculation of the molecular 

radii of Et4N
+ and BF4

- , which were 0.342 nm and 0.218 nm, respectively. [Ue94] 

Therefore, as Endo’ s assumption, the pores with size between 1 to 2 nm should be 

more important. Later, Endo et al. tried to take into account the solvation of PC and 

calculated solvated cation and anion diameters of 1.96 nm and 1.71 nm, respectively. 

Based on these results and on the assumption that the cation solvation size will be the 

rate determining factor, they suggested that pore sizes between 1 to 2 nm are crucial 

and govern the capacity of ultracapacitors with TEATFB in PC. [Endo02] Although 

the values are quite consistent with their first assertion, it is not easy to understand 

from their data how solvated ions with diameters of almost 2 nm can move freely in 

pores with the diameter of only 1-2 nm. Up to now, there is no conclusive result 

available for the optimal pore characteristics for the electrolyte containing TEATFB 

in PC. Few investigations have been carried out based on ultracapacitors with 

TEATFB in acetonitrile.  

The data from this work indicate that on the anode the loss of pores in the size range 

of 1.26 to 3.2 nm can be correlated with the capacity loss quite well. This can be 

interpreted as the pores of size from 1.26 to 2 nm being preferable for the movement 

of the ions without solvation shell, while pores in the size range from 2 nm to 3.2 nm 

are suitable for the solvated ions. 

When the ultracapacitors are aged, electrochemical processes occur on the anode, as 

will be discussed in the chemical characterization part, and relatively large molecules 

form on the anode. In this case, some of these pores are blocked and not approachable 

for the ions anymore, thus results in the capacity loss.  In comparison, the blocking at 

the cathode is less significant.  
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It is known that ultramicropores (with widths smaller than 0.7 nm) are not important 

for ultracapacitors because they are too small for the ions to move in. [Shi95, Qu98, 

Salitra00, Shiraishi02, Endo01, Endo02, Tamai03, Lozano-Castellós03, 

Gryglewicz05, Tamai05] For aqueous electrolyte system such as sulfuric acid or 

potassium hydroxide, it was proposed that micropores larger than 0.5 nm were 

utilizable at sufficiently low charging and discharging rate [Shi95]. However, this 

condition will never be fulfilled in real application so the minimum size should be 

larger. For nonaqueous systems such as tetraalkylammonium tetrafluoroborate in 

propylene carbonate (PC), according to the earlier discussion the minimum utilizable 

pore size can be considered to be 1 nm.  

Based on these assumptions, the loss of pores in 0.5 – 0.79 nm range in the cathodes 

should have little contribution to the capacity loss. The loss of these pores can also be 

attributed to the pore blockage – at negative potentials, Et4N
+ cations move into these 

pores and are blocked there because of the spatial confinement. Theoretically they can 

move out, but kinetically this process is very slow and this kind of blockage 

accumulated gradually with ageing (technical operation is always facilitated by slow 

charging and fast discharging).  

6.1.2 Microcrystallinity changes – Raman spectroscopy  

Raman spectroscopy is a promising method for characterization of highly disordered 

materials like activated carbons, because it is sensitive not only to crystal structures 

but also to molecular structures (and therefore to “ short-range order”  of the atoms in a 

molecule). The Raman signals of graphite crystals result from lattice vibrations and 

are very sensitive to the degree of structural disorder. The spectrum of near-ideal 

graphite, which is observed for large single crystals and highly oriented 

polycrystalline graphite (HOPG), significantly differs from the Raman spectra of 

disturbed graphitic lattices, such as polycrystalline graphite or boron-doped HOPG, 

see Fig. 6.5. [Mapelli99]  

Theoretical calculations show that each of the first-order Raman bands visible in 

spectra of highly ordered and disordered graphites can be attributed to a vibrational 

mode of the ideal graphitic lattice. For an ideal graphitic crystal only a few of these 

vibrational modes are Raman-active, see Fig. 6.6. [Nemanich79, Al-Jishi82, Wang90, 

Nemanich77]  
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Figure 6.5 Raman spectra from: a. single crystalline graphite b. polycrystalline graphite 

In case of structural disorder, some ideally forbidden vibrational modes can become 

Raman active. The first-order bands (D or “ Defect”  bands) are known to be 

characteristic for disordered graphite, and to grow in intensity relative to the G band 

with increasing degree of disorder in the graphitic structure. 

 

 
Figure 6.6 Vibration mode in graphite crystal 
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The most intense is the D1 band, which appears at appr. 1360 cm-1 and corresponds to 

a graphitic lattice vibration mode of A1g symmetry with “ breathing”  character. The D1 

band has been suggested to arise from the reduced symmetry of the graphite lattice 

near edges or near a heteroatom in case of doped graphite. Moreover, this band has 

been observed in Raman spectra taken on the edge planes (perpendicular to the 

graphene layers) of large graphite single crystals and of HOPG. Thus, in 

polycrystalline carbonaceous materials, consisting of large numbers of small graphitic 

crystallites, carbon atoms at the edges of graphene layers are considered as the most 

probable origin of the D1 band [Katagiri88, Wang90]. Another first-order band 

accounting for structural disorder is the D2 band at about 1620 cm-1, which can be 

observed as a shoulder on the G band. The D2 band was assigned to a lattice vibration 

analogous to that of the G band with E2g symmetry, but involving graphene layers at 

the surface of a graphitic crystal, i.e. graphene layers which are not directly 

sandwiched between two other graphene layers. Indeed, it was observed to replace the 

G band in intercalation compounds. [Dresselhaus82, Dresselhaus81] 

Various carbonaceous substances were investigated in earlier studies, such as 

different types of graphite, amorphous and graphitic carbon films, diamond films, 

glassy carbon,  coal, pitch and coal fibres, activated carbons, fullerenes and carbon 

nanotubes [Tuinstra70, Lespade84, Mernagh84, Katagiri88, Wang90, Cuesta94, 

Sze01, Ramsteiner87, Robertson86, Knight89, Wagner89, Nakamizo74, Garrell91]. 

Sadezky et al. summarized the results from earlier work in their recent publication, as 

shown in Table 6.2 [Sadezky05].   

Earlier work indicates that the relative intensities of both the D1 and D2 bands 

LQFUHDVHG�ZLWK�LQFUHDVLQJ�H[FLWDWLRQ�OLJKW�ZDYHOHQJWK�� 0) and the frequency of the D1 

band shifts  with the excitation energy at a rate of 40 to 50 cm-1/eV over a wide 

excitation energy range. [Vidano81, Wang90, Sood98, Póscik98, Baranov87, 

Katagiri88] These phenomena are still not well understood and brought various 

explanations, and in general can be attributed to a disorder-induced double resonance 

effect (see Chapter 3). However, there is no consensus on its origin. [Mathews99, 

Thomsen00, Vidano81, Baranov87, Katagiri88] 
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Table 6.2 First-order Raman bands and vibration modes reported for carbonaceous materials 

(vs = very strong, s= strong, m = medium, w = weak) [Sadezky05] 

Banda Raman shift (cm-1) Vibration modeb 

 Non-graphitizable 
carbon 

Disordered 
graphiteC 

Highly ordered 
graphited 

 

G ~ 1580 cm-1, s ~1580 cm-1, 
s 

~1580 cm-1, s Ideal graphitic lattice (E2g-
symmetry) 

D1 (D) ~ 1350 cm-1, vs ~ 1350 cm-1, 
m 

 Disordered graphitic lattice 
graphene layer edges, A1g 
symmetry) 

D2(D � ~ 1620 cm-1, s ~ 1620 cm-1, 
s 

 Disordered graphitic lattice 
(surface graphene layers, E2g-
symmetry) 

D3(D �$� ~ 1500 cm-1, m   Amorphous carbon (Gaussian or 
Lorentzian line shape) 

D4(I) ~1200 cm-1, w   Disordered graphitic lattice (A1g 

symmetry), polyenes, ionic 
impurities 

a Alternative band designations of earlier studies are given in brackets 

b Lorentzian line shape unless mentioned otherwise 

c Polycrystalline graphite (< 100 nm) and boron-doped HOPG 

d Single graphitic crystal (> 100 nm) and HOPG 

6.1.2.1 Raman spectra of new and aged electrodes 

Raman spectra of electrodes from aged ultracapacitors do not show a clear relation 

with ageing conditions, or, ageing degree. Basically, all the spectra of the anodes aged 

under various ageing conditions from I to VI almost overlap and the same is true for 

the cathodes. Although there are small differences in the relative intensities, they are 

in the range of error of this method.* Here we take the result from one sample as an 

example. 

Fig. 6.7 shows typical Raman spectra observed for new and aged activated carbon 

layers of electrodes, excited at 0 = 632.8 nm (1.96 eV). The first-order spectra 

generally exhibit two broad peaks with intensity maxima around 1316 cm-1 and 

around 1596 cm-1. Above 2000 cm-1, some weak bands are visible. 

As discussed above and summarized in Table 1, the structure and Raman spectra of 

activated carbon layers in the present work can be interpreted in terms of highly 

disordered graphitic structures. The intensity maxima at 1316 cm-1 and 1596 cm-1 as 

D1 and G bands are analogous to those of graphite. The D1 band appears at 1316 cm-1, 
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but not at the above-mentioned value at around 1350 cm-1, because the laser 

wavelength in the present study is 632.8 nm, different from the laser wavelength in 

earlier studies [Cuesta94, Sze01, Garrell91], normally 514 nm (2.4 eV).  

 

500 1000 1500 2000 2500 3000 3500 4000

in
te

ns
it

y 

wavenumber (cm-1)

 new electrode
 aged anode
 aged cathode

+  noise

+

 
Figure 6.7 Raman spectra from new and aged-electrodes 

Cuesta [Cuesta94], Jawhari [Jawhari94] and Sze [Sze01] suggested, that the peak at 

around 1596 cm-1 comprises not only the G, but also the D2 band, known from 

graphitic lattices, but only Sze [Sze01] and Sadezky [Sadezky05] included it in 

spectral analyses by curve fitting. We also include the D2 band in the curve fitting, 

and present it below as a clear support for the pressence of the D2 band.  

Raman spectra from aged anodes show a higher valley at around 1500 cm-1 than that 

of new electrodes and aged cathodes. The high valley between the G and D1 peak can 

be attributed to another band at appr. 1500 cm-1, which has been designated D3 band 

in several earlier studies (Table 6.2). It was suggested that the D3 band is due to a 

statistical distribution of amorphous carbon on interstitial places in the disturbed 

graphitic lattice, or in other words, that it originates from the amorphous carbon 

fraction of carbon blacks or activated carbons (organic molecules, fragments or 

functional groups). [Cuesta94, Jawhari95, Sadezky05] That means whenever 

activated carbons have more functionalities or organic impurities, the D3 band should 

be enhanced. Therefore, this observation suggests that the fraction of amorphous 

carbon in aged anodes is higher than that in aged cathodes and new electrodes, which 

can be attributed to more complex functional groups formed during the ageing on 
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anodes. Details will be discussed in the chemical composition characterization part of 

this work (Chapter 6.2).  

A peak at 1200 cm-1 can be found in the Raman spectra as a shoulder on the D1 peak 

at about 1350 cm-1, which is designated as D4 in Table 6.2.  Dippel et al. observe this 

band at around 1190 cm-1 in Raman spectra of flame carbon black and tentatively 

attribute it to sp2-sp3 bonds or C–C and C=C stretching vibrations, as found in surface 

enhanced Raman (SERS) experiments of polyene-like structures. [Dippel99, Ishida86] 

Sadezky et al. [Sadezky05] support the inclusion of a D4 band with Lorentzian line 

shape at about 1180 cm-1 in their work, and find that the intensity of this peak 

increases with the increase of excitation laser wavelength, which explains why this 

peak was never reported in earlier Raman research performed wiWK� 0 = 514 nm. 

Raman spectra of the polycyclic aromatic hydrocarbon (PAH) hexabenzocoronene 

(HBC) aUH�FROOHFWHG�ZLWK� 0 = 632 nm in their work and show a clear peak at 1250 cm-

1, but no significant D3 band, which is in good agreement with theoretical calculations 

for the vibration modes of HBC and other PAHs [Mapelli99] The results from the 

present study show that the shoulder peak at 1180 cm-1 is obviously observable on 

new electrodes. After ageing, this peak becomes much weaker on anodes while 

doesn’ t show significant changes on cathodes. To attribute this peak to a PAH-like 

structure in disordered graphitic structures of our samples appears more reasonable. 

Such a structure would be more reactive than other structures in the carbon. But since 

no further evidence can be found to support this, the assignment has to be preliminary. 

Two weak peaks above 2000 cm-1can be observed. One is at around 2630 cm-1, 

which can be assigned to the 2*D1 overtone. The other is at around 2922 cm-1 and 

can be assigned to the (D1+G) combination. No visible change of these two peaks is 

observed after ageing.  

6.1.2.2 Curve fitting and quantitative analysis  

The five peaks G, D1, D2, D3 and D4 discussed earlier are all included for the curve 

fitting. Lorentzian shape is applied for each peak, as shown in Fig. 6.8. Fitting results 

are summarized in Table 6.3. The intensity of the defect-induced D band (corresponds 

to the D1 band in above discussion) can be quantitatively compared to the intensity of 

the E2g mode G band to yield the in-plane crystallite size (La) of graphite. La can be 

taken as a typical length scale for the ordered areas in graphite crystallites but should 

not be misinterpreted as the size of the graphene “ flakes” . Tuinstra and Koenig 
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[Tuinstra70] note that the ratio of the intensity of the D band to that of the G band 

varies inversely with La (nm):  

La
C

GI
DI )(

)(
)( 0O  

where, I(D) = intensity of the D band (D1 band in the above discussion)  

 I(G) = intensity of the G band  

 &� 0�� �FRQVWDQW��H�J�������QP�ZKHQ�� 0 = 488 to 514 nm) 

 0 = incitation laser wavelength 

 La = in-plain grain size of graphite crystallite (nm) 

Later studies indicate that the value of I(D)/I(G) is very sensitive to the excitation 

laser energy [Sinha90, Kastner94, Nikiel93].  For some graphite materials, when the 

excitation energy varies from 1.67 eV (742 nm) to 2.54 eV (488 nm), I(D)/I(G) can 

YDU\� IURP� ����� WR� ������ 6R� &� 0) should be related to the excitation laser energy. 

Based on experimental data from earlier work, Matthews et al. give an empirical 

IRUPXOD�� ZKHUHDV�� IRU� ���� QP�� 0 < 700 nm, C has a linear relationship with the 

H[FLWDWLRQ�ODVHU�ZDYHOHQJWK� 0: [Matthews99] 

1000 )( CCC OO �  

where, C0 = -12.6 nm, C1 = 0.33.  

From this, C � ���������
	 ������  = 8.3 nm can be reached. 

We estimate the ratio between disordered carbon and crystalline carbon from 

I(D1)/I(G) as an evidence for the degree of disorder for the materials, as shown in 

Table 6.3. Values of I(D3)/I(G) are also given here.  

In general, Raman spectra of new and aged electrodes show no significant differences 

in the in-plane crystalline size. After ageing, the I(D1)/I(G) ratio increases, and the in-

plane crystalline size decreases a little on both anodes and cathodes, which means the 

disorder degree increases. 

Moreover, the value of I(D3)/I(G) of anodes is much higher than that of new 

electrodes and aged cathodes. As discussed before, this result confirms that more 

functional groups form on aged anodes, which is consistent with the results from the 

chemical characterization of the present work and will be discussed later. It also 

suggests that functional groups can distort the graphitic lattice locally. 
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Figure 6.8 Curve fitting for Raman spectra from new and aged-electrodes 

Table 6.3 Curve fitting results from new electrode and aged anode and cathode 

Peak position (cm-1) 
Sample 

D1 D2 D3 D4 G 
I(D1)/I(G) I(D3)/I(G) I(D4)/I(G) La(nm) 

New 1318 1611 1534 1185 1591 4.8 0.37 0.32 1.7 

Anode 1324 1610 1511 1190 1584 5.5 1.06 0.21 1.5 

Cathode 1321 1613 1555 1206 1594 5.6 0.5 0.28 1.5 

 

Curve fitting also shows that the shoulder peak D4 at about 1200 cm-1 becomes much 

weaker on aged anodes compared to new electrodes and aged cathodes. As discussed 

before, this peak can be attributed to structures similar to PAHs, which might be very 

small flakes in activated carbons. The disappearance of this shoulder peak on aged 

anodes means this structure changes with ageing.  



82 

It might be too simple to estimate La from only one Raman spectrum: Raman spectra 

refer to the collective information of a rather small area at around several square 

micrometers in the laser beam, hence inhomogeneity of the material can cause the 

deviation of the data, and one has to be very cautious to take this as the basis for 

drawing conclusions. Beyssac et al. [Beyssac03] reported that the structural 

heterogeneity of carbonaceous materials like natural coal, cokes and anthracite limit 

the applicability of Raman microspectroscopy for characterization. However, they 

also found that this shortcoming can be compensated by adopting large probing laser 

spots of about 40 µm diameter. With the Raman microscope and operating conditions 

applied in the present study, the diameter of the laser spot ranges from 15 to 40 µm. 

From the information collected by scanning electron microscopy (SEM), the largest 

particle size of activated carbons is less than 5 µm, so the laser beam probes several 

primary particles. Therefore the recorded spectra should be to some degree 

representative for the investigated samples. Indeed, the spectra recorded at different 

positions on the surface of our samples mostly look very similar and can hardly be 

distinguished; all peak positions overlap very well. As already mentioned, we try to 

eliminate the deviation by taking the average of three spectra from each sample for 

above comparison and curve fittings.  

(*The error is defined as the deviation found from the relative peak intensity of the spectra 

collected from the same sample. In the present work it is less than 10%. To eliminate this 

deviation, the average of three spectra collected from each sample is applied for analysis.) 

6.1.3 Summary 

From the results of the porosimetry and Raman spectroscopy, following conclusions 

can be drawn: 

x Aged anodes suffer more from ageing than aged cathodes on both porous structure 

and microcrystallinity structure. 

x Compared to new electrode, the specific area and pore volume of aged anode, 

decrease much more than aged cathode. 

x For anodes, pores in the size range from 1.26 to 3.2 nm are more important than 

the pores in other size ranges for the capacity of ultracapacitors. The loss of these 

pores causes the capacity loss. 
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x For cathodes, the pores in the size range from 0.79 to 1.26 nm are blocked by the 

ageing products, however this is less significant for the capacity loss, compared to the 

observations from anodes. 

x From the Raman spectra, the D3 band, corresponding to functionalities or organic 

impurities in carbon on aged anode, is observed to enhance. This means aged anodes 

have a more disordered structure and probably an amorphous part, compared to new 

electrodes and aged cathodes.  

x The in-plane grain size of aged electrodes is slightly smaller than that of new 

electrodes, which might result from the breaking of graphene sheets due to some 

ageing reactions. 

6.2 Chemical composition changes of electrodes 

Before we enter into this part, a list of the functional groups involved in the present 

work are given in the Table 6.4 together with their XPS and IR assignments, which 

refer to those from organic molecules and polymers [Lin-Vien91, Socrates00, 

NIST03]. We intend to include all the possible functional groups that may exist in the 

system, which means not only the functional groups in activated carbons, electrolyte 

and other raw materials, but theoretically possible ageing reactions products. The 

assignments listed may not be straightforwardly applied for our results because, when 

the functional groups are connected to the graphene sheets, the binding energy and IR 

frequencies might deviate from those observed in the simple systems, which will be 

discussed later.  

Table 6.4 List of functionalities and their assignments in XPS and IR 

XPS BE (eV) 
Groups 

Name 
C 1s others 

IR bands (cm-1) 

 

Graphitic 
carbon  

Ring  
284.6 

 Ring vib. 
1620-1400(v) 

R

 

Alkyl  C-C,C-H 
285.5 r 0.5 

 CH str. 3100-2800(m); 
Ring vib. 1620-1400(v); 
CH in-plane def. 1480-
1410(s) 

OH

 

Phenol C-OH 
286.3r 0.3 

532.3-533.6 OH str. Free 3620-3590(m), 
ass. 3250-3000(m); 
COH bending 1410-
1300(m);  
CO str. 1260-1150(s);  
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R
OH

 

Alcohol  C-C, C-H 
285r 0.5 
C-OH 
286.3r 0.3 

532.3-533.6 OH str. free 3670-3580(v), 
ass. 3590-3230(v); OH def. 
(in-plane)1440-1260(m);CH 
str. 3000-2800(wm); 
CHdef.1480-1410(m); CCO 
str. 1090-1000(s) 

O R

 

Ether CH 
285r 0.5 
C-O-C 
286.3r 0.3 

532.3-533.6 CH str. 3000-2800; 
=C-O-C asym. 1310-
1210(vs), 
 sym.1120-1020(s) 

O

 

Cyclic ether 
(six-
membered) 

C-O-C 
286.3r 0.3 

532.3-533.6 Ring =C-O-C= str. 1200-
1120(s), 1100-1050(s); 
C-O-C str. asym.1100-
1090(s), sym 820-805(m) 

O

 

Cyclic ether 
(five-
membered) 

C-O-C 
286.3r 0.3 

532.3-533.6 Ring =C-O-C= str. 1200-
1120(s)1100-1050(s); 
C-O-C str. asym 1080-
1060(s), sym 920-905(m) 

H

O

 

Aldehyde  C=O 
287.5r 0.3 

532.2r 0.3 CH str. 2820-2650 (w-m); 
CH bend ca. 1390 (w); 
C=O str. 1710-1685 (s) 

O

,

O

 

Ketone  C=O 
287.5r 0.3 

532.2r 0.3 C=O str. 1700-1670(vs.) 
singly conjugated, 
1680-1640 (vs.) doubly 
conjugated 

O

 

quinoid C=O 
287.2r 0.3 

C=O* 
532.2r 0.3 

C=O str. 1690-1550(vs.) 

COOH

 

Carboxylic 
acid 

C=O 
289.1r 0.3 
 

C=O 
532r 0.3 
C-OH 
533.5r 0.3 

OH str. free 3580-3500(m), 
assoc. 3300-2500(m); 
C=O str. 1710-1660(vs.); 
C-O str. 1380- 1210 (ms); 
O-H bending 970-870(m); 

O

O

 

Carboxylate C-O 
289.1r 0.3 
 

C=O 
532r 0.3 
C-OH 
533.5r 0.3 

CO2
- str. asym. 1650-1540(s) 

sym. 1450-1360(ms, br.) 

O

O

R’

 

Ester C*-O-C=O 
286.6r 0.3 
O=C*-O-C-
288.8r 0.3 
 

C=O 
532r 0.3 
C-O-C 
533.5r 0.3 

CH str. 3000-2800(wm), 
def.1480-1350(wm); 
C=O str. 1735-1715(vs); 
C-O-C+C-C-O str. 1300- 
1100 (s) 

O OO

 

Anhydride O=C-O 
289.4r 0.3 

C=O 
532.6r 0.3 
C-O-C 
533.7r 0.3 

C=O str.  
sym.1860-1850(ms),  
asym. 1780-1760 (s); 
C-O-C+C-C-O str. 1150- 
980 (s) 

O

O

O

O

 

Lactone 
 

C*-O-C=O 
286.6r 0.3 
O=C*-O-C-
288.8r 0.3 
 

C=O 
532.2r 0.2 
C-O-C 
533.4r 0.2 

C=O str. 1750-1715(six-
membered ring)(s), 1795-
1740 (five-membered 
ring)(s) 

O

O

O O

O

O R

 

Carbonate OCOO 
290.7r 0.3 

C=O 
533.5r 0.5 
O-C-O 
535.5r 0.3 

C=O str. 1780-1740 
1850-1790 (five-membered 
ring)(s) 
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O

NH2

 

Primary amide 

C-N 
286.6r 0.3 
C=O 
288.8r 0.3 

N1s 
399.8r 0.2 
O1s  
531.8r 0.2 

C=O str. 1680-1640(amideI); 
NH2str. asym. 3520-
3350(ms), sym. 3400-
3160(ms); NH2 def. 1640-
1620(s); C-N str.1430-
1390(wm); NH2 rock 1150-
1100 

O

N
H

R

 
 

Secondary 
amide 
 

C*NHC=O 
286.6r 0.3 
C=O 
288.8r 0.3 

N1s 
399.8r 0.2 
O1s  
531.6r 0.2 

C=O str. 1680-1630(amideI); 
NH str. 3490-3300(m); CNH 
str.-bend (amideII) trans 
1570-1510(s), cis 1490-
1400(s); CNH str.-open 
(Amide III), trans. 1310-
1250(m), cis. 1350-1310(m) 

NH

O

,

O

NH

 

Lactam 

C*NHC=O 
286.6r 0.3 
C=O 
288.8r 0.3 

N1s 
399.8r 0.2 
O1s  
531.6r 0.2 

NH str. 3200-3100(m); C=O 
str. 1750-1700(5-membered 
ring)(s),1780-1730(4-
membered ring)(s); CNH 
str.-bend, cis. 1490-1440(w) 
 

NR2

O

 

Tertiary amide 
 

C*N(CO)C* 
286.6r 0.3 
C=O 
288.8r 0.3 

N1s 
399.8r 0.2 
O1s  
531.6r 0.2 

C=O str. 1680- 1630(s); 
C-N str. 870-820(wm) 

N

 

Pyridine 

C-N 
286.3r 0.3 
 

N1s 
398.6r 0.4 
 

C=C, C=N ring str. 1615-
1570, 1520-1465, 1450-1410 
(ms) 

NH2

 

Aromatic 
amines 
(anilines) 

C-N 
286.3r 0.3 
 

C-NH2 

399.3r 0.3 
C-N-R 
399.8r 0.3 

NH str. asym. 3500- 
3420(wm), sym. 3420-
3340(wm); NH2 scissor. 
1638-1602(s); C-N str. 1330-
1260(wm) 

CH2 n
 NR2

 

Amine 

C-N 
286.3r 0.3 
 

399.2r 0.3 NH2 str. asym. 3380- 
3361(wm), sym. 3310-
3289(wm); NH2 scissor. 
1627-1590(s) C-N str. 1250-
1000(m) 

N
H

 

Pyrrole 
derivative 

C-N 
286.3r 0.3 
 

398-399 NH str. 3500-3000(s, br); 
C=C, C=N ring vib. 1580-
1540(m),1510-1460(m), 
1430-1380(m) 

N
+

 

Quaternary N 

C-N 
285.8 r 0.3 
 

401-402 C=C, C=N ring vib. 1580-
1540(m),1510-1460(m), 
1430-1380(m) 

N

 

Cyano 

-CN 
287r 0.3 
 

400 r 0.3 
 

N C str. 2242-2230(s)  

NO2 RNO2

,

 

Nitro 

C-NO2 

286.3r 0.3 
 

405.5r 0.3 NO2 str. asym. 1555-
1487(vs.), sym. 1357-
1318(vs)  
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CH3CN Acetonitrile 

CH 
285 r 0.3 
CN 
287r 0.3 
 

400 r 0.3 
 

CHstr. 3000-2800; Nitrile 
CNstr. 2270,2210(s); CH 
def. 1450-1405(mw); 
CHwag 1365-1230(mw); C-
C str. 1100-885(m) 

Et4NBF4 TEATFB 

CH  
285 r 0.3 
CN 
286r 0.2 

N1s 
401.5r 0.3 
B1s 
194.3r 0.3 
F1s 
686.6r 0.3 

CH str. 3000-2800; B-F str.  
asym. ca. 1160(vs.); C-H 
def. ca. 1485, 1410, 850; 
C4N+ str. asym. 1060-1030  

N C N

CH3

n
 

CH3

NH C
+

CH3  

Poly- 
acetonitrile 

CH 
285 
N-C*=N 
286.3r 0.3 

N 1s 398-
399 

CH str. 2990; C=N str. 1690-
1630(w); CH def. 1450-
1405(mw);  C-H wagging 
1365-1230(mw); C-C str. 
1100-885(m) 

CH3CN·BF3 
Adduct 
of acetonitrile 
and BF3 

CH 
285r 0.2 
CN 
287.3r 0.3 

N1s 
401.6r 0.3 
B1s 
194.3r 0.3 
F1s 
687r 0.3 

Nitrile CN str. 2254, 2200; 
B-F str. asym.1260-1125(s), 
sym. 1030-800(s); B-N str. 
1550-1330(s) 

-(CF2)n- PTFE 292r 0.3 F1s 
689r 0.3 

C-F str. Asym. 1300-
1100(s), sym. 1200-1060(s),  

O

F

 

Carboxylic 
acid fluoride 

No data 
available 

No data 
available 

C=O str. 1900-1790 (vvs); 
C-F str. 1290-1010(s) 

CF3

 

 

 ring 287.8 
CF3 
293.6r 0.3 

F1s 
691r 0.3 

C-F str. 1340-1290(m), sym. 
1190-1150(m), 1155-
1115(m) 

F

CHn F(3-n)

 

 

ring 
287r 0.3 
C-F 
292r 0.3 
CHnF(3-n) 
286-288 

F-C 
689.8r 0.3 
CHnF(3-n) 
686-688 

Ring and C-F str.  
1270-1100(v);  
-CHF2, C-F str. asym. 1205-
1105, sym. 1125-1055 
-CH2F, C-F str. 1100-900 

R3N···BF3 BF3 adducts 

C-N  
 286r 0.3  

N1s 
401.4r 0.3 
F1s 
685.8r 0.3 
B 1s 
194.3r 0.3 

C-N str.1250-1000(wm) 
B-F str. asym.1260-1125(s), 
sym. 1030-800(s)  

BF2

 

 

No data 
available 

No data 
available 

B-C str. 1280-1250 
B-F str. asym.1500-1410(s), 
sym. 1300-1200(s)  

R

O
R

BF3
 

 
No data 
available 

No data 
available 

C-O-C str. 1300-1000 
B-F str. asym.1260-1125(s), 
sym. 1030-800(s)  

BF3O

 

 

No data 
available 

No data 
available 

B-F str. asym.1260-1125(s), 
sym. 1030-800(s) 
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Symbols used 
R alkyl    v variable 
w weak    m medium 
s strong    wm  weak to medium 
vw very weak   br.  broad 
ms medium to strong  str.  stretching 
def. deformation   vs very strong 
asym. asymmetric   sym. symmetric  
ass.  Associated  

Notes: Contrary to common notation in organic chemistry, a line connected to a benzene ring, does not 

stand for a methyl group, but for a C-C bond in an extended graphene sheet.  

 

6.2.1 Elemental analysis 

Elemental analysis is widely applied as a routine characterization method for 

carbonaceous materials research. It is fast and easy to achieve fairly precise results for 

the C, H and N content in the studied materials. Table 6.5 gives the CHN elemental 

analysis results from new and aged electrodes. As already discussed in Chapter 3, the 

absolute error of this method is 0.3% by weight. Detection limits are generally 0.01 to 

0.1%. The samples are washed and dried carefully before sending to the measurement 

(as introduced in Chapter 4) to prevent the interference from water. All results are the 

average from three measurements.  

As introduced in Chapter 2, the electrodes are composed of several ingredients, but 

not only the activated carbon, so the carbon content from the electrodes is low 

compared to pure activated carbon (normally contains more than 90% C as shown in 

Chapter 8 of the present work). The percentage not associated with C, H or N is often 

considered to be oxygen in carbonaceous materials, whereas this is not applicable for 

the present study, because the electrodes contain F from the binder. So “ others”  in the 

table corresponds to the content of both F and O.  

Table 6.5 Elemental analysis result from new and aged electrodes (%) 

Sample C H N Others 

New electrode 88.7 0.4 -- 10.9 

Aged anode 86.4 0.8 1.5 11.3 

Aged cathode 89.5 0.8 0.3 9.4 

From the data, it is apparent that there is a significant increase of the N content on 

aged anodes compared to new electrodes and aged cathodes. Since the samples are 

washed carefully before being measured, N is not from adsorbed electrolyte (Et4N
+ or 
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acetonitrile). The results from not rinsed samples also prove that without rinsing the N 

content on two aged electrodes does not significantly differ. This is expected because 

during the polarization Et4N
+ should not accumulate much at the anode. So the 

influence from the electrolyte can be excluded, and a preliminary conclusion can be 

drawn: New species with high N content are formed on anodes during ageing. The 

content of N on new sample is not detectable by this method, which is probably 

because the content is lower than the detection limit (around 0.1%). The N content on 

the cathodes is low, but not zero, which is comparable with the results from the 

activated carbons that will be described in Chapter 8. We intend to consider this as the 

contamination. At the same time, the amount of “ others”  (F and O) increases on 

anodes while it decreases on cathodes. This could mean that ageing also influences 

the oxygen functional groups in activated carbon and the fluorine in the binder. To 

figure out the details of these changes, we correlate data from other methods, which 

will be discussed later in this chapter. 

Normally elemental analysis requires powder samples to avoid errors from incomplete 

combustion and inhomogeneity. In the present work, the electrodes are foils and 

cannot be broken up into small particles because of the cohesive agent inside. This 

might bring about some error to the results. It also limits the feasibility of the 

experiment so only several samples were measured for obtaining an overview and no 

systematic data were collected. Still, the data presented above can be taken as an 

important indication of the elemental composition changes before and after ageing, 

when they are confirmed by independent data, as will be shown next. 

6.2.2 X-ray photoelectron spectroscopy (XPS) 

XPS is an important method widely applied for the characterization of the surface of 

carbonaceous materials. Since the 1970’ s, it has been used to characterize various 

carbonaceous materials such as activated carbon fibres, [Proctor82, Kozlowski84, 

Kozlowski85, Takahagi84, Desimoni90, Mahy94, Gardner95, Zielke96, Alexander94, 

Alexander95, Alexander96, Pamula03, Moyer89, Pittman99] graphite, [Hammer80, 

Menachem97] coals, [Cheung82] carbon black, [Papirer94] and activated carbons 

[Jansen95,�6WD F]\N��, Polovia97, Nakajima97, Hontoria95].  

The complexity of the chemical characteristics of carbonaceous materials makes the 

interpretation of XPS data not straightforward. Ideally, carbon/oxygen chemical shift 

data should be obtained from standard surface functional groups for suitably prepared 
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samples, as the examples shown in Fig. 6.9. But unfortunately such standard model 

groups cannot easily be prepared because of their complicated synthesis, and often 

several unwanted groups are found additionally. Therefore the chemical shifts 

associated with these surface groups have to be obtained from chemical shift 

measurements for rather different simple carbon compounds, and from theoretical 

calculations.  

COOH

O O

OH O

O

R

C

O

 
Figure 6.9 Possible model compounds for XPS research 

A comprehensive study of carbon/oxygen shifts mainly in polymer systems was 

carried out by Clark and co-workers. [Clark75, Clark77, Clark78, Clark76, Clark79] 

An additive C 1s shift toward higher binding energy, of approximate 1.5 eV per single 

C-O bond, is suggested for a whole range of compounds. The corresponding O 1s 

shifts are not as easily understood as the C 1s shifts, mainly because the width of the 

O 1s signal is generally greater than that of the corresponding C 1s signal, leading to 

less well resolved O 1s peak envelopes.  

Proctor and Sherwood [Proctor82] tried to calculate the chemical shifts in carbon fibre 

spectra and found that the shifts are much more complex than those found in 

polymers, because the chemical environment is much less predictable. Sherwood and 

co-workers [Proctor82, Kozlowski84, Kozlowski85, Kozlowski87] investigated 

carbon fibres in depth and proposed that the chemical shift of 1.6 ± 0.1 eV from the 

“ graphitic peak”  at 284.6 eV can be assigned to C-O in alcohol, that 2.1 eV ± 0.1 eV 

can be assigned to C=O in ketone and quinoid groups, and that 4eV ± 0.1 eV 

correspond to C=O in carboxylic acid/ester (-COOR) groups. Carbonate groups 

normally have higher chemical shifts around 6.0 eV ± 0.1 eV, but the peak at this 

position might also carry contributions from a - � VKDNHXS� VDWHOOLWH�� ,Q� DGGLWLRQ��D�
high shift observed at 6.9 eV was found to disappear when there was any significant 

amount of surface functionality. This can be explained as a plasmon satellite, which 
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may appear when the photoelectrons escape from the surface and are subject to 

plasmon excitation (5 ~ 20 eV) (originating from the periodic oscillations of charge 

density in conductive media) . [Kozlowski84] This effect is intrinsic to the 

photoemission process and commonly observed in the XPS of simple metals. 

Correspondingly, the O1s peak at around 531.1 – 531.8 eV is assigned to C=O groups 

and 532.3 – 533.6 eV to C-O-C and/or C-OH groups. Later on, XPS studies of other 

carbonaceous materials gave comparable results, and more data ware collected, e.g., 

that adsorbed water has an O1s peak at 535.5 – 536.1 eV.  

When nitrogen is imported into the system, the assignment of C 1s becomes more 

complicated because the binding energy of C bound to N almost overlaps with that of 

C bound to C. Most of the chemical shifts of C 1s discussed above might have 

contributions from C-N species and cannot be easily distinguished. In this case, the 

analysis of N1s spectra is more meaningful for the assignment. From previous 

research, the following assignments are available: 398.4 eV ± 0.2 eV is assigned to 

pyridine moieties; 399 – 400 eV can be assigned to primary amides (-CONH2) and/or 

nitrile (-CN), 400.5 eV ± 0.2 eV can be assigned to aromatic amines (aniline) and 

secondary amides; quaternary nitrogen can be found at 401 – 402 eV, and nitro 

groups have much higher shifts above 405 eV. [Kapteijn99, Marletta88, Lahaye99]  

XPS spectra of new and aged electrodes 

New and aged electrodes from capacitors aged under various conditions were dried 

and measured with XPS. From the survey scans, F, O and C are found on new 

electrodes and aged cathodes, while F, O, N and C are found on aged anodes. This 

result is consistent with the results from the elemental analysis, hence limiting the 

possibility of considerable errors as discussed in Chapter 6.2.1. 

Narrow scans of the F 1s, O 1s, N 1s and C 1s regions were collected, too. The peak 

positions were calibrated with graphitic carbon at 284.6 eV. Deconvolution of the 

peaks was carried out with a lineshape of 30% Gaussian and 70% Lorentzian, which 

is considered to be closest to the XPS natural lineshape. The deconvoluted results 

show that the binding energy of each component of the C 1s peak varies slightly (± 

0.3eV) from sample to sample, which is expected because of the large variation of 

local environment as the surface functionality changes. This phenomenon was also 

observed by several other researchers [Proctor82, Azaïs03]. But the results are still 

well comparable and reproducible for the samples from various ageing degrees. The 

content of each elements changes with ageing, as the intensity of each deconvoluted 
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peak, but these cannot be quantitatively compared to the ageing degree. This 

observation is similar to that from former methods (Chapter 6.1.1 and 6.1.2) applied 

in the present work. We here focus on the spectra from a single sample (as shown in 

Fig. 6.10) for an in-depth discussion of the binding energy changes.  

On the new electrode, the C 1s signal can be deconvoluted into peaks at 284.6 eV, 

285.8 eV, 287.3 eV, 288.2 eV, 290 eV, 292.1 eV, 294.2 eV and 296.2 eV.  

284.6 eV is assigned to graphitic carbon in the structure; 285.8 eV can be assigned to 

C-H or C-C groups at the edge of graphene sheets. 287.3 eV can be assigned to –C=O 

in ketone and quinoid groups, while 288.2 eV correspond to C=O in carboxylic acid 

and ester functionalities. The higher chemical shifts at 290 eV might stem from the 

overlap of the chemical shift from –C=O in lactones, carboxylic acids and esters with 

- � VKDNHXS� VDWHOOLWHV��Since a fluoropolymer is applied as binder in the electrode, 

the peak at 292.1 eV should be due to -CF2-CF2-. A strong tail at higher binding 

energy contains two peaks at 294.2 eV and 296.2 eV, and is not easy to interpret. 

Some researchers assigned the peak at 293.5 - 294.2 eV to -CF3 groups [Beamson00, 

Koenig02, Wilson01, Yoshihara02, Wu01], but few data for the peak at even higher 

chemical shift is available. The peak at 296.7 eV was only once reported for the gas 

tetrafluoromethane [Gelius70], which cannot exist in the present work.  

 The O 1s peak of the new electrode can be deconvoluted into two peaks at 533.3 eV 

and 531.5 eV. The peak at 533.3 eV can be assigned to oxygen singly bound to sp2 

carbon (phenol, cyclic ether, lactone) and/or sp3 carbon (ether, alcohol), and 531.5 eV 

can be assigned to oxygen doubly bound to carbon, which is linked to aromatic rings 

(quinoid, ketone, lactone, aldehyde). 

In the F 1s spectrum of the new electrode, apart from the strong peak at 689 eV 

corresponding to –CF2-CF2, three peaks at higher binding energy are also observed 

and difficult to assign. Since only peaks with binding energy higher than 689 eV are 

observed, fluorine species from other fluoropolymers like (CHnF2-n)n can be excluded 

here. One presumption is that the fluoropolymer binder suffers changes of its 

chemical characteristics or imports some contaminants during the electrode 

processing (such as slurry stirring up, blending and extruding). [Mushiake00] This 

might be true because both C1s and F1s peaks at high chemical shifts disappear with 

ageing, as shown later. 
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Figure 6.10 XPS spectra from new electrode and aged anode and cathode 
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At the aged anode, the C 1s signal can be differentiated into 284.6 eV, 285.5 eV, 

286.6 eV, 288.2 eV, 289.2 eV and 291.3 eV. Since nitrogen species are present, the 

interpretation of the C1s peak becomes more complicated as discussed before. It can 

be seen that the intensities of peaks at around 285.5 eV, 286.6 eV, 288.2 eV increase 

compared to new samples, while the graphitic carbon signal at 284.6 eV decreases a 

lot. The peak at 285.5 eV can be assigned to C-H and C-C at the edge of graphene 

sheets, as well to C-N bonds (in amines); the peak at 286.6 eV  can be an overlap of –

C=O in quinoid and keton groups, C-O-C, C-N (in amides), nitrile groups and -C=N 

in polyactonitrile; the peak at 288.2 eV can be correlated to -C=O  bond in aldehyde, 

carboxylic acid, ester and amide functionalities; the peak at 289.3 eV can be assigned 

to C=O in carboxylic acid, ester and lactone functionalities. The peak at 291.3 eV 

belongs to the fluoropolymer binder. The intensity of this peak decreases compared to 

the new electrode. This phenomenon has been observed in the modification of 

fluoropolymer surfaces with physical or chemical methods. After plasma treatment 

[Fu04, Koenig02, Wilson01], radiation grafting [Adem05] or degradation [Hoflund04, 

Everett05, Everett05, Li05], the single peak of the fluoropolymer broadens and 

weakens, and other peaks at lower binding energies (289 eV, 288 eV) corresponding 

to -CH2CF2-, -CHFCH2- and -CHFCHF- are found. So the peaks at lower binding 

energies should count in the contribution from these species.  

The N1s peak of the aged anode is differentiated into two peaks at 398.8 ± 0.2 eV and 

400.2 ±0.2 eV. The peak at 398.8 ± 0.2 eV can be assigned to pyridine moieties (-

C=N-C-), amines(C-NH2), and C=N in polyacetonitrile (-CN), the peak at 400.2 ± 0.2 

eV to amides. The peak at 401 – 402 eV, which correlates with quaternary nitrogen, is 

not observed thereby the influence from the electrolyte salt (Et4N
+) can be excluded.  

The O1s peak at the aged anode has two peaks at around 533.0 eV and 531.2 eV. 

Although these are close to those on the new electrode, the assignment should be 

different because of the findings from C 1s peak and IR results discussed later. We 

intend to assign the peak at around 533.0 eV to C-O-C (ether), C-OH groups (phenol) 

and C-O single bond in carboxylic acid, ester and lactone functionalities. The peak at 

531.2 eV is assigned to C=O in carboxylic acid, ester and lactone.  

The F1s peak at the aged anode is narrower than that of a new electrode and contains 

two chemical shifts: 688.8 ± 0.2 eV which can be assigned to CF2-CF2 in 

fluoropolymer (this is consistent with the C 1s signal at around 291.3 eV); 685.8 ± 0.2 
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eV which might come from the degradation like CF2-CHF- and/or –CH2-CHF from 

the contaminants in binder as mentioned above.  

On the aged cathode, the deconvoluted C1s peaks are at about 284.6 eV, 285.5 eV, 

286.8 eV, 288.2 eV, 289.6 eV, 291.5 eV and 293.2 eV. Since there is little nitrogen, 

these peaks are assigned exclusively to C-C or C-O species. The peak at about 285.2 

eV can be assigned to C-H and C-C bonds at the edge of graphene sheets; the peak at 

about 286.8 eV to –C=O in ketone and quinoid groups, as well as C-O-C in ether, C-

OH in phenol and alcohol groups; the peak at around 288.2 eV correlates to -C=O  

bond in aldehyde, carboxylic acid and ester functionalities; the peak at 289.6 eV, 

other than the –C=O in carboxylic acid , ester and lactone functionalities, can also be 

assigned to CH2CHF, etc. The peak at 291.5 eV belongs to the fluoropolymer binder, 

and the intensity of this peak becomes much weaker, which suggests severe 

degradation of fluoropolymer binder compared to that on the aged anode. A weak 

peak at 293.2 eV can be observed, which might result from the contaminants as 

discussed for the new electrode.  

The components of the O 1s peak at the aged cathode are at around 533 eV and 531.8 

eV and can be assigned similar to those at the aged anode. 

Although there is an N 1s signal found on aged cathode, the signal to noise ratio 

indicates that the content is very low. In some of other samples this peak disappears 

totally so it can be ignored to be discussed in detail here.  

The components of the O 1s peak at around 533 eV and 531.8 eV can be assigned 

similar to those for the aged anodes. 

F 1s signal at the aged cathode is “ pure” , i.e. it contains one clearcut main peak, 

compared to the new electrode and aged anode. The peak with binding energy at 

about 688.8 eV corresponds to fluoropolymer. A small tail is found at lower binding 

energy around 686 eV, which can be assigned to the degrading product as described 

before. 

XPS is only a semi-quantitative method and the deconvolution can import some 

artificial effects, so the quantitative analysis cannot be taken for precise comparison. 

But for a primary analysis of the relative concentration, the data show good 

consistency and can be considered as convincible.  

As shown in the spectra, the relative amount of elements changes after ageing. 

Elemental atomic concentration is calculated from the spectra and listed in Table 6.6. 
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The oxygen content on both aged anode and cathode increased while the fluorine 

content on both ends decrease.  

Table 6.6 Atomic concentration (%) of elements in electrodes 

 New electrode Aged anode Aged cathode 

F 35 20.7 17.7 

O 1.4 2.3 2.5 

N 0 12.5 -- 

C 63.6 64.5 79.8 

 

Furthermore, the atomic concentration calculated from deconvoluted peaks in the C 1s 

envelop is listed in table 6.7. From the data in the table, the ratio of graphitic carbon 

decreases after ageing both on both anodes and cathodes. This indicates that the 

graphitic structure is partially broken during ageing and transformed to another state.  

The peak at 285.5 ± 0.3 eV increases both on aged anodes (9.9%) and aged cathodes 

(26.2%), and becomes especially large on cathodes. From the assignment of this peak, 

the increase on aged anodes might be partly from C-C bonds at the edge of graphene 

sheets and/or from C-H species, and partly from C-N species. On cathodes, this peak 

refers to C-C bonds at the edge of graphene sheets and/or C-H bonds.  

The peak at 287 ± 0.3 eV increases on both ends, but much more on anodes (17.6%) 

than that on cathodes (4.4%). This peak combines several possibilities of C-N species. 

The increase of this peak on anodes can be explained by the enrichment of nitrogen. 

On cathodes, only very limited amounts of oxygen species form, so the increase is not 

as significant.  

The absence of the peak at 289.3 ± 0.3 eV and the rather small peak at 288 ± 0.3 eV 

might prove that in new electrodes, the carbonyl group in carboxylic acids, anhydrides 

or esters are rare, and that oxygen functionalities exist mainly as quinones or ketones. 

After ageing, the contents of these two peaks increases on both anodes and cathodes: 

the anodic contribution is likely due to carbonyl groups in amides, carboxylic acids 

and esters or C=N bond, while the cathode features contributions from carbonyl 

groups in carboxylic acids or esters.  

Since the atomic concentration of oxygen on anodes and cathodes is very similar, the 

higher contribution of the peaks at 287 ± 0.3, 288 ± 0.3 and 289.3 ± 0.3 eV on aged 

anodes should mainly result from C-N moieties in amides and from -C=N moieties.  
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Table 6.7 Atomic ratio (%) of different components of peak C 1s in electrodes 

Binding 
energy 

Assignment New 
electrode 

Aged 
anode 

Aged 
cathode 

284.6 Graphitic carbon 48.7 34.3 33 

285.5 ± 0.3 C-H, C-C at the edge of graphene sheets 
and C-N 

11.8 21.7 38 

286.8 ± 0.3 –C=O quinoid, ketone,  C-OH, C-O-C, 
C=N-C  

5.2 22.8 9.6 

288.2 ± 0.3 -C=O  in ketone, carboxylic acid and 
ester, amide; C=N-C bond, CHFCH2 

2.5 7.5 4.2 

289.3 ± 0.3 -C=O  in carboxylic acid and ester, 
amide; CHFCH2, CF2CH2 

 2.0 4.8 

290.2 ± 0.3 -C=O  in carboxylic acid and ester, 
DPLGH��DQG� - �WUDQVLWLRQ 

4.4   

291.7 ± 0.3 -CF2- in fluoropolymer 18.6 11.7 8.4 

294.2 ± 0.3 CF3 6  2 

296.2 ± 0.3 No available interpretation  2.8   

The decrease of the peak at 291.7 ± 0.3 eV, corresponding to fluoropolymers, can be 

explained as the degradation of binder. The peaks at even higher binding energy 

disappear after ageing, which might mean these species are the active species taking 

part in the ageing reactions. 

6.2.3 Attenuated total reflection Fourier transform infrared (ATR-FTIR) 

Numerous IR spectroscopic studies have been conducted on various forms of carbon, 

including coals [Puente98, Iglesias98], carbon blacks [Rositani87], chars [Starsinic83, 

Zhuang94] carbon films [Zawadzki89, Zawadzki78, Zawadzki81] and activated 

carbons. [Ishizaki81, Danderkar98, Valente04] However, IR spectra of carbon 

materials are difficult to obtain because of the problems in sample preparation, poor 

transmission, uneven light scattering related to large particle size, and so forth. 

[Socrates00] Moreover, the electronic structure of carbon materials results in a very 

broad absorption band extending from the visible region to the infrared. Fortunately, 

some of these problems can be overcome by improving sample preparation (e.g., 

carbon films) as well as by using relatively new IR techniques such as attenuated total 

reflection Fourier transform IR spectroscopy (ATR-FTIR) [Ohwaki95, Ohwaki95, 

Sellitti90, Shin97, Nakahara95] and diffuse reflectance Fourier transform IR 

spectroscopy (DRIFT). [Yang95, Mul98, Fabián04, Figueiredo99, Fanning93] 
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Besides the technical difficulties in obtaining IR spectra of carbon materials, their 

interpretation is often an additional problem because not all of the observed 

absorption bands may be assigned unequivocally to specific molecular motions of 

functional groups. Band assignments have been made based on model compounds and 

on expectations of the types of functional groups present. Over the years, there have 

frequently been disagreements regarding band assignments, and the fact that these 

bands can be quite broad makes the situation more complicated. Therefore, it is not 

uncommon that some band assignments differ substantially among the published IR 

studies on carbon materials.  

Fanning and Vannice [Fanning93] analyzed data from earlier results and found that a 

consensus could be reached regarding the assignment of band frequencies to different 

functional groups. Their summary of the principal groups along with the range of 

frequencies associated with them are listed in Table 6.8. 

Table 6.8 Principal functional groups on carbon surfaces and their corresponding infrared 

assignments [Fanning93] 

Assignment regions (cm-1) Groups 
1000-1500 1500-2050 2050-3700 

C-O stretching of ethers 1000-1300   
Ether bridge between rings 1230-1250   
Cyclic ethers containing COCOC 1025-1141   
Alcohols:  
C-OH stretch 1049-1276   
O-H bend/stretch   3200-3640 
Phenolic groups:  
C-OH stretch 1000-1220   
O-H bend/stretch 1160-1200  2500-3620 
Carbonates: carboxyl-carbonates 1100-1500 1590-1600  
Aromatic C=C stretching  1585-1600  
Quinones  1550-1680  
Carboxylic acids (COOH) 1120-1200 1665-1760 2500 -3300 
Lactones 1160-1370 1675-1790  
Anhydrides 980-1300 1740-1880  
Ketenes (C=C=O)   2080-2200 
C-H stretch   2600-3000 

 

Most of the data from later work are consistent with Fanning’ s summary. Fuente et al. 

[Fuente03] employed quantum chemical methods to calculate vibrational frequencies 

of a large set of polyaromatic model compounds to assign the vibrational motions in 

the 1400-1900 cm-1 range and proposed that the relative order of the vibrational C=O 

frequencies in wavenumbers (cm-1) is: five-membered ring lactone (>1830) > 
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anhydride (1810-1740) §�VL[-membered ring lactone (1790) > lactol (O=C-O-C-OH 

connected to aromatic ring) (>1780) > carboxylic acid (>1750). They also found that 

the C=O stretching vibrations of the carboxylic acid and lactone models are not 

influenced by the size of the graphene platelet,  while the corresponding 

wavenumbers of the lactol and anhydride models are clearly lowered (20-30 cm-1) by 

increasing the number of carbon rings. These observations suggest that C=O 

vibrations of anhydride groups on carbon materials could result in a broad IR band 

(1740-1810 cm-1), whereas the bands due to “ isolated”  carboxylic acid and lactone 

groups should be sharper, more intense, and less sensitive to conjugation. This is 

helpful for the assignment of various functional groups.  

Apart from hydrogen and oxygen, nitrogen can often be found in carbon materials. As 

the oxygen functional groups like carboxylic acid, hydroxyl, etc., can influence the 

acidity and wettability of carbon significantly, the presence of nitrogen-containing 

surface groups may also considerably influence the surface acidity and affinity 

towards ions. For example, amine groups may decrease the acidity. [Jankowska91, 

Abotsi90, Jankowska85, Jankowska83] Much effort has been spent on applying IR to 

characterize the nitrogen species on activated carbon surface. [Biniak97, Valente04, 

Fabián04, Mangun01, Zawadzki03] However, vibration frequencies from N-

containing surface groups often overlap with those from O functional groups or 

graphene sheets. For example, C=C, C=O and C=N in plane vibrations are found in 

the same range between 1615 and 1570 cm-1 [Socrates00], and the C–N stretching 

mode is in the range of 1300 to 1000 cm-1 which is similar to the range for the C-O 

stretching mode. Hence, the assignment of IR bands needs extra caution and 

sometimes the cooperation with the results from other methods such as XPS applied 

in the present work. [Ohwaki95, Mangun01, Sullivan00, Hontoria-Lucas95, 

Pamula03]  

Infrared Spectra of new and aged electrodes 

In the present work, attenuated total reflection infrared (ATR-IR) has been applied for 

the characterization of surface of new and aged electrodes. IR spectra from aged 

anodes and cathodes show characteristic differences from new electrodes, and anodes 

show more and larger differences than cathodes. The wavenumbers of the IR bands 

are well reproducible for most of the samples from various ageing conditions. 

However, similar to the observations in XPS, the relative intensity of these bands 

varies with the samples and cannot be directly connected to the ageing degree. As for 
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XPS, hereinafter the spectra from a single sample are focused on to make an in-depth 

discussion.  

The relative intensity variation can also be found when measuring different positions 

of the same sample, which might be due to spatial inhomogeneity of ageing. 

Generally, the signal from the “ outer surface”  of electrodes is stronger that that from 

“ inside”  (after stripping off with adhesive tape, see Fig. 6.11) which means the 

chemical or electrochemical changes mainly happen close to the interface of the 

electrodes and separator.  

 
Fig 6.11 The “ outer surface”  and “ inside”  for measurement  

Overview spectra in the range from 4000 to 700 cm-1 are shown in Fig. 6.12. As 

already discussed in the Chapter 3 for this method, the effective penetration depth is 

usually a fraction of a wavelength and in a conductive solid it is inversely 

proportional to the wavenumber, so the absorbance is higher at low wavenumbers. 

Hence the overall shape is based on a sloping baseline. [Ohwaki95, Foster68, 

Borghesi90, Sellitti90] All spectra shown here are the “ original”  results of the 

division of the single beam spectrum from each sample to that from the background 

(air), see Chapter 3. To avoid artifacts, no mathematical treatment such as baseline 

correction has been done. For this reason, these spectra offer the chance to do semi-

quantitative comparisons based on the relative intensity of each characteristic band. 

For example, from the spectra it can be seen that the double bands at 1220 cm-1 and 

1154 cm-1 which stem from fluoropolymer binder decrease on both anode and cathode 

after ageing, but to different extent.  

The spectrum from the new electrode shows only three bands, 1580 cm-1, 1220 cm-1 

and 1154 cm-1. Bands at 1220 cm-1 and 1154 cm-1 are sharp and can be clearly 

assigned to the fluoropolymer binder in the electrode. These two bands can also be 

found on the aged anode and cathode, while as mentioned above, the relative intensity 

becomes lower.  

The band at 1580 cm-1 is broad and strong. This peak is a prominent feature in the IR 

spectra of active carbons, chars, coals, and so forth. [Puente98, Iglesias98, Rositani87,  

Adhesive 
tape striping 

“ Outer 
surface”  

���� P 20 - 8�� m 

“ inside”   
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Zawadzki89, Ishizaki81] The assignment of this peak is full of controversy, it can be 

attributed to either oxygen functional groups or ring vibrations of the basal plane of 

graphitic carbon (as shown in Fig. 6.7). Intriguingly, presence and intensity of this 

band are strictly related to the concentration of surface oxides, but an IR calculation 

[Frisch98] using carbon with attached oxygen groups does not support an assignment 

to carbonyl-type species. A widely accepted hypothesis assigns the 1580 cm-1 band to 

C=C stretching modes of polyaromatic systems [Socrates00, Fanning93, 

Georgakopoulos03] whose IR intensity would be reinforced by oxygen functional 

groups, most likely because of an increase in the dipole moment associated with these 

ring vibrations [Fuente03]. Sometimes this band is assigned to C=C stretching modes 

of polyaromatic systems combined with C=O stretching mode from quinoid 

functional groups [Biniak97, Figueiredo99]. Till today, the relationship between the 

nature of oxygen functional groups and the intensity of this band is largely unknown. 

In the present work we intend to apply the latter assignment.   
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Figure 6.12 IR spectra for the new and aged samples 

On the aged anode, other than the bands observed in the new electrode, several other 

bands can be distinguished, i.e. a broad band between 3600 and 3000 cm-1, a broad 

band between 1750 and 1600 cm-1 of which the maximum is at around 1660 cm-1, a 

strong band at 1436 cm-1, a weak band at 1350 cm-1 and a broad band between 1110 
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and 1000 cm-1.  Fig. 6.13 gives the comparison of new and aged electrodes in the 

range from 4000 to 2600 cm-1, and from 2000 to 800 cm-1.  

In the present work, both elemental analysis and XPS results indicate that N species 

exist on aged anode. Thus the broad band between 3600 and 3000 cm-1 can be 

assigned to O-H or N-H stretching modes. The bands at around 3600 to 3350 cm-1 are 

normally from free O-H stretching modes in phenolic or carboxylic acid structures; 

they can also be due to free N-H stretching modes from primary amide or amine 

groups. Bands in the lower range from 3400 to 3200 cm-1 can be assigned to the 

combination of the stretching vibration from associated O-H groups and the stretching 

vibration from associated N-H groups. At around 3100-3050 cm-1 there is a band 

which can be due to the stretching vibration of aromatic hydrocarbons, or an overtone 

from C-N-H stretch-bend vibration in secondary amides. C-H stretching mode can 

also be found in the region from 3100 to 2800 cm-1, and is hard to distinguish from 

the former two bands. [Socrate00, Lin-Vien91] 
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Figure 6.13 IR spectra in the regions 4000-2600 cm-1 and 2000-800 cm-1 for the new and aged  samples 

Between 1800 and 1600 cm-1, the C=O stretching mode of carbonyl groups can 

normally be found. The C=O stretching mode from anhydrides is usually found at 

higher wavenumbers from 1740 to 1800 cm-1, which in the present work cannot be 

observed. Carboxylic acids and lactones show this band from 1660 to 1790 cm-1, 
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ketones and quinoids from 1550 to 1700 cm-1. Moreover, amides have a C=O band 

usually in the region 1630 to 1695 cm-1, which is defined as amide I band. Another 

possibility is from C=N stretching modes, which show up at slightly lower energy 

than C=O modes and are hard to distinguish especially for unknown chemical 

composition. The broadness of the band in this region means an overlap of these 

vibrations and the co-existence of functionalities like carboxylic acids, lactones, 

ketones, amides and pyridinic structures.  The band at about 1580 cm-1 discussed 

above remains observable.  

Another discernable band at 1540 cm-1 can be correlated to the C-N-H stretch-bend 

mode, which is normally called amide II band from (trans-monosubstituted secondary 

amides).  

The band in the region of 1460 to 1400 cm-1 can be assigned to a mixing of C-OH in-

plane bending vibrations from carboxylic acid and phenol groups, C-N-H bending 

vibrations in cis-amides, C-H deformations, and possibly from aromatic C-C 

stretching modes.  

The band at lower wavenumbers around 1370 cm-1 and 1340 cm-1 (weak intensity) are 

considered to be from O-H deformation vibrations, C-N stretching modes in amides, 

and C-O stretching modes in lactones might also contribute. 

In the range of 1300 to 1000 cm-1, there is also a broad band and two maximum can 

be found at around 1060 and 1035 cm-1. The band in this region is often explained as 

C-O stretching mode from ether, ester, or phenol groups. The deformation of N-H can 

also be seen in this region, and when -NH2 exists in the structure, there should be a 

doublet in the range of 1150-950 cm-1. C-H in-plane bending on aromatic rings is also 

found here. In the present work we intend to assign this band to a mixing of the 

above-mentioned vibrations because none of them can be absolutely excluded from 

the results.  

The spectrum from the aged cathode shows much less changes compared with that of 

the aged anode. But in the spectral regions from 3500 to 3000 cm-1 and from 1300 to 

1000 cm-1, broad and weak bands can be observed. A band at around 1420 cm-1 can 

also be found. Since the results from both elemental analysis and XPS show that there 

is little N on cathode, these bands mainly result from carbon and oxygen species. The 

bands between 3600 and 3000 cm-1 can be assigned to O-H stretching vibration in 

phenol and carboxylic acid groups. Since no peak is easily observable in the range 

from 1800 to 1600 cm-1 range which corresoponds to the vibration of carbonyl groups, 
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the content of carboxylic acid should be very low. C-H stretching mode might also be 

present because a weak peak is discernable in the lower region from 3000 to 2800 cm-

1. The band at about 1420 cm-1 can be assigned to a mixing of C-OH in-plane bending 

and/or C-H deformation modes. The band around 1300 to 1000 cm-1 is due to C-O 

stretching mode in phenol groups and/or C-H in-plane bendings on aromatic rings. 

The spectrum of the aged cathode features a broad and weak band from 1000 to 800 

cm-1, which might be due to the C-H out-of-plane bendings. 

The observed IR bands from new and aged electrodes are summarized in Table 6.9.  

Table 6.9 IR bands (cm-1) obtained and related assignments 

New electrode Aged anodes Aged cathodes Assignment 

 3600 – 3000 (br.) 3600 – 3000 (br., w) N-H, O-H str. 

 3100 – 2800 3100 – 2800* C-H str. C-N-H str. o.t., 

ar. OH 

 1750 – 1600 (br.)  
 

 C=O str. (ketone, ester, 

amides), C=N str. 

1580 1580 1580 C=C str. conj. C=O str.  

 1540  C-N-H str.-bend  

 1436 (s) 1420 (w.)* C-OH in-plane bend, C-

N-H bend, C-H def., 

C=C str.(ar.) 

 1350 (w)  O-H def., C-N, C-O str. 

1220 (sh., s.) 1220 (sh.) 1220 (sh.) CF2 asym. str.  

1154 (sh., s.) 1154 (sh.) 1154 (sh.) CF2 sym. str. 

 1110 –1000 (br.) 1110 –1000 (br., w) C-O str.  

  1000 – 800 (br., w.) C-H bend.  
 
Symbols used 
w weak    br.  broad 
str.  stretching   def. deformation 
asym. asymmetric   sym. symmetric 
sh. Sharp    o.t. overtone 
* only corresponds  to functional groups with C, H and O 

 

From the results discussed above, carbonyl groups from quinone-like structures on 

anodes are transformed into carbonyl groups in carboxylic acids, lactones and 

phenols. Moreover, N-containing species form, which would possibly have amide like 

structures.  

On cathodes, only new oxygen functional groups like carboxylic acids, phenols and 

lactones form. However, their amount is much lower than that on anodes according to 

the intensity of the bands.  
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6.2.4 Summary 

From the results of IR and XPS (refer to Table 6.7 and 6.9), following conclusions 

can be drawn: 

x IR and XPS results prove that not only new elements are present, but indeed 

covalently linked functional groups are formed. The functionalization of carbon takes 

place during ageing, instead of simple physisorption processes. 

x On new electrodes, only small amounts of oxygen species exist, and are mainly in 

the form of quinoids, ketones and ethers. 

x After ageing, more oxygen moieties are formed, which can be in the form of 

phenol, carboxylic acids and esters (lactones). These species exist on both aged anode 

and cathode. 

x Nitrogen from pyridine moieties (-C=N-C-), amines(C-NH2), polyacetonitrile, 

amides (lactams) form on aged anodes. They should be the ageing products from 

electrolyte decomposition, which will be discussed in detail in the following chapter 

for ageing mechanism analysis. 

x The increase of the content of oxygen functional groups with ageing might suggest 

that oxygen groups are not preferable for the stability of the ultracapacitors. 

 

 

 

 

 

 

                                                 
* Even if consider the occurrence of the minima in DFT pore size distribution as an artifact or noise, 
one can realize that the frequency of this noise is of molecular dimension which is near the resolution 
limit of any adsorption-based characterization method. Regarding quantitative estimates of pore 
volumes, it was shown that fluctuations of the differential PSD have a small effect on the shape of the 
cumulative PSD and thus more stable values of pore volumes are obtained for larger intervals of pore 
sizes. All these prove the reliability of this method. 
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Chapter 7  

 
Ageing mechanisms of the ultracapacitors 
 
According to the observations and discussions in Chapter 6, the chemical species in 

the not aged system and the functional groups produced on aged anodes and cathodes 

after ageing can be summarized as follows (see Table 7.1). 

Table 7.1 Chemical species in not aged system and functional groups on aged anodes and 

cathodes 

Not aged system Aged anode Aged cathode 

Electrode:  

C-C at edge of graphene 

sheets & C-H species,  

carbonyl groups in ketone 

and quinoids, ether group  

C-F species incl. CF2, CF3 

Electrolyte: (CH3CH2)4N
+ 

BF4
-, CH3CN 

C-C at the edge of graphene 

sheets & C-H species 

Amide (primary and 

secondary), polyacetonitrile, 

amines, pyridinic structure 

carboxylic acid, phenol, 

ester, C-F species (incl. 

CHnF2-n) 

C-C at the edge of 

graphene sheets & C-H 

species,  

phenol (main), ester 

and carboxylic acid 

(minor), 

C-F species (incl. 

CHnF2-n) 

 

All the components in the not aged system may contribute to the ageing. The 

electrolyte salt and acetonitrile should be the two main factors contributing to the 

electrochemical or chemical processes on electrodes. As introduced in the 

corresponding section of Chapter 2, the oxidation potentials of BF4
- and PF6

- are 

higher than that of the solvent. Hence the oxidation potential limit of the present 

system is due to the solvents rather than the salts. This might be due to the fact that 

acetonitrile may act as a proton source as follows:  

CH3CN CH2CN H
+-+ .

 

Acetonitrile is a very weak Bronsted acid, the pKa value of it is 25 [Wade04]. 

However, the proton is an active moiety that can further excite many electrochemical 

processes, and thus may promote the deprotonation of acetonitrile. The residual part 

of acetonitrile can take part in other reactions, contributing to ageing, as discussed 

later. 
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On the other hand, ultracapacitors should theoretically be a closed system; water and 

oxygen intrusion cannot occur. Nevertheless, in reality the system is never completely 

sealed and there is always the permeation of acetonitrile and gas evolution, as proven 

by the observation of the weight loss and gas evolution of the ultracapacitors 

[Hahn04, Hahn05]. In this case, it cannot be excluded that water and oxygen from air 

can diffuse into the system during the ageing. At the same time, even though the 

electrolyte is in battery grade solution, (high purity), impurities like HF from the salt 

and water from the solvent may exist in trace amount. Water might also be trapped in 

the pores of the activated carbon, in the separator and in the aluminium foil, and be 

difficult to remove completely during the drying step of the ultracapacitor 

manufacturing process.  

All of these factors have to be taken into consideration for the ageing mechanisms.  

7.1 Anodic reactions 

On the aged anode, nitrogen moieties have been found. In the presently studied 

system, the N sources can be found in electrolyte, both in the solvent (acetonitrile) 

and in the cation (Et4N
+) of the salt. However, it is expected that most cations 

accumulate at the end of cathode in the charging state and will not contribute much to 

the anodic process. As introduced in Chapter 2, acetonitrile belongs to the most 

common class of aprotic solvents for electrochemical use, and has been studied in 

various systems. [Krtil93, Foley88, Portis72, Tourillon79, Billon59/60] BF4
- or PF6

- 

anions can considerably improve the anodic stability of acetonitrile compared to ClO4
- 

with Pt as working electrode. [Mann69, Portis72, Fleischmann68] However, similar 

stability is expected when sufficient conditions are supplied, e.g. being polarized at 

sufficiently high voltage for a long time. Presumably, the active species of activated 

carbons can stimulate some of the processes, too.  

The possible anodic processes in BF4
-/ACN system are listed below. The effects and 

possibility of the reactions are discussed separately. Hereinafter “ A”  is used to stand 

for the anodic process. 

A-1. Polymerization of acetonitrile 

CH3 CN + H+ + BF4
-    (CH3)C

+=NH BF4
- 

CH3 CN + (CH3)C
+=NH  HN=C(CH3)-N=C+(CH3) BF4

- (1-I) 
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N C N

CH3

n
 

CH3

C
+

CH3

CH3 N BF4HNn + (1-I) -

 

Protons can be produced by the solvent, as shown at the beginning of this chapter. 

Based on the results from Tourillon [Tourillon79], the deprotonization can also be 

promoted by the BF4
- as follows,  

BF4
-      BF4· +e- 

BF4· + CH3 CN   ·CH2CN + H+ + BF4
- 

The water impurity can result in the consecutive reaction, i.e. end groups can be 

attacked and lead to various fragments including acetamide. (in which R = polymer 

chain of polyacetonitrile).  

NH

CH3

R RH NH

OH

CH3

O

CH3

NH2

H2O

- e -
+

 

Effects and possibility:  

The results from Chapter 6 indicate that the large micropores (1.26 to 2 nm) and 

small size mesopores (2 to 3.2 nm) are blocked by the polymer, thus resulting in 

capacity loss. 

The porosity loss and the nitrogen enrichment on the anode have been clearly 

evidenced even in the least aged ultracapacitors. The XPS and IR characteristics of 

polyacetonitrile correspond well to the observations. This suggests that in the present 

system this reaction can take place with mild ageing conditions and would be the 

major contribution for the capacity loss. Presumably, the Lewis acidic functional 

groups connected to the graphene sheets can attract the lone pair electrons on 

nitrogen in acetonitrile to shift the electron cloud and promote the deprotonation. The 

strength of the interaction can be related to the electrophilicity, which is supposed to 

be COOH (carboxylic acid) > (C=O)OR (esters) > (C=O)H  (aldehydes) > (C=O) 

(ketones and quinoids).  

A-2. Tetrafluoroborate anions can react with the activated carbon electrode in the 

following way, similar to a glassy carbon electrode [Chandrasekaran90] 

Clattice + BF4 �  ��&�– F … BF3)lattice + e �     (2-I) 

or C---Hlattice + BF4 �  ��&�– F … BF3)lattice + H+ + 2eí  (2-II) 
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As discussed in mechanism A-1, BF4
- can first release a charge to form a BF4• radical 

(which is very reactive). So the fluorination might also be fulfilled by the attack of 

BF4• radical on the carbon lattice, which would be: 

BF4 �  �%)4•   + e �        (2-III) 

C---Hlattice + BF4•    ��&�– F …  BF3)lattice + H+ + eí  (2-IV) 

However, the boron is not observed on the aged anodes in the present study, we 

presume that after fluorination, BF3 may diffuse away but not adhere to the 

electrodes.  

(C – F …  BF3)lattice ��&-F)lattice + BF3 

Thus only carbon fluoride is formed on the anode.  

Effects and possibility:  

The mechanism proposed by the researcher is analogous to the formation of graphite 

fluoride compounds prepared by passing fluorine into a graphite matrix. It is, to some 

degree, similar to the intercalation and might bring about the expansion of the 

distance between two graphene sheets. When the effects accumulate seriously, the 

lattice structure will be influenced, thus resulting in the decrease of conductivity and 

contributing to the increase of the ESR. Furthermore, this reaction produces protons, 

which is harmful to the whole system. 

Activated carbons and carbon blacks are rich in active edge sites and there is an 

abundance of BF4
-. The factors facilitate the onset of this reaction. The F 1s peak 

observed in XPS spectra at lower binding energy (around 686 eV) can be correlated 

to these species. 

A-3. Subsequent to the mechanism A-2, BF3, as a strong Lewis acid, can interact with 

many other species due to its unique six-electron shell. One possibility is to form 

adduct with CH3CN since nitrogen has a lone pair. CH3CN·BF3 was observed to 

emerge at relatively low potential (1.0V vs. Ag/Ag+) by the in-situ infrared spectra-

electrochemical study, and the signal became stronger with the potential increase. 

[Foley88, Backer05]  

Moreover, it can react with trace water to release a proton: 

BF3
OH H

+

+ H2O BF3 +
-

 

Considering the content of water, this reaction should not be significant. However, a 

similar reaction might also happen with acetonitrile,  
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CH3CNBF3
CH2CNBF3 H

+
+ - +

 

Effects and possibility:  

The reaction in which BF3 further stimulates the deprotonation of acetonitrile is very 

harmful to the system. This can promote the anodic polymerization of acetonitrile and 

other side reactions that need protons. According to conditions observed in the prior 

studies mentioned above, as well as the abundance of the species, this reaction is 

supposed to be very likely and can happen even without high potential and high 

temperature.  

A-4. Anodic partial fluorination of aromatic compounds was first reported in 1970 

[Rozhkov70]. In that case, tetraethylammonium fluoride was applied as the electrolyte 

in acetonitrile. In the present work, similar reactions might also occur but with the 

hydrogen or alkyl groups at the edge of graphene sheets in activated carbon. The 

products may contribute to the F 1s peak at around 686 eV, too.  

H

F

F

-H+, -e-

 

CH3

F

CFH2

F

CF2H

, -2e-, -H+ , -2e-, -H+

 

Effects and possibility:  

The import of the fluorine species in this way will bring about similar effects and 

observations as discussed in mechanism A-2. However, the intercalation is not so 

significant for this reaction. It is hard to avoid when fluorine ions exist in the system, 

and the amount can be determined by the quantity of fluorine ions.  

A-5. Koch et al. [Koch73] studied the anodic fluorination of benzyl ketones with 

tetrafluoroborate salts in acetonitrile at Pt, and found the following reactions at high 

potential (2.0V vs. Ag/Ag+). The acid fluoride should be the main products because of 

the abundance of the functional groups in the activated carbon and the BF4
- in the 

electrolyte. However, it is not stable in the presence of trace water and easily forms 

carboxylic acid.  
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BF4

O

C
+

O

C-F

O

C-OH

O

BF3

OH

CH3CN

NHCOCH3

-

-e-

H2O

H2O

+

H2O

H2O
ketone

.

 

Effects and possibility:  

This reaction breaks the connection of two graphene sheets, which should be stressed 

because it may have some influence on microcrystallinity characteristics, as observed 

in Raman spectra. Moreover, the continuity of the electron transfer between two 

graphene sheets is broken. Two edges with active sites are produced to further react 

with other species as shown above. The products are observed on the anodes in the 

present study, such as carboxyl acid group, phenol group and secondary amide, even 

in the weakly aged samples. This indicates they do not need high potential or 

temperature to be produced. However, the amount should be related to the water 

content of the system. 

A-6. The acetamidation might happen on the carbon surface with hydrogen connected 

to the edge plane of graphene sheets.   

H
CH3CN

H N
+

CH3
H

-e- -e-, -H+. + .
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N
+

CH3

NHCOCH3

H2O

-H+

 

If water exists, the secondary amide might be hydrolyzed to amine structure, but this 

process needs relatively extreme conditions like high acidity. 

NHCOCH3
NH2

H2O

 

Effects and possibility:  

This reaction is to some degree, like the functionalization of the graphene sheets, and 

it releases protons at the same time. Both are harmful to the system. The surface 

acidity is changed by the formation of secondary amide and amine groups. The 

products are observed on the aged anodes from weakly aged ultracapacitors, which 

suggests that this reaction can happen under mild conditions. The amount of the 

products can be determined by the water content.  

A-7. Although water cannot directly hydrolyze acetonitrile, it can react with 

acetonitrile as follows:  

O
+  H2O H2

+ e-

 

O
+  CH3CN CH3 N  

OH

H
+

H2 + +

 

OH

CH3
N  H  CH3

OH

NH CH3

O

NH2+
 

Here the hydrogen radicals may be taken from the surface of activated carbons.  

This reaction can also be excited by the HO· and then the first two reactions proceed 

in the following way: 

H
+

OH

HO CH3CN CH3

OH

N

H2O + + e-.
. + .
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Effects and possibility:  

The reactions may stimulate the deprotonation of acetonitrile, which is harmful to the 

system. Since it is excited by water, it doesn’t need demanding conditions like high 

potential. The content of water in the system will determine the extent of this reaction.  

A-8. The intermediates mentioned in mechanism A-7 like H2O·+ and OH· are all very 

reactive radicals. ·OH is well known to be the most reactive oxygen-centered radical 

and particularly indiscriminate in its choice of reactant.  

At the same time, quite a few uQSDLUHG�HOHFWURQV��VXFK�DV�GHORFDOL]HG� �HOHFWURQV�DQG�
localized-XQSDLUHG� �H[LVW�RQ�the carbon surface (Fig. 2.11). Their amount is normally 

proportional to the surface area, and can be correlated to the content of oxygen 

functional groups. Donnet [Donnet68, Donnet73] asserted that these radicals are not 

so reactive as the typical radicals known in organic chemistry for two reasons: one is 

that they are not easy to approach in normal conditions, the other is, they cannot 

migrate since they are attached to the graphene sheets (steric hindrance). However, 

ageing is a long term process and other active species may have enough time to 

approach these sites. 

The ·OH can bond itself to the radicals in activated carbons to produce phenol groups.  

HO  
C  OH+

 

COOH

HO  OH

COOH

O

O

+ -H2O
.

 

Or, the radical can cleave a C-C bond at the edge of graphene sheet and move on to 

the graphene sheet and be stabilized. Afterwards, the radical on the graphene sheet 

may react further, like abstracting H from CH3CN. 

OH
O

O  H

O OHO
OHO

.
.

.
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Effects and possibility:  

The population of the phenol, carboxylic and ester groups on the edge of graphene 

sheets may distort the graphene sheets and influence the conductivity. At the same 

time, the surface properties of activated carbons will be more active with these 

functional groups (see the discussion in mechanism A-1). The products contribute to 

the observation of the oxygen functional groups on aged anodes from weakly aged 

ultracapacitors. The amount of these products is also determined by the water 

content. 

A-9. Phenol groups that exist on activated carbon surfaces can be oxidized to quinoid 

as follows: 

OH

OH

O

O

O  

O  

O

O

2e-
2H+ --

 

O

O  

OH

O  

O

O  

- e-H+-

 

 Effects and possibility:  

This is a counter reaction of the reduction of quinoid groups on the cathode. The main 

negative effect of this reaction might be the release of protons. On the other hand, it 

recovers the quinoid groups on the activated carbon surface. This reaction does not 

need demanding conditions to fulfill.  

A-10. Triethylamine (C2H5)3N produced from the cathodic process, discussed in the 

cathodic section below, can migrate slowly back to anode. (C2H5)3N on anode easily 

forms its radical cation, which is comparatively stable  

C2H5

N  

C2H5

C2H5

C2H5

N
+  

C2H5

C2H5

-e-

 

The radical can then diffuse to the separator and oxidize other substances (back 

reaction) without the presence of the electrode. 
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Effects and possibility:  

This process is unfavourable since the product can further react with other species 

even without the existence of the electrode, e.g., to depronate the acetonitrile. Since 

there is abundance of Et4N
+ cations in the system, the yield of (C2H5)3N can be high 

and may contribute significantly to the ageing process.  

7.2 Cathodic reactions 

The species involved in cathodic processes should mainly be the cations (Et4N
+) and 

solvent. Similar to section 7.1, the possible cathodic processes are discussed 

hereinafter, and cathodic process is symbolized as “ C” . 

C-1. The C=C bond on the edge or on the outer surface of graphene sheets is expected 

to be reduced with the addition of two protons. The C-C bonds formed can be broken 

to form two methyl groups at the edge of graphene sheets.  

H

H

H
+

H

H
H

H CH3

CH3
H

+

+2e + 2
2e + 2

-
-

 

H
+

H
H

H
HH

HH
+

+ 2e +2
-

2e + 2
-

 

Effects and possibility:  

In both reactions, the first step brings the structure to a state that can react further, 

because the C-C single bond in the structure is easy to be broken. In this case, the 

extent of graphene sheets can be broken, thus the ordering of graphene sheets is 

disturbed and cause the decrease of the conductivity. On the other hand, more active 

species like hydrogen and methyl groups at the edge of graphene sheets are formed. 

The XPS results presented in Chapter 6 indicate that the content of C-C bond at the 

edge of graphene sheets and C-H bond increases significantly on aged cathodes. This 

strongly suggests that this mechanism gives the main contribution for the chemical 

composition changes on the cathode. 
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C-2. Quinoid groups on the surface of activated carbons can be reduced as follows, 

O

O

O  

O  

O

O

OH

OH

O

O  

OH

O  

2e- 2H++

+ e-

 

Effects and possibility:  

This process may consume the protons in the system and thus be favourable to slow 

down the ageing process. According prior studies, phenol group is one of the main 

products on aged cathodes. It is well documented citations and does not need extreme 

conditions  to proceed.  

C-3. The cathodic behaviour of quaternary ammonium salts has been widely studied. 

[Finkelstein59, Finkelstein65, Simonet77, Bernard79, Swenson83, Kariv-Miller84, 

85, 86, Svetlicic86, Mayell63, Gedye80] The electrochemical cleavage of quaternary 

ammonium salts can occur and will generate hydrocarbons and tertiary amines.  It was 

found that a series of quaternary ammonium salts containing the alkyl group could be 

decomposed electrolytically to yield varying alkanes and alkenes. This mechanism 

can be applied to explain the observation in the present study as well. The overall 

change involved in the electrochemical decomposition of the Et4N
+ can be 

summarized accordingly as follows: 

a. Gas evolution from one alkyl group cleavage – formation of ethylene and butane: 

N
+

C2H5

C2H5

C2H5

C2H5

C2H5

N  
C2H5

C2H5

C2H5

C2H5

H  

C2H5

N  

C2H5 H
+

C2H6

C2H5
C4H10

C2H5

+ e-

+ .

+    
e-

2e-

+ - +

+

.
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Protons can be taken from the acetonitrile as mentioned before, and hydrogen radicals 

can be taken from the edge of graphene sheets. 

Effects and possibility:  

This reaction is highly unfavourable for the ultracapacitor system because the gas 

evolution will bring about the increase of internal pressure, destroying the sealing of 

the system and promoting other aging problems like solvent evaporation. Since there 

is plenty of Et4N
+ and the cleavage of one of the alkyl groups is observed in the 

aqueous system, the potential required for this reaction is low, which means it can 

happen in the weakly aged ultracapacitors. Since all these processes happen in the 

liquid phase, results from solid electrodes, presented in the present work, cannot give 

strong evidence for them. However, previous gas evolution studies [Hahn04, Hahn05] 

may prove that they occur.  

b. The Et3N: can cathodically react with water to form C2H5· and OH-, which attack 

the Et4N
 + further to generate ethylene and ethane.  

C2H5

N  

C2H5

(C2H5)2NH HO

C2H5

+ e-

+ H2O
+ + C2H5

.
 

C2H5

e-+
C2H5

-.
 

N
+

C2H5

C2H5

C2H5

C2H5
C2H4

C2H6

C2H5

N  

C2H5

C2H5

C2H5
-

+ + +

 

Effects and possibility:  

The effect of this reaction is similar to the discussion for above reaction. However, 

this reaction is excited by water, so the amount should be determined by the content of 

water impurity. 

C-4. The ethyl radical produced near activated carbons can attach to their� �UDGLFDOV��
as discussed in mechanism A-8. 
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C2H5C2H5+. .

 

Effects and possibility:  

This reaction may consume the ethyl radicals produced in the system, thus reducing 

the probability of gas evolution. This reaction is positive for the system. The XPS and 

IR characteristics of this structure are similar to the products from the mechanism C-

1. However, this reaction is not easy to realize because the � UDGLFDOV�RQ�DFWLYDWHG�
carbons are not easy to approach. 

C-5. It is already mentioned at the first beginning of this chapter that acetonitrile can 

release protons. 

CH3CN CH2CN H
+-+

 

Consecutively, the protons can accumulate to the cathode and be reduced to hydrogen.  

H
+

2 + 2e- H2  

Water can also be reduced to release H2, however, the contribution should mainly be 

from acetonitrile in the present work.  

Effects and possibility:  

This reaction certainly contributes to the gas evolution and internal pressure 

accumulation. According to the gas evolution study, hydrogen may be a major 

product of the cathodic gas evolution in acetonitrile system. [Hahn04, Hahn05] 

Moreover, it is not observed in propylene carbonate system, which further supports 

the assertion that the proton source should be acetonitrile and not water. Considering 

the abundance of acetonitrile, this reaction may be significant for the ageing. 

C-6. The reduction behaviour of acetonitrile has been studied with 

tetraalkyammonium salt as electrolyte [Pons82, Foley87, Fleischmann73]  

It was found that acetonitrile can be reduced to a tautomeric mixture of dimers of 

acetonitrile (I and II shown below) and be observed by in-situ IR measurement. If the 
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electrolysis is held at high negative potentials for extended period of time, the trimers 

can be produced.  

CH2CN
CH3CN

CH3C

N

CH2CN CH3C

NH

CHCN
CH3CN RH R  H2 + + -

-

 I II
+ + e -

 

CH3C

N

CH2CN CH3CN
H

+

N

N

NH2

CH3CH3 I

+

 

 

CH3CN

CH3C

N

N CH CH2

CH3CN N

N

N

CH3

CH3 CH3

CH2CN

R graphene sheets=   

Effects and possibility:  

The negative effect of mechanism C-6 is the hydrogen evolution and deprotonation of 

acetonitrile. The products of this reaction are not observed, which might be due to the 

fact that these products migrate into the electrolyte but do not deposit on the 

electrodes, or that they are in small quantities. The consecutive reactions were 

observed to start at very negative potential (-2.2 V vs. Ag/Ag+) with the presence of 

water, which conditions are not easy to fulfill in the present system.  

7.3 Non-electrochemical reactions 

Apart from the electrochemical reactions discussed above, some non-electrochemical 

reactions may come about. Here “ NE”  is taken as the symbol for non-electrochemical 

reactions.  

NE1. Hofmann elimination can occur on the Et4N
+ to produce ethelyne, 

triethylammonium and proton.  
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N
+

C2H5

C2H5

C2H5

C2H5

C2H5

N  

C2H5

C2H5

C2H4 H
+

+ +

 

Effects and possibility:  

This reaction has very negative effect for the system, because it can bring about gas 

evolution and release protons at the same time. It can arise in mild conditions, e.g., in 

Bronsted basic condition and with mild heating (150 ºC), and the evolution of 

ethylene might promote the reaction. So it is supposed to happen when the 

ultracapacitors are heated.  

NE2. Carboxylic acid groups and phenol groups on the activated carbons can 

condense, which takes place either between the graphene sheets or along the edge of 

graphene sheets. This process happens during the production of activated carbon 

when the carbonization is carried out to release water. 

C-OH

O

OH O

O
+

- H2O

 

COOH

OH O

O
- H2O

 

Effects and possibility:  

Through this reaction, two graphene sheets can be connected, or COOH and OH can 

be condensed into a ring. Both effects have some positive influences. However, this 

reaction has the negative effect to produce water. Since the results in the present work 

prove that there are not plenty of carboxylic acid and phenol groups in the not aged 

samples, this reaction should be minor in the first stage of polarization. The 

carboxylic acid and phenol groups generated through other reactions during ageing, 
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as discussed before, can take part in this reaction afterward thereby enhancing its 

likelihood.  

NE3. When carbonyl groups exist, which is the case for the electrode in the present 

study (carbonyl groups exist in ketone and quinoid groups), the following reaction 

may occur [Lund01]  

O N
+

CH3

O NHOH

CH3 O

N

OCH3

CH3CN +H2O - H2O

 

Effects and possibility:  

Similar to the discussion above, the formation of the amide group may influence the 

surface acidity of the activated carbons, but it is hard to predict whether it is positive 

or negative for the performance of the ultracapacitors. Moreover, the N species 

observed on aged anodes are mainly from polyacetonitrile, primary and secondary 

amides, but not the third amide, which might suggest that this reaction happens rarely 

in the ultracapacitor system. 

NE4. If the acetonitrile approaches radicals existing on the activated carbon surfaces 

as introduced above, a hydrogen can be taken from acetonitrile to attach to the 

graphene sheets and the radical is transformed to acetonile.  

CH3CN H CH2CN+. + .

 

Effects and possibility:  

The generated acetonitrile radicals are active to further react with other species. This 

is a negative effect. The abundance of the species and the time scale of ageing 

facilitate the occurence of this reaction.  
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7.4 Summary 

We have discussed the possible electrochemical and non-electrochemical reactions in 

the present system to analyze the ageing processes. Although some of the reactions 

might call for critical conditions, the unique characteristics of activated carbons and 

time scale of ageing can allow these to occur. 

Oxygen-containing functional groups can affect the ageing reactions from two 

perspectives: On one hand, various oxygen-containing functional groups can promote 

some reactions. On the other hand, a higher amount of functionalities means that more 

electroactive sites can be found on the graphene sheets in activated carbons (e.g. the 

radicals on graphene sheets) to stimulate other reactions. 

Impurities like water and F- are very active and may take part in some of the ageing 

reactions as discussed above.  

According to the observation and mechanism analysis, some reactions can happen 

under mild conditions and do not need high potential and high temperature at the 

same time. So it might be worthwhile to carry out research to further figure out the 

essential conditions for each reaction, for example, to age the ultracapacitors only at 

various temperature without potential loading or to age them only with potential 

loading but no heating. 

Some phenomena observed in the present work are still not easy to understand such as 

the influence from fluoropolymer binder. As the binder for the activated carbon layer 

of electrodes, this material brings about some interesting questions, such as whether 

the original material may have several kinds of fluorine species which can be active 

for the ageing reactions and disappear from the electrode after ageing. Based on the 

data and background of the present work, we cannot give a satisfactory explanation. 

Another point that has to be mentioned is that we did not take into account other 

impurities that might exist in the system, like Fe2+, Cu2+, K+ and halide ions like Cl-, 

that might be contained in activated carbons and electrolytes, or in the separator and 

the casing materials. These species might also contribute to ageing. 
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Chapter 8  

 
Ageing effects on individual components of electrodes of 
ultracapacitors 
 
In the above chapters, we focused on the observations from electrodes and discussed 

the ageing mechanisms based on them. However, the electrode is a mixing of several 

components including activated carbon powders, conductive agents, binders, etc., and 

the complexity makes the analysis of the problems more complicated. The ageing 

effect on each component of electrodes is still not clear, especially the existence of 

fluoropolymer binders interferes the observation and analysis seriously. In this 

chapter, we try to “ divide”  the electrode and discuss the observation from the ageing 

experiments on activated carbons and conductive agents independently to identify the 

individual influence.  

Porosimetry and Raman spectroscopy are applied for the structural characterization of 

the activated carbon samples; CHN elemental analysis, IR and XPS are applied for the 

chemical composition characterization.  

For the conductive agents, Raman spectroscopy is applied for the structural 

characterization. The information of their chemical composition changes are collected 

by elemental analysis and IR.  

8.1 Ageing effect on the activated carbons 

As described in Chapter 4, three activated carbon samples provided by Epcos are 

chosen for ageing experiments, two (A and B) from natural precursors (coconut shell) 

and one (C) from synthetic resin precursor. The treatment and washing procedures 

refer to Chapter 4. Briefly, chemical ageing is to heat the samples in acetonitrile or 

electrolyte for a certain time period; electrochemical ageing is to polarize the samples 

at 3 V for a certain time period; afterwards the aged samples are thoroughly rinsed by 

acetonitrile in order to completely remove the salt adsorbed in the pores; before the 

measurement, the samples are dried in vacuum oven (80°C, 10-3 Torr) overnight to 

remove residual solvent and water in pores. To simplify the description, samples 

without ageing treatment are called as-received powders, samples collected from the 

anodic and cathodic ends of the electrochemical ageing experiments are called aged 

anode powders and aged cathode powders, respectively.  
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8.1.1 Microstructural changes  

No significant influences were observed from porosimetry and Raman spectra on the 

activated carbon powders after chemical ageing. However, it was observed that 

electrochemical ageing had some influences on the microstructure, especially the pore 

structure.  

8.1.1.1 Pore structure – porosimetry  

In Fig. 8.1, N2 adsorption isotherms from aged and not aged samples of three powders 

are given, the specific area and pore volume loss are also given to do the comparison. 

Detailed data can be found in Table 8.1. The calculation of these parameters and 

discussion of the methods refer to the corresponding part in Chapter 6. 

Table 8.1 Pore characteristics of activated carbon powders 

Sample SBET  (m2/g) SDR (m
2/g) Vmic (cm3/g) Vtotal (cm3/g) 

as-received 1988 2015 0.72 0.98 

aged anode 528 496 0.18 0.35 

A aged cathode 1691 1874 0.67 0.77 

as-received 1721 1812 0.64 0.75 

aged anode 372 361 0.13 0.25 B 

 aged cathode 1107 1195 0.42 0.55 

as-received 2101 2182 0.77 0.92 

aged anode 888 1005 0.36 0.4 

C aged cathode 1580 1732 0.62 0.69 

 
The shape of the isotherms is consistent with that from microporous materials, which 

is similar to the observation of the electrodes. Since there are no other inert 

ingredients like conductive agents and fluoropolymer binders, both the specific area 

and the pore volume of pure activated carbon powders are much higher than those of 

electrodes, as well the change is more significant. As discussed in Chapter 3 and 

Chapter 6, BET, DR and DFT are three widely applied methods for the calculation of 

specific area and pore volume. From the results we achieved from the electrodes, the 

consistency of the data from these three methods is good, which can also be observed 

from the data presented here. 
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Figure 8.1 Pore characteristics comparison of powder samples 

As shown in Table 8.1 and Fig. 8.1, after electrochemical ageing, all three activated 

carbon powder samples show asymmetric pore structure changes — aged anode 

powders suffer more from ageing in terms of surface area, pore volume and micropore 

volume than aged cathode powders, which is consistent with what observed in the 

electrodes of ultracapacitors.  
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For aged anode samples, powder B shows the highest porosity loss, and the next is 

powder A, while powder C suffers the least.  

For aged cathode samples, generally the porosity loss is much less than age anode 

ones. Powder B still has the highest value. However, powder A shows higher stability 

on this end than powder C especially from the point of micropore volume. However, 

this might be due to the error from the experiment.  

DFT pore size distribution histograms of the powders are calculated. As introduced in 

Chapter 6, this method covers the pore size range from 0.5 nm to 5 nm, which 

corresponds to the relative pressure from 7.7 u  10-6 to 0.7. The content of the pores in 

various pore size ranges can be obtained from the histrogram. The results are given in 

Fig. 8.2. The absolute volume of the pores in various size ranges are calculated 

according to the pore content and the total pore volume (see Table 8.1) and given in 

Table 8.2. 

In the histograms, there is always a sharp minimum at about 1 nm, which can be 

attributed to the intrinsic shortcoming of the pore model used in the DFT calculations 

[Jagiello04, Jagiello98, Olivier97].  

If one compares the pore size distribution histogram of three as-received activated 

carbons, it can be seen that the content of pores in various size ranges from them does 

not show significant differences. All of them have high content of micropores in the 

size range from 0.5 to 2 nm.   

Fig. 8.2a shows the pore size distribution changes after ageing for powder A. The 

content of pores in micropore range from 0.5 to 2 nm of aged anodes decreases 

strongly. The decrease of the pores in this range gives main contribution to the 

shrinkage of the total adsorption capacity and pore volume. The content of small 

mesopores from 2 to 3.2 nm does not show obvious change while the content of 

mesopores from 3.2 to 5 nm and even large range increases a lot, which might be an 

effect of the decrease of micropore content. Almost the same phenomenon can be 

found for powder B as shown in Fig. 8.2b.  

The pore size distribution change on aged cathodes from powder A and B are not so 

obvious as that on aged anodes. Only the content of pores in the size range from 0.5 to 

0.8 nm shows a little decrease, which might be due to the spatial confinement of 

cations (Et4N
+) from electrolyte similar to that discussed in Chapter 6. The content of 

pores in other size ranges does not show obvious changes.  
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While for powder C, the observation is quite different, see Fig. 8.2c. The pore size 

distribution does not show the asymmetric change on aged anode and aged cathode 

here, as well the change of the content of micropores is not so significant as powder A 

and B. Basically the characteristics of pore size distribution is similar to the as-

received sample.  
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Figure 8.2 Comparison of the DFT pore size distribution histrogram 
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The observation that ageing influences powder A and B more than powder C might be 

due to the fact that the former two are from the natural precursors and the latter one is 

from synthetic resin precursor. As introduced in Chapter 2, the properties of activated 

carbons from natural precursors are not well reproduced as those from synthetic resins 

and expected to have less homogeneous porous structure because of their diverse 

natural textile. Meanwhile the chemical composition of natural precursors is more 

complex and difficult to control during the manufacture.  

As discussed in the ageing mechanisms, the functional groups in activated carbons 

can be active for the anodic ageing process – some of them can promote the 

polymerization of the solvent and the products can block the pores. If the functionality 

can be controlled effectively so that less active ones exist and distribute more 

homogeneously, ageing process might be impeded and products distribute more 

homogeneously instead of accumulating to block the micropores and small 

mesopores, which are important for the capacity as we found from the results of 

electrodes. 

Table 8.2 Absolute volume of the pores in various pore size ranges 

 Powder A Powder B Powder C 

0.5-0.63 0.074 0.007 0.033 0.07 0.006 0.027 0.072 0.022 0.035 

0.63-0.8 0.08 0.01 0.06 0.08 0.009 0.038 0.085 0.032 0.055 

0.8-1 0.078 0.016 0.1 0.09 0.014 0.064 0.096 0.06 0.095 

1-1.26 0.03 0.005 0.04 0.04 0.005 0.017 0.041 0.022 0.043 

1.26-1.58 0.11 0.015 0.1 0.12 0.01 0.06 0.15 0.052 0.1 

1.58-2 0.15 0.04 0.13 0.12 0.027 0.087 0.17 0.069 0.13 

2-2.5 0.12 0.04 0.1 0.084 0.027 0.063 0.11 0.043 0.08 

2.5-3.2 0.09 0.04 0.07 0.05 0.023 0.041 0.054 0.022 0.04 

3.2-4 0.1 0.06 0.06 0.04 0.042 0.054 0.054 0.026 0.038 

4-5 0.07 0.05 0.04 0.022 0.036 0.046 0.050 0.023 0.034 

external 0.07 0.07 0.04 0.041 0.053 0.051 0.043 0.03 0.041 
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8.1.1.2 Microcrystallinity changes – Raman spectroscopy  

Raman spectra from as-received powders and aged anode and aged cathode powders 

are collected ZLWK� 0 = 632.8 nm (1.96 eV). The results are given in Fig. 8.3. 

Detailed discussion about the characteristic Raman bands from carbonaceous 

materials has been given in Chapter 6. Generally, five bands can be observed for 

highly disordered carbon materials: G band at about 1580 cm-1, which corresponds to 

ideal graphitic lattice stretching vibration; D1 band at about 1350 cm-1, which 

corresponds to the breathing vibration mode due to the broken symmetry of graphitic 

lattice; D2 band at around 1620 cm-1, which is normally assigned to E 2g symmetry 

vibration in surface graphene layers with disordered graphitic lattice; D3 band at 

around 1500 cm-1, which is also called the “ valley band”  and can be correlated to the 

amorphous carbon species (the abundance of functionality) in activated carbons; D4 

band close to 1200 cm-1, which is considered to be from the disordered graphitic 

lattice with  structure similar to polyaromatic hydrocarbon moieties [Mapelli99].  

Further discussion refers to Chapter 6.  

The spectra shown in Fig. 8.3 are similar to what has been observed for the electrodes 

in Chapter 6 and can be interpreted in terms of highly disordered graphitic structures. 

The first-order spectra generally exhibit two broad peaks with intensity maxima 

around 1316 cm-1 and around 1596 cm-1. Above 2000 cm-1, some weak bands are 

visible.  

Raman spectra of powders A and B show that after ageing, the G band at 1590 cm-1  

becomes weaker, which might contribute to the decrease of the content of the ideal 

graphitic lattice. But the change is not so obvious, and if taking the error of this 

method into account, the structure change is trivial. The Raman spectra from as-

received powder and aged anode and aged cathode of powder C basically overlap, 

which might give another evidence for the higher stability of this material compared 

to other two powders.  

The observation from Raman spectra of activated carbon powders indicates the ageing 

influence on microcrystallites in these powders is not significant. This might be 

explained by the speculation that the ageing conditions and ageing time are not 

sufficient to effectively change the microcrystalline structure of activated carbons. 
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Figure 8.3 Raman spectra from as-received and aged powder samples 
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8.1.1.3 Summary  

The results of microstructural characterization indicate that: 

x All aged anode powders suffer more than aged cathode powders in terms of the 

specific area and pore volume.  

x For the two activated carbons from natural precursors, the pore size distribution 

changes significantly after ageing. The micropore content of aged anode powders 

decreases considerably compared to as-received and aged cathode powders. 

x The activated carbon from synthetic resin precursor shows better structural 

stability than those from natural precursors. This is indicated by less decrease of 

specific area and pore volume of aged anode powder, and the minor change of the 

pore size distribution of aged anode powder compared to the as-received powder. 

8.1.2 Chemical composition changes  

In Chapter 6, we summarized possible functional groups and assignments of their 

characteristic XPS peaks and IR bands, and applied theses data to analyze the results 

collected from the electrodes. However, as discussed in section 6.2, the influence of 

the fluoropolymer binders is strong and veils some of characteristic changes of 

carbonaceous materials. The possible fluorination cannot be easily observed with the 

binders in presence.  

In order to resolve this problem and to understand the chemical composition changes 

of carbon materials better, in this part of the work, ageing was done on individual 

carbonaceous materials: chemical ageing by heating the samples in solvent and 

electrolyte, as well as electrochemical ageing by polarizing the samples at 3 V.  

With this operation, we can be sure that all the observations in this chapter are from 

the carbon material and electrolyte and exclude the influence of fluoropolymer 

binders. However, the absence of the fluoropolymer binders brings about some 

difficulties for the assembling and disassembling of the electrochemical cell: the 

quantity of the materials and the homogeneity of ageing might deviate from sample to 

sample (i.e., the ageing might depend on the exact location in the compressed 

powders). Furthermore, the mixing of the materials from anode and cathode is very 

difficult to prevent based on the currently used experimental set-up since we tried to 

assemble the powders directly in the Swagelock type lab cell without any extra 

container. This means there is only a separator between the anode powder and cathode 

powder. When the cell in disassembled, the loose powders close to the separator can 
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easily mix. As will be seen later in section 8.1.2.1, results from the elemental analysis 

are affected by this mixing seriously and appear to show results contradictory 

compared to those from electrodes (section 6.2.1). The results in this chapter have 

thus to be considered with caution  

For this sake, we do not take the results in this part as quantitative analysis, rather, we 

only do a qualitative comparison of anodes and cathodes from each individual sample. 

The interpretation of the results was done with extra caution to prevent any kind of 

misunderstanding, e.g., one might have an impression that the content of N in aged 

cathode powders is unusally high and that this may involve some cathodic processes.  

Fortunately, results from IR are not influenced by the mixing much and show very 

good reproducibility. This might be due to the factor that the probing area of ATR-IR 

is smaller than that of XPS. The results from IR give a strong support for our 

announcement that some of the observations are from the effect of mixing but not real 

chemical or electrochemical processes, further prove the reliability for this part of 

work. Nevertheless, we would like to emphasize here the semiquantitative nature of 

this part of the work and will come back to this point again in sections 8.1.2.1 and 

8.1.2.2 for a careful discussion. 

8.1.2.1 Elemental analysis 

Elemental analysis results of activated carbon powders are given in Table 8.3. For the 

as-received samples, no other elements are involved, “ others”  means oxygen. But for 

aged samples, the composition of the powder changes and “ others”  should include the 

influences from other elements like fluorine.  

From the data, as-received samples have much higher carbon content compared to the 

electrode samples. Powder C has the highest carbon content while lowest oxygen 

content compared to other two. This further supports our assumption that the 

functionalities and composition of activated carbons from synthetic resins can be 

controlled better than those from natural precursors and would improve the stability of 

the samples. As well this can be correlated to the observation in structural changes.  

Basically the structural and chemical stability of these three powders can be correlated 

to their purity, which is powder C > powder A > powder B. And most of the results 

are consistent with this order.  
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Table 8.3 Elemental analysis results of powder samples 

Samples C H N Others 

as-received 94.6 0.35 0.25 4.8 

aged anode 71.3 3 11.6 14.1 powder A 

aged cathode 80.4 2.1 6.2 11.3 

as-received 91.8 0.55 0.29 7.4 

aged anode 67.7 2.7 9 20.6 powder B 

aged cathode 78.5 1.9 4.4 15.2 

as-received 95.7 0.6 0.2 3.5 

aged anode 67.7 2.6 8.8 20.9 powder C 

aged cathode 83.9 2.5 4.8 8.8 

 

The elemental analysis data from aged samples of all three powders show similar 

tendencies with the aged ultracapacitor electrodes (refer to Chapter 6), which is a 

higher N content on aged anodes. There is basically no N in as-received powders. As 

we discussed at the beginning of this section, the mixing affects the results of 

elemental analysis, a fairly high content of N is also found in aged cathode powders. 

However, for each sample, the content of N in aged cathode powders is much lower 

than in the aged anode powders. After a careful comparison with the XPS results, 

which will be shown in the next section and demonstrate that the chemical shifts of N 

1s on aged anodes and aged cathodes are similar, we conclude that the N found on 

aged cathodes is from the powders mixing during cell disassembly. This means, N is 

practically produced solely on aged anodes.  

8.1.2.2 XPS spectra of aged and not aged powders 

Not aged activated carbon powders and electrochemically aged powder samples were 

measured with XPS. From the survey scans, only O and C are found on as-received 

powders, while F, O, N and C are found on aged anode and aged cathode powders and 

anodes show much higher N content than cathodes.  

Narrow scans of F 1s, O 1s, N 1s and C 1s were collected. Data processing refers to 

the corresponding part in Chapter 6. The content of each element for the three 
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samples are given in Fig. 8.4a, the atomic concentration of various carbon moieties 

can be found in Fig. 8.4b. The assignment for each peak can be found in Table 8.4. 

The results from narrow scans of F 1s, O 1s and N 1s are summarized in Table 8.5. 

As-received powders 

The C 1s signal from three as-received powders are quite similar and can be 

deconvoluted into peaks at 284.6 eV, 285.2 ± 0.3 eV, 287 ± 0.3 eV, 288.2 ± 0.3 eV, 

290 ± 0.3 eV and 291.5 ± 0.3 eV. The assignment for each peak can be found in Table 

8.4 and for a detailed discussion we refer to Chapter 6. The content of graphitic 

carbon is the higher than that of all functional groups. And the content of C moieties 

at 285.2 ± 0.3 eV corresponding to the C-C bond at the edge of graphene layers and 

C-H species, is relatively higher than that of other species with higher binding 

energies. This is consistent with the findings from not aged electrodes. 

O 1s peak of as-received powders can be deconvoluted into two peaks at 533.3 ± 0.3 

eV and 531.5 ± 0.3 eV, which are similar to the findings in the not aged electrodes. 

The peak at 533.3 eV can be assigned to oxygen single bonds to sp2 carbon (phenol, 

cyclic ether, lactone) or sp3 carbon (ether, alcohol), and 531.5 eV can be assigned to 

oxygen double bond to carbon linked to aromatic rings (quinoid, ketone, lactone, 

aldehyde). 

Aged anodes 

As shown in Fig. 8.4, the chemical shifts of the C 1s signal from the aged anodes from 

the three powders are similar, while the relative abundance of each functional group 

shows slight differences. Generally speaking, graphitic carbon in all aged anode 

powders decreases significantly, especially for powder A and powder B. The amount 

of carbon moieties at 285.2 ± 0.3  eV, corresponding to C-C at the edge of graphene 

sheets, C-H and C-N species, increases on the aged anodes from powder A and 

powder B, but decreases a little for the aged anode from powder C.  

The C 1s peaks at higher chemical shifts, corresponding to various C-O and C-N 

species, increases for all three powder samples, which points to the new C-N moieties 

formed during ageing. Combining this with the results of the binding energy of N1s at 

399.3 ± 0.3 eV and at 400.6±0.3 eV, one can assign these species to structures with - 

pyridine moieties (C=N-C), amines (C-NH2), polyacetonitrile (-C=N-), and amides 

(lactams). Moreover, this is also an evidence for the formation of C-O species such as 

carboxylic acid, phenol and esters (including lactones), formed during ageing. 
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Figure 8.4 XPS results from powder samples a. atomic concentration of elements on not aged and aged powders, b. atomic 
concentration of various carbon moieties found on not aged and aged powders, where I = 284.6 eV, II = 285.2 ± 0.3 eV, III = 
287 ± 0.3 eV, IV = 288.2 ± 0.3 eV, V = 290 ± 0.3 eV, VI = 291.5 ± 0.3 eV 

 

Table 8.4 Binding energies of carbon moieties and assignments 

 BE (eV) Assignment 

I 284.6 Graphitic C 

II 285.2 ± 0.3 C-C on the edge of graphene sheets, C-H, C-N  

III 287 ± 0.3 -C=O, quinone, ketone, C-OH, C-O-C, C=N-C 

IV 288.2 ± 0.3 -C=O in ketone, carboxylic acid and ester, amide; C=N-C bond, 

CHFCH2 

V 290 ± 0.3 O-& 2��LQ�FDUER[\OLF�DFLG�DQG�HVWHU��DPLGH��DQG� - �WUDQVLWLRQ 

VI 291.5 ± 0.3 Plasmon  

 

The peak at 291.5 ± 0.3 eV which is normally assigned to the plasmon excitation, 

disappears on the aged anodes. This observation is consistent with that from former 

researchers [Proctor82, Kozlowski84, Kozlowski85, Kozlowski87]: whenever there is 

any significant amount of surface functionality, this feature disappears.  
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Table 8.5 Variation in N 1s, O 1s and F 1s of powders 

 A B C 

 N 1s 

as-received -- -- -- -- - -- 

aged anode 399.4 400.8 399.5 400.6 399.3 400.6 

aged cathode 399 400.5 399.5 400.6 399.3 400.6 

 O 1s 

as-received 531.8 533.3 531.5 533.2 531.5 533.4 

aged anode 531.5 533 531.8 533.4 531.5 533.5 

aged cathode 531.5 533 531.8 533.1 531.5 533.5 

 F 1s 

as-received -- -- -- -- -- -- 

aged-node 686 688 686.3 688.6 686.3 688.3 

aged cathode 686 688 686.3 688.2 686 688.2 

 

N 1s signals can be deconvoluted into two peaks at 399.3 ± 0.3 eV and 400.6 ± 0.3 

eV, as mentioned above, and the assignments refer to those given for the C 1s peaks. 

Since no peak in the range of 401 – 402 eV is observed, which is normally assigned to 

quaternary nitrogen, the influence from (crystallized and unreacted) electrolyte can be 

excluded, thus the samples are proven to be washed completely.  

The O1s peaks from the aged anodes are quite similar, too. They do not shift much 

compared to the as-received samples. Combining this with the signals of C1s and 

N1s, the assignment for the peak at approximately 533.5 eV can be C-O-C (ethers), 

C-OH (phenol) and C-O single bonds in carboxylic acids or esters. The peak at 531.2 

eV is assigned to C=O in carboxylic acids, esters and amides.  

The F1s signal from powder samples is much weaker than that from electrodes, which 

is well understandable because no fluoropolymer binder is involved here. No boron 

signal is observed in XPS spectra, so the interference from electrolyte salts can be 

excluded. This peak gives a strong evidence of the fluorination of the activated carbon 

samples, as discussed in the mechanisms. The deconvoluted results show that the peak 

at about 686 eV occupies more content, which can be assigned to single F substituted 

carbon structures and the peak at higher binding energy 688 eV can be correlated to 

doubly or triply fluorinated C atoms. 
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Aged cathodes 

The chemical shifts of the C 1s signal from the aged cathodes show differences from 

those of aged anodes (see Fig. 8.4). The cathodes from the three powders are quite 

similar. In general, the content of graphitic carbon of all aged cathodes decreases but 

not so much as that of aged anodes. The content of the carbon moieties with the 

binding energy at 285.2 ± 0.3 eV, corresponding to C-H and C-C species on the edge 

of graphene sheets, increases considerably on aged cathodes, which gives a strong 

support for the mechanism C-1 in section 7.2.  

The C 1s peak at higher chemical shifts, corresponding to various C-O and C-N 

species increases as well, however the increase is much less than that observed on 

aged anodes, which is also consistent with the observation in electrodes. The peak at 

291.5±0.3 eV disappears as well, similar to the results for aged anodes, due to the 

increase of the functionality.  

The other peaks of N 1s, O 1s and F 1s from aged cathodes cannot be well 

distinguished from those from aged anodes. We consider this as an effect of mixing 

the samples from anodes and cathodes. The N 1s peak is deconvoluted into two peaks 

for anodes and – at much lower overall intensity also for cathodes, which proved this 

consideration. One should also keep in mind is that this might also influence the 

results of C 1s, which means the difference discussed above would be even larger.  

8.1.2.3 IR spectra of aged and not aged powders 

Similar to the work on electrodes, attenuated total reflection infrared (ATR-IR) has 

been applied for the characterization of powder samples. IR spectra from aged anodes 

and cathodes show differences from the as-received samples and again anodes show 

more and larger changes than cathodes (see Fig. 8.5). However, due to the problem of 

sample mixing, the real difference might be even larger, i.e., some peaks on aged 

cathode should be even weaker.  

As already discussed in Chapter 3 and Chapter 6, the sloping baseline of the spectra is 

characteristic of this method; the absorbance is higher at low wavenumbers than that 

at high wavenumbers. [Ohwaki95, Foster68, Borghesi90, Sellitti90] 

As the spectra presented before, the spectra shown here are also the “ original”  results 

without additional mathematic treatment such as baseline correction (refer to section 

3.2.2.2). Therefore it is possible to do semi-quantitative comparisons according to the 

relative intensity of each characteristic band.  
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Figure 8.5 IR spectra of as-received, aged anode and aged cathode powders 
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All spectra from as-received powders have only two bands observable, one at around 

1580 cm-1 and the other between 1300 and 900 cm-1. Compared to the spectra from 

ultracapacitor electrodes, the band in the region from 1300 to 900 cm-1 is very broad 

since influence from the binder does not exist here.  

The assignment for the band at 1580 cm-1 has been discussed in detailed in Chapter 6, 

and we intend to apply the interpretation of this band as the C=C stretching mode of 

polyaromatic systems conjugated with C=O stretching mode from quinoid functional 

groups [Biniak97, Figueiredo99]. The broad band between 1300 and 900 cm-1 can be 

assigned to C-O stretching mode from ether, ester, or phenol groups and C-H in-plane 

bending on aromatic rings. 

On the aged anodes, other than the bands observed in as-received powders, several 

other bands can be distinguished, i.e., a broad band between 3600 and 3000 cm-1, a 

broad band between 1750 and 1600 cm-1 of which the maximum is at around 1660 

cm-1, a strong band close to 1430 cm-1, a weak band at around 1350 cm-1, and a broad 

band between 1300 and 900 cm-1 with an observable increase of the relative intensity. 

All these can be considered to be consistent with the observation from the electrodes 

discussed in Chapter 6. We repeat the assignment here briefly: 

The broad band between 3600 and 3000 cm-1 can be assigned to O-H or N-H 

stretching modes: bands at higher wavenumbers from 3600 to 3350 cm-1 are from free 

O-H stretching mode in phenolic or carboxylic acid structure and/or from free N-H 

stretching mode in primary amide or amine groups; bands in lower range from 3400-

3200 cm-1 can be assigned to the overlap of the stretching vibration from associated 

O-H groups and associated N-H groups. At around 3100-3050 cm-1, the stretching 

vibration of aromatic hydrocarbons and/or the overtone from C-N-H stretch-bend 

vibration in secondary amides can be found, along with the C-H stretching mode 

[Socrate00, Lin-Vien91] 

The band between 1750 and 1600 cm-1 can be assigned to the overlap of the C=O 

stretching mode of carbonyl groups from carboxylic acids, esters (lactones),  ketones 

and quinoids and amides, together with C=N stretching mode.  

In the lower region, the band at about 1580 cm-1 discussed above is still observable 

but becomes weaker. Another discernable band at 1540 cm-1 can be correlated to the 

C-N-H stretch-bend mode in secondary amides. The band in the region of  1460 to 

1400 cm-1 is normally attributed to the overlap of C-OH in-plane bend from 
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carboxylic acid and phenol groups, C-N-H bending vibration in cis-amides, C-H 

deformation and possibly also aromatic C=C stretching mode.  

The bands at around 1370 cm-1 and 1340 cm-1 with weak intensity are considered to be 

from O-H deformation vibrations. C-N stretching mode in amides, and C-O stretching 

mode in lactone might also be found in this region. 

The broad band in the region from 1300 to 900 cm-1, is normally explained as C-O 

stretching mode from ether, ester, or phenol groups. The deformation of N-H as well 

C-H in-plane bending on aromatic rings can also be seen in this region.  

The spectra from aged cathode powders show a high similarity with those from not 

aged powders. Even though the mixing might affect the results, IR results show very 

good identification for aged anodes and cathodes, which gives a strong evidence for 

our presumption that the N on aged cathode powders is from the mixing, but not 

produced from other cathodic processes. The observed bands are basically consistent 

with what found on the aged ultracapacitor cathodes, like the broad band between 

3600 and 3000 cm-1, the band at about 1420 cm-1, as well the slightly increased band 

at lower wavenumbers from 1300 to 900 cm-1, which can be attributed to the new 

oxygen functional groups like carboxylic acid, phenol and esters (lactones) formed on 

aged cathode powders. 

The discussion above can be summarized as follows in Table 8.6.  

Table 8.6 IR bands (cm-1) obtained and related assignments 

not-aged 
powders 

aged anode 
powders 

aged cathode powders Assignment 

 3600 – 3000 (br.) 3600 – 3000 

 (br.) 

N-H, O-H str. 

 3100 – 2800 3100 – 2800 C-H str. C-N-H str. o.t., OH 
str. (ar.) 

 1750 – 1600 (br.)   C=O str. (ketone, ester and 
amides) , C=N str. 

1580 1580 1580 C=C str. conj. C=O str. 

 1540  C-N-H str.-bend  

 1436  1420 (w.) C-OH in-plane C-N-H bend, 
C-H def., C=C str.(ar.) 

 1350 (w.)  O-H def., C-N, C-O str. 

1300– 900  1300 – 900  (br.) 1300 – 900   C-O str.  

 
Symbols used 
w. weak      br.  broad 
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str.  stretching     def. deformation 
asym. asymmetric    sym. symmetric 
o.t. overtone    ar.  aromatic 

8.1.2.4 Summary 

From the above, following conclusions are obtained:   

x On as-received powders, only small amount of oxygen species exists and mainly in 

the form of quinoid, ketone and ether type. 

x Ageing anodically produces N containing species, including pyridine moieties (-

C=N-C-), amines (C-NH2), polyacetonitrile, amides, and indeed covalently linked to 

graphene sheets. 

x After ageing, more oxygen moieties are formed, such as phenol, carboxylic acid, 

esters (lactones), on both aged anode and cathode. 

x XPS results indicate that more C-C bonds at the edge of graphene sheets and C-H 

species are formed on aged cathode powders than on aged anode powders.   

8.2 Ageing effect on the conductive agents 

As introduced in Chapter 4, three conductive agents are chosen for this part of work: 

A-B (acetylene black), K-A and K-B (ketjen black). To make the description simple 

and clear, they are encoded as A-B, K-A and K-B respectively. As defined in Chapter 

8.1, the samples without any ageing treatment is called as-received samples, the 

samples collected from anodic and cathodic end are called aged anode samples and 

aged cathode samples, respectively. Electrochemical ageing was done by polarizing 

the samples at 3.0 V for a certain time period, details refers to chapter 4. Moreover, 

chemical ageing samples are called chem-aged sample. As decribed before, chemcal 

ageing is to heat the samples in acetonitrile and electrolyte for a time period, 

respectively. 

8.2.1 Microstructural changes 

Since conductive agents mainly contribute to improve the conductivity of the 

electrodes, the study of microstructural changes of these materials in the present work 

mainly focuses on their micorcrystallinity change. 

From the Raman spectra of chemically aged and electrochemically aged samples, no 

changes can be observed for K-A and K-B. And the Raman spectra and characteristic 

bands of these two materials are very similar to those of activated carbon powders. 
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While in the Raman spectrum of the as-received A-B, there is an obvious band at 

2660 cm-1 (see Fig. 8.6), which is the overtone of the D1 band at 1320 –1350 cm-1 as 

discussed before. This band can be observed in high ordered graphite crystal but is 

absent in disordered graphitic materials. According to the results from other work, 

when C+ ions are implanted in the high oriented pyrolytic graphite (HOPG) and the 

lattice structure is destroyed by sp3 bonding, this overtone will become broad and 

weak. [Tan01] So the intensity of this band can be taken as a parameter for the 

disorder degree of the materials.  
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Figure 8.6 Raman spectra of as-received and aged A-B 

A decrease of the band at 2660 cm-1 on aged anode and aged cathode is observed, as 

shown in Fig. 8.6, and this observation is also well reproducible for chem-aged-A-B.  

The attenuation of the overtone observed here can be explained as the increase of 

disorder in the structure through ageing. It might be due to the intercalation of small 

molecules or ions, thus result in the expansion of the lattice. However, current data 

are not enough to draw a conclusion for this. This process might also happen to 

activated carbons and other two carbon blacks. Nevertheless, the Raman spectra of 

activated carbons and other carbon blacks indicate they might have more disordered 

structure than A-B and the break of the order cannot be sensitively reflected.   
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8.2.2 Chemical composition changes  

Elemental analysis and IR are carried out to characterize the as-received and aged 

conductive agents.  

Elemental analysis results are given in the Table 8.7. If comparing these results with 

what we got from activated carbon powders, one can easily find the influence from 

ageing on the conductive agents is much less. However, only test verification is done 

here without reproduction, so it is possible to have errors in the results presented here. 

Among three samples, A-B has very high carbon content and almost no other 

elements, while K-A and K-B have less carbon and much more hydrogen and oxygen. 

The content of hydrogen in these two materials is even much higher than that found in 

activated carbons. After ageing, the chemical composition of A-B almost shows no 

difference and that of K-B has slight changes. However, the results of K-A indicate 

significant changes on aged anode: (1) Higher N content, although not so considerable 

as that observed on activated carbons;  (2) The increase of the content of “ others” , 

which is comparable to the observation from the activated carbon powders (but error 

possibly also influences).  

Table 8.7 Elemental analysis results of conductive agents 

Sample C H N Others 

as-received 99 - - 1 

aged anode 99.3 -  0.7 A-B 

aged cathode 99 - - 1 

as-received 93.5 0.8 0.2 4.5 

aged anode 75.5 1.5 2.3 20.7 K-A 

aged cathode 89.4 1.7 1.4 7.5 

as-received 93.5 0.7 0.3 4.5 

aged anode 93.5 0.9 0.9 4.7 K-B 

aged cathode 93.3 0.9 0.7 5.1 

 

IR spectra of three conductive agents are given in Fig. 8.7. As-received A-B shows 

almost no band, only one very weak and broad band between 1300 and 900 cm-1 can 

be discerned. The original chemical characteristics of K-A and K-B are similar, which 

shows a weak band at about 1580 cm-1 and a broad band between 1300 and 900 cm-1. 

The band positions are similar to what observed on activated carbons, while the 
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relative intensity of the bands is lower compared to that obtained from activated 

carbons, which means lower content of these functional groups.   

IR spectra from aged A-B and K-B indicate that no observable difference can be 

found from the as-received samples.  
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Figure 8.7 IR spectra of conductive agents 
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However, IR spectrum of aged anode K-A is much different from as-received K-A 

and aged cathode K-A. The spectra shows high similarity with the spectra from aged 

anode activated carbon powders: A band emerges in the region from around 1780 to 

1600 cm-1 obviously; a discernable band at around 1430 cm-1; the intensity of the 

broad band between 1300 and 900 cm-1 can be observed to increase as well two 

maxima at around 1210 cm-1 and 1030 cm-1 appear. In accordance with the discussion 

before, these bands point to the formation of carboxylic acids, phenol, 

esters(lactones), amides and  moieties with -C=N- stretching mode. And relative 

intensity of the band in aged cathode-K-A increases slightly and can be attributed to 

the formation of more oxygen functional groups.  

The results from elemental analysis and IR of the conductive agents again give an 

evidence for the assumption we made before: the oxygen functional groups in the 

carbonaceous materials can promote the ageing processes.  

8.2.3 Summary 

The ageing effects on conductive agents demonstrate that: 

x Acetylene black has lower oxygen content than Ketjen black. 

x Ageing obvious causes the microcrystallinity changes in acetylene black, while 

influences Kejen blacks minor. 

x Acetylene black has the best chemical stability for its high purity. 
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Chapter 9  

Conclusions and perspectives 
 
Ultracapacitors (UCs) with activated carbon electrodes currently have wide 

commercial applications, but further improvement can still be expected on the energy 

and power performance of the capacitors. Future progress calls for detailed 

information on ageing phenomena and mechanisms to figure out the essential 

strategies. The results from the present work can give some clues and suggestions.   

In general, ageing has much stronger influences on the anode (positive end) than on 

the cathode (negative end).  

Porosimetry results demonstrated a higher loss of the specific area and pore volume of 

aged anodes than aged cathodes. The relationship between the pore size distribution 

and the capacity loss of UCs suggests that the pores ranged from 1.26 nm to 3.2 nm in 

the anode are most important for the capacity of UCs, which is due to the fact that 

pores in this size range are essential for the mobility of ions and consequently govern 

the capacity of UCs. It is proposed that the ageing products on the anode will block 

this part of pores, thus resulting in the decrease of the capacity. Moreover, the 

increase of the D3 band at approximate 1500 cm-1 in the Raman spectrum from aged 

anodes affirms the enrichment of functional groups or organic impurities. The 

evidence from structural changes points to the production of new chemical moieties 

on aged anodes.  

The functionalization of carbon is further characterized and verified by XPS and IR. 

Phenol, carboxylic acid and esters (lactones) are found on both aged anodes and 

cathodes, while nitrogen from pyridine moieties (-C=N-C-), amines (C-NH2), 

polyacetonitrile and amides are only found on aged anodes. 

Ageing mechanisms are proposed based on above observations. Anodic 

polymerization of acetonitrile is a main source of relatively large molecules to block 

the micropores and small size mesopores. Anodic fluorination and acetamidation can 

happen with the existence of active species on the activated carbon surface, such as 

oxygen containing groups, hydrogens and radicals at the edge of graphene sheets. 

Compared to anodic processes, cathodic reactions are less diverse. However, gas 

evolution is an important side-effect of some cathodic processes, which would be 

stressed because it will cause the problem of internal pressure accumulation. On the 
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other hand, quinoid groups on the cathode can catch protons and slow down the 

ageing. Furthermore, non-electrochemical processes, such as Hoffman elimination 

and ester formation, also contribute to the ageing unavoidably.  

From the mechanisms suggested, the activity of the activated carbon should be 

essential for the ageing, which is mainly determined by the existence of oxygen-

containing functional groups. It was suggested that the high surface concentration of 

functional groups is not desirable because of their influence on the leakage current. 

[Kinoshita95] The results and mechanisms presented here demonstrate that they are 

harmful to the long term stability of UCs as well.  

The above presumption is further confirmed by the results of the ageing test on 

individual components of UC electrodes. Carbon black with little oxygen shows best 

stability in terms of chemical composition. The activated carbon from the synthetic 

resin precursor with lower oxygen content shows higher structural and chemical 

stability than the activated carbons from natural precursors with higher oxygen 

content.  

According to these findings, we propose some ways to improve the UC properties: 

x To tailor the pore size distribution of the electrodes to optimize the capacity.  

Pores in the size range from 1 to 3 nm would be preferable for the anode of UCs. This 

can be realized by using templates for production. However, the cost has to be taken 

into account. 

x To decrease the content of functional groups as much as possible. 

This can be done by heating the sample with the protection by inert gas. Another way 

is to choose purer carbon materials.  

x To design UCs asymmetrically.  

Anodes deteriorate faster with ageing than cathodes and they experience different 

ageing mechanisms. It should be feasible to use different activated carbons for the 

anode and cathode, or to use asymmetric recipes, e.g., to increase the quantity of the 

material on the anode, or to apply more stable materials only on the anode.  

x To dry materials thoroughly. 

Residual water is always dangerous for the non-aqueous electrochemical system. A 

thorough drying of the electrodes, electrolyte and other materials is important. 

Vacuum and heating are normally essential for the drying of electrodes, and one 
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should keep in mind to avoid destroying other materials in the electrodes like binders. 

Critical conditions of drying also mean a high cost. 

Furthermore, there are several open questions from the present study.  

The first one is, according to the observation and mechanism analyses in the present 

work, some ageing processes do not need high potential and high temperature 

simultaneously. The essential conditions for each reaction cannot be clarified and 

further work would be worthwhile. 

The second one is the influences of fluoropolymer binders. The mechanisms behind 

some phenomena are still under investigation or call for more fundamental research, 

for example, the abnormal high binding energies of C 1s and F 1s observed in XPS 

and their disappearance after ageing.  

The last question is based on the interesting observation from Ketjen blacks. They 

were proposed to be carbon blacks, however results from current work and the 

specifications offered by the suppliers showed that their properties are between those 

of activated carbons and carbon blacks. This kind of material can combine the 

advantages of high specific area of activated carbons and high conductivity of carbon 

blacks and thus has been proposed to be a capable candidate for the electrodes of 

UCs. [Takamura05] Further investigation and research on these materials may bring 

new findings to improve the properties of UCs.  
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Appendix  

  

I. Specifications of the argon flowbox 
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II. Measurement parameters for Infrared spectroscopy 
 
Optics 

Source Setting MIR Source (middle infrared) 

Beamsplitter KBr 

Optical filter setting Open 

Iris Aperture (micron) 7000 

Measurement channel Front 

Background measurement channel Front 

Scanner velocity 6; 10.0 kHz 

Acquisition 

Low pass filter 1, 16 kHz 

Acquisition mode Double sided, forward-backward 

Correlation Mode No 

FT  

Phase resolution 32 

Phase correction mode Power spectrum 

Apodizatin Function Blackman-Harris 3-Team 

Zerofilling factor 2 

Interferogram size 4740 points 
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III. Converging of the XPS results with sputtering 

After first sputtering with the depth of approximate 10 nm, the spectra show obvious 

changes especially for the content of elements. The converging is observed when the 

sputtering depth reaches appr. 20 nm.  
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