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ABSTRACT 

 This work focused on the study of self-discharge mechanisms of carbon 

electrochemical capacitor electrodes in 1.0 M H2SO4 electrolyte.  Electrochemical 

capacitors have an increasingly important role in the future of energy storage for specific 

applications due to their high cycle lives, high power capabilities and the ability to use 

environmentally friendly materials.  Remediation of the occurrence of self-discharge – 

the loss of charge over time when left in open-circuit configuration – must take place 

before electrochemical capacitors can be used more widely as this diminished potential 

results in a reduction of stored energy.  By examining the now poorly understood causes 

and mechanisms of self-discharge, beneficial modifications to the electrochemical 

capacitors systems can be made, improving device performance.  

Three-electrode electrochemical set-ups were used to separate self-discharge 

mechanisms on the negative and positive electrodes.  Various electrode and electrolyte 

reactions were investigated in relation to self-discharge, including Fe-contamination 

reaction, electrolyte decomposition, oxygen-reduction, carbon oxidation, and carbon 

surface group development.  All experiments were conducted on porous carbon 

electrodes.  It was determined that Fe-contamination increased self-discharge on both 

carbon electrodes at concentrations >10
-3

 M, and that previously developed planar kinetic 

models applied to these porous systems.  Electrolyte decomposition did not result in 

increased self-discharge on either electrode.  Electrolyte oxygen content must be 

minimized as oxygen is believed to undergo reduction to hydrogen peroxide on the 

negative-electrode, resulting in an increase in self-discharge.  The carbon electrodes used 

in this work must be cycled prior to energy storage as the capacitance varies greatly with 

continued cycling, and the lack of cycling results in increased self-discharge.  

Additionally, interest in the carbon electrode’s surface functionalities resulted in the 

standardization of the Boehm titration. 
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Chapter 1     INTRODUCTION 

Electrochemical capacitors, originally patented in the 1950’s by Becker,
1
 are 

energy storage devices which have experienced an increase in research interest over the 

last twenty years.
2, 3

  Also known as supercapacitors, ultracapacitors and in certain 

situations double-layer capacitors, electrochemical capacitors are high power devices 

with uses in applications such as regenerative braking in hybrid vehicles,
4-6

 energy 

storage from alternative energy sources,
6-8

 and uninterruptible power systems for 

electronics.
9
  Compared to other electrochemical energy storage devices,

10
 

electrochemical capacitors have high power and high cycle lives (> 10
6
 cycles) but also 

lower energy values than fuel cells and batteries.
10

  The main difference between these 

energy storage devices is due to the charge storage method.  

Charge can be stored in two ways in electrochemical capacitors: through the 

formation of an electrochemical double-layer, and through fast reversible redox 

(Faradaic) reactions called pseudocapacitance.
2, 11

  The electrochemical double-layer 

stores charge through electrostatics at the electrode/electrolyte interface which results in 

high power due to the fast formation and rearrangement of the double-layer charge (on 

the order on nanoseconds).
10

  Pseudocapacitive reactions are electron transfer reactions 

which mimic capacitive behavior and result in higher capacitance values than pure 

double-layer capacitance.
2, 10, 11

 

Although electrochemical capacitors have many beneficial characteristics, 

mentioned above, like all electrochemical energy storage devices, they suffer from a 

phenomenon called self-discharge – the spontaneous loss of charge at open-circuit 

configuration.
11

  The magnitude of self-discharge is larger for electrochemical capacitors 
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than for other energy storage devices,
2, 11

 and must be investigated to reduce the charge 

loss.  The goal of this research was to undertake a systematic study of the self-discharge 

mechanisms in carbon-based, aqueous electrolyte systems. 

Many materials are examined as electrochemical capacitor electrode materials 

including carbon, some metal oxides and conductive polymers.
2, 11

  Carbon will be 

described as this was the electrode material used in this work.  Carbon is an abundant, 

versatile element, and is relatively inexpensive compared to other electrode materials.
5, 11

  

Its low weight and possible high porosity, which can be tailored to the application, are 

other benefits of carbon electrode materials.
5, 11

  The systems studied in this research 

were carbon electrodes (as both the positive and negative electrode) for use in 

electrochemical capacitors with acidic aqueous electrolyte.  Although carbon electrodes 

in aqueous electrolyte must be used in a smaller potential window than carbon in organic 

electrolyte (thereby limiting the energy and power), aqueous electrolyte is advantageous 

due to its high conductivity and the possible pseudocapacitive reactions with protons.
12

  

Five self-discharge mechanisms were proposed and investigated: electrolyte 

contaminants in the form of Fe (discussed in Chapter 4);
13, 14

 the decomposition of the 

aqueous electrolyte within the potential window resulting in H2 and/or O2 evolution (see 

Chapter 5);
15, 16

 O2 reduction to H2O2 or H2O on the negative electrode (Chapter 5);
15, 16

 

carbon oxidation to CO or CO2 (Chapter 7);
17

 and heteroatom-containing groups on the 

carbon surface (so called “carbon surface functionalities”) removing charge from the 

electrodes surface (Chapter 8).  By individually validating or disproving the 

abovementioned self-discharge mechanisms, a better understanding of self-discharge in 

aqueous electrolyte (primarily H2SO4) carbon electrode electrochemical capacitors was 
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realized.  The data shown in Chapter 8 focuses on the effect of carbon surface 

functionality changes through continued potential cycling on self-discharge; therefore a 

method to identify these carbon surface groups was needed.    

A commonly used chemical method to determine O-containing acidic surface 

functionalities on carbon samples is the “Boehm titration”.
18, 19

  Although the Boehm 

titration procedure is widely used,
20-22

 it varies between research groups,  making 

comparison of results between the groups difficult.  As a result, the standardization of the 

Boehm titration was partially undertaken herein (Chapter 6) with a particular focus on the 

effect of filtering the carbon sample from the reaction base, the optimal agitation method, 

and the use of dilute titrant (earlier work done by Sarah Goertzen et. al related to the 

optimal method of CO2 removal and endpoint determination).
23, 24

         

Another aspect of this research was the development of an electrochemical 

identification method for carbon surface functionalities to replace ex situ chemical 

methods such as the Boehm titration.  Comparison of Boehm titration results along with 

cyclic voltammograms and open-circuit measurements were tested on carbon electrodes 

to attempt to identify a “signature” in open-circuit profiles based on surface 

functionalities and the oxidation of the carbon surface (Chapter 7).       

Background information on the topics and techniques used in this thesis are 

presented in Chapter 2.  Experimental methods are reported in Chapter 3.  Chapters 4, 5 

and 8 discuss identification of self-discharge mechanisms.  Chapter 6 discusses the 

standardization of the Boehm titration.  Chapter 7 examines the effect of continued 

cycling on the carbon electrodes with regard to redox peak development, and the open-

circuit potential data.  All conclusions and future work are in Chapter 9.    
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Chapter 2   BACKGROUND 

2.1  Energy Storage Devices 

With the recent move towards green-energy technologies,
10, 25, 26, 26-28

 such as 

wind, solar and tidal energy, and the movement away from energy generated from the 

combustion of fossil fuels, energy storage devices have become of significant interest.
3, 10, 

26-30
  Since alternative energy sources based on nature cannot be controlled to align with 

peak usage, the energy must be stored until it is needed.  Electrochemical energy storage 

devices, such as batteries and electrochemical capacitors, are capable of storing the 

generated energy.  Batteries and electrochemical capacitors are similar in many ways: 

both contain two electrodes, separated by a membrane, in contact with an electrolyte 

solution.
3, 10, 26

  The significant difference between electrochemical capacitors and 

batteries is in the way each stores charge, however only charge storage in electrochemical 

capacitors will be discussed as it pertains to the research presented.  

 

 

2.2  Charge Storage Mechanisms 

Charge storage in electrochemical capacitors occurs through two processes: 

double-layer charging and pseudocapacitance.  The mechanisms of these charge storage 

processes are described in detail below.  Generally charge storage is discussed as 

occurring by either double-layer charging or pseudocapacitance, when in reality, both 

occur to varying degrees.
11, 31

  The magnitude of charge stored per surface atom is five to 

ten times smaller with double-layer formation than that of a one or two electron 

pseudocapacitive process,
11

 and therefore it is important to understand the charge storage 
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for both processes.  Here, both double-layer charging and pseudocapacitive charging will 

be discussed separately.      

 

2.2.1 Double-layer Charging 

When a material is placed in solution, an inherent surface charge, either positive 

or negative, develops.  Solution ions, of the opposite charge, align at the surface to 

balance the charge resulting in an electrochemical double-layer.
11, 31

  By applying a 

potential to the material, in this case an electrode, the charge increases resulting in more 

energy being stored.  Representations of a double-layer formed on both a positive and 

negative electrode can be seen in Figure 2.1.  It is important to note that the schematic 

shown in Figure 2.1 is a very simplified representation of the complex double-layer 

region.  Although there is an excess of one ion at the electrode’s surface (anions for the 

positive electrode, and cations for the negative electrode) there are still oppositely-

charged ions near the surface, and the overall solution remains electroneutral.
31

  

 

 

Figure 2.1: Simple schematic of an electrochemical double-layer formed on a planar 

electrode. Both a positive electrode (left), and negative electrode (right) are shown. 
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The formation and relaxation of the electrochemical double-layer results in high power 

values, ca. 100 W kg
-1

.
32

  The high power of electrochemical capacitors is due to the 

double-layer formation/relaxation being a fast process, on the order of nanoseconds.
10

  

Although double-layer formation is a fast process, it does not store as much charge per 

surface atom as redox processes, and therefore results in lower energy (1 – 10 Wh kg
-1

)
32

 

compared to devices based on redox reactions.  Since the double-layer electrochemical 

capacitors do not rely on chemical reaction, they have a long cycle-life (>100 000) before 

failure.
11, 32

 

 The cyclic voltammogram of a double-layer electrochemical capacitor is similar 

to the cyclic voltammogram of a conventional capacitor.
11, 31

  In a conventional capacitor, 

when the applied voltage (or potential) switches direction, the current changes in sign but 

not magnitude, resulting in a rectangle centered about the zero-current axis.
11

  With an 

electrochemical capacitor based on a high-surface-area electrode there is often a 

dependence of current on the applied potential, resulting in a cyclic voltammogram that is 

a mirror-image about the zero-current axis but not ideally rectangular.   

 

2.2.2 Pseudocapacitance 

The term “pseudocapacitance” refers to charge passed across the double-layer 

through highly reversible Faradaic (redox) reactions, electrosorption, or intercalation 

processes.
11, 31, 33

  Although electron transfer reactions occur, the equilibrium established 

by the fast reversible reactions allows the system to be treated electrochemically like a 

capacitor; at each potential there is a characteristic ratio of concentrations that satisfies 

the Nernst equation.
11, 33

  The cyclic voltammogram of a pseudocapacitive material is 
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similar to that of a double-layer material where the current does not vary significantly 

with voltage (or potential) and is a mirror image about the zero-current axis.   

 Electrochemical capacitors based on pseudocapacitive materials include transition 

metal oxides
33-36

 and conductive polymers.
28, 37

  Transition metal oxide electrochemical 

capacitors have higher energy values than electrochemical double-layer capacitors, 

however the energy is still less than most battery technology.
10, 11

  Like double-layer 

capacitors the devices based on pseudocapacitive materials are still higher power than 

other electrochemical energy storage devices.
10, 11

 

   

2.3 Capacitance, Energy, and Power of Electrochemical Capacitors  

When discussing electrochemical capacitors, and energy storage devices in 

general, there are certain parameters which are important in assessing the devices.  

Simply put, capacitance     is the ability to store charge     at a given potential     and 

can be represented by equation 1
11, 31

   

        
 

 
.      (1) 

Capacitance can also be calculated from the following equation: 

       
    

 
,     (2) 

where εo is the permittivity of a vacuum, ε is the dielectric constant of the solvent in the 

double-layer, A is the electrode area and d is the distance between the electrode and the 

ions in the double-layer.
31

  It can be seen that either increasing the area of the electrode, 

or decreasing the distance between the electrode and the electrolyte ion in the double-

layer will result in an increase in capacitance.  To increase capacitance, generally high-

surface-area electrode materials are used.  
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 It is difficult to accurately measure the surface area of a porous electrode material 

that is used in charge storage, as well as to accurately determine the distance between the 

ions of the double-layer from the electrode.  Therefore, it is necessary to calculate 

capacitance in ways that do not rely on these aforementioned values.  Capacitance and 

differential capacitance (capacitance values at each potential) can be calculated from 

various electrochemical techniques such as constant current charge/discharge, however 

since cyclic voltammetry is used extensively in this thesis, it is the focus of capacitance 

calculations.  A practical method for calculating the differential capacitance         is to 

divide the response current     of a cyclic voltammogram by the sweep rate    ,  

           
 

 
.     (3)  

 The capacitance value of an electrochemical capacitor is very important since 

energy     is directly related to both capacitance and voltage
5, 11

  

        
 

 
   .     (4) 

 From equation 4 it can be seen that an improvement in either the capacitance or 

voltage window results in an improvement in the energy value.  Increasing the voltage 

also effects the maximum power        of an electrochemical capacitor,
5, 11

 

            
  

   
     (5) 

where    is the solution resistance.  All the factors mentioned above, such as area, 

dielectrics of solution, voltage window and solution resistance are dependent on the 

choices of electrode materials and electrolyte.  The work presented later in this thesis 

focuses on a high-surface-area carbon electrode to increase the capacitance, in aqueous 

electrolyte which has a high dielectric constant and low solution resistance.   
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2.4 Electrode Materials 

Electrochemical capacitors have been developed using many electrode materials, 

from multiple forms of carbon, to transition metal oxides, and conductive polymers.  

Carbon is widely used for a number of reasons including its high conductivity, relatively 

inexpensive cost, many possible forms and surface areas, and high  

abundance.
2, 5, 28

  Additionally, carbon is air stable and able to be used in a wide variety 

of electrolytes, including acidic and basic aqueous electrolyte, organic electrolyte and 

ionic liquids.
38

  Before discussing carbon, transition metal oxides and conductive 

polymers will be briefly discussed.  

 

2.4.1 Transition Metal Oxides 

Transition metal oxides electrodes are based on pseudocapacitive reactions (see 

section 2.2.2), that occur on electrode materials such as ruthenium oxide (RuO2),
33, 36, 39-42

 

manganese oxide (MnO2)
43-46

 and iridium oxide (IrO2).
11, 47-49

  These pseudocapacitive 

materials have been studied since the late 1970’s due to their high capacitance  

(ca. 770 F g
-1

 for RuO2)
50

 and highly reversible Faradaic reactions.
4, 11, 28

  In the typical 

aqueous electrolyte window (0 – 1.2 V), RuO2•xH2O has three oxidation states and 

therefore passes multiple electrons per surface atom, resulting in more charge stored than 

double-layer charge storage.  Although these pseudocapacitive electrochemical capacitors 

have higher capacitance values than double-layer electrochemical capacitors, the cost of 

many of the transition metals limits the application, and those with lower costs generally 

have other issues limiting application, such as poorer reversibility and smaller potential 

windows.  Therefore work has focused on both making composite electrodes where metal 
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oxides are deposited onto other, less expensive materials such as carbon,
28, 34

 and also the 

use of other pseudocapacitive electrode materials such as conducting polymers.
37

  

 

2.4.2 Electronically Conducting Polymers 

Polymers can also be used as electrode materials for electrochemical capacitors. 

Conductive polymers such as polyanaline (PANI), and polypyrrole (PPy) are commonly 

studied for use as electrodes in electrochemical capacitors.
37, 51

  Electronically conducting 

polymers are capable of higher capacitance values (ca. 150 F g
-1

 for PANI)
52

 than purely 

double-layer electrochemical capacitors due to the diffusion of ions within the polymer 

allowing the entire polymer to be used for charge storage, unlike activated carbons.  

Unfortunately, conductive polymers do not have the stability when compared to other 

electrode materials over long-term cycling.
32, 37, 53

  The instability is partly due to volume 

changes with charging that results in a decrease in capacitance over time, and eventual 

mechanical failure.
32, 37, 53

  Research is also being done on making conductive polymer 

composites with carbons (similar to composites seen in metal oxide literature) to increase 

the capacitance values, as well as alleviate the instability due to swelling.
37, 53-56

  

 

2.4.3 Carbon 

An ideal material for use in energy storage, carbon can be used as negative 

electrodes in Li-ion batteries,
57

 and in fuel cells as catalyst supports,
58

 as well as for 

electrodes in electrochemical capacitors.
5
  Pure carbon stores charge through double-

layer charging only.
11

  The activation process of carbons increases the surface-area to 

increase double-layer charge storage and, sometimes, to create surface groups.
59
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Activated carbons are generally high-surface-area (can be up to 2500 m
2
 g

-1
), and 

high-porosity materials produced via either thermal activation, or chemical activation of a 

raw material.
59

  The raw material varies widely and can be from any carbonaceous 

material, including, but not limited to, rice hull,
21, 60, 61

 coconut shells,
62, 62-64

, olive 

stones,
65-67

 bagasse,
61, 68, 69

 petroleum pitch
70

 and black ash.
59

  In addition to a variety of 

precursor materials, the form of the activated carbon product can vary widely from 

powder to fibres, fibres woven into cloth, and felts.
71

  The various carbon precursors 

result in activated carbons of different porosities, surface areas and heteroatom content. 

Physical (thermal) activation is a treatment where a charred material is heated to 

high temperatures ca. 700 - 1100 °C and then exposed to an oxidizing gas such as 

oxygen, carbon dioxide or steam.
38, 59, 71-74

  Physical activation is considered a two-step 

process where the precursor material is first heated to high temperatures to remove 

oxygen or hydrogen content, and then treated with the oxidizing gas.
75

  Surface oxides 

can then be formed by exposure to air at temperatures ca. 400 °C.
59

  By varying the 

temperature, the oxidizing agent and the length of exposure to these various conditions, 

the porosity of the carbon can be modified.
5
  During the gasification process pores 

develop, increasing the surface area.
5, 71

        

Chemical activation is considered a one-step activating process where a carbon 

precursor is exposed to a chemical agent such as strong base (KOH, NaOH),
60, 76

 strong 

acid (H3PO4, HNO3)
77-80

 or oxidizing agents (e.g. H2O2)
78, 81, 82

  Since a chemical reagent 

is used, lower temperatures can be used in comparison to thermal activation, resulting in 

more controlled pore development.
59, 83

  Depending on the activation reagents, the surface 

areas, porosity and thereby the capacitance values, vary significantly.
69, 80

 



- 12 - 

 

Although high-surface-area carbon materials can be made from both activation 

methods, not all surface area is useable for charge storage.
5, 84

  It might be expected that 

capacitance would increase with increasing surface area, however this trend is not 

directly seen in the literature, meaning there is likely parts of the electrode not accessed 

by the electrolyte.
5, 84, 85

  Pores adapted to the electrolyte ion size are considered the best 

for charge storage since ultramicropores (< 0.7 nm)
5, 85

 may not be accessible to 

electrolyte ions and therefore, double-layer charging cannot occur on a portion of the 

electrode.  Another important consideration that may affect the charge stored is surface 

groups on the carbon surface that may be capable of Faradaic reactions.     

 

2.4.3.1 Oxygen-containing Carbon Surface Functionalities 

Carbon materials may contain heteroatoms, in the form of oxygen,
86-92

  

nitrogen,
22, 93, 94

 sulphur,
19, 95

 and phosphorus
21, 80, 96

 incorporated into the carbon 

materials along the edge of the graphene sheet.  The most common surface groups, also 

called carbon surface functionalities, are surface oxides in the forms of ethers, phenols, 

lactones and lactols, carboxylic acids and anhydrides, as well as quinones, pyrones, 

esters, and ketones.
97, 98

  Examples of possible oxygen-containing carbon surface 

functionalities can be seen in Figure 2.2.  Carbon surface functionalities can add to the 

overall capacitance through pseudocapacitance via highly reversible redox reactions.  

Quinones are the most well-known surface group to add pseudocapacitance to carbon 

electrodes.
89-91

 



- 13 - 

 

 
Figure 2.2: Possible oxygen-containing functional groups on the edge of carbon 

materials. Modelled after references 19 and 98. 

 

Through identification of carbon surface functionalities their role in both 

pseudocapacitance and self-discharge (described below) can be examined.  It is thought 

that by identifying redox active surface functionalities on the electrode material may 

increase the overall capacitance through highly reversible Faradaic reactions.  However, 

only electroactive surface groups within the experimental potential window will add to 

the increase in capacitance through pseudocapacitance.  These Faradaic reactions, such as 

quinones,
89-91

 are able to pass electrons (as seen in R1) resulting in increased charge 

storage compared to double-layer charging.  By increasing the electroactive carbon 

surface functionalities content, more charge can be stored on the carbons surface.  It is 

possible that carbon surface functionalities may also remove charge from the electrode’s 
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surface through Faradaic reactions causing self-discharge (described in section 2.6).
99-101

  

It has yet to be determined whether surface groups are beneficial to aqueous 

electrochemical capacitors through an increase in charge storage, or detrimental to 

electrochemical capacitors by increasing the self-discharge of carbon electrodes.  

 

 

(R1). 

 

 

2.4.3.2 Boehm Titration 

A commonly used method to identify acidic oxygen-containing carbon surface 

functionalities is the so-called “Boehm titration”.
86, 92, 102

  The Boehm titration works by 

placing carbon samples in bases of increasing basicities.  Sodium bicarbonate (NaHCO3), 

the weakest reaction base, neutralizes carboxylic groups, while sodium carbonate 

(Na2CO3) neutralizes both carboxylic groups and lactonic groups, and sodium hydroxide 

(NaOH) neutralizes carboxylic, lactonic and phenolic groups.  The population of each 

group of carbon surface functionalities is found by difference between the number of 

carbon surface functionalities determined by each reaction base.
102

 

 While the Boehm titration is a widely used technique and the 1966 Boehm paper 

is typically referenced, most research groups do not state their methodology for carrying 

out the Boehm titration in detail.
66, 79, 96, 103-106

  As such, the results obtained from 

different research groups cannot be compared accurately.  The Boehm titration will be 

partly standardized in this thesis.    
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2.5 Electrolyte 

Another important component of electrochemical capacitors is the choice of 

electrolyte: aqueous, organic or ionic liquids.
5
  When selecting an electrolyte there are 

multiple criteria that must be met and there is generally a trade-off in one category for 

another.  Parameters of interest include conductivity,
7, 11, 38

 viscosity,
107-109

 matching the 

electrolyte ion size to the electrode’s pore size of the electrode material,
85, 110, 111

 and the 

electrolyte decomposition potentials which determines, in conjunction with the electrode 

material, the potential window.
28, 38, 108

    

The high conductivity and low viscosity of acidic aqueous electrolytes make them 

attractive, although the potential limits are lower (1.23 V)
112

 compared to other 

electrolytes.
5
  Aqueous electrolytes have lower potential windows due to water 

decomposition at potentials above 1.23 V vs. SHE to oxygen,
112

  and below 0.0 V vs. 

SHE, to hydrogen.
112

  The use of an acidic aqueous electrolyte is desirable as the 

quinone/hydroquinone redox couple (see reaction 1 in section 2.4.3.1), that may be 

present on some carbons used as electrodes, is dependent on protons and can add a 

significant amount of charge storage to carbon electrodes in acidic aqueous electrolytes.  

With the same carbon electrode material and only changing the acidic aqueous electrolyte 

to basic aqueous electrolyte results in a change of specific capacitance values from 250 F 

g
-1

 to 150 F g
-1

, due largely in part to the proton-based quinone/hydroquinone redox 

reaction.
84, 93, 113

  Examples of common aqueous electrolytes are H2SO4 and KOH.  

Organic electrolytes are generally the electrolyte of choice for commercially 

available carbon-based electrochemical capacitors (i.e. Maxwell Technologies and Cap-

XX), in part due to larger voltage windows (ca. 2.5 V).
71, 100

  The increase in voltage 
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directly increases the energy of the system as seen in equation 4, making a larger voltage 

advantageous.  However, the use of an organic electrolyte rather than an aqueous 

electrolyte results in a smaller dielectric constant,
112, 114

 which from equation 2, results in 

a smaller capacitance.  Organic electrolytes are also generally more resistive than 

aqueous electrolytes
93, 114

 resulting in a lower power compared to aqueous systems due to 

the inverse relationship as seen in equation 5.  Since trace amounts of water can 

significantly decrease the voltage window and thereby the energy, organic electrolytes 

must be highly pure which increases the cost.  Commonly used organic electrolytes are 

combinations of tetraalkylammonium cations, such as tetramethylammonium (Me4N
+
), 

and tetraethylammonium (Et4N
+
), with tetrafluoroborate (BF4

-
), or hexafluorophospate 

(PF6
-
) anions dissolved in acetonitrile or propylene carbonate.

114
 

Another class of electrolytes examined for use in electrochemical capacitors are 

ionic liquids.  Ionic liquids are salts composed of a bulky organic cation and a counter 

anion that are thermally stable as liquids at, or close to, room temperature.
108, 115

  Ionic 

liquids are of interest due to an additional increase in the voltage window, up to 5.0 –  

6.0 V for commercially available salts and examples in the literature.
108, 115, 116

  Although 

a larger voltage window is advantageous to increase the energy, ionic liquids are 

extremely viscous and have a much lower dielectric constant than other electrolytes.  

Examples of ionic liquids used as electrolytes in electrochemical capacitors are alkyl-

substituted imidazolium, pyridinium or tetraalkylammonium cations with halogenated 

aluminate, or cuprate anions, or bis(trifluoromethanesulfonimide) ([N(CF3SO2)2]
-
) 

anions.
117

  To increase the conductivity, and therefore reduce the viscosity, organic 

solvents like acetonitrile or carbonates are generally added.
108, 115, 117
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2.6 Self-discharge 

When an electrochemical capacitor is charged and left in open-circuit 

configuration there is a thermodynamic “driving force” to lose charge over time since the 

Gibbs’ energy, is higher in the charged state compared to the Gibbs’ energy in the 

discharged state.
11

  The difference in Gibbs’ energy results in a loss of voltage (and 

therefore loss of energy) over time, which is called self-discharge.
11

  Ideally, when the 

electrode is charged to a final potential it would stay constant, and then remain at that 

potential over time.  However, what is actually seen is a potential decay over time, as 

illustrated in Figure 2.3. 

 

Figure 2.3: Schematic of self-discharge (loss of potential) from both a positive (―) and 

(―) negative electrode. Ideal potential over time behaviour is represented by (– –). 

 

An electrochemical capacitor in open-circuit configuration does not have an 

external circuit through which current can flow.  As a result, the potential loss must be 

due to a species or reaction within the electrochemical capacitor.  Faradaic reactions 

causing self-discharge can therefore result from dissolved impurities in the electrolyte, 

the electrolyte decomposing, or the electrode material itself undergoing Faradaic 

reaction(s).  These Faradaic reactions determine the “shelf-life” of an electrochemical 

capacitor through the voltage (and therefore energy) available over prolonged time; 
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Faradaic reactions also therefore limit the performance of an electrochemical capacitor.
11

  

A positively-charged electrode in H2SO4 electrolyte would form a double-layer with the 

HSO4
-
 ions adsorbed to the electrode.  If there is a redox-active species in the electrolyte 

and the positive electrode’s potential is above the equilibrium potential, then the redox 

species (M
2+

) would oxidize at the electrode’s surface, thereby donating an electron to the 

electrode’s surface, decreasing the charge and releasing a HSO4
-
 into solution.  A 

generalized form of a carbon electrode in sulphuric acid with a redox reaction 

discharging the electrode is shown in R2. Note n is large (ca. 10
19

 electrons calculated 

from 0.18 e
-
 per atom,

11
 an atom density of 10

15
 atoms cm

-2
,
11

 and a surface area of an 

electrode ca. 2.5 x 10
5
 cm

2
).  

          
              

       
    

                
                      

       
            

   (R2) 

Conversely, a negatively-charged electrode in H2SO4 electrolyte would form a double-

layer with the H
+
 ions adsorbed to the electrode’s surface.  If a redox species is present in 

the electrolyte and the negative electrode’s potential is below the equilibrium potential of 

the redox species, then the oxidized species (M
3+

) would reduce at the electrode’s 

surface, shown in R3.  The reduction reaction would remove an electron from the 

electrode’s surface, again decreasing the charge and releasing a proton into solution.   

          
          

       
             

                  
       

        
  (R3) 

 Self-discharge is one of the major limiting factors impeding the further 

applications of electrochemical capacitors.  By determining the mechanisms of self-

discharge, modifications can be made to the devices to increase the performance and 

make electrochemical capacitors a more viable electrochemical storage device option.  
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2.6.1 Conway’s Kinetic Models of Self-discharge 

 Since Faradaic processes are the cause of self-discharge, and these Faradaic 

species are not present in purely double-layer electrochemical capacitors, self-discharge 

should theoretically not occur.  Due to the chemistry of the electrochemical system, such 

as impurities from electrode material provenance, Faradaic reactions can occur and this 

results in a decrease in voltage.
11

  Conway et al. developed three kinetic models to 

determine the mechanism of self-discharge;
118, 119

 note that these equations were derived 

for a planar electrode surface.  The work presented later is on highly porous electrode 

surfaces, and so it might be expected that these models would not hold for porous 

systems: however, these equations are still used to determine the method of self-

discharge in the following chapters, but caution is used in the analysis based on these 

models.  The three diagnostic kinetic cases are shown below. 

I. Self-discharge caused by an activation-controlled Faradaic reaction where 

the electron transfer is the rate-determining step. For example, high 

concentrations of impurities such as Fe
2+

/Fe
3+

 undergoing 

oxidation/reduction, reactions for the decomposition of electrolyte, or the 

redox reaction of a carbon surface group all would be expected to result in 

a linear voltage     versus log t: 

          
   

  
   

     

   
        (6) 

where    is the voltage at a specific time    ,    is the initial voltage,   is 

the universal gas constant,   is Faraday’s constant,    is the exchange 

current density,   is a symmetry factor,   is temperature,   is capacitance 

and   is the integration constant.
118, 119
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II. Self-discharge caused by a diffusion-controlled Faradaic reaction where 

the electron transfer is fast and the movement of the species to the 

electrode is the rate-determining step.  Low concentrations of redox 

species such as Fe
2+

/Fe
3+,

 or dissolved O2 are examples of diffusion-

controlled self-discharge.  Self-discharge plots would be linear when 

plotting voltage versus t
½

:  

          
          

 
     (7) 

where   is the charge of the ion,   is the electrode area,   is the diffusion 

coefficient, and    is the initial concentration.  

III. Self-discharge arising from an “ohmic leakage”, or short-circuit leakage 

from one electrode to another would give a linear plot with      versus t:  

              
 

  
    (8) 

where R is the ohmic load resistance.
118, 119

 

Of the three diagnostic cases derived by Conway et al.,
118, 119

 only I and II are possible in 

the laboratory conditions used for the work in this thesis.  Since three-compartment cells 

(individual compartments for the reference electrode, counter electrode and working 

electrode) do not allow contact between the electrodes to create a short-circuit, 

mechanism III cannot occur.  The prevention of mechanism III is an engineering issue 

rather than a chemical one and therefore, mechanism III will not be used in subsequent 

data analysis. 
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2.6.2  Charge Redistribution 

When a porous electrode is charged the potential at the electrode’s external 

surface (the pore mouth) responds more quickly than the potential at the pore base deeper 

within the electrode material.
120-122

  As the cell is switched to open-circuit configuration, 

there is a distribution of potentials along the electrode’s surface down the pores.  The 

electrode’s potential gradient must equalize through the movement of charge along the 

pore’s surface until the surface charge is equal at all positions (see Figure 2.4).  As a 

result of this potential equalization, the charge at the pore mouth moves deeper into the 

electrode material.  Since the potential is measured at the external electrode surface (the 

pore mouth), this also results as a loss of potential on switching to open-circuit 

configuration.  This phenomenon is called charge redistribution.        

 
Figure 2.4: Schematic of the charge placed on a pore during charging (left) and charge 

movement (arrow) on open-circuit as charge equilibrates (right).  

 

It has previously been determined that charge redistribution in porous systems 

results in a profile similar to the activation-control Conway mechanism (a linear plot of 

potential versus log time, after an initial plateau).
118, 123

  This means that when data are 

analyzed, and found to be linear versus log time it could be either an activation-controlled 

self-discharge mechanism (mechanism I) or charge redistribution.
123

   

Charge redistribution results in an apparent loss of potential, although it is truly a 
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rearrangement of charge throughout the electrode.  In porous systems it is difficult to 

separate the amount of charge loss due to charge redistribution from that lost from a 

Faradaic self-discharge reaction.  Charge redistribution can be minimized by a potential 

holding step to ensure a smaller potential loss when switching to open-circuit 

configuration.  A balance must be found when studying the self-discharge processes of a 

porous system, because any redox species causing self-discharge processes may also be 

depleted during the charge redistribution minimization step (i.e. a potential hold step). 

 

2.6.3 Self-discharge Measurements 

Significant research from many research groups has been undertaken on carbon 

electrochemical capacitors in regards to increasing capacitance,
73, 93, 124-131

 energy,
111, 132-

135
 and power values.

4, 50, 135-137
  However, research to specifically understand the causes 

of potential loss are much less common in the literature.
13, 118, 119, 138-144

    

The research presented in this thesis focused on a systematic approach to 

determining causes of self-discharge.  This approach involved predicting the possible 

outcomes if a given mechanism was causing self-discharge and then determining if the 

experimental data matched the predicted effect.  In the proposed self-discharge reactions 

(see Reactions 2 and 3), there is an uptake/release of ions along with the transfer of 

electrons.  In an electrochemical capacitor (or two-electrode system) the requirement of 

charge neutrality in the electrolyte ensures that the kinetics of the overall self-discharge 

for the system is limited by the slower of the self-discharge reactions.
11

  The research 

began with external contamination in the form of Fe-contamination in the electrolyte 

causing self-discharge (section 2.6.3.1), then moved to the electrolyte possibly causing 
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self-discharge in the form of water decomposition (section 2.6.3.2), and oxygen reduction 

(section 2.6.3.3), and finally to the electrode itself undergoing Faradaic reactions as a 

possible self-discharge mechanism (section 2.6.3.4 and 2.6.3.5). 

 

2.6.3.1 Fe-contamination 

A possible self-discharge mechanism discussed in the literature by the Kazaryan 

group has focused on external contaminants such as Fe,
13, 139

 Ti and Mn,
141

 discharging 

an asymmetric electrochemical capacitor system.  An asymmetric system means the 

positive and negative electrodes are made from different materials.  In Kazaryan’s system 

only the negative electrode examined was carbon-based as the positive electrode was a 

PbO2 battery-type electrode.
13

  A schematic representation of external contamination 

causing loss of charge is shown in Figure 2.5.   

 

Figure 2.5: Schematic of Fe electrolyte electrochemical capacitor.  The left two panels 

show the oxidation process including double-layer charging, and the right two panels 

show reduction. The bottom shows the Fe-shuttle mechanism without the solution ions.   
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Similar to the reaction shown in Reaction 2, a more specific oxidation reaction 

can be written for Fe-contamination as the redox-active species, and is shown in Reaction 

4.  With a positively-charged carbon electrode, the anions (HSO4
-
) are adsorbed to the 

surface resulting in an electrochemical double-layer.  When the Fe
2+

 comes into contact 

with the electrode’s surface, the Fe
2+

 is oxidized to Fe
3+

 and an electron is transferred to 

the carbon surface.  The transfer of the electron results in a decrease in both the positive 

charge and potential and a HSO4
-
 desorbing from the electrode’s surface.  

          
              

        
    

               
                      

        
            

   (R4)  

 A similar reduction reaction can be written for the negative electrode, as seen in 

Reaction 5.  When the carbon electrode is negatively-charged, the H
+
 cations adsorb to 

the electrode’s surface and create an electrochemical double-layer.  When the Fe
3+

 comes 

into contact with the negative surface, the surface donates an electron to the Fe
3+

, thereby 

reducing it to Fe
2+

.  The donation of the electron from the surface results in an H
+
 

desorbing from the surface and there is an overall loss of negative charge.  

          
          

        
             

                  
        

        
  (R5) 

After the Fe
2+

 diffuses to the electrode’s surface and undergoes oxidation (see 

Reaction 4), the oxidized contaminant (Fe
3+

) can no longer undergo a reaction at this 

electrode as the Fe
3+

 is fully oxidized.  However, it is possible that the Fe
3+

 can diffuse to 

the negative electrode where it can undergo reduction, and thereby discharge the negative 

electrode (Reaction 5).  This process of continually discharging both electrodes is called a 

“redox shuttle” reaction.  
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Kazarayn et al. have shown that at relatively high Fe concentrations (10
-2

 to  

10
-1

 M), Fe can enhance self-discharge on the negative electrode.
13

  They have also 

shown that Fe has a much greater effect on the rate of self-discharge than other common 

metal impurities, such as Ti or Mn.
141

  It is of interest to note that Ti and Mn-based 

Faradaic reactions are not possible within the potential window under study in this thesis 

and therefore the focus was on Fe-contamination.
112

  Additionally, Fe-contamination has 

not yet been studied on a positive carbon electrode and since the reactions on the positive 

and negative electrode can vary, it is important to study both independently.  

 

2.6.3.2 Electrolyte Decomposition 

Electrolyte decomposition at potentials outside the region of electrolyte stability is 

a common problem in electrochemical systems using organic electrolytes, including 

organic-based electrochemical capacitors.
100, 145-147

  Water decomposition has not been 

specifically studied as a possible self-discharge mechanism for electrochemical 

capacitors using aqueous-based electrolytes.  The possibility of electrolyte decomposition 

occurring as a side reaction when aqueous-based electrochemical capacitors are charged 

near the maximum voltage has been previously mathematically modelled by Pillay and 

Newman to predict the diminished performance based on these side reactions.
15

  Pillay 

and Newman suggested, with reservations, that although the potentials of the 

electrochemical capacitor electrodes stay within the thermodynamically stable potential 

window for water (0.00 – 1.23 V based on standard conditions at 298 K), water may still 

decompose to evolve oxygen or hydrogen due to low concentrations of oxygen and 

hydrogen in the electrolyte, leading to a loss in electrode charge.
15
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Although Pillay and Newman
15

 were referring to water electrolysis as a side-

reaction occurring concurrently with electrochemical capacitor charging, the suggested 

water electrolysis could also be a cause of self-discharge.  If the necessary potentials for 

water electrolysis are reached, as would be expected for a charged electrochemical 

capacitor, water electrolysis on the electrodes would cause the electrochemical capacitor 

to spontaneously discharge (self-discharge).  On the positive electrode, the evolution of 

O2 from H2O (Reaction 6) would provide electrons to the electrode which would 

discharge the positive electrode.
112

 

          
              

               

            
      

                
            

               
   (R6) 

On the negative electrode, the evolution of H2 from the protons in the acidic electrolyte 

(Reaction 7) will cause the negative electrode to be discharged. 
112

 

          
          

        
            

                  
        

          (R7) 

Thus, the modeling by Pillay and Newman supports the possibility that water 

decomposition may be a cause of self-discharge in aqueous electrochemical capacitors.
112

 

 

2.6.3.3 Oxygen Reduction 

Oxygen reduction using catalysts has been extensively studied for fuel cell 

research because O2 reduction occurs at the cathode of fuel cells.
17, 148, 149

  Pure carbon 

electrodes along with carbon electrodes with Pt have been used for O2 reduction to H2O2 

(Reaction 8),
148

 with decreased performance over time.
17, 148

 

                         E
º
 = 0.69 V   (R8) 
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Since oxygen reduction is possible on carbon electrodes at the potentials reached in 

electrochemical capacitors, this reaction is also a possible self-discharge reaction.  If O2 

reduction was occurring in the electrochemical set-up employed in the work presented in 

this thesis, oxygen would be removing electrons from the negatively-charged electrode 

which would thereby discharge the electrode (Reaction 9) 

          
          

               
     

            
                  

        
              (R9). 

Therefore, the O2-reduction reaction must be studied to determine if there is any 

effect on the negative electrode of carbon electrochemical capacitor systems.
112

      

 

2.6.3.4 Carbon Electrode Oxidation 

Carbon oxidation (or “carbon corrosion”) is a common problem in fuel cell 

catalysts, when, in the presence of a Pt catalyst and a high applied potential the carbon 

support oxidizes to CO or CO2.
17, 150

  However, carbon oxidation has yet to be 

significantly studied in electrochemical capacitors, nor has it been examined as a cause of 

self-discharge.  Carbon corrosion is thermodynamically viable in the potential window 

used in aqueous electrochemical capacitors, as seen by the standard reduction potential of 

the following reaction:
59, 151, 152

  

                                 E
º
 = 0.207 V    (R10). 

Since the reaction kinetics are slow,
152

 carbons are commonly exposed to potentials 

above 0.207 V, however, it is possible that at higher potentials the carbon is oxidized to 

CO2 resulting in a decrease in charge, as shown in Reaction 11: 
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  (R11). 

For a positively-charged electrode, the carbon electrode forms a double-layer with 

the HSO4
-
 anions in the electrolyte.  Water can then come to the surface and the electrode 

itself can be oxidized to CO2.  As a result, the positive electrode has now decreased in 

charge, and this would be self-discharge caused by carbon oxidation.  It has been reported 

that the oxygen surface groups (see section 2.4.3.1) greatly reduce carbon corrosion,
153, 

154
 and are therefore an important parameter to investigate (see sections 2.4.3.1 and 

2.6.3.5).    

The cyclic voltammograms of many carbon electrodes in acidic aqueous 

electrolyte exhibit a significant oxidation wave at potentials above ca. 0.7 V during the 

first cycle which diminishes with increased cycle numbers.
59, 153, 155-158

  The oxidation 

wave is generally attributed to carbon oxidation to carbon dioxide, which then, having 

left the surface, is unable to be reduced again and therefore is not seen in the cathodic 

sweep of the cyclic voltammogram.
153, 155

  Since the potentials applied in the cyclic 

voltammogram are similar to the potential of the positive electrode, the processes 

occurring at the higher potentials of the cyclic voltammogram would also occur in the 

self-discharge profile.  

The development of electrochemically active surface groups such as the 

quinone/hydroquinone redox couple (see section 2.4.3.1) may be concurrent with the 

diminishing oxidation wave, suggesting the oxidation wave may also be partly an 

oxidation process to surface oxides before the surface oxides are further oxidized off the 

surface to CO2.
159, 160

  Determining the potential at which CO2 begins to leave the surface, 
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and the connection between the oxidation wave and electroactive redox peaks in the 

cyclic voltammogram (and also the self-discharge behaviour) is necessary to understand 

the role of surface groups on self-discharge.  

 

2.6.3.5 Carbon Surface Group Development 

Carbon surface functionalities, specifically acidic oxides,
99, 100

 have been linked to 

increased self-discharge in organic electrolyte electrochemical capacitors.
99-101

  Surface 

oxides do not increase the capacitance in aprotic electrolytes as they do in aqueous 

electrolyte due to the absence of protons necessary for the electron transfer reactions.
93

 

Therefore, carbon surface groups are undesirable in organic-based electrochemical 

capacitors.  However, surface groups are considered advantageous to acidic aqueous 

electrochemical capacitors due to the increase in specific capacitance for carbon 

electrodes in acidic electrolyte.
113, 157, 158

  Generally, the capacitance values for the same 

active material are significantly higher in acidic aqueous media than those obtained in 

alkaline aqueous electrolyte.
113, 157, 158

  Again, this is due to the lack of protons in the 

alkaline electrolyte compared to the acidic electrolyte, though the increased capacitance 

has also been linked to adsorption of protons.
157, 158

  The role of carbon surface groups on 

self-discharge in aqueous electrolyte electrochemical capacitor systems has yet to be 

determined.
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Chapter 3  EXPERIMENTAL METHODS 

3.1  Electrochemical Set-up 

 All electrochemical experiments were conducted in an all-glass three-

compartment cell with the exception of section 3.4.3 where experiments were run in a 

one-compartment cell.  A three-electrode half-cell set-up was used since the processes of 

the negative and positive electrodes can be very different from one another and cannot be 

determined with a two electrode system; the addition of a third electrode allows the 

examination of each electrode separately, without a dependence on the other electrode. 

A standard hydrogen electrode (SHE) was used as the reference electrode, unless 

otherwise stated in the experimental methods.  A large piece of Spectracarb 2225 carbon 

cloth (Engineered Fibers Technology) connected to either a Pt or Au wire sealed in glass 

was the counter electrode.  The Pt or Au wire was used as electrical connection to the 

instrument.  The counter electrode was at least 150 mg (> 300 m
2
) to ensure the kinetics 

of the counter electrode did not influence the data collected on the working electrode.  

EC-Lab software was used for data collection from a Bio-Logic VMP3 multi-

potentiostat.  All experiments were run at 22 ± 3 °C in electrolyte degassed with N2 

(Praxair), unless otherwise stated, and all potentials are referenced to the SHE.    

 

3.2  Working Electrode Preparation 

Working electrodes were prepared in a polytetrafluoroethylene (PTFE) Swagelok 

pipe fitting (5/8" outer diameter, 1/4" inner diameter) sealed to a glass tube.  Spectracarb 

2225 carbon cloth was used as the working electrode material.  Spectracarb 2225 carbon 
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cloth was chosen as an electrode material due to its ease of use and high surface area 

(BET ca. 2500 m
2
 g

-1
).  The mechanical stability of a woven carbon cloth allowed the 

electrodes to be purely active material without the addition of a binder.  The addition of a 

binder would result in loss of a portion of the surface area and therefore less double-layer 

formation.  Carbon cloth electrodes (ca. 10 mg weighed to 0.01 mg) were removed from 

the carbon sample using a 3/8" diameter leather punch (Tandy Leather Factory), and 

placed in the Swagelok fitting (see Figure 3.1) with a current collector (an electronically 

conducting, ionically insulating material). The current collectors used were a Parafin-

based carbon gasket (Axion Power International, Ltd.), a Pt mesh and silicone gasket 

combination, or a sticky carbon mixture (described below).  The Axion current collector 

was connected to a Pt wire sealed in glass tubing attached to Ni wire (see Figure 3.1 I).  

Axion Power discontinued the production of the parafin-based gasket and therefore 

another current collector was needed.  With the Pt mesh current collectors a silicone 

gasket was used to apply even pressure to the Pt mesh and the carbon (see Figure 3.1 II), 

as well as to stop leaking (the carbon-parafin current collector was self-sealing and 

needed no gasket to prevent leaking).   

It was deemed necessary to remove Pt from the current collector as it has been 

shown to be a catalyst in carbon corrosion.
17

  Working electrodes were then prepared 

with a “sticky carbon” mixture for the current collector (see Figure 3.1 III).  Beeswax 

was melted and graphite powder (Aldrich, <150 µm) was added in a carbon to beeswax 

ratio of ca. 2:1 by volume.  The sticky carbon paste was then quickly placed into the 

Swagelok PTFE ferrule with connection to a Ni wire. 
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Figure 3.1: Schematic representations of the three current collectors used in the working 

electrodes for electrochemical research. 

 

3.3 Cyclic Voltammetry 

Cyclic voltammetry is an electrochemical technique where the potential is 

scanned at a certain sweep rate between two potentials and the response current is 

measured, and then plotted versus the potential.
161, 162

  Cyclic voltammetry is commonly 

used to identify redox reactions since oxidation and reduction peaks and/or waves appear 

in the cyclic voltammogram.  Additionally, cyclic voltammetry is used to identify the 

reversibility of an electrochemical system.  

 

3.3.1 Continuous Cycling to Steady-state 

Working electrodes were cycled between 0.0 and 1.0 V at a sweep rate of  

1 mV s
-1

 for one week (ca. 300 cycles) in 1.0 M H2SO4 (Aldrich, 99.999% pure, trace 

metal basis).  The potential window of 0.0 – 1.0 V was chosen as outside this potential 

window irreversible damage occurs to the carbon electrode,
38, 112

 resulting in a lowered 

capacitance and increased electrode resistance.
28, 163

  Steady-state means there were no 
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changes in the shape or size of the cyclic voltammogram over consecutive cycles.  The 

continuous cycling procedure ensured any changes in the self-discharge experiments 

were due to the applied experimental conditions and not changes in the electrochemical 

cyclic voltammogram since the electrodes had already reached a steady-state.   

 

3.3.2  Incremental Potential Cyclic Voltammograms 

 Spectracarb 2225 carbon cloth working electrodes were cycled from 0 – 0.6 – 0 V 

at 1 mV s
-1

 to steady-state in 1.0 M H2SO4.  The upper potential limit was then increased 

by an increment of 25 mV until a steady-state was reached with the new potential limit.  

The upper potential was increased in these 25 mV increments to 1.0 V.  Incremental 

potential cyclic voltammograms were also run where the lower potential limit was 0.4 V.  

The first cyclic voltammogram was run from 0.4 – 0.5 – 0.4 V, and once a steady-state 

was reached the upper potential limit was increased in 25 mV steps, to a final upper 

potential limit of 1.0 V.  

 Similar experiments were conducted on working electrodes which were cycled 

from 0.5 – X – 0.0 – 0.5 V at 1 mV s
-1

, where X is the upper potential limit of the cyclic 

voltammogram and the first cyclic voltammogram was 0.5 – 0.55 – 0.0 – 0.5 V.  In this 

case only two cyclic voltammograms were collected in each potential window before the 

upper potential window was increased by 10 mV, up to 1.05 V.  Open-circuit potential 

measurements were collected for 2 hours between each potential window change to 

determine whether the changes evident in the cyclic voltammogram result in a change in 

open-circuit potential.  
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3.3.3 Cyclic Voltammetry in the Presence of Caffeine 

Benzoquinone has previously been shown as an electrochemical method of 

detection for caffeine;
164

 therefore it was thought caffeine might detect, or influence, the 

quinone/hydroquinone surface groups on the carbon electrode.  Cyclic voltammograms 

were collected from electrodes previously cycled to steady-state in 1.0 M H2SO4 (see 

section 3.3.1).  After initial steady-state cyclic voltammograms were collected in “0 M 

caffeine” electrolyte, the electrolyte was exchanged for a 0.01 M caffeine-containing 

electrolyte in 1.0 M H2SO4. The electrolyte was prepared using 0.48 g of caffeine 

anhydrous (Sigma-Aldrich, ReagentPlus) in 250 mL 1.0 M H2SO4.  

 

3.4 Self-discharge Measurements 

Self-discharge experiments (see section 2.6) were performed on positive 

electrodes with ramps from 0.5 – 1.0 V, and negative electrodes with ramps from 0.5 – 

0.0 V with a 1 mV s
-1

 ramp rate in both cases, in 1.0 M H2SO4.  The ramps were initiated 

at 0.5 V as this is roughly the open-circuit potential (OCP) of Spectracarb 2225 carbon 

cloth.  Once the electrode was charged to the final potential (either 0.0 or 1.0 V) the 

potential was held at this value for varying times (from 0 min to 10 hours).  The potential 

hold was employed to remove some portion of the potential loss due to charge 

redistribution (see section 2.6.2).
123

  After the hold step, the system was switched to 

open-circuit configuration and the potential was measured for varying lengths of time 

(between 2 – 16 hours).   

Another electrochemical measurement that gives information on the electrode’s 

self-discharge processes is a potentiostatic float current measurements.  Float current data 
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were analyzed to determine the charge passed, by integrating the area under the current 

versus time plot, and the also the current necessary to keep the electrode at a given 

potential.  Potentiostatic float current experimental methods will be discussed in section 

3.4.4. 

 

3.4.1 Self-discharge in the Presence of Fe2+/Fe3+ 

It was of interest to determine the iron concentration limits of carbon-based 

electrochemical capacitors without an increase in self-discharge.  Working electrodes 

which were previously cycled to steady-state (see section 3.3.1) were used in these 

experiments.  The iron “contaminant” was pipetted from stock solutions into the 

electrochemical cell to provide increasing concentrations ranging from 10
-8 

to 10
-1

 M 

Fe
2+

/Fe
3+

 in 1.0 M H2SO4.  The iron stock solutions were prepared with both ferrous 

sulfate (FeSO4•7H2O, Fisher Scientific, ACS grade) and ferric sulfate (Fe2(SO4)3•xH2O, 

Mallinckrodt Baker, AR grade) in 1.0 M H2SO4.  Although the system is highly 

reversible and the electrochemical system should automatically respond to the applied 

potential, an approximately equimolar concentration of ferric and ferrous sulfate was 

used to ensure that the Nernstian potential did not shift from its standard reduction 

potential.  

 

3.4.2 Self-discharge with Dissolved Gases in the Electrolyte 

Electrolyte decomposition and oxygen reduction as possible self-discharge 

mechanisms in carbon-based electrochemical capacitors were examined by varying 

dissolved gases in the electrolyte.  Working electrodes that had been cycled to steady-
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state (see section 3.3.1) were placed in 1.0 M H2SO4 electrolyte.  Self-discharge profiles, 

as per section 3.4, were collected for both 1.0 V and 0.0 V.  Oxygen or hydrogen was 

bubbled through the electrolyte for 24 hours prior to self-discharge measurements for 

solution saturation of the dissolved gas and bubbled continuously throughout the self-

discharge measurements.  Oxygen was quantified using a dissolved oxygen probe and 

meter (VWR International).  Self-discharge profiles collected from electrolytes with 

various dissolved gases were compared to profiles collected with either an electrolyte that 

had not been degassed, or a N2-degassed electrolyte.  

   

3.4.3 Self-discharge in pH 0 – 7 Electrolyte  

The Faradaic reactions presented as possible self-discharge mechanisms in section 

3.4.2 depend on protons, as do carbon surface functionalities, and therefore self-discharge 

profiles were collected in multiple pH electrolytes.  Spectracarb 2225 carbon cloth 

working electrodes, previously cycled to steady-state, were used in this work.  Electrodes 

were placed in a one compartment cell containing 100 mL of 1.0 M HCl which was 

diluted from concentrated hydrochloric acid (Aldrich, 99.999% pure, trace metal basis) 

with 18.2 MΩ·cm.  The electrolyte also contained 1.0 M NaCl (5.84 g, Fluka Analytical, 

>99.5% pure) supporting electrolyte because with increasing pH the electrolyte 

conductivity decreases.  The addition of the supporting electrolyte caused a change in 

charge carrier (from H
+
 to Na

+
), resulting in a change of the electrochemistry from acid-

base chemistry, and therefore decreased the extent of conductivity change over the pH 

range.  Self-discharge profiles from 1.0 V (see section 3.4) were collected at each pH as 

well as cyclic voltammograms between 0.0 and 1.0 V vs. RHE before and after the self-
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discharge profiles.  The cyclic voltammograms were collected to ensure the pH did not 

vary over the self-discharge data collection, since if the cyclic voltammograms 

overlapped there was no change in pH.  The electrolyte was then titrated with the addition 

of NaOH in either solid form, or 5.0 M, 1.0 M, 0.1 M or 0.01 M solutions (made from 

serial dilutions) to reach the next desired pH.  The NaOH concentration added to the cell 

was chosen to ensure there was no substantial volume change over the pH range.   

A one-compartment cell was used to allow for thorough mixing of the solution, 

and also ease of pH measurement collection.  pH readings were taken using a sympHony 

posi-pHIo electrode (VWR International) and meter.  An Accumet sodium saturated 

calomel electrode (Fisher Scientific) was used with a 1.0 M NaCl filling solution, with an 

experimentally measured potential of 0.27 V vs. SHE.  

 

3.4.4  Potentiostatic Float Current Measurements 

Potentiostatic float current measurements were collected to determine the effect 

cycling to steady-state had on the current needed to hold the electrode at a given 

potential.   Float currents were recorded for 30 or 60 minutes at various polarization 

potentials beginning at 0.0 V, and increasing in 50 mV increment potential steps up to  

1.0 V on Spectracarb 2225 carbon cloth working electrodes in 1.0 M H2SO4.  Float 

current measurements were collected on both as-received (uncycled) electrodes as well as 

electrodes that had already reached a steady-state through potential cycling (see section 

3.3.1). 
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3.5 Open-circuit Potential Measurements 

Open-circuit potential (OCP) measurements occur when external current does not 

flow through an electrochemical cell.
161

  These potential measurements give an indication 

of the natural state of an electrode in a certain electrolyte and are also able to identify 

adsorption processes,
165

 or the overall oxidation of a carbon electrode.
166, 167

  It is 

important to differentiate between the terminology of open-circuit potential, the first 

meaning the natural (uncharged) state of an electrode without applied electrochemistry 

compared to the open-circuit potential profile measured after being charged, such as in a 

self-discharge profile.  Open-circuit potential measurements of Spectracarb 2225 carbon 

cloth electrodes were collected between 2 – 144 hours in 1.0 M H2SO4. 

 

3.6 Boehm Titration Standardization 

3.6.1  Preparation and Standardization of Solutions 

 Solutions of the reaction bases, NaHCO3 (Sigma-Aldrich, 99.5%), Na2CO3 

(Anachemia, ACS Reagent) and NaOH (Sigma-Aldrich, 99.998%) were prepared by 

dissolving an exactly weighed mass (to 0.01 mg) of the appropriate base in 18.2 MΩ·cm 

water.  The solution was then quantitatively transferred to a 1.00 L volumetric flask and 

topped up with 18.2 MΩ·cm.  0.05 M solutions of HCl were prepared from pure HCl 

(Sigma-Aldrich, 99.999%) and 18.2 MΩ·cm water. 

The standardization of the NaOH solutions was carried out using potassium 

hydrogen phthalate (KHP) (Sigma-Aldrich) as the primary standard, and phenolphthalein 

as the indicator.  A mass of ca. 0.2 g dried KHP, weighed to 0.01 mg, was diluted in 
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20.00 mL of 18.2 MΩ·cm water using a volumetric pipette, and then 2 drops of 

phenolphthalein were added as an indicator.  The KHP solution (ca. 0.05 M) was then 

titrated with NaOH from a 25-mL burette, with at least triplicate measurements.  The HCl 

solutions were standardized by titrating with the previously standardized NaOH and 

phenolphthalein to determine the endpoint.   

 

3.6.2  Titration Procedure  

The titration method suggested by Boehm was followed for these  

experiments.
18, 92, 102

  A mixture of ca. 1.5 g (weighed to 0.01 mg) Black Pearls 2000 

(Cabot Corporation) and 50.00 mL of one of the three 0.05 M reaction bases, NaHCO3, 

Na2CO3 and NaOH was agitated using the various methods described below.
12, 18, 19, 86, 92, 

102, 168
  The mixtures were then filtered and three 10.00 mL aliquots were removed from 

the mixture.  The NaHCO3 and NaOH samples were acidified with the addition of 20.00 

mL of standardized 0.05 M HCl, whereas for Na2CO3, 30.00 mL of 0.05 M HCl was 

added to completely neutralize the diprotic base and allow a strong acid-strong base 

titration.  Although NaOH is a strong base it was also treated in this back-titration manner 

rather than a direct titration with HCl since it was previously found to give better values 

with a back-titration.
23

  The acidified solutions where then bubbled with N2 for 2 hours to 

expel dissolved CO2 from solution.
23

  All samples were titrated with standardized 0.05 M 

NaOH while being continually saturated with N2, and the endpoints were determined 

potentiometrically using a SympHony pH meter and posiIo electrode (VWR 

International).  All titrations were carried out at room temperature (22 ± 3 ºC).  All 

solutions were made up with 18.2 MΩ·cm water.  Additionally, all volumes are based on 
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calibrated pipettes.  For ease, the NaHCO3, Na2CO3 and NaOH bases used to react with 

the acidic surface functionalities are denoted as reaction bases, and the base used for 

titration is denoted as the titrator base. 

The carbon used for these experiments was chosen to be Black Pearls 2000.  The 

Black Pearls carbon was chosen for the standardization of the Boehm titration since it 

produced reproducible results in multiple Boehm titrations and because it has a high 

surface area (ca. 1400 m
2
 g

-1
) with the majority (ca. 68%) of its surface area in 

micropores (diameter < 2 nm), but also 18% in mesopores (2 to 50 nm diameter) and the 

remainder in macropores (> 50 nm diameter).
169

  The Black Pearls 2000 carbon have a 

regular and well defined macroscopic structure, that of spherical particles of 

approximately 1 mm in diameter.  This spherical shape allowed for easy determination of 

any visible changes to the particle surface from agitation, which might not otherwise be 

seen with other carbon types with less regular surfaces (e.g. graphite or activated carbon).   

 

3.6.3  Carbon Removal and Filtering Experiments 

Blank solutions (no carbon present) were used in the filtering experiments to 

ensure there was no variation in results due to heterogeneity of the carbon samples.  By 

removing carbon from the titration to determine the effect of filtering, it allows any bias 

to be easily seen since the moles of carbon surface functionality (nCSF) would be expected 

to be zero.  50.00 mL of a 0.05 M reaction base (NaHCO3, Na2CO3 and NaOH) were 

passed through either qualitative Grade 1 filter paper (Whatman) or Pall glass-fibre filter 

papers (Sigma-Aldrich).  Aliquots were then prepared and titrated as per section 3.6.2. 

Carbon may also be removed from the carbon/reaction base mixture by allowing 
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the carbon to settle to the bottom of the vessel, followed by supernatant removal using a 

pipette (during removal of the aliquot).  With this method, the carbon was allowed to 

settle from solution for 24 hours before the aliquots were removed from the supernatant. 

 

3.6.4  Dilute Titrant  

To determine whether more precise endpoints could be reached using a lower 

concentration of titrant, titrations using standardized 0.025 M NaOH as the titrator base 

were carried out on blank solutions.  These results were then compared to similar 

titrations using a 0.05 M NaOH titrator base.  Blank solutions were used to prevent 

differences which might arise as a result of carbon surface heterogeneity (see section 

3.6.3).  At least three “one-point” endpoint determination titrations were conducted (to a 

pH of 7 rather than an entire titration curve), and the average of these values and standard 

deviations were reported. 

 

3.6.5  Effect of Exposure to Air on the Standardization of NaOH 

In order to determine whether the concentration of NaOH determined by 

standardization was valid for a NaOH solution which had been transferred repeatedly 

between vessels or stored for extended periods or whether exposure to air changed the 

concentration of the NaOH during transferring and storage (necessitating standardization 

immediately prior to the Boehm titration), a solution of NaOH was initially standardized.  

Then half of the NaOH stock solution was transferred into a beaker and stirred manually 

with a stir rod to introduce air into the solution while the other part of solution was stored 

in a polyethylene bottle for one week and then standardized.  Standardization of the 
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NaOH was carried out with at least triplicate measurements as per section 3.6.1.   

 

 

 

3.6.6  Method and Duration of Agitation 

To determine which method of agitation (stirring, shaking or sonicating) was 

optimal, carbon and reaction base mixtures were either: shaken for 24 hours using a MS 3 

Shaker (Fisher Scientific); stirred for 24 hours using a stir plate; or sonicated for 10 

minutes and then let stand for 6 hours before filtering.  Carbon samples from the various 

agitation methods (in 0.05 M Na2CO3) were washed in 18.2 MΩ·cm water for 24 hours 

and then dried in an oven at 80 ºC.  These samples were then observed under an 

Olympus-1MT-2 inverted microscope (Dalhousie University, Department of 

Biochemistry, Ridgway laboratory) at 4x magnification connected to a digital camera.  

The images were used to determine the effect of each agitation method on the 

macroscopic structure of the carbon sample. 
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Chapter 4   EXAMINATION OF ELECTROLYTE FE-   
   CONTAMINATION AS A POSSIBLE SELF-  
   DISCHARGE MECHANISM 
 

 

 

All of this work was published in “Effect of Fe-contamination on rate of self-discharge in 

carbon-based aqueous electrochemical capacitors”, Heather A. Andreas, Kate Lussier, 

Alicia M. Oickle, Journal of Power Sources, 187, 2009, 275 – 283.  I was responsible for 

the data collection and analysis, and was heavily involved in the writing and editing 

process for this paper.  The chapter is different from the paper as the cause of the 

potential loss for the 0.0 V has been identified (see Chapter 5). 

 

 

4.1  Introduction 

 

One possible self-discharge mechanism for electrochemical capacitors using 

sulphuric acid electrolytes discussed in the literature is self-discharge due to an iron 

shuttle redox reaction,
13, 141

 wherein Fe from contamination of the carbon or the aqueous 

electrolyte, may undergo a                reaction (see reactions 4 and 5 in 

Chapter 2 for fully balanced reaction) where it is reduced on one electrode (discharging 

the negative electrode in the process) and diffusing to the other electrode where it is 

oxidized (discharging the positive electrode), as shown pictorially in Figure 2.5. 

The Fe-contamination mechanism has been studied by Kazaryan et al.
13

 for 

asymmetric sulfuric acid electrolyte electrochemical capacitors, where the Fe-induced 

self-discharge was studied on only the negative carbon electrochemical capacitor 
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electrode, as the positive electrode was a PbO2 battery-type electrode.  They have shown 

that at relatively high Fe concentrations (10
-2

 to 10
-1

 M),
13

 Fe can enhance self-discharge 

on the negative electrode.  It was also shown that Fe has a much greater effect on the rate 

of self-discharge than other common metal impurities, such as W or Mn.
141

 

The results presented in this chapter show the effect of Fe-contaminant 

concentration on the rate of self-discharge and also the maximum Fe-contamination 

which does not result in an increase in the self-discharge rate for a carbon-based aqueous 

electrochemical capacitor. Additionally, results are presented for a symmetric 

electrochemical capacitor system.  As a result, this was the first time Fe-induced self-

discharge of the positive carbon electrochemical capacitor electrode was studied.  Also, 

the research presented here was for relatively short self-discharge times (ca. 16 hours), 

where Kazaryan et al.
13

 showed a significantly different self-discharge profile, compared 

with the profiles at longer times.  It is possible that differences in self-discharge profiles 

at short versus long times were due to the effect of pores on the charging of the electrode, 

and as a result potential holds were employed in the following experiments.   

 

4.2  Continuous Cycling to Steady-state 

 As evidenced by the mirror-image, reversible and almost rectangular cyclic 

voltammograms seen in all but the first cycle of Figure 4.1 (discussed more extensively 

in Chapter 7), the Spectracarb 2225 carbon cloth is a capacitive material and would be 

suitable for carbon aqueous electrochemical capacitors.  The working electrodes were 

cycled to steady-state prior to self-discharge measurements and as seen in Figure 4.1, this 

required approximately 300 cycles.  During this process quinone groups on the edges of 
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the graphene sheets in the carbon develop, as evidenced by the increasing size of the 

peaks centered at ca. 0.5 V.
89-91

  Thus, the working electrodes were cycled to steady-state 

to ensure that any changes seen in the subsequent self-discharge curves were due to 

changes in iron-contamination, rather than changes due to quinone group development. 

 

Figure 4.1: Cyclic voltammograms of Spectracarb 2225 carbon cloth (ca. 10 mg) in 1.0 

M H2SO4 at 1 mV s
-1

. 

 

As an important benefit for this research, this week-long cycling procedure also 

allowed for any minute amount of Fe-contamination which may come from the carbon 

itself to be minimized.  This is due to the fact that during this cycling procedure any Fe-

contaminants will dissolve into the electrolyte and after cycling to steady-state the 

electrodes are moved to an electrochemical cell containing clean 1.0 M H2SO4 

electrolyte.  As a result, any Fe-contaminants are left behind in the cell in which the 

electrode was cycled to steady-state. 
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4.3  Effect of a Hold Step on Charge Redistribution and Fe Concentration 

The carbon used in this work and in carbon-electrode electrochemical capacitors 

often has a very high electroactive surface area as a result of the highly porous nature of 

these materials. However, because of these small pores, the surface at the mouth of the 

pore charges more quickly during charging than the surfaces deep within the pore (see 

section 2.6.2).
120, 121

  Charge redistribution can be mitigated by adding a holding step 

after electrode charging, allowing more of the surface to reach the desired potential.  

Longer holding steps lead to much less drastic initial potential drops.  Thus, various 

holding times were introduced to all self-discharge measurements to ensure changes in 

self-discharge profiles during the Fe-contamination studies were actually due to changes 

in Fe concentration rather than these charge redistribution effects.  

 The addition of the holding step may change the Fe concentration in the pores of 

the electrode, as the Fe will be oxidized or reduced during the holding step.  If the Fe is 

oxidized (as it would be at the positive electrode), then the concentration of Fe
2+

 would 

decrease (become depleted).  Since Fe
2+

 to Fe
3+

 is the reaction which would be expected 

to discharge the electrode at the 1.0 V potential, by depleting the Fe
2+

, less self-discharge 

may be expected.  So, various holding steps were examined during the concentration 

studies (0 s, 0.5 h, 1 h and 10 h) to determine if the holding time had any effect on the Fe 

concentration and any subsequent influence on the Faradaic portion of the self-discharge.   

It should be noted that Fe-contamination results (charging, holding and Fe-induced trends 

in the self-discharge profiles) were consistent between these different hold time 

experiments suggesting that the holding step does not affect the Fe in the pores.  In fact, 

as will be shown, it is the charging ramp which depletes the reactive Fe in the pore (i.e. 
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when charging to 1.0 V, the Fe
2+

 will be oxidized to Fe
3+

 when the ramp potential is 

above 0.68 V,
170

 and when charging to 0.0 V the Fe
3+

 will be reduced to Fe
2+

).   

As seen in Figure 4.2 the current recorded during the holding step was the same 

for each “bulk” concentration from 0 M to 10
-3

 M, suggesting that, for these bulk 

electrolyte concentrations the Fe
2+

 concentration in the pores is 0 M.  The shape of the 

holding current (also a float current measurement) drops until the steady-state current is 

reached.  The current becomes smaller due to charge moving farther down the pores, 

resulting in an even distribution of charge on the electrode`s surface.
119, 163

  The full 

depletion of Fe from the pores is completed during the charging ramp (which is the same 

for all experiments) and the holding step has no effect on this depletion.  It is expected 

that a similar depletion would occur during the charging of a commercial electrochemical 

capacitor.  Note, though, that the holding step will affect the amount of charge 

redistribution due to the pore effect, as the same amount of current which passes during 

holding (see Figure 4.2a inset) is the double-layer charging current as the distributed 

potential reaches further into the pores.
119, 163
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Figure 4.2: Current during 1 hour holding (a – 1.0 V, b – 0.0 V) for Spectracarb 2225 

carbon cloth in 1.0 M H2SO4 contaminated with different concentrations of Fe
2+

 and Fe
3+

 

sulphate: 0.0 M (); 10
-8

 M (−); 10
-6

 M (■); 10
-5

 M (); 10
-4

 M (); 10
-3

 M (×); 10
-2

 M 

(▲); 10
-1

 M (+), insets are magnifications at low current;  c) Comparison between current 

profile for 10
-1

 M electrolytes during hold times of 1 hour (——) and 10 hour (— —). 
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At concentrations greater than 10
-3

 M, the pore Fe may not be completely 

depleted during charging, as the current is higher than that for 0 M, indicating that there 

are some species in the pores to be oxidized.  For the 10
-2

 M concentration this current 

increase is marginal (see inset Figure 4.2a) but is considerable at 10
-1

 M.  A similar result 

is seen for the negative electrode (Figure 4.2b), where the Fe
3+

 is essentially depleted at 

concentrations less than 10
-2

 M, but the residual Fe
3+

 remains at higher concentrations. 

 For 10
-1

 M, the current decays initially and then reaches a steady-state (Figure 

4.2a) where the Fe
3+

 is likely diffusing into the pores as fast as it is being reacted.  This is 

confirmed by Figure 4.2c where it is shown that this current is constant, even over 10 

hours of holding.  Integration of the current with time indicates that ca. 55 C of charge is 

passed during this 10 h holding step, which would require ca. 5.5 x 10
-4

 mol of Fe for 

reaction (using Faraday’s constant and a one electron oxidation of Fe
2+

 to Fe
3+

).  The 

amount of Fe in the pores of this carbon can be estimated based on the “bulk” 

concentration (10
-1

 M, the pore volume of the carbon (1.2 mL g
-1

) and the electrode mass  

(10 mg), and it can be shown that there is ca. 1 x 10
-6

 mol of Fe available in the pores of 

the carbon, assuming no diffusion.  Since the moles of Fe reacted is greater than that 

available in the pores, Fe must be diffusing into the pores to react.  The constant current 

seen in Figure 4.2c, suggests that diffusion is not the rate-limiting step, which would be 

expected to exhibit a decreasing current with time and the constant current suggests that 

the system is under convective diffusion-control, caused by the N2 bubbling.  The 

difference in current between the 1 h and 10 h hold in Figure 4.2c is likely due to small 

differences in the N2 bubbling rate.  This steady-state current is reached in both profiles 

for a 1 and 10 hour holding step (Figure 4.2c) showing a 1 hour hold is sufficient to 
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achieve steady-state, and thus longer hold times do not change the Fe concentrations in 

the pores. 

There was no apparent difference between the results obtained with the different 

holding times.  Also, the pore Fe depletion is dependent only on the charging ramp and 

not the hold times.  Only 1 hour of hold time is required to reach the steady state current 

exhibited in the 10
-1

 M Fe electrolytes.  Due to all of these factors, only the 1 hour hold 

data are presented here. 

 

4.4 Self-discharge Profiles in the Absence of Fe  

The carbon cloth self-discharge profiles were examined when the electrodes were 

charged from 0.5 V to either 1.0 or 0.0 V.  Figure 4.3a shows that even with a 1 hour 

holding time in the charging procedure, there is still significant self-discharge during the 

16 hour experiments.  Part of this self-discharge is likely to be a residual potential drop 

due to charge redistribution as a 1 hour hold may be insufficient to remove all the pore 

effects (i.e. 1 hour is not long enough to allow the full surface to charge to the desired 

potential).
123

  The remainder of the self-discharge must be due to at least one, possibly 

several, unidentified self-discharge mechanism(s).  These data show that even in an Fe-

free system, both electrodes of a symmetric carbon-electrode, aqueous sulfuric acid-

electrolyte electrochemical capacitor may undergo significant self-discharge.  Thus, even 

with full scrubbing of the Fe from the electrolyte, self-discharge will continue to occur 

via the other mechanism(s).  And, the other mechanism(s) must be identified and 

minimized to prevent self-discharge (see Chapters 5 and 8) in symmetric carbon-

electrode, aqueous-electrolyte electrochemical capacitors.  
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Figure 4.3: Self-discharge profiles of Spectracarb 2225 carbon cloth in 0 M Fe from  

0.5 V at 1 mV s
-1

 in 1.0 M H2SO4 for the electrode charged to 1.0 V (——, left axis) and 

0.0 V (— —, right axis), with a 1 hour holding time, plotted as voltage as a function of 

(a) time; (b) log time; and (c) t
½
. 
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 The self-discharge profiles were fit using the Conway models
118, 163

 (see section 

2.6.1) in order to learn about their possible self-discharge mechanisms (see Figure 4.3b 

and c).  When the self-discharge profile of the electrode charged to 1.0 V was plotted as a 

function of log time (Figure 4.3b), a linear plot resulted, after an initial plateau.  This 

fitting suggests the self-discharge mechanism on the positive electrode is not a diffusion-

controlled mechanisms (as might be expected if Fe-contamination was the cause), but 

may be either an activation-controlled mechanism, or charge redistribution, as both result 

in a linear region when plotted as a function of log time.  The non-linearity of the self-

discharge profile when plotted as a function of t
½
 (Figure 4.3c) was also consistent with 

the mechanism of self-discharge for this electrode, under Fe-free conditions, is not 

diffusion-controlled.  The self-discharge could also be due to charge redistribution in the 

carbon electrode material, or an unidentified activation-controlled (assuming the Conway 

models hold for porous electrodes), and therefore, the reactant species causing self-

discharge is either at high concentrations in the cell or is confined to the electrode 

surface.  Activation-controlled self-discharge mechanisms of either electrolyte 

decomposition (Chapter 5) or carbon surface functionality oxidation/reduction (Chapter 

8) are possible explanations for this relationship.  

  The opposite situation is seen for the electrode when it is charged down to 0.0 V.  

Figure 4.3b and c show that the self-discharge profile is not linear when plotted as a 

function of log time, but is linear when plotted versus t
½
, suggesting that when the 

electrode is charged to 0.0 V the self-discharge mechanism for the negative electrode 

relies on the diffusion of a reactive species to the electrode surface (it cannot be Fe, as 

this is an Fe-free system).  The negative electrode self-discharge mechanism has been 
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identified as oxygen reduction and will be discussed Chapter 5.   Although N2 is bubbled 

through the electrochemical cell during these measurements, the cell is not sealed and the 

small amount of O2 present in the electrolyte results in increased self-discharge, though 

the potential loss is likely due to charge redistribution, in some part.   

 It should be pointed out, that as expected these data have shown that the same 

electrode material has two different self-discharge mechanisms when used as a positive, 

or negative, electrode in a symmetric electrochemical capacitor.  The difference in self-

discharge mechanisms highlights the necessity of performing three-electrode experiments 

when determining self-discharge mechanisms, as doing a full-cell experiment may 

obscure what is truly happening at each electrode.  A full understanding of the cause of 

mechanism(s) of self-discharge at each electrode is required to truly be able to minimize 

or prevent self-discharge in a cell.  

 It is surprising to note that the self-discharge profile can be fitted as predicted by 

the Conway models, as these models were developed for planar electrodes, and the 

electrodes examined here are highly porous.  Even more surprising is that the diffusion-

control model fits, as one may expect that in a porous system, one would not have the 

semi-infinite diffusion to the electrode surface (as covered by the model), but also 

diffusion and migration effects down the pores, as well as radial diffusion in the pores.  

This will be addressed again below, but the agreement between the porous electrode self-

discharge profile and the planar self-discharge model may suggest that the electrode is 

acting as a planar electrode, and that it is only the surface of the electrode which 

participates in the self-discharge, and the pores (especially deep in the pores) do not 

contribute to self-discharge. 
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4.5  Effect of Fe-contamination on Self-discharge Profiles 

4.5.1 Electrodes Charged to 1.0 V 

 The effect of Fe-contamination on self-discharge profiles of the Spectracarb 2225 

carbon cloth in 1.0 M H2SO4 was examined by incrementally adding FeSO4 and 

Fe2(SO4)3 in equimolar concentrations to the electrochemical cell.  The carbon and 

H2SO4 used in this work is essentially Fe-free; however, the carbons and electrolytes used 

in commercial electrochemical capacitors may have significant Fe-contaminations, 

leading to the suggestion that Fe may be causing self-discharge.  As can be seen in Figure 

4.4a, there is no significant difference in the self-discharge profile until the electrolyte 

concentration of Fe reached 10
-4

 M.  Significant difference between the self-discharge 

profiles is determined using ± 3 standard deviations for potentials from the 0 M Fe self-

discharge profile.  This suggests that for systems with Fe concentrations lower than  

10
-4

 M, the self-discharge mechanism is not Fe-induced on the carbon electrode charged 

to 1.0 V.  This agrees with the predicted mechanism using the Conway model
118, 163

 

which suggested an activation-controlled self-discharge mechanism, or, charge 

redistribution.
123

  Diffusion-controlled self-discharge might be expected for a Fe-shuttle, 

and therefore, a linear profile with log time suggests at low concentration is not Fe 

discharging the 1.0 V electrode.  This is confirmed for all the low Fe concentrations when 

the Fe data is plotted as a function of log t and t
½
 (Figure 4.4b and c).  Thus, for all the 

concentrations up to 10
-5

 M the self-discharge profile is consistent with an activation-

controlled, or charge redistribution mechanism.   
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Figure 4.4: Self-discharge profiles for Spectracarb 2225 carbon cloth (ca. 10 mg) charged 

from 0.5 – 1.0 V at 1 mV s
-1

 in 1.0 M H2SO4, with a 1 hour hold time, contaminated with 

various concentrations of Fe
2+

/Fe
3+

 sulfate: (a-c) 0 M (——); 10
-8

 M (— —); 10
-6

 M  

(— —); 10
-5

 M (— • •); 10
-4

 M (•••); and (d-f) 10
-4

 M (•••); 10
-3

 M (— —); 10
-2

 M  

(— —); 10
-1

 M (— • •). 

 

It is not surprising that at low Fe-concentrations the self-discharge mechanism is 

not due to Fe for two reasons.  All the Fe in the pores has been reacted before self-
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discharge begins.  During charging to 1.0 V all the Fe
2+

 in the pores is reacted to Fe
3+

, 

leaving little to no Fe
2+

 in the pores to be oxidized when the cell is placed on open-circuit 

configuration.  The depletion of Fe
2+

 in the pores would result in there being no source of 

electrons which are necessary to discharge the positive electrode.   Secondly, even if the 

Fe in the pores was not completely reacted, there is still insufficient Fe in the pores to 

cause the degree of self-discharge exhibited in Figure 4.3.  From this figure it is seen that 

during the 16 hours of self-discharge the electrode has lost 0.1 V.  If it is assumed that a 

full half of that potential loss is due to charge redistribution, then the potential loss due to 

the Faradaic reaction is 0.05 V.  The current of the electrode near a potential of 1.0 V can 

be found from Figure 4.1 (cycle 300) and is seen to be ca. 2.5 mA.  The gravimetric 

capacitance (250 F g
-1

) can be found by dividing the current by the sweep rate (1 mV s
-1

) 

and the mass of the electrode (ca. 10 mg).  The charge density ( , in C g
-1

) required for a 

0.05 V potential loss (     ) at this capacitance ( ) can be calculated from  

             ,     (9) 

resulting in a required charge density of 12.5 C g
-1

.  The mass of the electrode is ca. 10 

mg, meaning 0.125 C of charge ( ) is needed to cause this self-discharge.  Assuming no 

diffusion down the pores, the Fe concentration required for this degree of self-discharge 

can be calculated from 

      
 

   
,     (10) 

where   is Faraday’s constant,   is the pore volume (1.2 mL g
-1

)
171

 for Spectracarb 2225 

carbon cloth and   is the mass of carbon.  Using this calculation ca. 10
-1

 mol L
-1

 of Fe is 

required in the pores for this degree of self-discharge.  Obviously there is insufficient Fe 

in the pores to cause this self-discharge at these low Fe concentrations. 
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Figure 4.4b shows that at concentrations above 10
-4

 M, the self-discharge profile 

deviates away from linearity on the log t scale, suggesting it is no longer activation-

controlled, or charge redistribution.  When the data is plotted as a function of t
½
 (Figure 

4.4c) the linearity of the plot at 10
-4

 M is consistent with a diffusion-controlled 

mechanism.  Additionally, Figure 4.4d shows at concentrations above 10
-4

 M, an increase 

in Fe concentrations leads to an increase in self-discharge.  This confirms that the 

mechanism of self-discharge has changed and at concentrations greater than 10
-4

 M the 

Fe in the cell will discharge the cell. 

 As expected, the self-discharge profile for Fe concentrations of 10
-4

 –   

10
-2

 M are all consistent with a diffusion-controlled mechanism (Figure 4.4e and f), 

exhibiting linear potential versus t
½
 profiles, at least in part.  It is important to note the 

initial potentials shown in the self-discharge profiles of Figure 4.4d-f are due to an 

instrumentation lag between the ramp/hold file and the open-circuit potential file, and not 

due to the system being unable to charge to the desired potential (1.0 V).  The loss of the 

first few data points would unlikely effect the self-discharge profile analysis as the 

beginning of the profile generally does not fit the Conway models.  For the 10
-2

 M 

concentration, the profile deviated from a linear t
½
 plot at a potential of ca. 0.7 V.  It is 

suggested that at this potential the electrode is nearing its open-circuit potential  

(0.68 V)
170

 for the system and therefore the rate of self-discharge is diminished.  For even 

higher concentrations the self-discharge profile no longer can be fit with the Conway 

models.  Interestingly, this concentration corresponds to that calculated above to be the 

point at which the Fe in the pores may be sufficient to discharge the electrode without 

requiring diffusion, although diffusion of course still occurs.  However, since the amount 
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of potential loss due to charge redistribution is not known, and was estimated at 50% of 

the total potential lost, it is possible the concentration values matching are a coincidence.  

It is suggested that the profile of the 10
-2

 M Fe concentration is likely a combination of 

Fe-induced self-discharge which is activation-controlled and diffusion-controlled.  

 It is also interesting to note that for 10
-4

 M and 10
-3

 M, the self-discharge 

mechanism is not consistent with a diffusion-controlled mechanism at high potentials.  In 

fact, the profile for the 10
-4

 M shows that at potentials above ca. 0.9 V, the self-discharge 

mechanism is the same as that previously seen at lower Fe concentrations.  This suggests 

either charge redistribution is still the main contributor to self-discharge in this time 

domain (despite the 1 h holding step), some other activation-controlled self-discharge 

mechanism is responsible for self-discharge above this potential or the Fe concentration 

in the pores is sufficient to not be diffusion limited.  There are two arguments against the 

latter possibility.  First, the agreement between the data for 10
-3

 M and that for lower 

concentrations suggests Fe is not the main self-discharge mechanism here, as it was 

shown earlier that at low concentrations Fe does not contribute to the self-discharge.  

Secondly, based on the calculation above, and the results in Figure 4.4 which showed 

complete depletion of the Fe in the pores during charging, it is unlikely that the Fe 

concentration in the pores is sufficiently high enough to cause this degree of self-

discharge.  Indeed, it can be seen in Figure 4.4 that at higher concentrations (e.g. 10
-3

 M 

in Figure 4.4f) this region of the self-discharge profile changes, suggesting that 10
-4

 M is 

not a high enough concentration to account for this activation-control region.  Thus the 

two other possibilities are more likely.   

 In order to examine whether the pore effect (leading to charge redistribution) was 
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the main self-discharge process at these high potentials and short self-discharge times, 

different hold times were introduced into the electrode charging regime.  Presumably, 

longer holding times would result in a more even potential being reached in the pores, 

leading to less charge redistribution and a shorter initial period before Fe-induced self-

discharge takes over.  Conversely, if the self-discharge at short self-discharge times (high 

potentials) is due to a different Faradaic reaction (the oxidation of an unknown species), 

then the holding time would be irrelevant and the potential where Fe-induced self-

discharge takes over would be constant.  Thus, the time and potential required for the 

self-discharge profile at 10
-4

 M Fe to deviate more than 10 mV from the self-discharge 

profile at 0 M was determined.  The data in Table 4.1 show the results for a hold time of 

0, 30 and 60 min.  As can be seen from this table, there is no trend in the self-discharge 

time required for deviation to occur, with time for individual electrodes varying 

significantly.  However, the potential of deviation is reasonably constant, with deviation 

occurring at ca. 0.90 ± 0.02 V.  These results suggest that at high potentials self-

discharge is not dominated by charge redistribution, but rather is due to the oxidation of 

an unknown species.  The self-discharge mechanism must be an oxidation, as it is the loss 

of electrons of the Faradaic process which discharges the positive electrode.  There are 

two possibilities as to why this new oxidation has become the main mechanism of self-

discharge at potentials above 0.9 V.  First, it may be kinetically faster than the Fe
2+

 → 

Fe
3+

 oxidation at these potentials.  Second, the concentration of Fe at the surface of the 

electrodes has fallen to zero (limiting current conditions) and the kinetics of the 

unidentified reaction is faster than the diffusion of Fe.  This is supported by the fact that 

at higher concentrations of Fe, which would result in faster diffusion (due to the steeper 
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concentration gradient), the Fe-induced self-discharge becomes the dominant self-

discharge mechanism at higher potentials (Figure 4.4), hence at these high concentrations 

diffusion is faster than the kinetics of the unidentified reactions.   

 

Table 4.1: Time and potential of deviation of self-discharge data collected at 10
-4

 M Fe 

vs. 0 M Fe self-discharge for different hold times. 

Holding time 

/ min 

Time at deviation 

/ h 

Potential at deviation 

/ V 

0 4 ± 2 0.88 ± 0.01 

30 3 ± 1 0.92 ± 0.01 

60 7 ± 3 0.91 ± 0.01 

The error represents one standard deviation. 

 

 

 Conveniently, the addition of a hold time also tests the argument that Fe is at 

sufficiently high concentrations to not be diffusion-controlled, as longer hold times will 

result in more thorough conversion of Fe
2+

 to Fe
3+

 and less Fe
2+

 remaining in the pores.  

Thus, at longer hold times, diffusion-control should dominate at earlier self-discharge 

times since the Fe
2+

 would be used up in the pores and would need to diffuse in from the 

bulk electrolyte.  Again, this is not supported by the data in Table 4.1, confirming that Fe 

is not the main self-discharge mechanism at these potentials.  

 Interestingly, for all of the different hold times examined, the Fe concentration at 

which the self-discharge profile began to be dependent on the Fe reaction was 10
-4

 M.  

This was surprising since long hold times may be expected to deplete the Fe inside the 

pores to a greater extent than shorter hold times, and thus with longer hold times there 

would be insufficient Fe to allow for Fe-induced self-discharge; whereas short hold times 

may leave sufficient Fe to induce self-discharge.  Therefore, for longer hold times, it 

would be expected that a higher Fe concentration would be required before Fe-induced 
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self-discharge was evident.  The fact that all systems begin to demonstrate Fe-induced 

self-discharge at 10
-4

 M suggests it is not the pore Fe concentration which is the limiting 

factor, but rather the bulk concentration.  This implies the self-discharge does not occur 

in the pores, but is, rather, primarily occurring on the electrode surface (at the pore 

mouth).  This is easily rationalized in that the Fe
2+

 in the pores has been depleted during 

charging, and thus the Fe
2+

 must diffuse in from the bulk to allow self-discharge to occur.  

As the Fe
2+

 diffuses in, it will react as soon as it encounters the electrode, which is likely 

to be on the surface of the electrode, or, at most, only a very short distance down the 

pores.  Thus, this result gives the first real indication about where on the electrode surface 

the self-discharge processes are actually occurring.  As well, this likely is the explanation 

for the fact that the Conway diffusion model is able to fit the self-discharge profiles for 

porous electrodes, even though the model was derived for semi-infinite diffusion to a 

planar electrode.  Since the pores are essentially depleted of Fe and therefore cannot 

participate in the self-discharge process, the pores essentially become “invisible” to self-

discharge and the electrode appears simply as a nearly planar surface, such as would be 

appropriate for the Conway model.  

 Based on the above discussion, it should theoretically be possible to increase the 

Fe concentration such that the Fe concentration in the pores is sufficient to discharge the 

electrode without reliance on diffusion (based on the above calculations, this 

concentration is likely at or above 10
-1

 mol L
-1

) and this may be the cause of the fact that 

the Conway models cannot fit the self-discharge profile at 10
-1

 M Fe concentrations. 
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4.5.2 Electrodes Charged to 0.0 V 

 The Fe-induced self-discharge of the negative carbon electrode in an asymmetric 

Pb/C electrochemical capacitors has been studied at high Fe concentrations (10
-2

 –  

10
-1

 M) by Kazaryan et al.
13

  The effect of Fe concentration on the self-discharge of the 

negative carbon electrode in a three-electrode configuration at low Fe concentrations was 

examined here.  As discussed earlier, the self-discharge profile for the carbon electrode 

when it is charged negatively fits with the Conway diffusion model when a Fe-free 

electrolyte is used.  It should be noted that although the Fe-free self-discharge profile 

begins at a higher potential (due to an instrumentation lag between the ramp/hold file and 

the open-circuit potential file), it is unlikely to affect the data analysis as the Conway 

models do not fit the early potential versus time data collected.  As shown in Figure 4.5, 

within the error of the experiment, the Fe concentration does not affect the self-discharge 

profile up to concentrations of 10
-3

 M, consistent with Kazaryan,
13

 although with all the 

electrodes examined, the self-discharge profile of the electrolyte containing 10
-1

 M Fe 

shows a more rapid self-discharge, suggesting that at this high concentration, the Fe is 

participating in the self-discharge.  This is unlike the results on the positive electrode, 

where the Fe-induced self-discharge begins at 10
-4

 M.  Thus the negative electrode is less 

susceptible to Fe-induced self-discharge and can withstand greater Fe contamination 

concentrations without enhanced self-discharge.  At the lower concentrations it appears 

that O2 reduction (Chapter 5) is the cause of self-discharge, however at 10
-3

 M the Fe
3+

 

reduction begins to become the more dominant discharging species.  This is a benefit for 

asymmetric electrochemical capacitors where carbon is often used for the negative 

electrode.  
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Figure 4.5: Self-discharge profiles of Spectracarb 2225 carbon cloth  (ca. 10 mg) charged 

to from 0.5 – 0.0 V at 1 mV s
-1

 in 1.0 M H2SO4, with a 1 hour hold time, contaminated 

with various concentrations of Fe
2+

/Fe
3+

 sulfate: (a-c) 0 M (——); 10
-8

 M (– –); 10
-6

 M 

(— —); 10
-5

 M (— • •); 10
-4

 M (•••); 10
-3

 M (- -); 10
-1

 M (— •). 
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4.6  Conclusions 

It was shown that for a symmetric carbon-based, aqueous-electrolyte 

electrochemical capacitor, the self-discharge mechanism on the positive and negative 

electrodes are different and should be studied with a three-electrode set-up.  In an H2SO4 

electrolyte, which is free of Fe-contamination the positive electrode has a self-discharge 

profile which is predicted to be activation-controlled as per the Conway models, or 

charge redistribution.  Conversely the self-discharge mechanism for the negative 

electrode in the same situation is predicted to be diffusion-controlled.  

 No Fe-induced self-discharge is seen at concentrations up to 10
-5

 and 10
-3

 M for 

the positive and negative electrodes, respectively.  At intermediate Fe-concentrations, the 

Fe mechanism does become the major self-discharge mechanism, and it is consistent with 

diffusion-control.  Importantly, it was shown the Fe-induced self-discharge occurs 

primarily on the exterior surface of the porous electrodes and the pores do not take part in 

the Fe-induced self-discharge mechanism.  This is due to the depletion of the Fe in the 

pores during charging.  This can be used to explain the fact that the Conway diffusion-

control self-discharge model, which was derived for semi-infinite diffusion to a planar 

electrode, is able to fit the self-discharge profile of a porous electrode.  

 At high Fe concentrations (e.g. 10
-1

 M) Fe-induced self-discharge is still the main 

self-discharge mechanism; however, at these concentrations, the system is no longer 

diffusion-controlled and the rate-limiting step is the reaction of Fe on the carbon surface.
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Chapter 5   ELECTROLYTE DECOMPOSITION AND OXYGEN  
   REDUCTION AS POSSIBLE SELF-DISCHARGE  
   MECHANISMS 
 

 

 

The majority of this work was published as “Examination of water electrolysis and 

oxygen reduction as self-discharge mechanisms for carbon-based,  aqueous electrolyte  

electrochemical capacitors”, Alicia M. Oickle, and Heather A. Andreas, Journal of 

Physical Chemistry C., 115, 2011, 4283 – 4288.  I collected and analyzed all the data 

presented in the paper, and was also responsible for the first draft and editing of the 

paper.  The pH self-discharge data was not previously published.  

 

5.1  Introduction 

In Chapter 4, the effect of a common external contaminant (Fe) was examined as 

a cause of self-discharge.  With an electrochemical capacitor system that is under the 

maximum Fe-concentration necessary to increase self-discharge, or completely void of 

Fe, there is still a significant loss of potential over time.  As previously discussed in 

section 2.6.3.2, Pillay and Newman
15

 proposed side reactions of oxygen and hydrogen 

evolution via the electrolysis of water as possible causes of Coulombic efficiency losses 

in electrochemical capacitors.  Additionally, oxygen within the electrolyte may also 

increase the self-discharge through oxygen reduction. 

In this work, electrolyte decomposition and oxygen reduction have been 

experimentally studied as self-discharge mechanisms in aqueous electrolyte, carbon 

electrode electrochemical capacitors using the Nernst equation, along with le Châtelier’s 
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Principle, to predict the effect of varying the dissolved oxygen and hydrogen content on 

self-discharge from both the positive and negative electrodes.  The proposed Faradaic 

self-discharge processes (O2-evolution, H2-evolution, and O2-reduction) have written 

redox reactions associated with them (see section 2.6.3).  As such, it is possible to make 

predictions using both le Chatelier’s Principle and the Nernst equation, on the effect of 

changing certain parameters such as partial pressures and proton concentrations.  The 

Nernst equation applies when there is no current flowing through the cell, similar to the 

open-circuit measurements in self-discharge profiles (see section 2.6) and is defined as   

           
  

  
   

   

    
.     (11) 

where   is the potential of the reaction,    is the potential of the reaction at standard 

conditions and 298 K (1 atm, 1 M),   is the universal gas constant,   is the temperature 

of the cell,   is the number of electrons in the half reaction,   is Faraday’s constant,     

is the activity of the oxidized species and      is the activity of the reduced species in the 

half reaction (at low concentrations, concentration can be substituted for activity).
161

  

Both possible self-discharge mechanisms studied have a dependence on proton 

concentration at the 1.0 V electrode (summarized in Table 5.1): with an increase in 

proton concentration, electrolyte decomposition and oxygen reduction predict a decrease 

in self-discharge.  If electrolyte decomposition is the predicted self-discharge mechanism 

and the electrode is positively charged to 1.0 V, there is no initial hydrogen available.  

The addition of H2 now introduces a new species and also a new reaction.  As a result, 

with the addition of hydrogen no self-discharge information can be found and is denoted 

as “no information”.  With the addition of O2 to the electrolyte, a decrease in self-

discharge would be predicted since R6 would be shifted positively, farther outside the 
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potential window.  Increasing the O2 electrolyte content predicts a positive potential shift 

of oxygen reduction and therefore a decrease in self-discharge. 

 

Table 5.1: Predicted effect of changing electrolyte components on the 1.0 V self-

discharge mechanism. SD is an abbreviation for “self-discharge”. 

 Increase [H
+
] Increase pH2

 Increase pO2
 

Electrolyte Decomposition Decrease SD No information Decrease SD 

Oxygen Reduction Decrease SD No effect Decrease SD 

 

If the concentration of protons was increased on the 0.0 V electrode, as shown in 

Table 5.2, and the self-discharge mechanism was electrolyte decomposition, the potential 

of R7 would shift more positively according to the Nernst equation and le Châtelier’s 

Principle; the shift to a more positive potential (into the potential window) would 

increase self-discharge.  If the partial pressure of H2 increased and the self-discharge 

mechanism was electrolyte decomposition, R7 would shift negatively away from the E
o
 

and the reaction would not proceed, resulting in a decrease in self-discharge.  O2 is not 

readily available in a deaerated solution so oxygen reduction cannot occur even with the 

addition of protons (another component necessary for the reaction is missing  and 

therefore the reaction cannot occur) and this is indicated by “no reaction”.  Changes in 

pO2
 add a new species (O2) which can be reduced to hydrogen peroxide or water.  

 

Table 5.2: Predicted effect of changing electrolyte components on the 0.0 V self-

discharge mechanism. SD is an abbreviation for “Self-discharge”. 

 Increase [H
+
] Increase pH2

 Increase pO2
 

Electrolyte Decomposition Increase SD Decrease SD No information 

Oxygen Reduction No reaction No effect Increase SD 
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By identifying the mechanism of self-discharge through the Nernstian predictions 

and the Conway self-discharge mathematical models
11, 118, 163

 a better understanding of, 

and possible decrease in, self-discharge may be realized.   

 

5.2 Testing O2-evolution as Self-discharge Mechanism on 1.0 V Electrode 

Predictions using le Châtelier’s Principle and the Nernst equation suggest that if 

electrolyte decomposition (reaction 6) on the 1.0 V electrode, was the self-discharge 

reaction the addition of oxygen content to the electrolyte would have a positive shift in 

the reaction potential.  The positive shift would move the reaction potential farther out of 

the potential window, resulting in a decrease in self-discharge from 1.0 V (less potential 

change during the self-discharge measurement).  Similarly, the removal of O2 from the 

electrolyte (by sparging with N2) should result in a negative shift in reaction potential and 

a concomitant increase in self-discharge on an electrode held at 1.0 V.   

As seen in Figure 5.1a, with the addition of oxygen by bubbling O2 through the 

cell, there is no effect on self-discharge within experimental error.  In addition, the 

removal of oxygen from the electrolyte, by bubbling N2 through the cell, results in no 

significant change in self-discharge.  Self-discharge profiles are considered the same if 

the profiles are within ± 10 mV of the self-discharge profile collected in N2-bubbled 

electrolyte.  Since the self-discharge profiles do not follow the trend predicted based on 

the amount of dissolved oxygen in the electrolyte, this suggests that electrolyte 

decomposition is not the self-discharge mechanism on the carbon electrode charged to 

1.0 V in aqueous electrolyte electrochemical capacitors. 
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Figure 5.1: Self-discharge profiles of Spectracarb 2225 carbon cloth (ca. 10 mg), in  

1.0 M H2SO4, ramped from 0.5 – 1.0 V at 1 mV s
-1 

with a 30 minute holding step. 

Solution not bubbled (— —); saturated with N2 (— •); saturated with O2 (——).  

 

The evidence against oxygen evolution on the 1.0 V electrode can be strongly 

supported by calculations of the O2 content required to shift the reaction potential into the 

electrode’s potential window.  Assuming the electrolyte is not deaerated, the dissolved 

oxygen content can be calculated using Henry’s Law and a typical atmospheric oxygen 

content of 0.2 atm.  Combining this dissolved oxygen concentration with 1.0 M H2SO4 
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into the Nernst equation would result in only a -50 mV shift in the potential to 1.18 V.  

The quantity of oxygen necessary to shift the equilibrium potential even to 1.0 V (the 

very upper limits of the potential window) would be 2.8 x 10
-16

 mol L
-1

, a trace amount 

unlikely to be reached under normal conditions.  Dissolved oxygen probe measurements 

showed the quantity of O2 in a N2-saturated solution to be 0.1 atm O2 (1.3 x 10
-4

 mol L
-1

), 

which is significantly more than the trace value calculated to be necessary to move the 

water oxidation reaction into the potential window used in this work.   

To further elucidate the kinetics of the self-discharge reaction occurring on the 

positive electrode, the self-discharge profiles were plotted versus log t as well as t
½ 

(from 

section 2.6.1).  An electrolyte decomposition mechanism is expected to be activation-

controlled, rather than diffusion-controlled.  With O2, N2 and no bubbling, there is a 

linear region, after an initial plateau, in the self-discharge profile when plotted versus  

log t (Figure 5.1b), which is consistent with an activation-controlled self-discharge 

mechanism.  However, it is also consistent with charge redistribution which may not have 

been completely removed in the 30 minute hold.
14, 123

  That the self-discharge mechanism 

is not diffusion-controlled is further confirmed by the lack of a linear region in the self-

discharge profile when plotted versus t
½ 

(Figure 5.1c).  From this data, it is shown that 

while the self-discharge mechanism may be activation-controlled, the lack of trend with 

varying dissolved O2 concentration argues against self-discharge at the positive electrode 

being caused by electrolyte decomposition, in the form of O2 evolution.  Additionally, the 

slope in the linear region of Figure 5.1b was found to be 45 ± 2 mV dec
-1

, rather than the 

expected 120 mV dec
-1

 Tafel slope for oxygen evolution (assuming the first or second 

electron transfer is the rate-determining step).
172

  Therefore, oxygen evolution is not the 
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cause of self-discharge on the 1.0 V electrode. Rather, self-discharge from the 1.0 V 

electrode is due to either another, as yet unidentified, activation-controlled Faradaic 

reaction or is governed chiefly by charge redistribution. 

 

5.3 Testing H2-evolution as Self-discharge Mechanism on 0.0 V Electrode 

When the working electrode is charged to 0.0 V in 1.0 M H2SO4 the electrolyte 

decomposition reaction would be in the form of protons being reduced to H2 (see  

reaction 7).  Under typical conditions (no bubbling of any gas) the dissolved H2 

concentration in the electrolyte solutions is 6.2 x 10
-7

 mol L
-1

, using Henry’s Law and 

atmospheric H2 content.  Using the Nernst equation this H2 concentration in 1.0 M acid 

results in a positive potential shift of 0.18 V, which is a shift into the voltage window, 

suggesting that electrolyte decomposition is a reasonable self-discharge reaction.   

The addition of H2 would be predicted, using the Nernst equation, to cause the 

reaction potential to shift negatively, causing a decrease in self-discharge, and the 

removal of H2, through N2 sparging, should cause an increase in self-discharge (see Table 

5.2).  As can be seen in Figure 5.2a, the self-discharge profile of the negative electrode 

with the addition of H2 was not significantly changed (within experimental error) from 

profiles where the electrolyte was N2 saturated to remove dissolved H2.  The small 

variation seen is inconsistent with the predictions of increased self-discharge due to H2 in 

solution causing electrolyte decomposition.  The self-discharge profile for the non-

bubbled system is surprisingly large, and is out-of-line with the prediction of electrolyte 

decomposition.  Since the non-bubbled solution is not sparged with any gas, very little H2 

would be present; therefore it is unlikely that electrolyte decomposition to H2 is causing 
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the increased self-discharge.  The results for this non-bubbled system will be discussed 

again in section 5.4, but, in general these results argue against electrolyte decomposition 

as the self-discharge mechanism on the negative electrode. 

 
Figure 5.2: Self-discharge profiles of Spectracarb 2225 carbon cloth (ca. 10 mg), in  

1.0 M H2SO4, charged from 0.05 – 0.0V at 1 mV s
-1 

with a 30 min hold step. Solutions 

not bubbled (— —); saturated with N2 (— •); saturated with H2 (— • •); saturated with  

O2 (——). 
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The kinetic relationships of the self-discharge profiles, when compared to the 

Conway models, also provide strong evidence that electrolyte decomposition is not the 

dominant self-discharge mechanism on electrodes charged to 0.0 V.  The non-linear 

relationship when plotted versus log t (Figure 5.2b) suggests that the self-discharge 

mechanism is not activation-control or charge redistribution.  The self-discharge profiles 

are, rather, consistent with a diffusion-controlled self-discharge mechanism, as can be 

seen with a linear region when potential is plotted versus t
½
 (Figure 5.2c).  Electrolyte 

decomposition should not provide a diffusion-controlled profile, as the electrolyte is at a 

sufficiently high concentration such that it does not need to diffuse to the surface to react, 

and should, instead result in an activation-controlled mechanism.  Therefore, the presence 

of a diffusion-controlled profile also strongly negates the possibility of electrolyte 

decomposition being the self-discharge mechanism on the negative electrode in carbon 

electrode, aqueous electrolyte electrochemical capacitors.   

 

5.4  Testing O2-reduction as Self-discharge Mechanism on 0.0 V Electrode 

 The presence of oxygen in the electrochemical capacitor electrolyte provides 

another possible self-discharge reaction in the form of oxygen reduction to water or 

hydrogen peroxide.
139

  Hydrogen peroxide is the expected product for the system under 

study, as is typical with carbon electrodes.
148

  Self-discharge profiles were collected from 

0.0 V with varying concentrations of dissolved oxygen in the electrolyte to provide 

insight into a possible oxygen reduction self-discharge mechanism.  Oxygen reduction as 

the self-discharge reaction would be consistent with the larger degree of self-discharge 

exhibited by the non-bubbled system (cf. the N2-saturated and H2-saturated systems) in 
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Figure 5.2.  Bubbling either N2 or H2 through the electrolyte would be expected to 

remove O2, preventing O2 reduction and therefore resulting in less of a potential change if 

oxygen is the self-discharge mechanism.  Additionally, the low concentration of O2 

present in either the non-bubbled or N2/H2 bubbled cases would be expected to result in a 

diffusion-controlled self-discharge reaction, as indeed is seen in the linear V vs. t
½
 profile 

in Figure 5.2c at times greater than 25 s
½
.   

Near the beginning of the N2- and H2-saturated self-discharge profiles at times 

less than 25 s
½
, the system is likely under mixed-control, where the oxygen reduction 

reaction rate may depend on activation-control (with an exchange current density similar 

to the 10
-4

 A cm
-2

 rate for graphite or carbon nanotubes)
173

 charge redistribution and/or 

transport-control.  At longer times, the self-discharge current, I, (calculated by  

         
  

  
     (12) 

where C is the capacitance
11, 118, 163

)  falls below that of the exchange current density 

suggesting that diffusion is limiting self-discharge.  Thus, the results seen for the 

situation where N2 and H2 is bubbled in the cell in Figure 5.2 are consistent with oxygen 

reduction as the self-discharge mechanism on the negative electrode, with diffusion as the 

rate determining step at longer self-discharge times.   

Further support for oxygen reduction being the self-discharge mechanism was 

seen when O2 was bubbled through the electrolyte for 24 hours prior to and during self-

discharge.  The increase in dissolved oxygen content resulted in a significant increase in 

the self-discharge (a much larger potential change over time), as seen in Figure 5.2, and 

suggests that minimization of the O2 content in the electrolyte is necessary when the 

electrode is charged negatively.   
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Assuming the loss of potential is solely due to O2 reduction, an O2 electrolyte 

concentration can be calculated.  The concentration of O2 near the electrode or in the 

pores which is required to cause the degree of self-discharge seen in the non-bubbled 

system in Figure 5.2, can be estimated.  Using the loss in potential (ca. 0.24 V), the 

capacitance of the carbon in 1.0 M H2SO4 at 0.0 V (155 F g
-1

, Figure 4.1), Faraday’s 

constant (96485 C per mole of electrons), the pore volume of the carbon (1.2 mL g
-1

) and 

the ratio of two electrons being used for the reduction of one O2 molecule to hydrogen 

peroxide.  This estimation suggests that a dissolved oxygen concentration of 0.16 mol L
-1

 

in the pores is required to cause the degree of self-discharge evident in these systems.  

The oxygen content of a non-bubbled electrolyte is ca. 1.6 x 10
-4

 mol L
-1 

(as measured by 

the dissolved oxygen probe).  Thus, the amount of oxygen in the pores is insufficient to 

fully account for the degree of self-discharge seen in Figure 5.2 and the discharge would 

require O2 from the bulk electrolyte to diffuse to the electrode surface, and may account 

for the t
½
  profile evident in this system.   

The linearity of the self-discharge profile when plotted versus t
½ 

(as seen in Figure 

5.2c) argues for the electrolyte in the pores having been depleted of dissolved oxygen, as 

this t
½ 

model was developed for semi-infinite diffusion to a planar electrode.
11, 118, 163

  In 

contrast, if the limiting reaction was diffusion in the pores of the electrode a much more 

complex relationship between the flux to the surface and time is expected.  Since the flux 

of material is directly related to the current, and the current discharges the electrode, 

thereby changing the electrode potential, the self-discharge potentials would also be 

expected to have a similar relationship with time if there is diffusion in a cylindrical pore.  

Pore narrowing and pore size poly-dispersity are also expected in the carbon used in this 
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work and will also cause a more complex relationship between voltage and time.  Thus, 

the clear linearity in self-discharge potential with square-root time argues that the 

diffusion-control Faradaic reaction controlling self-discharge does not occur inside the 

pores to any great extent.  This suggests the O2 reactant is depleted in the pores during the 

electrode charging process or early on in the self-discharge.  The electrodes in this work 

likely result in this planar-type of diffusion because of the small pores in this carbon, 

resulting in a high surface area to volume ratio in the pores.  This allows for the pores to 

be depleted of oxygen rapidly, and may minimize the active surface area for Faradaic 

self-discharge based on diffusion.  

 As the charge on the external surface of the electrode is removed through the 

Faradaic self-discharge process, the charge deeper in the pores is likely fed up to the 

surface through charge redistribution.
123, 174

  Thus, while the Faradaic self-discharge 

reaction may only be occurring on the face of the electrode, with a charge redistribution 

process, the whole electrode surface may eventually be discharged.   

To examine if the pores may be depleted during the ramp and subsequent hold 

step in charging of the electrode, the current recorded during the holding step is shown in 

Figure 5.3.  It can be seen that the current was higher for the non-bubbled situation versus 

the system when bubbled with either H2 or N2, as is consistent with a higher 

concentration of O2 in the electrolyte.  The curve for the non-bubbled system is, however, 

approaching the curves for the system where O2 has been removed, suggesting that the O2 

in the pores may be in the process of being depleted during the holding step.  The 

equilibrium current never reaches the level of the H2 and N2 currents, always remaining 

slightly higher.  This slightly higher current is likely due to O2 diffusing from the bulk 
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and reacting on the face of the electrode.  Again, having O2 reacting on the face (or outer 

surface) of the electrode is consistent with the linear potential drop with t
½
 (seen in 

Figure 5.2c), which the Conway model suggests is due to a diffusion-controlled process.  

Therefore, the external surface is where the majority of the self-discharge reaction occurs. 

 

Figure 5.3: Comparison of current profiles of Spectracarb 2225 carbon cloth, in 1.0 M 

H2SO4, charged 0.5 – 0.0 V at 1 mV s
-1

 during a 30 minute holding step. Inset is a 

magnification at low current. Solutions not bubbled (— —); saturated with N2 (— •); 

saturated with H2 (— • •); saturated with O2 (——). 

 

From the current profiles seen in Figure 5.3 it can be seen that the current of the 

O2-bubbled electrolyte has a larger cathodic current during the holding step which is 

consistent with some residual O2 content in the pores not reacting during the 30 minute 

holding step.  Had the entire O2 content been used up during the holding step the current 

profile would have been similar to those for N2-bubbled or H2-bubbled systems.   The 

higher current seen in Figure 5.3 suggests more O2 reacting on the electrode, arising from 

a higher oxygen content of the electrolyte, and therefore the higher concentration of the 

O2 in the pores.  This higher concentration, at least initially, may be sufficient to lead to a 

mixed activation- and diffusion-control situation, explaining why the curve in Figure 5.2c 
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for the O2-bubbled system is not linear with t
½
 (diffusion-controlled) at short times.  As 

the O2 in the pores is used up during self-discharge, the system may become more 

diffusion-controlled as the reaction becomes limited by transport of the O2 from the bulk 

electrolyte to the surface of the electrode, and therefore resulting in the diffusion-

controlled profile at longer times (greater than 150 s
½
), as is seen in Figure 5.2c.     

The N2-bubbled and H2-bubbled systems exhibit considerably less self-discharge 

than the non-bubbled and O2-bubbled systems, but their self-discharge is not 

insignificant.  It is possible that enough oxygen remains in the electrolyte that it is 

responsible for this self-discharge.  Nevertheless, O2 reduction has been identified as a 

main cause of self-discharge, suggesting that removal of O2 from an electrolyte will 

minimize self-discharge in electrochemical capacitors.   

 

5.5  Examining Effect of pH on Self-discharge 
 

Self-discharge profiles in aqueous electrolyte have a predicted dependence on 

proton concentration; on the electrode charged to 1.0 V, self-discharge is predicted to 

decrease when the pH is decreased (increase in [H
+
]).  The oxygen-evolution, hydrogen-

evolution and oxygen-reduction are all dependent on protons and therefore the potential 

would shift more positively, resulting in a predicted decrease in self-discharge.  The 

dependence on proton concentration can be seen in Figure 5.4, where the slope of the 

oxygen evolution reaction (reaction 6) is shown.  At pHs higher than 4, the potential of 

oxygen production is within the potential window of 0.0 – 1.0 V vs. SHE and can 

therefore result in an increase in self-discharge for the 1.0 V electrode. 
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Figure 5.4:  Schematic of oxygen and hydrogen evolutions’ dependence on pH. Potential 

limits (— —), with the O2 evolution potential (——) and H2 evolution potential (— • •). 

The slope of oxygen and hydrogen evolution is equal to -59 mV per pH unit assuming  

1 atm of O2 and H2. 

 

 Experimentally, the self-discharge profiles were run versus a constant SHE 

potential window (the potential window did not change with the H
+
 concentration 

through the use of an SSCE reference electrode).  As seen in Figure 5.5, there are 

differences between profiles over the acidic pH range in regards to the amount of self-

discharge and also the shape of the initial drop in potential.  The overall predicted trend 

of increased H
+
 concentration resulting in a decreased self-discharge was observed in 

Figure 5.5.  The self-discharge profile for pH 7 electrolyte has a more gradual drop in 

potential suggesting protons are likely involved in the self-discharge mechanism, though 

not directly related to the predicted mechanism of oxygen evolution.  It is possible that 

the protons are involved in a reaction with carbon surface functionalities, and therefore in 

higher pH electrolyte the reaction is essentially “starved” of protons, resulting in a change 

in self-discharge profile shape.     
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Figure 5.5: Self-discharge profiles of Spectracarb 2225 carbon cloth (ca. 10 mg) ramped 

from 0.5 – 1.0 V versus SHE at 1 mV s
-1

 in various concentrations of HCl with 1.0 M 

NaCl supporting electrolyte. pH 0.5 (——); pH 1 (— —); pH 2 (— •); pH 7 (— ••). 

 

The addition of NaCl to the electrolyte as a supporting electrolyte may be 

influencing the self-discharge profiles obtained.  It is difficult to ascertain whether the 
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differences seen in the self-discharge profile at higher pH values are in fact due to the 

depletion of protons, or if Na
+
 is now becoming an important part of the self-discharge 

process.  Unfortunately, a supporting electrolyte is necessary to ensure close to constant 

ionic strength in the electrolyte to eliminate ionic strength changes from having a part in 

the electrochemistry.  As a result, self-discharge profiles in various pH values were not 

continued.  

 

5.6  Conclusions 
 

Predictions of partial pressure effects on self-discharge were made using the 

Nernst equation, and le Châtelier’s Principle.  The experiments were carried out by 

varying the dissolved oxygen and hydrogen content, individually.  Comparisons of self-

discharge profiles showed that self-discharge is not caused by electrolyte decomposition 

in the form of water electrolysis.   

It was predicted that  the addition of O2 would result in a positive shift in the 

reaction potential, moving the reaction farther outside the potential window in this work, 

and thereby a decrease in self-discharge would be expected.  The 1.0 V (positive) 

electrode did not show the expected decrease in self-discharge upon the addition of O2, 

indicating electrolyte decomposition was not the mechanism of self-discharge.   

 In regard to the negative electrode, the self-discharge profile indicated a diffusion-

controlled mechanism, which when coupled with the absence of any relationship between 

H2 content and degree of self-discharge suggests that the electrolyte decomposition 

reaction of protons being reduced to water is not the mechanism of self-discharge.   
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In varying the dissolved oxygen content of the electrolyte, the self-discharge 

profile of the negative electrode was shown to exhibit significantly larger self-discharge 

with increasing O2 concentration.  This result is consistent with oxygen reduction to 

hydrogen peroxide as a main cause of self-discharge on the negative electrode.  

Additionally, although sparging of the electrolyte with N2 removes O2 and lessens the 

amount of self-discharge experienced, enough oxygen remains to allow for some degree 

of self-discharge.  The kinetics of the oxygen reduction, while slow, are sufficient to 

account for the degree of self-discharge seen in these systems.  A self-discharge profile 

which is linear with t
½
 suggests that the electrolyte in the pores of the carbon has been 

depleted of dissolved oxygen, and that the self-discharge is limited by diffusion of 

oxygen to the external face of the electrode, and that the pores do not directly play a role 

in the Faradaic self-discharge process.  It is likely, however, that the pores may feed their 

charge up to the surface through charge redistribution, allowing the whole electrode to 

eventually be discharged through the external electrode surface area.  
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Chapter 6   STANDARDIZATION OF THE BOEHM TITRATION  
 

 

 

All of this work was published as “Standardization of the Boehm titration: Part II – 

Method of agitation, effect of filtering and dilute titrant”, Alicia M. Oickle, Sarah. L. 

Goertzen, Katelyn R. Hopper, Yasmin O. Abdalla, and Heather A. Andreas, Carbon, 48,  

2010, 3313 – 3322.  I was responsible for collecting all the data presented herein except 

for the “dilute” titrant experiments that were run by Katelyn Hopper.  I wrote the first 

draft of the paper and was heavily involved in the editing process.  The error calculation 

equations presented in the paper were not included in this chapter as they were done by 

Heather Andreas.  

 

6.1  Introduction 

Carbon surfaces, like the surfaces of the electrodes used in this work, contain 

heteroatoms.
86, 168, 175, 176

  These heteroatoms may be electrochemically active and store 

charge through pseudocapacitive reactions (like the quinone/hydroquinone redox couple), 

though it is also possible that heteroatoms may remove charge from the electrode through 

Faradaic reactions.  As a result, it is important to understand the carbon surface 

functionalities on the electrodes surface.  To identify oxygen-containing functional 

groups on the surface, many research groups use the Boehm titration.
18, 92, 102

  Carbon is 

placed in bases of different strengths to quantify carboxyl, lactonic and phenolic carbon 

surface functionalities (see section 2.4.3.2); however, the method followed is rarely 

clearly described and a standardized method is not used.  For results between research 

groups to be comparable, a standardized methodology must be determined and followed.  
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Previous work on standardizing the method of CO2 removal and endpoint determination 

has been done by this group
23, 177

 and was continued with the research described in this 

chapter.  The specific focus of the Boehm titration standardization was on the method of 

agitation, the effect of filtering the carbon from the reaction base solution, and the use of 

dilute titrant. 

In the most frequently referenced Boehm paper where the titration is described, 

the carbon and reaction base solution (the reaction mixture) was shaken for 12 hours in 

0.05 N NaOH to complete neutralization.
102

  After neutralization the base is acidified and 

then back-titrated.  Since the original Boehm paper, research groups have modified the 

method of agitation to include shaking,
22, 178-180

 stirring,
149, 181, 182

 and, occasionally,  

sonicating.
105, 183

  Other groups use no agitation at all.
60, 70, 106, 184-186

  The duration of 

agitation time also varies between research groups, from one hour to five days.  A 

discussion of the agitation method will be undertaken.  After agitation, most groups filter 

the carbon from the reaction base before making aliquots to titrate.
22, 106, 179, 187

  The effect 

of the filter paper on the reaction base was tested to see if this influences the moles of 

carbon surface functionality (nCSF) results.  Some groups, however, allow the carbon to 

settle to the bottom of the reaction vessel and then remove the aliquots from the solution 

above the settled carbon and this was also addressed here.  The effect of using a dilute 

titrant on precisely obtaining the endpoint was also dealt with in this study, along with the 

need to standardize the base directly before titrations. 
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6.2  Carbon Removal and Filtering Experiments  

Since carbon surfaces often have both acidic and basic surface functionalities, it is 

important to remove all of the carbon from the reaction mixture in the Boehm titration.  

The basic carbon surface functionalities of any carbon remaining in the sample would 

react with the HCl used in the acidification step of the titration, resulting in a higher pH.  

The increase in pH would lead to a negative bias for the amount of acidic carbon surface 

functionalities determined through this method. 

Literature methodologies suggest allowing the carbon to settle out of solution for 

between 6 and 24 hours before removal of the aliquots.
21, 80, 96, 187

  Two issues arise from 

this method.  The first is that allowing the carbon to settle from the mixture adds 

substantial experimentation time to the Boehm titration.  Of greater concern, however, is 

the likelihood of carbon being transferred into the aliquots for the titration.  Even with 24 

hours of settling time, a very small amount of carbon may remain at the solution/air 

interface, and this may allow for carbon to adhere to or enter the pipette when the 

aliquots are removed, leading to contamination of the aliquot.  Additional problems with 

possible contamination arise with the last aliquot to be removed from the mixture, since 

when the volume of the solution is low (as with the last of the three aliquots, where a  

10 mL aliquot is being removed from a 30 mL mixture containing the significant amounts 

of carbon), it is more likely that placing the pipette in the remaining solution and 

withdrawing the aliquot will cause agitation of the mixture, causing carbon to enter the 

pipette and be included in the aliquot. 

Carbon sample removal from the reaction mixture is generally undertaken with 

filtering.  Unfiltered blank samples (i.e. no carbon present) were compared to blank 
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samples passed through filter paper to examine whether the process of filtering the 

sample was significantly changing the amount of moles of carbon surface functionalities 

(nCSF) determined in the Boehm titration.  This is a concern since the typical filter paper 

found in laboratories is cellulose-based and has many hydroxyl functional groups on the 

surface.  Therefore, the filter paper’s functional groups could actually take up some of the 

reaction base when being filtered.  Because the glucose units which comprise cellulose 

are stabilized with both intra- and inter-molecular hydrogen bonding,
188

 it is unlikely that 

even NaOH may undergo a reaction with the filter paper hydroxyl groups, but this must 

be examined.  As a corollary, the weaker basicity of the other reaction bases (NaHCO3, 

Na2CO3) ensures that these bases are not strong enough to react with the filter paper and 

therefore, no filtering error is expected with these reaction bases.  Given the large size of 

the holes/pores in the filter paper (ca. 11 μm) compared to the predicted size of the 

solvated ions of interest in the Boehm titration (< 1 nm), it is unlikely that there would be 

any loss of base through size-exclusion, and rather, any loss of base must therefore be 

due to a reaction between the NaOH and the filter paper.  Titration curves of blank NaOH 

bases, seen in Figure 6.1, were collected on a blank unfiltered sample and blank samples 

filtered with a cellulose-based filter paper or a glass-based filter paper to determine any 

differences between methods.  Glass-based filter paper was tested to remove surface 

functionalities, which may undergo neutralization, from the experimental set-up.   
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Figure 6.1: Comparison of titration curves of unfiltered NaOH aliquots of blanks to 

NaOH aliquots of blanks filtered through cellulose-based and glass-based filter paper. 

 

From Figure 6.1, it can be seen there is no significant difference between the 

aliquots, whether filtered or unfiltered as all methods are within ± 2 µmol of zero (a value 

of 0 for nCSF would be expected for a blank titration without carbon).  This suggests the 

NaOH base is not reacting with the cellulose or glass filter papers and therefore filtering 

the sample with cellulose-based filter paper (the most commonly used method) is an 

appropriate method to remove carbon from the carbon/reaction base mixture and can be 

used in the Boehm titration procedure without having to take into account base losses.  

Centrifugation has also been suggested as a method to separate the carbon from 

the reaction base mixture,
66, 189

  and would require significantly less time than allowing 

the carbon to naturally settle.  Also, centrifugation heats the sample slightly, and would 

require covers on the sample tube to avoid evaporation.  If the solution was heated 

enough to result in evaporation of water, the 10-mL aliquot taken after centrifugation 

would be a slightly concentrated, resulting in an error in the future calculation.  Since the 

filtering experiments did not show any signs of reaction base uptake, then the use of a 

centrifugation is unnecessary.   
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Because of the potential of a negative bias in the results caused by any carbon that 

is not removed from the carbon/reaction base mixture, it is vital that all of the carbon be 

removed from the carbon/reaction base mixture before the acidification step.  The 

removal of carbon by allowing it to settle from solution is not recommended because of 

the extra time this introduces into the titration, as well as the possibility of contamination 

of the aliquots due to incomplete carbon removal.  Since filtering the carbon from the 

mixture does not lead to any loss in reaction base, and provides a simple, quick and 

efficient method for removal of carbon, it is suggested that filtering (using either a 

cellulose- or glass-based filter paper) is an appropriate method for removal of carbon in 

the standardized Boehm titration. 

 

6.3  Effect of Dilute Titrant  

Blank titrations of NaHCO3, Na2CO3 and NaOH were done with both 

standardized 0.05 M NaOH and 0.025 M NaOH titrant to determine whether more 

precise endpoints could be achieved with a more dilute titrant.
149, 190, 191

  Since the 

smallest possible droplet size typically deliverable by a burette (with a human user) is 

0.01 mL (a quarter drop), it is possible that using a more dilute titrant might allow for a 

smaller addition of moles of titrator base, and therefore a more precise determination of 

the endpoint.  The average results (based on at least three measurements) and standard 

deviation (σ) of titrations using the different titrator base concentration are shown in 

Table 6.1.  It would be expected that the nCSF calculated in Table 6.1 would be zero as 

there is no carbon present.  The lack of carbon would mean no base uptake and therefore, 

zero would be calculated.  Because the quantity of nCSF is on the µmol scale, and the 
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titration is using a burette with 0.01 mL precision, then the volume will always be 

slightly off on the endpoint and the calculated nCSF will reflect these minor differences.  It 

should be highlighted that the standard deviation is used in this table to show the variance 

in the replicate measurements, and does not imply the uncertainty in the measurements. 

 

Table 6.1: Comparison of nCSF determined using dilute 0.025 M titrant and 0.050 M 

regular titrant for blank samples. 

Reaction Base 
nCSF  ± 1σ / µmol 

0.05 M NaOH 0.025 M NaOH 

NaHCO3 1 ± 1 1 ± 2 

Na2CO3 11 ± 1 11 ± 2 

NaOH -4 ± 2 -9 ± 5 

σ denotes standard deviation. 

 

In Table 6.1, it can be seen for all three reaction bases there is no significant 

difference in the averages, and this is confirmed statistically as the values found from the 

dilute and regular titrant are the same for all the reaction bases (using a t-test with 95% 

confidence).  These standard deviations fall within the typical error of this experimental 

set-up.  Since there is no significant difference between the results in Table 6.1, either 

concentration can be used for the Boehm titration. 

 

6.4  Effect of Exposure to Air on the Standardization of NaOH 

Introduction of air, either during storage, mixing, or during solution preparation 

and titration may lead to changes in the proton concentration.  Therefore, changes would 

be seen in the calculated nCSF value.  A standardized titration base solution (NaOH) is 

typically stored in a polyethylene container, which can make the standardized solution 

susceptible to concentration decreases.  If the standardized concentration changes over 
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time due to dissolved CO2, this effect must be taken into account to accurately determine 

the total nCSF.  CO2 is introduced to the solution and the well-known effect of dissolved 

CO2 in aqueous solutions, which can be seen in reactions 12 and 13, results in the 

formation of carbonic acid (H2CO3) which is then in equilibrium with the bicarbonate ion 

and a proton.
112

 

                           pKa = 2.699   (R12) 

                   
        

   pKa = 6.352   (R13) 

To determine how the introduction of air (through transfer between vessels and 

storage), and therefore CO2, affects the concentration of the NaOH titrator base, several 

“standardization” titrations were carried out after the introduction of air.  When the 

NaOH solution (ca. 0.05 M) was standardized immediately after preparation the 

concentration was found to be 0.055 ± 0.001 M NaOH.  With subsequent stirring (and 

introduction of CO2), the concentration changed and a ca. -1% concentration change was 

seen by the fourth standardization (with a concentration of 0.054 ± 0.002 M NaOH).  The 

decline in NaOH concentration is expected since as CO2 dissolves into the NaOH 

solution, protons would be produced, decreasing the NaOH concentration.  Changes in 

NaOH concentration (if used in the calculation of nCSF) would result in an experimental 

standard error of ca. 1 µmol at the equivalence point.  Although 1 µmol may seem like an 

acceptable deviation, the error associated with the concentration decrease would be 

compounded since the HCl solution is standardized from the initially standardized NaOH.  

At the equivalence point, the difference from the two NaOH concentrations results in an 

experimental difference of 18 µmol.  With the other error in repeated measurements seen 

previously in Table 6.1, the accuracy of the Boehm titration becomes an issue for carbons 
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with lower populations of surface functionalities (nCSF).  It is then advisable that the 

NaOH titrator base should be standardized immediately prior to being used. 

It has been suggested that storage of solutions in polyethylene containers over 

extended time periods results in an increase of dissolved CO2 in solution since CO2 is 

able to penetrate the polyethylene.  Note that the storage of NaOH in glass vessels is not 

recommended as the NaOH can cause the slow dissolution of the glass.
192

   To determine 

how storage in polyethylene containers may affect the NaOH concentration samples of 

the standardized NaOH solution described above were stored in a polyethylene bottle for 

one week and was subsequently titrated.  Its concentration was found to be  

0.055 ± 0.001 M NaOH, which is the same as the initially standardized NaOH.  This 

result suggests standardization is not needed immediately prior to each use since the 

concentration does not change over time; however, from the earlier experiments, the 

transfer of NaOH does effect the concentration.  Therefore, standardization immediately 

prior should be use should be undertaken. 

 

6.5  Method and Duration of Agitation  

All methods of agitation (shaking, stirring and sonicating) were originally 

investigated to determine the optimal method for agitation.  Although Spectracarb 2225 

carbon cloth was previously used in Chapter 4 and 5, the high surface area and low 

weight, as well as the woven fabric makes the Boehm titration difficult to undertake.  As 

a result, another carbon was used to investigate the effects of agitation method.  The 

Black Pearls 2000 carbon used in this study have a spherical macroscopic structure 

(approximate diameter 1 mm).  Therefore, with these Black Pearls it is possible to easily 
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observe if the agitation method is damaging or changing the carbon surface as this will 

result in a clearly visible change to the spherical nature of the particles.  It is likely that 

any damage done to the Black Pearls surface will also be mirrored in other types of 

carbon, where the damage is not so easily seen (i.e. with graphite or activated carbon 

where the surface is already jagged and damage caused by agitation is difficult to 

recognize).  It is important to identify if the method of agitation changes the surface since 

damage to the surface exposes new surface area (and possibly new carbon surface 

functionalities) which would otherwise not be exposed to the Boehm titration solution.  If 

the carbon surface has changed it is possible the surface area and groups have also been 

affected by the agitation method and this may lead to an erroneous calculation of the 

carbon surface functionalities on the carbon surface. 

Upon comparison of the carbon samples after agitation in reaction base, it was 

observed that after stirring the Black Pearls spheres had been broken apart, resulting in a 

carbon filtrand which was very much like a thick clay and was difficult to filter from the 

solution.  This is in contrast to the sample reacted with the reaction base using no 

agitation and the shaken samples, which retained their spherical shape and were easily 

filtered from solution.  To understand why there was such a significant difference in the 

physical properties of the Black Pearls 2000 after stirring, samples of Black Pearls 2000 

carbon were observed using an optical light microscope to view any macroscopic changes 

to the carbon itself and the results can be seen in Figure 6.2.  As can be seen in Figure 

6.2, there is essentially no difference in the macroscopic surface structure between the as-

received sample (Figure 6.2a), and the sample which had reacted with Na2CO3 without 

agitation (Figure 6.2b) and the sample which was shaken for 24 hours during Na2CO3 
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reaction (Figure 6.2c).  Conversely, there is a significant macroscopic change in the 

structure of the carbon which was stirred (Figure 6.2d), as well as in the structure of the 

sonicated carbon (Figure 6.2e).  The carbon which was stirred is much less smooth than 

the as-received sample and there is evidence that pieces of the carbon have been fractured 

off of the Pearls.  This suggests that agitation may in fact be modifying carbons in ways 

which are not visible with the naked eye; though other types of carbons (e.g. graphite, 

carbon cloth) do not visibly show this change through stirring it is very possible these 

changes do occur.   

 

Figure 6.2: Optical microscopy images of Black Pearls 2000 carbon agitated in Na2CO3 

(except a) at 4X magnification. a) as received from supplier (no contact with solution);  

b) no agitation; c) shaken for 24 h; d) stirred for 24 h; and e) sonicated for 10 mins. 

 

The carbon sample which was sonicated also shows changes to its surface 

structure (similar to the stirred carbon sample), as these particles have lost their spherical 

shape and are, generally, larger in size suggesting that the sonication allowed for some 

agglomeration of the particles.  The carbon was only sonicated for 10 minutes; longer 

times are expected to result in a more drastic change in the surface area.  Along with the 



 

 

- 94 - 

 

obvious physical changes seen in Figure 6.2, sonication may produce chemical changes 

in the carbon surface.  Ultrasound produces bubbles which collapse and results in high 

localized temperatures and pressures;
193

 this process, called cavitation, can produce 

radicals and other products which can then interact with the mixture being sonicated, and 

could give inflated populations of surface groups in regards to the Boehm titration 

results.
193

  In fact, the micro-jets which can be produced by ultrasound have a high 

kinetic energy which have been shown to displace electrode surface species, resulting in 

new surfaces.  Recently published work by Guittonneau et al. has shown the degradation 

effect of ultrasound on graphite suspensions in degassed deionized water using 

transmission electron spectroscopy, laser diffraction particle sizing and Fourier transform 

mass spectrometry.
194

  Results from the mass spectrometry experiments show mainly the 

generation of phenyl and phenol fragments from the graphene layers which have 

implications for use in the Boehm titration.
194

  Increases in the number of phenol groups 

would have a direct and significant effect on the NaOH reaction base uptake.  The 

degradation of the carbon through sonication would also change the exposed surface area 

and no longer have the same surface functional groups as carbon that was not sonicated; 

this would result in inaccurate and non-comparable results.  Because of this, the use of 

ultrasound as a method of agitation is not recommended for use in the Boehm titration. 

Since it can be seen in Figure 6.2c, that shaking does not significantly change the 

spherical shape of the Black Pearls 2000 carbon, shaking was deemed the best method of 

agitation, as Boehm originally suggested.  While it is clear that shaking causes the least 

damage to the particle itself, each type of carbon under study must be examined to ensure 

the agitation method is not significantly damaging/altering the surface.   
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 In order to ensure that the reaction bases have fully reacted with the carbon 

surface functionalities, agitation duration studies must be conducted for each type of 

carbon examined by the Boehm titration.  The reaction base must flood all of the pores to 

fully react with all of the carbon surface functionalities on the carbon surface.  The speed 

at which the reaction base will diffuse into pores is largely controlled by the size, shape 

and length of the pores, which is different for each type of carbon.  For large pores, the 

speed of pore penetration by the reaction base may be increased somewhat by agitation of 

the solution outside of the pores; however, for small pores there is no effect from bulk 

solution agitation.  In the case of small pores (such as the ones usually required in 

carbons in order to provide high surface area), diffusion will be the main method of 

transport of the reaction base into the pore, and, the speed of this diffusion will depend on 

the length of the pores and the tortuosity of the pores.  These factors are different for each 

type of carbon (carbon cloth, graphite, activated carbon, etc.).  Thus, because of the 

differences in pore structure, surface area and structure/particle stability, no standardized 

method for agitation time can be proposed, although it is anticipated that longer agitation 

times may be required for high surface area carbons.  In order to ensure that the reaction 

base has had sufficient time to react with the surface, but is not too long as to allow the 

agitation to damage the carbon surface, the length of agitation time must be examined for 

each carbon under study. 

 

6.6  Conclusions 

The Boehm titration, commonly used for the identification and quantification of 

carbon surface functionalities, is undertaken in a variety of ways in the literature and 
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requires a standardized method for the comparison of results between literature groups.  

Carbon removal, the use of dilute titrant, the effect of air on standardization, and the 

method of agitation were examined.  It was found filtering the carbon and reaction base 

mixture does not affect the nCSF results and is an acceptable, easy method for separation 

of the carbon from the reaction base.  Allowing the carbon to settle to the bottom of the 

vessel did not allow sufficient separation as the last aliquot typically had carbon 

transferred with the reaction base.   

 It was found that stock solutions (HCl and NaOH) should be standardized 

immediately prior to titrations as over time, the introduction of air (through transferring 

to the titration containers) results in changes in concentration which can have significant 

effects on the nCSF.  There is no significant difference between titrations when the regular 

(0.05 M) and more dilute (0.025 M) NaOH titrant is used.  Thus, either concentration is 

acceptable for the titrant.  The solutions must be degassed throughout the titration to 

avoid a bias.   

 The best method of agitation was found to be shaking, as originally suggested by 

Boehm.  Stirring and sonication resulted in a change in the macroscopic surface of the 

carbon particles, and should be avoided in terms of sample agitation.  Duration of shaking 

is dependent of the surface area of the carbon, and high surface area carbons (i.e. many 

small pores) would require a longer agitation time as diffusion into the pores is important 

in the Boehm titration.   
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Chapter 7    ELECTROCHEMICAL EXAMINATION OF   

   CARBON SURFACE FUNCTIONALITIES ON  

   CARBON ELECTRODES 
 

 

7.1  Introduction 

 It is interesting to study carbon surface functionalities as some surface groups can 

store charge through pseudocapacitive reactions (see sections 2.2.2 and 2.4.3.1) allowing 

for higher charge storage compared to purely double-layer charge storage.  It has yet to 

be determined the effect carbon surface groups have on self-discharge in aqueous 

electrochemical capacitors, and therefore it is of interest to examine their behaviour more 

closely.  Electrochemically active carbon surface functionalities can also be examined 

using cyclic voltammetry.  

Although the Boehm titration (see sections 2.4.3.2 and Chapter 6) is very 

commonly used for analysis of carbon surfaces, it is difficult to correlate the data 

collected from this method with the electrochemical data due to a variety of factors, 

described below.  Results from the Boehm titration are not reproducible, possibly due to 

surface heterogeneity between carbon samples.  If the populations of various surface 

groups are not evenly dispersed on the carbon surface, then results vary depending on the 

sampling region.  The Boehm titration technique is not specific to only electroactive 

surface groups and therefore the results obtained from the Boehm titration cannot be used 

to calculate the pseudocapacitive contributions on an electrode.  Additionally, if the 

carbon sample used in the Boehm titration was previously used as an electrode in an 

electrochemical experiment using an acidic electrolyte, it is necessary to fully remove the 
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electrolyte before using the electrode as the carbon sample in the Boehm titration, which 

can prove difficult.
177

  Any acid left in the pores of the carbon would then neutralize the 

Boehm reaction base, resulting in an inflated acidic surface group population.   

Since electrochemically active carbon surface functionalities are the ones that 

store charge and may also cause self-discharge, the best way to examine the appropriate 

carbon surface groups is through electrochemical means.  The data discussed within this 

chapter focuses on classification of regions within the cyclic voltammogram of 

Spectracarb 2225 carbon cloth and how the application of given potentials change the 

cyclic voltammogram.  A better understanding of the carbon cyclic voltammogram 

electrochemical signature is necessary, and therefore, the Faradaic processes occurring at 

the electrode are studied herein.  

 

7.2 Continuous Potential Cycling to Steady-state 

Identifying the redox reactions on carbon electrodes within the aqueous potential 

window is necessary to understand charge storage since these Faradaic reactions may be 

pseudocapacitive in nature and therefore enhance charge storage, or may be non-

pseudocapacitive and lower columbic- and energy-efficiencies.  Using cyclic 

voltammetry the redox processes are easily visible, making cyclic voltammograms a good 

electrochemical method for the identification of the multiple Faradaic reactions present 

on carbon electrodes.  It is also important to understand the changes occurring in the 

cyclic voltammogram data prior to self-discharge data (presented in Chapter 8).  

As can be seen in Figure 7.1, there are significant changes in the current with 

continued potential cycling between 0.0 – 1.0 V.  An increase in current (ca. 1.5 mA) is 
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seen with the development of a pseudocapacitive redox peak at ca. 0.55 V, which is 

commonly attributed to quinone/hydroquinone reduction/oxidation.
89-91

  The peak is 

classified as pseudocapacitive as it is highly reversible as evidenced by the symmetry of 

the current about the zero current axis.  Another region with significant change in the 

cyclic voltammogram of Spectracarb 2225 carbon cloth with continued cycling between 

0.0 – 1.0 V is the decrease in the current of an oxidation wave, above 0.7 V.  The current 

decreased by ca. 4.5 mA at 1.0 V from the first cycle to cycle 300.  Kinoshita and Bett
153

 

discussed carbon corrosion, visible as an anodic wave, as two separate processes, that of 

surface oxide formation and CO2 evolution. They determined the two processes were 

independent of one another, and also that the corrosion rates were independent of CO2 

pressure.
153

  However, Kinoshita and Bett’s work used a different carbon system (Vulcan 

XC-72) and the potential applied was higher, up to 1.2 V, resulting in a larger oxidation 

wave and likely, more oxidation of the carbon.  Generally, carbons in acidic aqueous 

electrolyte are not exposed to potentials past 1.0 V, and therefore the magnitude of the 

oxidation seen in the Kinoshita and Bett work would not be seen in typical experimental 

conditions.
153

  It is also important to note that their research did not focus on the effects 

of continued cycling, or on the potential at which the quinone/hydroquinone peak begins 

to develop, and therefore this work will focus on these research areas.    
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Figure 7.1: Cyclic voltammograms of a continuously cycled Spectracarb 2225 carbon 

cloth electrode (ca. 10 mg) in 1.0 M H2SO4 at 1 mV s
-1

. 

 

 With continued potential cycling, the anodic and cathodic charge change 

significantly.  The charge is calculated by the area under the curve, divided by the sweep 

rate, and is calculated for the anodic and cathodic sweeps of the cyclic voltammogram, 

down to the zero current line.  The charge data are shown in Table 7.1 for both the first 

cycle and the 300
th

 cycle (steady-state).  For the first cycle, it is evident the charge in the 

anodic and cathodic sweeps are different.  Since the anodic charge is significantly larger 

than the cathodic charge, this suggests that in the anodic sweep there is an irreversible 

reaction, the product of which cannot be reduced.  However, over continued cycling the 

charge between the anodic and cathodic sweeps become the same.  The anodic and 

cathodic sweep charge becoming the same means the system becomes reversible, as no 

charge is oxidized that is not reduced.  

Examining the oxidation wave and the development of the hydroquinone peak in 

the cyclic voltammogram is necessary to determine whether the oxidation wave contains 

the current associated with a conversion to, or production of, quinone groups.  The charge 

was therefore calculated for the oxidation wave from 0.6 – 1.0 V and above 1.5 mA, and 
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for the reduction peak below -1.5 mA to determine if there was a correlation between 

these two regions of the cyclic voltammogram.  From these data it can be seen that more 

oxidation occurs in the oxidation wave (1060 ± 60 mC) than the corresponding reduction 

peak (350 ± 70 mC) in the first cycle.  The data suggests that there is an irreversible 

oxidation in the oxidation wave.  Over time, the oxidation wave charge becomes 

significantly smaller (450 ± 30 mC), and more similar to the charge of the reduction peak 

(800 ± 150 mC).  Although the oxidation wave and the reduction peak (focused on the 

hydroquinone peak) are not the same, the magnitudes are closer than in the first cycle.  

With the oxidation wave being smaller than the reduction peak at the 300
th

 cycle, but the 

overall anodic and cathodic sweep charges being the same suggests that the oxidation 

wave is not being converted to the quinone groups at steady-state.    

 

Table 7.1: Summary of average charge of nine Spectracarb 2225 carbon cloth electrodes 

continuously cycled to steady-state from 0.0 – 1.0 V in 1.0 M H2SO4.

 Charge ± 1σ / mC 

Cycle 

number 
Anodic sweep

*
 Cathodic sweep

*
 Oxidation wave

†
 Reduction peak

‡
 

1 2370 ± 110 1850 ± 70 1060 ±60 350 ± 70 

300 2290 ± 70   2300 ± 150 450 ±30 800 ±150 

 

 

 Results from the Boehm titration for Spectracarb 2225 carbon cloth electrodes 

were previously analyzed in Sarah Goertzen’s MSc thesis (former graduate student in the 

Andreas laboratory).  The most important conclusion from the previous work is the 

inability to quantify populations of surface groups accurately as the uncertainty 

encompasses many of the values.
177

  The significant uncertainty associated with the 

                                                           
*
 Integrated from 0.0 – 1.0 V, to the zero current axis. 

†
 Integrated from 0.6 – 1.0 V with a 1.5 mA current baseline 

‡
 Integrated from 0.0 – 1.0 V, with a -1.5 mA current baseline. 
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Boehm titration technique, along with such small populations on the surface (μmol g
-1

) 

makes it difficult to determine the technique’s overall exactness to the correct value.  For 

these reasons, use of the Boehm titration was discontinued for this research. 

 Since it was not possible to quantify carbon surface functionalities on this 

particular carbon using the Boehm titration, another method to determine surface 

functionalities was proposed.  Electrochemistry on the electrodes was chosen as it only 

identifies carbon surface functionalities that are electroactive in charge storage and 

possibly as a Faradaic cause of self-discharge, rather than all possible surface 

functionalities.  

 

7.3 Issues with Electrode Mass 

In cyclic voltammetry the measured current response is proportional to the 

capacitance (the ability to store charge at a given voltage).  Cyclic voltammograms can 

also as be plotted as current density where the current is divided by the mass or surface 

area of the electrode.  A problem arose where the masses of electrodes of the same 

geometric area were not similar (variation of ca. 30 %), however when the carbon cloth 

was placed in the electrolyte, the measured current was the same as the previous 

electrodes (see Figure 7.2a).  Multiple analytical balances were tested and there was no 

change in the mass reading between balances, thereby eliminating a bias due to the scale.   

One possibility of the variation in mass is due to a section of the electrode not 

connected to the rest of the electrode resulting in inactive electrode material.  An 

electrically unconnected portion of the electrode is not expected with the carbon cloth 

used in this work as it is woven, and the pressure applied through the current collector 
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would make contact with a stray piece of carbon.  Another possibility is the additional 

mass is due to an electrochemically inactive contaminant.  If it were a contaminant that 

was not electrochemically active then it would not affect the electrochemistry, and can be 

ignored, however the mass cannot then be used to calculate the current density.   

 

Figure 7.2: Cyclic voltammograms of two Spectracarb 2225 carbon cloth electrodes in 

1.0 M H2SO4 at 1 mV s
-1

.  a) shows the absolute current value while b) shows the current 

density.  The black line (―) is a 10.96 mg electrode, and the dashed red line (– –) is a 

13.19 mg electrode. 

 

Due to the inaccurate masses, when the current was then normalized by dividing 

by mass there is a significant difference in the current density (see Figure 7.2b).  It should 

be noted that this mass variation was only seen over a short time period, and many years 

of work with Spectracarb 2225 carbon cloth has shown very similar currents for all 

electrodes.  Since all these electrodes were made using the same diameter punch the 

electroactive surface areas are very similar and therefore the current density should also 

be similar.  To witness a 60 mA g
-1

 difference between electrodes of the same geometric 

area, as seen in Figure 7.2b, is not expected.  As a result of these mass readings and to be 

able to compare data between electrodes, the absolute current and charge values will be 

presented in this chapter.  
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7.4 Limiting the Lower Potential of the Cyclic Voltammograms 

The use of H2O2 as a reagent in chemical activation to oxidize the carbon surface 

is commonly seen in the literature.
78, 81, 82

  It was previously suggested (see section 5.4) 

that at lower potentials (close to 0.0 V) in the cyclic voltammograms of Spectracarb 2225 

carbon cloth electrode material, oxygen is reduced to H2O2.  Since peroxides are known 

to be strong oxidizing agents for carbon surfaces,
78, 81, 82

 it was of interest to truncate the 

potential window, never exposing the electrode to potentials below 0.4 V, therefore 

limiting the formation of H2O2.  If H2O2 is not produced in the electrolyte then the 

quinone/hydroquinone redox peak would not increase due to the presence of the oxidant.   

Cyclic voltammograms with a lower potential limit of 0.4 V are shown in Figure 

7.3.  The cyclic voltammograms have an increased upper potential window in 25 mV 

increments and are therefore referred to as “incremental cyclic voltammograms”.  

Incremental cyclic voltammograms are used since it is then possible to determine where 

certain redox processes begin.  The cyclic voltammograms in Figure 7.3a clearly show 

the development of the quinone/hydroquinone redox couple centered ca. 0.55 V.  The 

development of the redox couple begins minimally at 0.65 V, and becomes larger with 

increasing upper potential limits (as seen in Figure 7.3b and c).  Since the cyclic 

voltammograms show evidence of the development of the quinone/hydroquinone redox 

couple without exposure to potentials below 0.4 V, this suggests that any possible 

reactions at lower potentials, like H2O2, are not responsible for the development of the 

pseudocapacitive quinone reaction.   
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Figure 7.3: Cycle 90 (steady-state) of cyclic voltammograms for a Spectracarb 2225 

carbon cloth electrode (15.25 mg) with various upper potentials in 1.0 M H2SO4 at  

1 mV s
-1

. b) magnified anodic region from a), and c) magnified cathodic region from a). 

 

A direct comparison of the 0.4 – 1.0 V steady-state cyclic voltammogram to the 

0.0 – 1.0 V steady-state cyclic voltammogram is shown in Figure 7.4.  The current values 

are similar within experimental error between two different carbon electrodes, for all 

regions of the cyclic voltammogram except for in the oxidation of the hydroquinone to 

quinone (anodic sweep), where the 0.4 – 1.0 V cyclic voltammogram has a lower current 

value than the 0.0 – 1.0 V cyclic voltammogram.  If exposure to lower potentials resulted 

in an oxidant being produced, it would be expected that the 0.0 – 1.0 V cyclic 

voltammogram would have a larger current, which is seen in Figure 7.4; however, the 

current in the reduction peak is the same between the two cyclic voltammograms 
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suggesting there is not an increase in overall oxidation through the possible production of 

H2O2.  Taking into account the experimental conditions that would affect the current in 

the hydroquinone oxidation in the anodic sweep of the cyclic voltammogram suggests 

that the exposure to potentials below 0.4 V does not result in a more oxidized carbon 

electrode through the production of H2O2 or some other oxidant.    

 
Figure 7.4: Cycle 90 for cyclic voltammograms of two Spectracarb 2225 carbon cloth 

electrodes (ca. 10  mg) cycled to steady-state in 1.0 M H2SO4 at 1 mV s
-1

.  The black line 

(―) is a steady-state cyclic voltammogram from 0.0 – 1.0 V, and the dashed red line  

(— —) is a steady-state cyclic voltammogram from 0.4 – 1.0 V. 

 

7.5 Faradaic Processes Studied by Incremental Cyclic Voltammetry 

Further investigation into the possible relationship between the development of 

the quinone/hydroquinone peak and the oxidation wave (see section 7.2) is necessary.  

Since it was previously shown that exposure of the electrode to potentials below 0.4 V 

does not affect the development of redox peaks on the carbon cyclic voltammograms (see 

section 7.4), all cyclic voltammograms shown in this section begin at the lower potential 

of 0.0 V.  Cyclic voltammograms collected with truncated upper potential windows 

above 0.5 V (the redox potential of the quinone/hydroquinone couple), but below the 

onset of the oxidation wave at ca. 0.7 V, do not show redox peaks (see Figure 7.5).  The 
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steady-state cyclic voltammogram between 0.0 – 0.6 V does not show any evidence of a 

pseudocapacitive redox peak which might be expected since 0.6 V is above the potential 

where the quinone/hydroquinone redox potential is visible in the 0.0 – 1.0 V cyclic 

voltammogram (see Figure 7.1 or Figure 7.5).  Cyclic voltammograms from 0.0 – 0.6 V 

show a nearly rectangular shape centered about the zero current axis, indicative of 

double-layer charging.  The lack of peak development suggests that higher potentials 

must be applied to the carbon electrode before the quinone/hydroquinone species are 

redox active in the cyclic voltammogram.  Since the peaks are not visible in the 0 – 0.6 V 

cyclic voltammogram, it is possible the surface groups are a conversion from another 

surface species at higher potentials.  Therefore, if the potential has not been reached, the 

conversion to redox active quinone groups are not seen as peaks in the cyclic 

voltammogram.   

 

Figure 7.5: Cycle 300 for cyclic voltammograms of a single Spectracarb 2225 carbon 

cloth electrode (ca. 10 mg) cycled to steady-state in 1.0 M H2SO4 at 1 mV s
-1

.  The black 

line (―) is the steady-state cyclic voltammogram run from 0.0 – 1.0 V after a steady-

state was reached for cyclic voltammograms from 0.0 – 0.6 V (— —). 

 

  

 



 

 

- 108 - 

 

After the carbon electrode was continuously cycled to steady-state between 0.0 – 

0.6 V with no significant differences in the cyclic voltammogram, the upper potential 

limit of the cyclic voltammogram was increased by 25 mV to 0.625 V.  A steady-state 

was reached in each potential window before the upper potential limit was increased in 

25 mV increments, up to 1.0 V.  The potential increment of 25 mV was chosen as it was a 

large enough change to identify if there was a growth in the current values due to 

Faradaic charging contributions, yet small enough to localize the potential region in 

which those Faradaic processes occur.  Figure 7.6a shows the cyclic voltammograms for 

the last cycle (cycle 90) for each given potential window.  From the cyclic 

voltammograms it can be seen that at upper potential limits between 0.6 – 0.7 V the 

cyclic voltammogram is quite rectangular about the zero current axis, again indicative of 

double-layer charging. Although the cyclic voltammograms are rectangular up to 0.7 V, 

there is a slight increase in the current above 0.65 V (see Figure 7.6b and c) suggesting 

that there is a growth in the quinone/hydroquinone redox peak, and potentials past 0.65 V 

are necessary to fully develop the redox peak ca. 0.55 V.  The potential of 0.65 V is 

consistent with the potential of increased current in the cyclic voltammograms presented 

in Figure 7.3, again suggesting there is no difference in the cyclic voltammograms when 

potentials lower than 0.4 V are applied.  
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Figure 7.6: Cyclic voltammograms for Spectracarb 2225 carbon cloth electrode (10.96 

mg) cycled to steady-state with various upper potentials in 1.0 M H2SO4 at 1 mV s
-1

. b) 

magnified anodic region from a) and c) magnified cathodic region from a). Note the solid 

black line in b and c at 0.5 V are a visual aid. 

 

 The cyclic voltammogram data presented in Figure 7.6 shows a growth in the 

quinone/hydroquinone redox peak with increasing upper potential.  The line at 0.5 V in 

Figure 7.6b and c allows the small separation of the quinone/hydroquinone redox peaks 

to be easily seen with increasing upper potentials.  With increasing applied potentials (i.e. 

increasing the upper potential limit of the cyclic voltammogram) there is a positive shift 

in potential of the peak maximum in the anodic peak (Figure 7.6b) and a negative shift to 

lower potentials in the cathodic sweep (Figure 7.6c).  The shift in other pseudocapacitive 

materials is generally attributed to a drop in kinetic reversibility.
11

  It might be expected 

that pseudocapacitive surface groups would have a similar pattern to pseudocapacitive 
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materials, which is in fact seen in the cyclic voltammogram peaks shown in Figure 7.6b 

and c.  Alternatively, it is possible that quinoid groups are developing farther down the 

pores resulting in increased pore resistance, and shifting the peak potential.  

 Similar incremental cyclic voltammograms as those shown in Figure 7.6 were 

run, where the cyclic voltammograms began at 0.0 – 0.15 V and increased in 10 mV 

increments.  These electrodes were cycled only twice at each potential window and were 

not cycled to steady-state, as were the electrodes resulting in the previous data.  These 

data were of interest to determine the charge in each region of the cyclic voltammogram 

throughout the entire potential window rather than just in potential increments above  

0.6 V as shown in Figure 7.6.  The length of the experiment to cycle an electrode to 

steady-state in 10 mV increments would be many months, and it is unlikely the electrode 

would last long enough with reproducible results in that time frame.  As a result, only two 

cycle voltammograms were collected.  Because the potential step of the upper potential 

limit was only 10 mV, it is likely the carbon electrode does not require as many cycles to 

reach steady-state as previously shown with larger incremental potential steps (25 mV).   

 

Figure 7.7: Incremental cyclic voltammograms of a Spectracarb 2225 carbon cloth 

electrode (7.06 mg) in 1.0 M H2SO4 at 1 mV s
-1

 with N2, starting at 0 – 0.15 V and 

increasing in 10 mV increments. Only every fifth cyclic voltammogram is shown for 

graphical clarity. 
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The anodic and cathodic charge of Figure 7.7 was plotted versus the upper 

potential limit, shown in Figure 7.8a.  From these data it can be seen that the amount the 

charge increases depends on the upper potential limit.  Various regions of Figure 7.8a 

were plotted in Figure 7.8b-c and the slopes of these regions were found, where 

appropriate.  The slope of Figure 7.8 corresponds to capacitance, and therefore, if the 

slope is constant, it suggests constant capacitance.  If the slope changes with potential 

then there are two possibilities: either there is an increase in the double-layer charging at 

a given potential, or there is now a Faradaic reaction occurring at the electrode.  

Therefore a change in the slope would suggest a change in capacitance and a contribution 

from another possible charge storage mechanism.     

 

Figure 7.8: a) anodic and cathodic charge of incremental cyclic voltammograms of a 

Spectracarb 2225 carbon cloth electrode (7.47 mg) in 1.0 M H2SO4 at 1 mV s
-1

 with N2 in 

electrolyte. Magnified regions of the anodic curves from b) 0 – 0.65 V, c) 0.65 – 1.05 V. 
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 At potentials up to 0.65 V (Figure 7.8b), the data are nearly linear (with a small 

deviation away from linearity and purely double-layer charging possibly due to carbon 

oxidation to CO2 adding a small contribution of Faradaic charge) the capacitance from 

the slope is 1140 ± 50 mF for the anodic sweep of the cyclic voltammogram and 1020 ± 

60 mF for the cathodic sweep.  By examining the cyclic voltammograms in Figure 7.7 it 

appears that the cyclic voltammograms are quite rectangular without any peaks, 

suggesting this region is due to mostly double-layer charging.  To determine the double-

layer charging, the slope of 1140 mF, typical mass of an electrode (10 mg) and the 

Spectracarb 2225 carbon cloth BET surface area (2500 m
2
 g

-1
) were used, giving a value 

of ca. 5 μF cm
-2

.  Typical values of carbon double-layer charging at planar electrodes are 

ca. 30 μF cm
-2

.
11

  The value calculated for the Spectracarb 2225 carbon cloth is ca. six 

times smaller than the reported values in the literature, suggesting it is possible that not 

all the surface area is being used in double-layer formation.  Interestingly, the capacitance 

of the cathodic sweep is not the same as the capacitance (slope) of the anodic sweep 

using a t-test with 95% confidence.  The smaller slope seen for the cathodic sweep 

suggests there is an irreversible oxidation reaction in the anodic region which is then not 

reduced in the cathodic sweep.  The standard reduction potential of carbon to CO2 is seen 

at potentials above 0.207 (see reaction 10),
59, 151, 152

 and therefore it is possible the 

difference seen between the anodic and cathodic sweeps is due to carbon oxidation.   
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Table 7.2: Summary of slopes found from Figure 7.8b, for six Spectracarb 2225 carbon 

cloth electrodes with N2 in electrolyte, and similar eight electrodes with CO2 in the 

electrolyte.  

 Slope ±1σ / mF 

Potential region / V Anodic Cathodic 

N2:    0.00 – 0.65  1140 ± 50 1020 ± 60 

CO2: 0.00 – 0.65 1180 ± 80 1160 ± 60 

 

 

 

The data between 0.65 – 1.05 V was unable to be linearly fit suggesting a 

combination of multiple processes, or possibly a reaction that is dependent on different 

reaction mechanism, such as an exponential growth.  At upper potential limits above  

0.65 V, the data are better fit with an exponential function, however the agreement is still 

not good.  An exponential function would suggest an activation-controlled reaction as 

another form of charging now adding to the overall cyclic voltammogram.  The increase 

in slope and change of capacitance growth might be due to an increase in double-layer 

charging at higher potentials, or Faradaic process(es).  It is likely due to the beginning of 

a Faradaic process since a small peak is evident in these cyclic voltammograms, 

suggesting another charge storage mechanism through Faradaic reactions.  Though, since 

the fit with the exponential curve still is not good, it is not currently possible to propose 

or identify if it is one Faradaic reaction or multiple reactions.   

The faster increase of charge is likely due to the combination of double-layer 

charging, Faradaic conversion/charging, and possibly an irreversible reaction, such as 

carbon oxidation.  Since the charge is integrated over the entire cyclic voltammogram, 

the quinone peaks are fairly well developed by these upper potential limits, adding to the 

overall charge increase, and suggesting a Faradaic or pseudocapacitive charging 

mechanism.  Additionally, at higher potentials it has been shown in the literature that 
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there may be an irreversible oxidation of the carbon electrode to carbon dioxide at 

potentials above 0.9 V.
17, 153, 155

  An irreversible reaction, such as carbon oxidation, would 

be seen only in the anodic data since the CO2 would not then be reduced back onto the 

electrode.  It is likely that there is a conversion process of electrochemical surface 

oxidation with the higher applied potentials which results in the higher rate of charge 

growth (higher capacitance) which is in line with the extra charge discussed above.     

 To test the hypothesis of CO2 evolution causing the increased charge at higher 

potentials, the same incremental cyclic voltammograms were run as before, however CO2 

was bubbled into the electrolyte.  Assuming CO2 is being formed from carbon oxidation, 

using a CO2 saturated electrolyte was expected to result in a shift in the equilibrium 

potential, resulting in less CO2 formed from the electrode oxidation.  The results of the 

experiment are shown in Figure 7.9.  The cyclic voltammograms are similar in shape to 

those in Figure 7.7, with the development of a peak due to the quinone/hydroquinone 

redox couple, and capacitive behaviour as evidenced by the mirror image about the zero 

current axis.   

 

Figure 7.9: Incremental cyclic voltammograms of a Spectracarb 2225 carbon cloth 

electrode (7.85 mg) in 1.0 M H2SO4 at 1 mV s
-1

 with CO2 in the electrolyte, starting at 

0.00 – 0.15 V and increasing in 10 mV increments. Only every fifth cyclic 

voltammogram is shown for graphical clarity. 
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For the data with CO2 in the electrolyte, the slopes for the anodic and cathodic 

sweep, shown in Table 7.2, were calculated in the region of 0.00 – 0.65 V.  In this case, 

both the anodic and cathodic capacitance is the same (using a t-test).  It is interesting to 

note that the N2-saturated anodic capacitance and the CO2-saturated anodic capacitance 

are also the same, but the N2 cathodic capacitance is significantly different.  Kinoshita 

and Bett
153, 155

 suggested that the reactions occurring on the carbon electrode’s surface are 

independent of carbon dioxide concentration and therefore it is surprising that the 

addition of CO2 does affect the cathodic slope (capacitance) value calculated when CO2 

was present in the electrolyte.   

 

7.6 Exposure to Caffeine to Identify Quinones 

Since the quinone/hydroquinone redox couple is at a potential close to the 

oxidation wave onset, it would be advantageous to be able to separate these two 

processes.  It was previously presented in the literature that benzoquinone-soaked 

graphite electrodes were able to detect caffeine concentrations in coffee via cyclic 

voltammetry.
164

  A decrease in the benzoquinone redox peaks was related to the 

concentration of caffeine,
164

 and therefore it was thought the same effect may be possible 

when the quinone/hydroquinone surface groups on the electrode were exposed to 

caffeine.  Electrodes that had been continuously cycled to steady-state were exposed to 

1.0 M H2SO4 with 0.01 M caffeine in the electrolyte, with the cyclic voltammetry results 

shown in Figure 7.10a.  From these results it is apparent there is a noticeable decrease in 

current when the carbon electrode was exposed to caffeine-containing electrolyte; 

however the decrease is not specific to the quinone/hydroquinone redox peak ca. 0.5 V as 
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might be expected from the literature,
164

 but is evident over the entire potential range.  In 

fact, it appears the entire cyclic voltammograms current has been decreased yet the 

overall shape is retained.  To determine whether the decrease in current is due to a 

decrease in quinone surface functionalities, the cyclic voltammograms were normalized 

using the current in a known double-layer region (0.15 V).  When the data are normalized 

using the double-layer current, there appears to be no significant difference between the 

cyclic voltammograms collected in both the absence and presence of caffeine.    

 

Figure 7.10: a) Cyclic voltammograms of the same Spectracarb 2225 carbon cloth 

electrode (6.91 mg) in 1.0 M H2SO4 at 1 mV s
-1

 (―),  and also in the presence of 0.01 M 

caffeine in 1.0 M H2SO4 (— —). b) data in (a) normalized by the cathodic current at 

 0.15 V. 

 

 The addition of caffeine does not appear to specifically target the 

quinone/hydroquinone surface groups as predicted; it does, however, appear to block the 

electrode’s surface, resulting in less current from the electrode and less charge storage.  

The reduction in current could be due to multiple possibilities including a change in the 

wettability of the carbon with the addition of caffeine to the electrolyte, the caffeine 

blocking parts of the electrodes surface directly, or similarly that the caffeine blocks the 

mouths of smaller pores of the carbon electrode.  From the ratio of the peak current at 0.5 
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V and the current at 1.0 V, the values are similar, with 0.93 ± 0.01 for no caffeine and 

0.96 ± 0.01 in the presence of caffeine.  If the ratios were significantly different for these 

two experiments it might suggest that there was in fact a specific interaction with the 

quinone/hydroquinone functionalities.  From a t-test with 95% confidence, there is no 

significant difference between the two experimental conditions.  With no significant 

difference between these ratios, as well as the data presented in Figure 7.10b, this 

suggests the caffeine indiscriminately blocks the carbon electrode’s surface area whether 

there are surface groups present or only carbon.  Due to the fact that the caffeine 

molecule is unable to specifically interact only with the quinone/hydroquinone groups, 

this work was not further investigated, and other methods were considered to identify 

surface functionalities electrochemically.   

  

7.7 Open-circuit Potential Measurements  

Open-circuit potential measurements have been previously studied in carbon 

aqueous systems with varying results.  According to both Tobias and Soffer,
166

 and 

Bayram and Ayranci,
167

 with increased oxidation (via applied potential) there was an 

increase in open-circuit potential of carbon materials.  Assuming the opposite is also true, 

then reducing a carbon surface would result in a decrease in open-circuit potential.  

Another possibility presented by Goldin et. al
165

 suggests that an increase in open-circuit 

potential is related to the amount of an organic species in aqueous media which has 

adsorbed on the surface.   Goldin and co-workers also found the potential shifted 

negatively with desorption of the organic species, proportional to the amount of the 

organic contaminant leaving the surface.
165

  Results presented by Kastening and co-
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workers proposed carbon corrosion in the form of carbon oxidiation to carbonate in 

alkaline aqueous media to be responsible for a decrease in open-circuit potential.
195

  

Changes in open-circuit measurements can be attributed to changes in the surface 

chemistry, such as redox processes, the overall oxidation or reduction of the carbon 

surface, or adsorption processes occurring at the surface.  Therefore, open-circuit 

potential measurements were collected between many of the data shown in the chapter’s 

previous sections.  First, open-circuit potential measurements were collected of an 

electrode soaked in 1.0 M H2SO4 over roughly one week to determine how the open-

circuit potential changes over time without the application of potential (see Figure 7.11).  

The open-circuit potential measured has a significant potential climb over the first ca. 3 

hours.  After the initial potential climb the change in potential slows greatly, though 

always with a positive trend.  The data shows a potential increase at a slow rate of less 

than 10 mV per day.   

 

Figure 7.11: Representative open-circuit potential measurements over six days for a 

Spectracarb 2225 carbon cloth electrode (9.74 mg) immersed in 1.0 M H2SO4.  Note that 

no potential was applied to this electrode. 

 

The overall increase in potential with time could be attributed to either an increase 

in oxidation,
166, 167

 though both of those references had anodic polarization applied to the 

carbon surface, or through the adsorption of inorganic species.
165

  Since N2 was 
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continuously bubbled during data collection, the open-circuit potential increase is 

unlikely due to adsorption of an inorganic species such as CO3
-
 or HCO3

-
 from CO2 

dissolution, or HSO4
-
 from the electrolyte.  Trace O2 in the pores of the carbon may be 

responsible for the slow increase in potential over time.  Oxygen reduction would result 

in a positive shift in potential where the electrode would donate electrons to the O2 when 

in contact with the electrode’s surface.  Assuming the potential climb (ca. 0.22 V) is 

solely due to oxygen reduction, the concentration of O2 responsible for the potential 

increase can be calculated.  Using the capacitance of a not-previously cycled electrode at 

0.5 V (150 F g
-1

), a two electron transfer to H2O2, and the pore volume (1.2 mL g
-1

) of a 

10 mg electrode, the O2 concentration is ca. 0.14 mol L
-1

.  Even in an electrode that has 

not been previously exposed to electrochemistry, this O2 concentration is too high, 

suggesting the potential increase is not solely due to O2-reduction.  It is also a possibility 

that the increase in potential over one week was due to a shift in the reference electrodes 

potential.  The SHE reference electrode is used due to its stable potential and, therefore, it 

is unlikely due to a drift in the potential over time.  Since the electrochemical systems 

under study are in acidic media it is likely the carbon is becoming more oxidized over 

time, or O2 reduction, is the cause of the increase in open-circuit potential.      

 After identifying the overall trend in open-circuit potential over a one week time 

period without applied electrochemistry, it was of interest to determine the open-circuit 

potential at various times during the process of cycling the electrode to steady-state.  

Cyclic voltammograms run from 0.5 – 1.0 – 0.0 – 0.5 V for 45 cycles, followed by a two 

hour open-circuit potential measurement resulted in the data presented in Figure 7.12.  

The “Day 0” open-circuit profile in Figure 7.12a also has an initial potential climb like 
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the open-circuit potential measurement in Figure 7.11, though on a much different time 

scale.  The open-circuit potential then plateaus to ca. 0.65 V in Figure 7.12a.  Since the 

“Day 0” data (Figure 7.12a) had not yet been exposed to electrochemistry it would be 

expected that both those open-circuit measurements would be similar, though this is not 

seen experimentally.  The differences seen in the shape as well as the actual potential 

values might be due to variations between the carbon electrode surface (the experiments 

were run one year apart and it is likely the carbon was not taken from the same carbon 

cloth sample), how well wetted the surface was prior to immersion in the electrolyte, or 

the rate of nitrogen sparging to remove oxygen.  It is also important to note the time 

scales as the week long experiment was collected over a full day whereas the 

measurement prior to cycling to steady-state was only two hours.      

 

Figure 7.12: Representative curves of a) open-circuit potential measurements of 

Spectracarb 2225 carbon cloth electrodes (6.39 mg), taken after multiples of 45 cyclic 

voltammograms (which requires one day of cycling) from 0.5 - 1.0 - 0.0 - 0.5 V at  

1 mV s
-1

 in 1.0 M H2SO4. b) averaged open-circuit potential measurements of seven (N) 

electrodes. The error bars represent one standard deviation (σ).
§
   

  

 The data for Day 1 – 7 open-circuit potential measurements (see Figure 7.12a) are 

all similar (i.e. a relatively flat profile at ca. 0.45 V), though this may in fact be 

                                                           
§
 Note that the average value for “Day 0” was taken after the initial potential climb, over 

the last 6000 seconds. 
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influenced by the way the experiment was set-up.  The cyclic voltammograms’ initial and 

final potential was 0.5 V, as this was the estimated open-circuit potential.  When the 

experiment was switched from a cyclic voltammogram to open-circuit potential 

measurements, had the open-circuit potential of the electrode been 0.5 V then the 

potential would have been a flat line at 0.5 V.  From the data of Days 1 – 7, it can be seen 

that the potential measurement begins at ca. 0.45 V, suggesting an immediate loss of 

potential when the electrode was switched from cyclic voltammograms to open-circuit 

potential measurements.  After the initial potential loss from 0.5 to 0.45 V, the potential 

is nearly flat, though there is a slight trend upwards (Figure 7.12a).  Had the potential 

chosen for the end of the cyclic voltammogram been significantly different than the 

natural open-circuit potential of the electrode then there would be a visible increase or 

decrease in the potential after switching to open-circuit, which is not evident in these 

data.   

Since there is a continual change in the shape of the cyclic voltammogram over 

continuous cycling to steady-state (Figure 7.1), it might be expected the open-circuit 

potential would also show a change, dependent on the electrode’s degree of oxidation
166, 

167
 or the adsorption onto the carbon’s surface.

165
  Because there is no change in the open-

circuit potential with continued cycling (after the first measurement) it is likely open-

circuit potentials do not give information on the changes evident in the cyclic 

voltammogram (i.e. the increase in the quinoid redox peak, and the decrease in the 

oxidation wave). 

To determine whether the decrease in open-circuit potential is related to the 

application of applied anodic potential (like Tobias and Soffer,
166

 and Bayram and 
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Ayranci
167

), open-circuit measurements were collected during incremental cyclic 

voltammograms similar those in Figure 7.3 and Figure 7.6.  Rather than the potential 

window beginning at 0.0 V, the window was changed to accommodate for the open-

circuit measurements between cyclic voltammograms and these cyclic voltammograms 

were run from 0.5 – X – 0.0 – 0.5 V, where X was the upper potential limit.  For the 

incremental data, the open-circuit potential begins at a lower potential (ca. 0.5 V as seen 

in Figure 7.13) compared to the open-circuit potential measurements (ca. 0.65 V) from 

continuous cycling data (Figure 7.12).  It is interesting to note these differences between 

data since the initial open-circuit potential should be similar between the two experiments 

as this measurement was taken prior to electrochemistry, and therefore should not be 

influenced by the difference in the electrochemical experimentation.   Since the data 

presented in Figure 7.12 was run months prior to the data presented in Figure 7.13, there 

is a possibility of different levels of adsorbed species on the electrode’s surface resulting 

in a different starting open-circuit potential.  The difference in open-circuit potential 

between overall experiments could support the idea that an adsorbed organic species is 

desorbing from the carbon electrode surface between the first open-circuit potential 

measurement (prior to electrochemistry) and the second open-circuit potential 

measurement (post electrochemistry).    

After the first open-circuit potential measurement at 0.5 V in Figure 7.13, the 

open-circuit potential is consistently ca. 0.45 V.  Again this is counterintuitive since the 

x-axis in this graph is an increasing upper potential limit, and therefore is applying a 

larger anodic polarization.  According to the literature
166, 167

 the open-circuit potential 

should increase with increasing anodic polarization and carbon oxidation, which is not 
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seen.  Again, changes were visible in the cyclic voltammograms, however the open-

circuit potential does not show similar changes with increasing applied potential.  

Therefore it suggests that open-circuit potential measurements are not sensitive to the 

changes in the quinone groups and oxidation wave seen in the cyclic voltammogram.   

 

Figure 7.13: Averaged open-circuit potential taken for two hours between incremental 

stepwise cyclic voltammograms run from 0.5 – X – 0.0 – 0.5 V, where X is the upper 

potential limit, at 1 mV s
-1

 of three (N) Spectracarb 2225 carbon cloth electrode  

(ca. 10 mg) in 1.0 M H2SO4.  The error bars represent one standard deviation (σ).   

  

7.8 Conclusions 

This chapter focused on electrochemical understanding and general examination 

of surface functionalities electrochemically active in the cyclic voltammograms and 

open-circuit potential measurements. 

It was found that continuous potential cycling of Spectracarb 2225 carbon cloth 

electrodes results in a significant change in current and then the cyclic voltammogram 

current reaches a steady-state. The largest visible change in the cyclic voltammogram 

shape is the growth of a quinone/hydroquinone redox couple ca. 0.5 V and it was 

determined that potentials above 0.65 V were necessary for significant development of 

these quinoid groups.  Incremental cyclic voltammograms run to steady-state from 0.0 – 
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0.6 V with increasing 25 mV steps found growth of the quinone/hydroquinone redox 

couple increased after the applied potentials were higher than 0.65 V.  The 0.65 V 

corresponds with the onset of a large oxidation wave present in the first cyclic 

voltammogram when electrodes are cycled only between 0.0 – 1.0 V, and suggest there is 

a link between this higher oxidation wave and the development of the 

quinone/hydroquinone redox peak. 

Although previous results (Chapter 5) and the literature suggested the 

development of H2O2 occurred at lower potentials, which would in turn act as an 

oxidizing agent, it was found that truncating the potential window above 0.4 V had no 

significant impact on the cyclic voltammograms, and therefore the oxidation wave ca. 0.7 

V in the first cyclic voltammogram from 0.0 – 1.0 V was not caused by the presence of 

an increased concentration of H2O2 (a strong oxidizing agent).   

Open-circuit potential measurements showed a possible reduction in the surface 

chemistry of the carbon electrode, though it is more likely open-circuit potential 

measurements were not sensitive to the changes in the electrode’s surface during 

continuous potential cycling.  It is also possible that there is an organic species being 

desorbed from the surface through continuous cycling, although further work must be 

done to conclusively determine the cause of open-circuit potential changes.   
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Chapter 8   EFFECT OF CYCLING ON SELF-DISCHARGE OF 

   CARBON ELECTRODES 
 

 

8.1 Introduction 

In all previous self-discharge experiments presented the electrodes were 

continuously cycled prior to the collection of self-discharge profiles, meaning the 

potential of the electrode was cycled until the resulting cyclic voltammogram reached 

steady-state.  This was to ensure any changes in the self-discharge profile was due to a 

change in the experimental conditions (i.e. change in Fe
2+/3+

 concentration in Chapter 4, 

or partial pressures of dissolved gases in Chapter 5) rather than a change in the carbon 

electrode itself.  It was previously shown there are significant differences in the cyclic 

voltammogram of Spectracarb 2225 carbon cloth over continued cycling (Chapter 7).  

Therefore, this chapter will examine the effect of the cycling pre-conditioning step on the 

positive (1.0 V) electrode self-discharge and float current measurements of Spectracarb 

2225 carbon cloth electrodes.  Only the positive electrode was examined as the negative 

electrode self-discharge mechanism has already been identified in Chapter 5.  

 

8.2 Self-discharge of Previously Cycled Electrodes 

All self-discharge data shown in previous chapters had been conducted on 

electrodes which had been electrochemically cycled to steady-state (Figure 7.1) prior to 

the self-discharge measurement.  The results for self-discharge on a previously cycled 

electrode can be seen in Figure 8.1.  Representative raw data is shown for ten self-
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discharge profiles run consecutively on the same electrode in Figure 8.1a.  A magnified 

region of (a) was plotted in (b) to show the final potential after two hours.  Panel (c) 

shows a single representative self-discharge profile with the average potential (and error) 

every 500 s.  By taking the potential every 500 s and then plotting the error bars (± 3σ), a 

representative curve that best fits the average potential versus time values was chosen.  

When the electrodes were previously cycled to steady-state, the self-discharge profiles 

are highly reproducible with a spread in the data of ± 10 mV (± 3σ), and therefore ± 3σ is 

the limit used to determine whether self-discharge profiles are different.  It is important to 

note that although the self-discharge profiles are reproducible after cycling there is still 

substantial potential loss which must be minimized.  It is likely that there is a portion of 

the potential lost due to charge redistribution; however the full effect is unknown.      

 
Figure 8.1: Self-discharge profiles of a Spectracarb 2225 carbon cloth electrode  

(ca. 10 mg), previously cycled to steady-state, after a potential ramp from 0.5 – 1.0 V at  

1 mV s
-1

 in 1.0 M H2SO4, with no potential hold. Raw data are shown in (a), (b) is a 

magnified region of (a), and (c) shows a self-discharge profile with averaged potentials 

and error bars (± 3σ).  
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8.3 Self-discharge Profiles of As-received Electrodes 

There are significant changes in the cyclic voltammograms over cycling time 

(namely the quinone/hydroquinone peak development and the decrease in the oxidation 

wave, as seen in Figure 7.1), and it was of interest to examine whether the development 

of the quinoid carbon surface functionality effects the self-discharge profile.  Self-

discharge profiles were collected on electrodes which had not undergone any previous 

electrochemistry to compare with the results in the previous section (section 8.2).  Both 

the ramp of the self-discharge experiments and cyclic voltammograms vary the applied 

potential at a given rate (the sweep rate), and are electrochemically equivalent.  

Therefore, it was important that the first application of electrochemistry was a ramp 

rather than a cyclic voltammogram since there is a decrease in the current at 1.0 V over 

continued cycling which may affect the magnitude of self-discharge.     

As can be seen in Figure 8.2, there is a significant difference in the loss of 

potential over time between the self-discharge profiles with the first self-discharge 

resulting in the largest potential drop.  The largest difference between two consecutive 

self-discharge profiles was between the first and second self-discharge profiles; however 

with repeated measurements the loss of potential decreases and the self-discharge profiles 

become reproducible after the tenth self-discharge profile, within the same standards as 

the previously cycled electrodes (within ± 3σ variation).   
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Figure 8.2: Self-discharge profiles an uncycled (as-received) Spectracarb 2225 carbon 

cloth electrode (ca. 10 mg) after a potential ramp from 0.5 – 1.0 V at 1 mV s
-1

 in 1.0 M 

H2SO4 with no potential hold. Self-discharge profiles were collected either directly (a, b); 

after one week immersed in 1.0 M H2SO4 (c, d); or after one week immersed in 18.2 

MΩ·cm H2O (e, f).  Note the difference in the y-axis scale between (a, c, e) and (b, d, f).  

 

As mentioned above, ramping the potential is equivalent to the anodic sweep of a 

cyclic voltammogram as both vary the applied potential at a given rate.  Therefore, it is 

important to ensure that the magnitude of the self-discharge is not directly due to the high 
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current at 1.0 V flowing in the first cycle of Figure 7.1, causing an iR-drop.  With the 

high current in the oxidation wave of the first cyclic voltammogram (and therefore also 

the ramp prior to open-circuit configuration) there will be a loss of potential due to the 

iR-drop, where the current and the resistance of the electrode result in a decrease in 

potential from the applied potential (1.0 V) when switched to open-circuit configuration.  

The data in Table 8.1  is from multiple experiments under the same conditions as Figure 

8.2.  The high current seen at the end of the ramp prior to the first self-discharge could 

correspond to the increased self-discharge; however, after the first self-discharge, the 

currents are all similar though the degree of self-discharge continues to decrease.  This 

suggests that the current at the end of the ramp (or cyclic voltammogram) is not the cause 

of the increased self-discharge during the earlier self-discharge measurements.       

 

Table 8.1: Summary of currents and voltages for self-discharge profiles of three (N) 

uncycled (as-received) Spectracarb 2225 carbon cloth electrodes.  Also includes applied 

potential and the difference between the applied potential and the overall potential drop 

over two hours (Vfinal).  Note that the Vapplied should be 1000 mV (1.0 V).  

 Potential ± 1σ / mV 

Self-discharge number I at end of ramp Vapplied Vapplied – Vfinal  

1 8.7 ± 0.5 985 ± 1 188 ±3 

2 5.1 ± 0.6 992 ± 1 153 ± 2 

3 4.5 ± 0.5 993 ± 1 137 ± 4 

4 4.3 ± 0.4 993 ± 1 129 ± 3 

5 4.3 ± 0.5 993 ± 1 124 ± 4 

6 4.2 ± 0.5 993 ± 1 121 ± 4 

7 4.2 ± 0.5 993 ± 1 125 ± 4 

8 4.2 ± 0.6 996 ± 5 124 ± 5 

9 4.2 ± 0.6 993 ± 1 119 ± 3 

10 4.2 ± 0.6 993 ± 1 118 ± 4 

11 4.2 ± 0.6 994 ± 1 116 ± 4 

12 4.1 ± 0.6 993 ± 1 115 ± 3 

13 4.2 ± 0.6 993 ± 1 114 ± 3 
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Another method of analyzing the iR-drop data is to identify the potential drop 

when the potentiostat switched the ramped electrode to open-circuit configuration.  It is 

therefore possible that the differences between the self-discharge profiles might be due to 

a difference in applied potential and not all the self-discharge profiles starting at the same 

potential value.  The column labeled “Vapplied” in Table 8.1 shows the first potential 

measurement during self-discharge for the self-discharge profiles collected from Figure 

8.2 and should theoretically be 1.0 V as the electrode was ramped to this potential.  The 

Vapplied is lower for the first self-discharge profile than for the self-discharge profiles that 

follow; however a 7 mV difference in applied potential does not explain the significantly 

larger potential loss over two hours.  Also, for the second self-discharge profile there is 

no difference in the applied potential than the self-discharge profiles following, yet there 

is a significantly larger potential loss.  The self-discharge data does not become 

reproducible though the Vapplied and current do; therefore, from Table 8.1, it is unlikely 

the increase in self-discharge on an as-received electrode compared to a previously 

cycled electrode is due to the higher current flowing prior to switching to open-circuit 

configuration.   

  There are two variables which are different between the self-discharge profiles 

shown in Figure 8.1 and Figure 8.2: the electrochemistry during continuous cycling and 

also the exposure to electrolyte (1.0 M H2SO4) for one week during the continuous 

cycling process.  To test whether the difference might be due to electrolyte exposure, an 

electrode was immersed in 1.0 M H2SO4 for one week without applied electrochemistry.  

After the one week exposure to electrolyte (minus electrochemistry) the self-discharge 

profiles were collected, and are presented in Figure 8.2c-d.   
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The first self-discharge profile in Figure 8.2c again results in the largest loss of 

potential and the consecutive self-discharge profiles have a smaller loss of potential, 

comparable to the trend seen in Figure 8.2a.  There is a difference between the magnitude 

(ca. 20 mV) of the self-discharge profiles when comparing the soaked electrodes to self-

discharge profiles of the cycled electrode.  It is interesting to note that the difference 

between the two conditions might be partly due to the slight increase in open-circuit 

potential over one week (see Figure 7.1).  However the difference is within experimental 

error between two different electrodes, and therefore these two experimental conditions 

are not different.  Therefore, the exposure to electrolyte does not appear to be responsible 

for the difference seen between Figure 8.2a and b and Figure 8.2 c and d. 

It has been previously suggested that inorganic species, such as HSO4
-
 adsorb to 

the carbon surface over time, resulting in a change in potential.
165

  To remove the 

possible interaction with sulphuric acid, but still thoroughly wet the carbon surface, 

electrodes were immersed in 18.2 MΩ·cm water for one week prior to the collection of 

self-discharge profiles.  The self-discharge profiles can be seen in Figure 8.2e-f.  Again, 

as in Figure 8.2a-d, the same overall trend is visible where the first self-discharge profile 

has the largest potential loss.  The potential loss evident when the electrode is immersed 

for one week prior to the collection of self-discharge profiles is the same for both 1.0 M 

H2SO4 and 18.2 MΩ·cm water as the solution (Figure 8.2c-d and Figure 8.2e-f).  As a 

result, it is unlikely that an adsorption process with ions from sulphuric acid is resulting 

in the increased self-discharge visible.  Since the two conditions where the electrodes 

were immersed for one week yield the same results as the data immediately collected 

after electrolyte exposure (shown in Figure 8.2a-b), the difference in self-discharge seen 
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is not due to the wetting of the electrode surface.  It is likely the larger change in the first 

self-discharge is due to the application of potential changing the electrode’s surface.  

Continuous potential cycling of Spectracarb 2225 carbon cloth electrodes results 

in significantly more consistent self-discharge profiles than the as-received carbon cloth.  

Although the current at the end of the first ramp (comparable to the high current in the 

oxidation wave in the continuously cycled cyclic voltammograms) is larger in the first 

self-discharge profile, it is not the direct cause of the increased self-discharge in the first 

cyclic voltammogram.  The changes evident in the cyclic voltammograms (i.e. the 

development of the quinoid groups and the decrease in the oxidation wave) appear to be 

related to the decrease in self-discharge, since when the cyclic voltammograms have 

reached a steady-state so too have the self-discharge profiles.  Though the direct 

correlation between the cyclic voltammogram and the self-discharge profile is not known, 

cycling is beneficial to decreasing the magnitude of self-discharge.  Further work needs 

to be done to better understand the chemistry occurring at the electrode and its link to 

self-discharge.  

 

8.4  Float Current Measurements Pre- and Post-Continuous Cycling 

 Float currents measure the current that must be applied to hold the potential at a 

given value.  A float current is the current that would otherwise flow in self-discharge 

profiles resulting in potential decay.
119, 163

  These measurements are run until the float 

currents reach a near steady-state, evidenced by a slow rate of change over time (i.e. a 

constant current in the data).  After an electrode is fully charged it is important to know 

how much current is necessary to hold the electrode at that charged state, since 
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electrochemical capacitors will be continually fed current to keep the device at a given 

state-of-charge.     

Float current measurements were collected on as-received carbon electrodes, at a 

polarization potential of 0.0 V, presented in Figure 8.3.  The current begins at a large 

negative potential, ca. -60 mA and sharply climbs over the first 100 seconds where the 

current begins to plateau.  A negative current this large is the result of a significant 

reduction, likely oxygen reduction as the electrode was not previously exposed to 

electrochemistry and the pores of the carbon electrode likely contain oxygen. 

       

 

Figure 8.3: Float current measurements at 0.0 V for a Spectracarb 2225 carbon cloth 

electrode (ca. 10 mg) before continuous cycling in 1.0 M H2SO4.  The inset graph shows 

a magnified region of the 0.0 V float current measurement. 

 

Integrating the area under the float current curve results in the charge passed: in 

this experiment, ca. 1300 mC of charge was passed over 30 minutes.  Assuming the 

charge of the double-layer is 750 mC (calculated from the double-layer current of 1.5 mA 

in a cyclic voltammogram and the change from open-circuit potential to the applied 

potential (0.5 V)) O2 reduction to H2O2 (a two electron process), and using Faraday’s 

constant, and the Spectracarb 2225 carbon cloth pore volume (1.2 mL g
-1

), a pore 
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concentration of O2 can be calculated to be 2.4 x 10
-5

 mol L
-1

.  The O2 concentration 

value appears to be lower than values previously seen in Chapter 5 of 1.3 x 10
-4

 mol L
-1

 

for an N2 sparged electrolyte; therefore, the calculated O2-content for the electrode in 

Figure 8.3 is reasonable, though it might have been expected to be higher than the 

electrode previously cycled to steady-state.  When the first polarization potential applied 

was 0.05 V rather than 0.0 V a similar reduction current was evident, which shows that 

the lower potential range results in a large negative current when first exposed to 

electrochemistry, suggesting there is a species being reduced in the electrochemical cell.  

Float current measurements were run on electrodes prior to and then immediately 

following continuous cycling to steady-state between 0.0 – 1.0 V.  As can be seen in 

Figure 8.4 for both before and after continuous cycling, increasing the polarization 

potential results in an increase in the float current, which is expected based on the 

literature.
119, 163

  Increasing the polarization potential results in more self-discharge 

reactions occurring and therefore a higher current.
119, 163

  The current is likely comprised 

of a combination of double-layer charging, some amount of charge redistribution and the 

same process as the oxidation wave in the cyclic voltammograms (Figure 7.1).   

Both pre- and post- continuous cycling, the 1.0 V float current data have the 

highest float current, ca. 0.20 mA for the as-received electrode compared to a cycled 

electrode at ca. 0.10 mA.  It is important to note that although these float current 

measurements were collected for one hour due to literature precedent,
119, 163

 the higher 

polarization potentials (0.80 V and above)  for the electrode prior to continuous cycling 

do not ever reach a steady-state measurement (i.e. a near constant current).  At the higher 

polarization potentials it is likely there is the addition of another electrochemical process 
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such as carbon oxidation (discussed in Chapter 7), which also may give rise to the 

magnitude of current decay in the float current measurements.   

 

 
Figure 8.4: Float current measurements of a Spectracarb 2225 carbon cloth electrode (ca. 

10 mg) in 1.0 M H2SO4 with data (a) before continuous cycling and (b) after continuous 

cycling.  Note the noise in the 0.7 V polarization potential line (b) is due to the small 

currents being measured.  

 

There is a large difference in the shapes of the float current measurements before 

and after continuous cycling.  Prior to continuous cycling the initial drop in current 

becomes more gradual with increasing polarization potential (see Figure 8.4a), as is 

expected for porous electrodes due to uneven charging of the electrodes surface takes 

longer times for the applied voltage to reach farther down the pores.
119

  In addition to the 

porous effect, a combination of Faradaic currents (both self-discharge and the oxidation 

wave) on the electrode result in the more gradual drop in current.
119

  After continuous 

cycling (Figure 8.4b) the initial current decay are consistent for all the polarization 

potentials, possibly due to the full charging of the electrode and there are no longer as 

large a distribution of pore effects effecting the current drop.  The decrease in the 

oxidation wave seen in the cyclic voltammograms in Figure 7.1 also corresponds to the 

smaller float current values after continuous cycling, suggesting it may be due to the 
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magnitude of the oxidation wave process.  The results shown in Figure 8.4b are more 

consistent with those for a glassy carbon planar electrode which would not suffer as 

significantly from pore effects and have a faster decline in current, though the time scale 

is still different.
163

  The steep decline suggests the electrode is more fully charged and 

therefore charge redistribution is not occurring to as large an extent.  Also, it is possible a 

Faradaic reaction that was initially present in the electrochemical system was depleted 

over the course of float current measurements and cyclic voltammograms, such as the 

oxidation wave.  As a result, the float current would be lower after continuous cycling 

and the float current value is then related directly to the self-discharge process. 

Integrating under the current versus time curves presented in Figure 8.4 (and also 

lower polarization potentials which are not shown) results in the charge passed, shown in 

Figure 8.5.  The charge passed to reach a steady-state float current is important since that 

charge is necessary to reach a steady-state double-layer charging without pore effects, 

and also a steady, reproducible self-discharge.
119

  The data presented in Figure 8.5 shows 

many differences between the float currents prior to continuously cycling and those float 

current measurements after continuous cycling.  At polarization potentials less than 0.4 V 

there is no significant difference between the float currents before and after continuous 

cycling.  Additionally, the charge required to reach the specified potentials up to 0.4 V 

are not different.  Above 0.4 V there in an increase in the charge passed for the float 

currents after continuous cycling, likely due to the Faradaic contributions of the 

quinone/hydroquinone redox couple.  At 0.7 V the charge passed is the same both before 

and after continuous cycling; however above 0.7 V polarization potentials more charge is 

passed prior to continuous cycling.  The increase in charge passed prior to continuous 
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cycling aligns well with the large carbon oxidation wave evident in the cyclic 

voltammograms above 0.7 V, suggesting that continuous cycling of the Spectracarb 2225 

carbon cloth electrodes  is necessary to result in less self-discharge current, consistent 

with the comparison of self-discharge data in section 8.2 and 8.3.   

 
Figure 8.5: Average charge passed during 1 hour float current measurements of four (N) 

Spectracarb 2225 carbon cloth electrodes (ca. 10 mg) in 1.0 M H2SO4. 

 

The self-discharge current corresponds to the float current value after a steady-

state has been reached.  Figure 8.6 shows the final current values for the Spectracarb 

2225 carbon cloth before and after continuous cycling.  At polarization potentials up to 

0.65 V the currents are all close to 0 μA, meaning small currents are necessary to keep 

the electrode at the given potential.  The 0.65 V polarization potential corresponds to the 

development of the quinone/hydroquinone redox peak in the incremental cyclic 

voltammograms (see Chapter 7).  The redox process results in a higher current to keep 

the electrode at potentials above 0.65 V.  Again at 0.7 V there is a difference in the data 

from before and after continuous cycling where the data obtained from before continuous 

cycling results in a larger final float current compared to the data collected after 

continuous cycling, which suggests that continuous cycling is necessary to minimize the 

continual feed of current necessary to keep the electrode at a given state-of-charge.   
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Figure 8.6: Average final current of one hour float current measurements for four (N) 

Spectracarb 2225 carbon cloth electrodes (ca. 10 mg) in 1.0 M H2SO4. 

 
 

8.5 Conclusions 

The self-discharge data presented in this chapter showed the significant effect 

cycling has on the self-discharge and float current measurements data for Spectracarb 

2225 carbon cloth electrodes.  It was shown that data from the positive (1.0 V) electrode 

is more reproducible when continuously cycled to steady-state prior to self-discharge 

experiments. It was also shown that there was no difference between self-discharge 

profiles of as-received electrodes when exposed to the 1.0 M H2SO4 electrolyte, or  

18.2 MΩ·cm water. The depth of the self-discharge profiles does not result from the 

current flowing prior to switching to open-circuit potential.  Continuous cycling prior to 

self-discharge profiles was found to be necessary, for Spectracarb 2225 carbon cloth 

systems, to remove possible irreversible Faradaic reactions.  

Float current measurements show that the current flowing in an as-received 

electrode is much higher than the cycled electrodes.  The potentials for given charges of 

the float current measurements align well with the cyclic voltammetry data previously 

presented in Chapter 7.  The final currents (i.e. the current necessary to hold an electrode 
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at a given state-of-charge due to the self-discharge reaction) was found to be less for 

continuously cycled electrodes above 0.7 V compared to electrodes not previously 

cycled, consistent with the oxidation wave present in the first cyclic voltammogram.     
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Chapter 9   CONCLUSIONS  

9.1 Thesis Summary 

This research focused on understanding the self-discharge mechanisms in 

symmetric carbon-based, aqueous electrolyte electrochemical capacitors.  Self-discharge 

profiles were collected from Spectracarb 2225 carbon cloth electrodes in a variety of 

experimental conditions to examine electrode and electrolyte properties and their effects 

on charge loss.  It was shown that, in pure sulphuric acid with no additional redox-active 

species, electrodes that were previously potentially cycled to steady-state (no change in 

the cyclic voltammogram between consecutive cycles) showed different self-discharge 

mechanism on the two electrodes; self-discharge on the positive electrode was due to an 

activation-controlled self-discharge mechanism, and the self-discharge on the negative 

electrode was due to a diffusion-controlled self-discharge mechanism. 

Self-discharge profiles were collected on Spectracarb 2225 carbon cloth 

electrodes previously cycled to steady-state, in sulphuric acid containing 0 – 10
-1

 M 

Fe
2+/3+

 to examine the Fe-shuttle self-discharge mechanism.  It was found that self-

discharge on the positive electrode was consistent with 0 M Fe self-discharge profiles up 

until concentrations of 10
-5

 M Fe
2+/3+

, and exhibited an activation-control/charge 

redistribution loss of potential, suggesting Fe-contamination is not causing the self-

discharge at these Fe
2+/3+

 concentrations.  At concentrations greater than 10
-5

 M Fe
2+/3+

, 

the potential loss increased significantly, and the mechanism of self-discharge has 

changed to diffusion-control.  Therefore, at concentrations above 10
-5

 M Fe
2+/3+

 self-

discharge will be enhanced on the positive electrode.   
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The change of rate-determining steps from activation-control to diffusion-control 

suggests the Fe
2+/3+

 which is causing the self-discharge has been depleted in the pores and 

self-discharge is occurring only on the planar face of the electrode.  As a result, the 

Conway kinetic models are still able to be used although they were originally derived for 

a planar surface.  The depletion of the Fe
2+/3+

 is confirmed using leakage (float) current 

measurements.   

Self-discharge on the negative electrode in the presence of Fe-contamination 

results in no increase in self-discharge until 10
-3

 M Fe
2+/3+

.  Interestingly, the loss of 

potential does not change self-discharge mechanism in the presence of Fe, and is always 

diffusion-controlled.  The diffusion-controlled profile was expected for Fe-caused self-

discharge (at Fe concentrations greater than 10
-3

 M) based on the positive electrode 

research. The diffusion-controlled self-discharge at Fe concentrations less than 10
-3

 M, 

where Fe is not causing self-discharge suggests a low concentration species controlling 

self-discharge, such as O2.   

For both the positive and negative electrodes, at high Fe concentrations (e.g. 10
-1

 

M) Fe-induced self-discharge is the main self-discharge mechanism; however, at these 

concentrations, the system is no longer diffusion-controlled but rather is under mixed 

control (both activation- and diffusion-control).  The change in control mechanism 

suggests that at these high Fe concentrations the rate-limiting step is the reaction of Fe on 

the carbon surface, rather than diffusion to the surface. 

To identify the self-discharge mechanism in the absence of Fe-contamination (i.e. 

to identify the self-discharge evident at zero or low Fe-contamination), self-discharge 

profiles were also collected with sulphuric acid electrolyte with various partial pressures 
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of O2, H2, N2.  Varying the partial pressures of dissolved gases was used to examine 

whether water decomposition, in the form of oxygen evolution or hydrogen evolution, 

was the cause of self-discharge.  Positive electrode self-discharge profiles in the presence 

of O2 showed no significant difference in potential loss than those self-discharge profiles 

in N2, and still retained a profile consistent with activation-control/charge redistribution.  

Therefore water oxidation to oxygen was deemed to not be the cause of positive electrode 

self-discharge.  Self-discharge profiles from the negative electrode in the presence of H2 

also resulted in no significant change from the self-discharge profile with N2-sparging.  

Self-discharge was therefore determined to not be caused by electrolyte decomposition.   

Self-discharge was seen to increase dramatically on the negative electrode in the 

presence of O2, due to the oxygen reduction to H2O2 or H2O.  It was found that self-

discharge on the negative electrode, in the presence of O2 resulted in mixed kinetic 

control (both activation and diffusion-control).  Self-discharge on the negative electrode 

is likely due to O2-reduction and therefore the removal of O2 is a key factor to 

minimizing this self-discharge. 

Carbon surface oxides are important to identify as some surface groups 

(quinone/hydroquinone) have been known to increase the capacitance through 

pseudocapacitive contributions.  It was of interest to standardize a commonly used 

technique to identify surface groups, called the Boehm titration, as the procedures in the 

literature varied significantly between research groups, and also the procedure was not 

always explicitly stated.  Standardization with regard to the use of dilute titrant, effect of 

base standardization, filtering, and the method of agitation were examined.  It was 

determined that the former three conditions did not make a significant difference; 



 

 

- 143 - 

 

however, the method of agitation has a significant effect on the macroscopic surface of 

the carbon sample and must be selected appropriately.  

Carbon oxidation was examined both electrochemically, and with the addition of 

CO2 to the sulphuric electrolyte.  Electrochemical oxidation was examined in regards to 

the potential at which the large oxidation wave evidenced in the cyclic voltammogram of 

Spectracarb 2225 carbon cloth begins, the possible relationship with surface group 

development, and also on self-discharge itself.  Self-discharge on electrodes which had 

not previously been cycled to steady-state (i.e. electrodes which exhibited the large 

oxidation wave in the cyclic voltammogram) resulted in a larger self-discharge than those 

continuously cycled to steady-state (i.e. those electrodes in which the oxidation wave had 

been essentially removed through continuous cycling).  It was thought the exposure to 

electrolyte during the continuously cycling procedure may have been the cause of the 

difference in self-discharge; however, when electrodes were immersed in electrolyte for 

the same length of time as during continuous cycling, and no electrochemistry was 

conducted, the same trend of larger self-discharge was seen.  Therefore, the difference in 

the self-discharge profiles was not due to a change in exposure to electrolyte or water, but 

rather the continuous cycling to steady-state.  It appears as though the cycling to steady-

state also results in a steady-state in the self-discharge profile.     

An attempt was made to correlate the development of the quinone/hydroquinone 

redox couple and the oxidation wave, and both of their effects on self-discharge.  The 

overall trend in the oxidation wave and self-discharge are the same (i.e. a decrease in the 

magnitude of the oxidation wave occurs with a decrease in self-discharge), but there is 

not a direct correlation due to the charge passed.  The oxidation wave also cannot be 
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directly linked to the development of the quinone/hydroquinone redox couple, though the 

oxidation wave may be, in part, a conversion of one surface species to another.  

Incremental cyclic voltammograms showed that potentials higher than the redox couple 

centre potential (0.65 V) are necessary for development of quinoid groups (0.55 V).  For 

potentials up to 0.65 V, the cyclic voltammograms had an almost constant capacitance 

suggesting mainly double-layer charge with a possibility of a very small Faradaic 

contribution as well.  At potentials above 0.65 V the data could no longer be fit linearly, 

suggesting additional Faradaic reactions.  The data above 0.65 V did not fit an 

exponential curve as might be expected for an activation-controlled reaction, and 

therefore this suggests a mixture of Faradaic processes occurring at the positive electrode.  

These Faradaic processes have not yet been identified.      

 

 

9.2 Future Work 

The work presented in this thesis focused on the self-discharge processes of a 

high-surface-area carbon electrode (Spectracarb 2225 carbon cloth).  Rather than starting 

with a purchased carbon that has varied pore structures (which may affect the charge 

redistribution and therefore makes analysis of the data more difficult), it would be 

interesting to carry out similar self-discharge experiments on carbons with lower surface-

area, but also more defined surface-areas, such as a templated carbon, or even a glassy 

carbon surface with milled pores using a focused ion beam.  Through this bottom-up 

approach, the effect of charge redistribution process could be more effectively separated 

from self-discharge process(es).   
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The Spectracarb 2225 carbon cloth also contains surface oxide groups which had 

advantageous increases in capacitance due to Faradaic processes (i.e. the 

quinone/hydroquinone redox couple results in increased pseudocapacitance).  It is 

therefore possible that the electrode surface can be selectively oxidized and 

functionalized to individually determine the effect of each carbon surface oxide group on 

self-discharge.   

Examining the effect of self-discharge in a full-cell set-up would expand the 

knowledge of an optimized system and how the self-discharge is effected by the removal 

of the reference electrode.  It would be interesting to examine how two electrodes (with 

known and different self-discharge mechanisms) would interact for the two electrode set-

ups self-discharge.  Additionally, determining which self-discharge mechanism controls 

the cells self-discharge would be worth examining (or whether it is a combination of both 

self-discharge processes).  

To gain more insight into oxygen reduction as a cause of self-discharge, the 

examination of multiple oxygen concentrations would add to the understanding of the 

charge loss due to oxygen.  By extrapolating the data back to an electrolyte void of 

oxygen, it would then be possible to discern whether multiple processes were responsible 

for the negative electrodes self-discharge, or if it was solely due to oxygen reduction.    

Further work on the self-discharge pH study would expand on the different 

possible self-discharge mechanisms at both high proton and hydroxide concentrations.  

Both carbon oxidation and oxygen reduction are pH dependent, and therefore it would be 

of interest to continue with this work.  Difficulties of titrating the electrolyte resulted 

from: keeping the potential window constant over the entire pH range, as well as the 



 

 

- 146 - 

 

addition of a supporting electrolyte which complicated the data analysis in the middle of 

the pH range since the supporting electrolyte was now more concentrated than the 

protons or hydroxide ions.  

Due to the significant variation seen in carbon samples using ex situ methods for 

carbon surface functionality identification and quantification (such as the Boehm 

titration), an in situ method would be necessary for a direct understanding of the 

electrode processes (i.e. the possible conversion of one carbon surface functionalities to 

quinone).   

Further work on the relationship between carbon corrosion and the oxidation 

wave evident in the cyclic voltammograms of Spectracarb 2225 carbon cloth is necessary 

to definitively link the oxidation wave to the production of carbon dioxide.  Head-space 

gas chromatography and mass spectrometry could be used to quantify the different 

concentrations in the electrochemical cell throughout the potential cycling process.  

Carbon dioxide measurements can also be taken in the electrolyte solution itself using a 

carbon dioxide probe to quantify the CO2 produced in an N2-saturated solution during 

both incremental cyclic voltammograms and cycling to steady-state.   

Once the effect of carbon surface groups on self-discharge has been probed more 

significantly with electrochemistry, spectroscopic techniques could be used to support the 

electrochemical results.  Spectroscopic techniques such as XPS could be used to support 

the differences seen in carbon surface electrochemically, such as a possible change in the 

different carbon-oxygen peaks. 
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