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Abstract 
The focus of this thesis has been to determine the usable voltage range of carbon-based 

supercapacitors (SC). Supercapacitors are a relatively new type of capacitors with a vast 

increase in capacitance compared to capacitors which utilize a dielectric as charge separator. 

A SC consists of two electrodes and an electrolyte separating the electrodes. The charges are 

stored by electrostatic forces in the interface between the electrode and the electrolyte, forming 

the so called electrochemical double-layer (EDL). With porous electrodes the effective surface 

area of the interfacial zone can be made very large, giving SCs a large storage capacity. The 

limiting factors of a SC is the decomposition potential of the electrolyte and the decomposition 

of the electrodes. For commercially manufactured SCs the electrolyte is usually an organic 

solvent, which has a decomposition potential of up to 2.7-2.8 V. Compared to aqueous 

electrolytes with a thermodynamic limit of 1.23 V. The drawback of using non-aqueous 

electrolytes is that they are not environmentally friendly, and they increase the production cost. 

It is claimed that the voltage range can be up to 1.9 V using aqueous electrolytes. Some 

researchers have focused on aqueous electrolytes for these reasons. In this thesis two different 

electrolytes were tested to determine if the voltage range could be extended. The experiments 

were conducted using a three electrode cell and performing cyclic voltammogram 

measurements (CV). The carbon electrodes were made of  two different sources of grahite, 

battery graphite or exfoliated graphite, and nano fibrilated cellulose was added to increase the 

mechanical stability. The results show that the oxidation potential of the carbon electrode was 

the positive limit. A usable potential of about 1 V was shown. However, when cycling the 

electrodes to potentials below the decomposition limit, for hydrogen evolution, interesting 

effects were seen. A decrease in reaction kinetics, indicating a type of conditioning of the 

electrode was observed. An increase in charge storage capacitance was also observed when 

comparing the initial measurements with the final, probably corresponding to an increase in 

porosity. 
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List of acronyms 
EDLC Electrochemical double-layer Capacitors 

SC SuperCapacitor 

PPC Parallel-Plate Capacitor 

EDL Electrochemical Double Layer 

SHE Standard Hydrogen Electrode 

NHE Normal Hydrogen Electrode 

HHV Higher Heating Value 

ILs Ionic Liquids 

AILs Aprotic Ionic Liquids 

PILs Protic Ionic Liquids 

CV Cyclic Voltammetry 

IM IMpedance spectroscopy  

AC Alternating Current 

XPS X-ray Photon Spectroscopy 

NFC Nano-Fibrillated Cellulose 

WB Water Barrier 

emf Electromotive force 

Symbols 
𝐶 Capacitance (F) 
𝐴 Surface area (cm2) 
𝑑 Distance separating the plates (m) 
𝜀𝑟 Relative permittivity 
𝑈 Voltage range (V) 
𝑄 Energy stored (J) 
𝐸 Emf in terms of composition (V) 
𝐸0 Standard emf of cell (V) 
Δ𝑟𝐺0 Standard Gibbs reaction energy (J) 
𝑇 Temperature (K) 
𝜈 Number of electrons in reaction 
𝑎 Activity (“effective concentration”) 
Å Ångström, distance = 10−10 𝑚 
 

Physical constants 

Permittivity of vacuum 𝜀0 = 8.854 ∙ 10−12 𝐴𝑠

𝑉𝑚
  

Faradays constant 𝐹 = 9.648 ∙ 104 𝐶

𝑚𝑜𝑙
 

Gas constant  𝑅 = 8.314
𝐽

𝐾∙𝑚𝑜𝑙
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1. Introduction 
One of the major adversities that today’s society stands at is the large energy demand and how 

to supply it. In the developed countries the energy consumption is very large per capita. Much 

of this is currently being supplied by non-renewable energy sources, such as fossil fuels and 

nuclear power plants.  Renewable energy sources, such as solar and wind power, are possible 

ways to harvest the vast amount of renewable energy readily available. The downside of these 

sources is that they only produce energy when the sun is up respectively when the wind is 

blowing. Therefore, in order for these sources to be fully utilized, other power sources are 

needed, for compensation or some form of power storage is needed.   

The time span during which the energy is to be charged or discharged is an important factor to 

consider when choosing storage methods. When the charging and discharging processes are 

relatively slow, on the order of hours or days, batteries are appropriate. Batteries usually stand 

for the bulk storage in most applications. The storage mechanisms in batteries are faradaic 

reactions, which enable them to store relatively large quantities per weight unit, (i.e. a high 

specific energy). Faradaic reactions are generally slow processes compared to electrostatic 

charging, the power density is therefore limited. For applications where a high power density 

is desired, capacitors are usually used. One such application could be the storage of brake 

energy from automobiles and the use of that energy for acceleration. The storage mechanisms 

in capacitors are based on electrostatic fields, which are very rapid passive processes, which 

means that no chemical reactions occur. The benefit is the high specific power. However, the 

specific energy of capacitors is low. A well know type of capacitor is the parallel-plate 

capacitor (PPC). As the name suggests, it consists of parallel plates that are separated by a 

dielectric material, which is in effect a polarizable insulator.  

During recent decades a new type of capacitor has begun to be more widely used. They are 

called Electrochemical double-layer Capacitors (EDLC), or more commonly referred to as 

Supercapacitors (SC). The difference between a PPC and a SC, is that a PPC is made from two 

plates separated by a dielectric. The effective surface of the plates is equal to their geometric 

surface. In a SC the plates, or electrodes, are separated with an electrolyte, see figure 1. At the 

boundary between the electrode and the electrolyte the ions from the electrolyte will be 

attracted and are adsorbed to the surface of the electrodes, forming the so called 

electrochemical double-layer (EDL)1,2. Since it forms at the boundary of the electrode, the 

effective surface can be extremely large if the electrode is porous. The distance separating the 

charges will also be extremely small, on the order of an Ångström (10−10 𝑚) in magnitude, in 

essence atomic distances.  
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Figure 1: The principle of an Electrochemical double-layer Capacitor. The ions from the electrolyte adsorb to the 

charged surface of the electrode. The effective distance separating the charge is of an Ångström in magnitude.  

From the equation of capacitance, C, for a parallel-plate capacitor3, one can see that the 

capacitance depends on the surface area of the plates, 𝐴, and the distance, d, separating the 

plates. 

 
𝐶 =

𝜀𝑟𝜀0𝐴

𝑑
 

(1) 

 

𝜀𝑟 is the relative permittivity of the dielectricum compared to the permittivity of vacuum, 𝜀0. 

When comparing a SC to a PPC, the surface area is vastly increased and the distance separating 

the charges is a lot less. However, equation (1) can not be directly applied to a SC, it can 

however show some of the principal effects of the EDL. One drawback with this method is that 

the potential that the SC can be charged with has to be limited so that the electrolyte does not 

undergo electrolysis which thermodynamically occurs at 1.23 V4. The energy stored in a 

capacitor depends on the capacitance, 𝐶, times the voltage range, 𝑈, squared5. 

 
𝑄 =

𝐶 ⋅ 𝑈2

2
 

(2) 

 

When designing a SC there are several factors that need to be taken into consideration: The 

maximum charge is obviously of importance, the deterioration of the cell, which occurs during 

charge/discharge cycles, the durability of the SC may limit its applications, and the cost, are 

some important factors. One of the goals with the research in Sundsvall is to develope a 
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supercapacitor that can be produced in large quantities and that is environmentally friendly. In 

order to achieve these goals, the research focuses on porous graphite electrodes and a separating 

paper soaked with electrolyte. The production method is proposed as an adaptation of existing 

technology used for paper production. 

2. Problem description 
The limiting factors of the design is the voltage range imposed by the electrolysis of water, 

which thermodynamically occurs at 1.23 V, and the decomposition of the carbon electrode. In 

a report done by Gao et.al.6 using aqueous lithium sulphate (Li2SO4), a stable charge voltage 

of 1.9 V was achieved. The purpose of this study was to find appropriate electrolytes and 

concentrations in order to increase the voltage range of the supercapacitor. The amount of 

energy that can be stored is proportional to the voltage range squared7, which makes the choice 

of electrolyte an important factor in the future production of the SC. Electrolytes that have been 

used so far by the research group, in Sundsvall, were; sulfuric acid (H2SO4), sodium sulfate 

(Na2SO4), and potassium hydroxide (KOH)7,8.  

2.1. Goals of the study 
The Main goal of the study is to find appropriate electrolytes to increase the usable voltage 

range of the cell. Different electrolyte solutions and different concentrations will have to be 

tested in order to find an appropriate composition. 

2.2. Limitations of the project 
Because of the scope of the research and the time limitation on this master thesis, this study 

will be limited to the following. 

Only two electrode materials will be examined:  

 Non-oxidized graphene/graphite electrodes 

 Oxidized graphene/graphite electrodes 

Environmentally friendly electrolytes are important, therefore only aqueous electrolytes are of 

interest. Hydrogen and oxygen reactions at the anode and cathode, respectively, are to be 

studied. If previous goals are achieved and there is time to spare additional tasks that may be 

tested: 

 Oxidation of the carbon electrode. 

 The concentration dependence of the electrolytes. 

 The nano-fibrillated cellulose (NFC), does it react with the electrolyte at high versus 

low pH levels? 

2.3. Expected results 
The expectations are to test a few different electrolytes at different concentrations and find 

which are appropriate to use in this application. The results should be summarized as a list of 

the most appropriate electrolytes and the various strengths and weaknesses of the different 
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electrolytes should be given. In addition the voltage range that can be used before the 

hydrogen/oxygen reaction starts to occur should be given.  

3. Theory 
A basic summary of some of the theoretical aspects involved with SC are listed under this 

heading. However, in order to do theoretical calculations of capacitance or other physical 

effects the reader is advised to seek deeper understanding in electrochemistry.  

3.1. Electrochemical Double Layer 
There are different models used to explain the double-layer which forms at the interface 

between the electrode and the electrolyte. The first description of this phenomenon was done 

by Helmholtz in 1853 as the double-layer capacitance. In this model the double-layer is 

considered as a simple capacitor where the ions are attracted to the surface of the electrode by 

electrostatic forces. The ions are considered to have a specific size and are surrounded by a 

hydration sphere. The distance from the surface to the plane that intersects the ions is called 

the inner Helmholtz plane and is on the order of a few Ångström (10−10𝑚) in thickness. From 

this approximation the charge stored in the double-layer would follow the equation for a 

parallel plate capacitor, equation (1). The capacitance of the EDL would thus only be dependent 

on the surface area of the interfacial zone. However, in practice the capacitance of the double-

layer also shows a dependence on the applied potential2. One very important approximation in 

this model is that there are no interactions between the ions and counter ions in the electrolyte, 

which makes it a very simple model, but it fails to predict the double-layer capacitance at 

different concentrations and different potentials. In the Guy - Chapman model of EDL, ions 

are considered to be point charges and the coulumbic interaction of ions and counter ions is 

taken into account. This leads to the so called diffuse layer, see figure 2: left.  

 

Figure 2: Left: A representation of the Guy- Chapman model with the plot of electrical potential against the distance 

from the surface. Right: A representation of the Stern model, a combination of Guy-Chapman and Helmholtz 

models. Figure from reference 4 used with publisher’s permission. 

The assumption of ions being point charges does not give a good approximation of the double-

layer capacitance. A combined model of Helmholtz and Guy-Chapman was proposed, see 
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figure 2: right. The Stern model does not allow the counter ions to come right up to the electrode 

surface, as stated by Helmholtz. The EDL is divided into two parts: the inner Helmholtz plane 

and the diffuse layer2,4. The Stern model improves the prediction of electrode capacitance, but 

some of the theoretical problems with the Helmholtz plane are still present. The possibility of 

ion adsorption at the surface could not be described by this model.  

3.2. Capacitance limit 
The electrolyte interfaces of an EDLC, figure 1, can be simplified as two capacitors in series. 

From basic knowledge of electronics, the total capacitance for two capacitors in series is given 

by equation (3). 

 1

𝐶𝑡𝑜𝑡
=

1

𝐶1
+

1

𝐶2
 (3) 

 

From this equation it can be shown that the capacitance is limited by the smallest capacitance 

connected in series. Under the assumption of symmetric electrodes, 𝐶1 = 𝐶2 = 𝐶, the total 

capacitance equals half the capacitance of an interface, 𝐶𝑡𝑜𝑡 =
1

2
𝐶.  

3.3. Thermodynamic limit of water 
Thermodynamically oxygen evolution occurs at 1.23 V vs. SHE, and hydrogen evolution, per 

definition, at 0 V vs. SHE. The calculation assumes the reaction energy of the formula and 

would result in the formation of oxygen and hydrogen at a lower temperature than the ambient 

temperature. A more reasonable value is using the enthalpy of formation at the specific 

temperature (i.e. 25 ºC), which would result in a potential of 1.48 V, also called the higher 

heating value (HHV). 

3.4. Electrolyte 
Aqueous electrolytes have a known limitation corresponding to the thermodynamic limit of the 

decomposition of water. In order to increase the voltage range in commercial SCs, 

manufacturers have opted to use non-aqueous electrolytes. Electrolytes which have higher 

decomposition voltages than that of aqueous, result in a higher energy density according to 

equation (2). A short summary of alternative electrolytes is given below. 

 Organic solvents are commersially used because of the higher decomposition 

potentials, allowing operating potentials up to 2.7-2.8 V9 (e.g. acetronile, propylene 

carbonate)   

 Ionic Liquids (ILs) are a group of electrolytes which consist of molten salts at ambient 

temperature. They have a high window of potential stability when used with non-porous 

electrodes. Non-flammability and low vapor pressure makes for a safer alternative 

compared to organic solvents. The  ILs are divided inte two separate categories: Aprotic 

(AILs) and Protic Ionic Liquids (PILs)10. PILs have have a higher conductivity 

compared to AILs in all temperature ranges.  

 Polymer electrolytes, which separate the electrodes while allowing ion transport.  
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Compared to aqueous electrolytes the above mentioned alternatives have higher 

decomposition potentials. Aqueous electrolytes, however, possess higher ionic 

conductivities9,11, are environmentally friendly, and are inexpensive.  

3.5. Nernst equation 
The Nernst equation is an expression which describes the dependence of reaction potentials to 

activity (“the effective concentration”), and temperature.  

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑣𝐹
ln

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
 (4) 

The Nernst equation is closely related to Gibbs energy; division of the faraday constant, 𝐹, 

times the electrodes active in the reaction, 𝜈, gives the potential of the reaction, i.e. the Nernst 

equation. 

 
𝐸∅ =

Δ𝑟𝐺0

𝑣𝐹
 (5) 

 

𝐸 = emf in terms of composition, 𝐸0 standard emf of the cell, Δ𝑟𝐺0 is the standard reaction 

Gibbs energy, 𝑅 gas constant, 𝑇 temperature Kelvin, 𝑣 the number of electrons in the reaction, 

𝐹 is Faradays constant, 𝑎 activity (“effective concentration”) of the substances undergoing 

reduction and oxidation. When determining the potential of a reaction it is often best to 

transform the Nernst potentials for each half reaction to Gibbs energy, since Gibbs energy is 

additive, whereas Nernst potentials may not be, due to the number of electrons active in the 

reaction. 

3.6. Pseudocapacitance 
Pseudocapacitance is a relatively new field of study for EDLC. Principally it involves 

electrochemical storage of energy through redox reactions, similar to that which happens in 

batteries. These redox reactions are generally slower than the electrostatic storage, but provide 

a substantial increase in storage capacity. Materials that have been in focus concerning 

pseudocapacitance are metal oxides such as 𝑅𝑢𝑂2, 𝐹𝑒3𝑂4 and 𝑀𝑛𝑂2. The specific 

pseudocapacitance of the metal oxides is higher than the carbon materials which justyfies the 

focus on these systems. The main difficulty of pseudocapacitance has been the lack of stability 

during cycling12. Aqueus electrolytes show a high tendency for RedOx-reactions in the 

pseudocapacitances, however the decomposition of water poses a limitation to the voltage 

range available. To overcome this limitation different non-aqueous electrolytes  are being used 

that offer a higher decomposition voltage. This effects the energy storage of the capacitor 

according to equation (2). Some examples of alternative electrolytes are listed in the 

electrolytes section. 

For carbon electrodes operation in aqueous electrolytes, some reasearch papers state a higher 

operating voltage than the theoretical limit of water decomposition. These often have an added 

pseudocapacitive effect corresponding to the sorbtion/desorbtion of nascent hydrogen2,6,13. At 

potentials exceeding the thermodynamic limit of water decomposition there is an increase in 

current. The reduction of water follows equation (6) below.  
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 𝐻2𝑂 + 𝑒− → 𝐻 + 𝑂𝐻− (6) 

 

The nascent hydrogen formed is then sorbed to the nanoporous carbon as 

 〈𝐶〉 + 𝑥𝐻 →  〈𝐶𝐻𝑥〉 (7) 

 

Some of the nascent hydrogen may combine to form H2 gas. From equations (6) and (7) the 

total reaction can be written as 

 〈𝐶〉 + 𝑥𝐻2𝑂 + 𝑥𝑒−  ⇄ 〈𝐶𝐻𝑥〉 + 𝑥𝑂𝐻− (8) 

 

This mechanism shows that operation of carbon-based EDLCs beyond the decomposition limit 

could prove benefitial for carbon electrodes (given proper preparation) as they would have an 

added storage within the hydrogen adsorption. A characteristic, and simple, measurement of 

pseudocapacitance can be seen in figure 3, using CV – measurement in a three-electrode cell 

(described further down). The negative potential cut-off was gradually decreased until a sharp 

increase of current at around -1.0 V vs. NHE, indicating H2 gas evolution occuring. 

 

 

 

Figure 3: A CV - measurement (scan rate 2 mV/s) showing pseudocapacitive effects when going past the thermodynamic 

potential for water reduction, seen as the straight line at 0.35 V vs. NHE. Figure from reference6 used with publisher’s 

permission. 
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3.7. Three-electrode cell 
The three-electrode setup, commonly used for electrochemistry experiments, can be seen in 

figure 4. It consists of a working electrode, which is the electrode that is to be studied, a 

reference electrode, which should provide a stable and known potential reference vs. the 

standard hydrogen electrode (SHE) and the counter electrode, for which the sole purpose is to 

collect the opposite charges and transmit the current. The surface of the counter electrode 

should also be much larger than the surface of the working electrode, otherwise the counter 

electrode will provide a non-wanted contribution to the measurements.  

 

Figure 4: Schematic layout of a three-electrode cell. The potential measurements are done between the reference 

electrode and the working electrode. The current is measured at the counter electrode. The applied potential from the 

power source is adjusted according to the measured potential.  

3.7.1. Reference electrode  

The reference electrode is used as a reference potential point when measuring the potential 

applied to the working electrode. Ideally one would want to use the standard hydrogen 

electrode. However, that is not possible under normal circumstances, therefore secondary 

reference electrodes are necessary for the task. Desired properties of a reference electrode are: 

 Stable and well defined potential (vs SHE) for different temperatures 

 Non-reactive with the electrolyte used or the electrodes in the cell. 

RedOx reference electrodes are based on a redox reaction that has a known potential versus the 

SHE.  

3.7.2. Standard hydrogen electrode 

It is possible to determine the standard electrode potential for a given reference electrode. The 

potential of the SHE is defined as the potential of the half reaction when hydrogen gas 

undergoes oxidation. The potential is defined as zero for all temperatures.  

 𝐻2(𝑔)  ⇄  2𝐻+ (𝑎𝑞) + 2𝑒 (9) 

 

When determining the standard electrode potential for a reference electrode, in this case the 

silver/silverchloride electrode, the determination can be done with the following setup4,14 seen 

in figure 5. Hydrogen gas is bubbled at a platinum electrode at atmospheric pressure, ensuring 

the electrolyte close to the electrode is saturated with hydrogen. The opposite electrode is the 

electrode which is to be measured, in this case Ag/AgCl. A schematic figure of the 
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measurement setup can be seen below. The standard emf of the cell is determined by varying 

the electrolyte concentration. Measured values of the emf are then extrapolated to the intercept 

point of zero concentration, which will be the standard emf. (see 4 for a more thorough method 

description). 

 

 

Figure 5: Determination of the potential of the silver/silverchloride reference electrode relative to the SHE. 

The two half reactions for this process are 

 𝐴𝑔𝐶𝑙(𝑠) + 𝑒 → 𝐴𝑔(𝑠) + 𝐶𝑙− Cathodic reaction, 𝐸0 =  +0,22 𝑉4 (10) 

    

 2𝐻+ + 2𝑒 → 𝐻2(𝑔) Anodic reaction, 𝐸0 ≡  0 (by 

definition) 

(11) 

 

And the total reaction is  

 2𝐴𝑔𝐶𝑙(𝑠) + 𝐻2(𝑔) ↔ 2𝐻+ + 2𝐴𝑔(𝑠) + 2𝐶𝑙− (12) 

 

3.7.3. Counter electrode 

The purpose of the counter electrode in the three-electrode cell is to supply current to the 

working electrode. As stated by equation (3), it is important that the counter electrode’s surface 

is much larger than the working electrodes surface. Otherwise it will limit the current being 

supplied to the working electrode. If the counter electrode’s surface is too small, the 

measurements will become highly affected by the reactions occurring there. Platinum is a 

normal material for the counter electrode because it is not prone to participate in reactions, i.e. 

inert. However, it does act as a catalyst for many reactions. By keeping the surface area of the 

counter electrode large, any reaction occurring there will not affect the measurements. 
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3.8. Cyclic voltammetry (CV) 
CV is commonly used when studying the kinetics of reactions occurring at the interface 

between the electrode and the electrolyte. CV – measurements give easy visualization of 

various effects that occur at different potentials. A normal setup for the material being tested 

is with the three-electrode cell setup. The principal measurement is done by controlling the 

electrical potential applied to the working electrode which is increased/decreased at a certain 

rate, called the scan rate, and measuring the resulting current. The measurements are done by 

so called linear sweep, where the applied potential goes from a predetermined starting point 

and linearly increases the potential to a defined end point. Potentials can also be done in a so 

called cyclic fashion (hence the name). The cyclic sweep is done between two specified 

potential limits and cycled for a specified amount of cycles. The result of these measurements 

can be used to qualitatively determine the performance of, in this case, electrodes used to store 

charges. Charge-storing functions observed with CV – measurements have the characteristic 

that the integral of the negative current and the integral of the positive current should be equal. 

For an ideal capacitor the CV – plot will be in the shape of a rectangle, whereas for an 

irreversible reaction there will be a noticeable peak and the negative – and positive integral will 

not equal each other. 

3.9. Impedance Spectroscopy (IM) 
Impedance spectroscopy is a useful tool to determine various electrochemical processes at 

different frequencies. The measurements are done by applying a base potential and super 

positioning an alternating current (AC) with low amplitude (e.g. 10 mV). The frequency of the 

AC is varied and the resulting current and phase angle relative to the driving current is 

measured. Using these measurements, the resistive and reactive components of the measured 

electrode can be determined at different frequencies. Using analysis methods such as the 

“principal component analysis” offers a lot of information about the electrochemistry of the 

electrodes which can be extracted. 

3.10. Capacitance calculations 
For an EDLC the following equation shows the dependence of the current, 𝑖, on the scanrate, 

𝜈.  

 
𝑖 = 𝜐𝐶𝑑 (1 − 𝑒

−
𝑡

𝑅𝑠𝐶𝑑) (13) 

 

Where 𝐶𝑑 is the double-layer capacitance, 𝑅𝑠 is the series resistance and 𝑡 is the time elapsed. 

In order to simplify equation (13), the series resistance is neglected. Rearranging the equation 

to achieve an expression for the double-layer capacitance yields the following equation.  

 
𝐶𝑑 =

𝑖

𝜐
 (14) 
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3.11. XPS-analysis 
X-ray Photoelectron Spectroscopy is a surface scanning technique used to determine the 

chemical composition of a surface. It is done by radiating the surface with high energetic 

photons (X-rays). The x-ray photons have enough energy to knock electrons free from the 

atoms. At the top few layers of atoms the electrons will leave the surface of the material. Some 

of these electrons are then collected and focused in the electron lens15. Electrons exited at lower 

levels might loose some of their energy from traveling through the top layers of atoms and 

show up as a tail following the initial peak. The electrons that are exited from the bulk of the 

material will lose a substantial amount of energy from collisions with other electrons and will 

show a contribution in the form of a stepwise increase of background noise. A highly simplified 

principle of the measurement can be seen in figure 6 below. 

 

Figure 6: A simple figure correlating the penetration depth of the x-ray photons with the measured intensity of 

scattered electrons. a) Electrons scattered from the top layer of atoms with sustained kinetic energy. b) electrons 

scattered from a few layers below the surface may lose some of their kinetic energy through collisions. c) Electrons 

scattered deep in the bulk of the material loose almost all of their kinetic energy from the collisions and only show up 

as noise. Figure from reference 15 used with publisher’s permission.  
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4. Experimental setup 
The materials used for the electrodes are produced by the research group in Mid University in 

Sundsvall. Two different sheets of electrode material were used for this study: Exfoliated-

graphite, hence referred to as Nano-graphite, and a commercially available graphite powder 

usually used to increase electrical conductivity in battery electrodes, referred to as Battery-

graphite8. 

4.1. Preparation of Graphene/Graphite electrodes 
A short description of how the electrode materials are produced follows, for a more thorough 

description the reader is directed to the references covering the subject7,8. The nano-graphite 

samples consist of exfoliated graphite (SO#5-44-04) from “Superior Graphite”, which is 

exfoliated at high pressure with a homogenizer. The Battery-graphite (SO#5-42-25) from 

“Superior Graphite” was used as received and is used as a comparator.  

The pure graphite materials obtained were very fragile. In order to increase the mechanical 

stability of the material, nano-fibrillated cellulose (NFC) is added. A NFC content of 5% shows 

a significant increase in mechanical stability. Side effects from increasing the NFC content 

were an increased sheet resistance, and a change in surface structure, which affects the EDL 

capacitance. An NFC content of 10% and 15% were chosen as the most appropriate with 

respect to mechanical stability, sheet resistance and capacitance8. After the pretreatment of the 

graphite, the materials were dissolved in distilled water using mechanical stirring. The graphite 

solutions were filtered onto filter paper using a vacuum filter setup, and left to dry at room 

temperature.  

From the sheets of graphene/graphite 1 cm wide stripes were cut for use in the three-electrode 

cell. Because of the porous surface of the graphene/graphite sheets, the wettability of the 

material was important to consider when choosing a preparation method for the electrodes. In 

order to inhibit wetting of the electrodes above the waterline, a water barrier (WB) was applied. 

Initially some kind of wax was proposed, however the first trial as WB was to use Locktite 

super glue, which proved to be a simple method. It was therefore subsequently used as WB for 

all electrodes. An alligator clamp was used to hold the electrode in the three-electrode setup. 

The connection surface of the electrode had to be strengthened, so that the clamp would not 

break the fragile material. For this purpose a conductive silver epoxy (CW 2400 from “Circuit 

Works”) was used.  The application of the epoxy and WB is illustrated in the following figure 

7. 
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Figure 7: Electrode preparation. a) Silver epoxy at the connection zone. b) Locktite super glue applied as a water 

barrier. c) The active surface of the electrode. 

The active surface of the electrode was measured with a Vernier caliper. The height of the 

active surface was measured from the edge of the WB. An attempt to oxidize some of the 

electrodes was done with 30 wt% hydrogen peroxide (𝐻202). The electrodes were placed in 

the hydrogen peroxide for one hour and were rinsed with distilled water after the treatment. 

4.2. Measurements 
CV measurements were done to determine the performance, and in particular, what 

qualitatively occurs during cycling of the electrode. The measurements were done with a three-

electrode setup consisting of a Ag/AgCl reference electrode and a platinum net counter 

electrode. Contact with the working electrode was made with an alligator clamp, see figure 8. 

Initial measurements were done with a “Solartron 1286 Electrochemical Interface”, and results 

were registered in a computer. 
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Figure 8: Photo of the three-electrode setup used for the CV and IM measurements. 

Impedance spectroscopy measurements (IM) were done with the same cell setup, using a 

“Solartron 1286 Electrochemical Interface”, coupled to a “Solartron 1255 Hi Frequency 

Response Analyzer”, to characterize charging processes. Measurements were done at 0.2 V 

and 0.4 V vs. Ag/AgCl reference.  

4.3. Electrolytes 

Two types of electrolytes were used: sodium sulphate (1 M, 𝑁𝑎2𝑆𝑂4) and lithium sulphate (1 

M, 𝐿𝑖2𝑆𝑂4). Some measurements were done with concentrations 0.01 M, 0.5 M, and 2 M. 

Sodium sulphate was the electrolyte used by the research group in Sundsvall at the time this 

thesis project was conducted. Lithium sulphate was used by Gao et. al., who reported a voltage 

range of 1.9 V that was achieved through the use of oxidized electrodes6.  
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5. Results and Discussion 
The purpose of this project, to determine the potential limits imposed by the decomposition of 

the electrolyte and/or electrode, was studied primarily with CV. From the measurements one 

can discern when reactions, other than electrostatic charging, are taking place. However, in 

order to decide what reactions are occurring one can not rely on only one measurement method. 

Other methods are required to detect and discern the possible reaction products. One such 

method, used as a chemical composition analysis, was XPS – analysis. It was used to measure 

the amount of atomic bondings in the top few layers of the material. Another method to study 

the electrochemistry of electrodes was with IM – measurements. However, the perceived 

complexity of the analysis made it an alternative which could be studied in future projects. 

5.1. CV – analysis 
The CV measurements were used to qualitatively investigate how the electrode react at 

different potential limits, and the stability during repeated cycling. The general structure of the 

CV measurements was constructed to determine  

 The voltage range 

 Conditioning 

 Possible concentration dependence 

 Reproducibility 

 Comparison with litterature data 

The purpose was to determine if the voltage range could be altered, expanded, with the use of 

different electrolytes.  

Initial CV- measurements indicated that the electrodes were fairly stable. Diverging results 

were often a result of the WB not being thick enough, resulting in the electrolyte coming in 

contact with the silver epoxy and alligator clamp. As noted by Andres et. al.7, when using silver 

foil as contact material, the electrolyte had a strong oxidizing effect on silver and hence 

influenced the measurements. This could apply for the silver epoxy as well, however, with the 

electrolytes used in this study, the silver should not react, other than during anodic polarization. 

The alligator clamp used was however much more affected by the electrolytes. Given a 

sufficiently resistant WB, the electrodes could be kept in the electrolyte for a long time without 

deterioration of the material.  

When determining the potential limits of the electrodes the CV – cycles were performed with 

increasing potential limits, until the current had increased to such a level that indicated 

reactions, other than electrostatics, taking place. The positive potential limit was first 

investigated by increasing the potential by steps of 50 mV. From the measurements a slow 

increase of current was observed, but not the obvious increase indicating the decomposition of 

water, but an increase none-the-less. The positive limit was limited to about 0.9 V vs. Ref (= 

1.12 V vs. SHE), which was significantly less than the thermodynamic limit for oxygen 

evolution (1.23 vs. SHE = 1.23-0.22 = 1.01 vs. Ref). A separate reaction might have been 

taking place, such as the formation of 𝐶𝑂2. Once the positive potential limit had been 

determined, the negative limit of the electrode was examined in the same way. The positive 
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boundary for CV cycle was set slightly below the positive limit. For the negative limit a clear 

increase in current was observed at -0.2 V (vs Ref), related to hydrogen evolution.  

5.2. Negative limit test 
When the limit imposed by hydrogen gas evolution was established, the limits of the electrode 

were to be determined, that is, at which voltage range did the electrode start to break down. 

These measurements were done as a continuation of the potential limits of the electrolyte, but 

instead of stopping when gas evolution started, the cycles were continued until the electrode 

broke, which was the intention. What was observed from these measurements was initially an 

expected increase of hydrogen evolution with increased negative potential. Up to a point, the 

hydrogen reaction followed what could be expected. Then at a point the reaction speed of the 

hydrogen evolution started to decrease, even with increasing potential. I.e. the reaction kinetics 

started to decrease when the electrode reached a certain potential. To determine what was 

occurring during these cycles was a very interesting subject which was not to be the easiest of 

tasks. During the negative cycle of the CV-measurement the hydrogen seemed to be stored, 

probably in the porous structure of the electrode. During the positive cycle the hydrogen that 

had been stored seemed to recombine, resulting in an addition to storage in the form of RedOx 

reactions with water. This can be seen as “humps” on the positive current side of the CV- plot 

in figure 9. Whether this storage is fully utilizable needs further studies. At the end of the test 

series, the voltage range was set to the previously determined limits for the electrolyte for a 

comparison of the initial measurement with the final measurement.  

 

Figure 9: CV - measurement of the negative limit test series. Electrolyte concentration is 1 mol/liter and the scan rate 

is 20mV/s. Initial potential is -0.1 to +0.9 V. The negative potential limit is stepwise increased by 50mV to a final 

potential of -0.9 V. Note that the negative current is notably lower at the final negative potential than at the lower 

potential, e.g. -0.6 vs. ref.  
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The cycling of the electrode beyond the decomposition limit of the electrolyte may not be a 

fully reversible process, especially when considering the reaction kinetics of the hydrogen 

evolution decreasing. However, it may be a good way to pre-condition electrodes. When 

comparing the initial and final measurements, figure 10, there was a large increase in 

capacitance of the electrode, which might indicate that the electrode experiences an increase in 

porosity, i.e. an increased surface area. However, there is an increase in fragility of the electrode 

when the porosity increases. Some optimisation should be sought.    

 

Figure 10: The plot of the first initial measurement compared to the same measurement done after the negative limit 

series. The capacitance of the electrode (corresponding to the width of the CV-plot) has clearly been increased. 

Conditioning of the electrodes was seen for both electrolytes used, 𝑁𝑎2𝑆𝑂4 and 𝐿𝑖2𝑆𝑂4. The 

electrolytes may influence how fast the conditioning of the electrodes occur. Lithium sulphate 

seems to condition the electrodes faster than the sodium sulphate. By comparing with figures 

11 to 16 in appendix A, one can see some differences between the electrolytes and electrode 

materials.  

5.3. Positive limit test 
The same was done with the positive potential limit as for the negative potential limit. 

Surpassing the positive limit of water composition seems to have an initially positive effect 

with an increase in capacitance, correlated with an increase in porosity due to either the 

oxidation of carbon, forming 𝐶𝑂2, or due to the formation of oxygen. In comparison with the 

negative limit test, where the electrode showed a decrease in reaction kinetics after it had been 

cycled at lower potentials, the positive limit test showed no such tendency of decreased reaction 

speed. The reaction occurring during the positive limits followed what one could expect for a 

reaction with gradually increasing overpotential; that is an increase in reaction following an 

exponential curve. However, after some cycling at high positive overpotential there was a clear 

degradation of the electrode capacitance and the electrode material became extremely fragile, 

sometimes breaking simply by removing the electrolyte from the cell. The positive potential 

limit has been found to be the limiting factor with symmetrical carbon/carbon electrodes used 
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as a SC for energy storage6,13 and is probably the case for these electrodes as well.    

   

5.4. XPS-analysis 
One proposed reaction that occurred with the graphene/graphite electrodes was oxidation, 

which could be an explanation of the perceived decrease in the reaction kinetics. In order to 

test this hypothesis, XPS – analysis was used. The materials used in this analysis were six 

electrodes made from the Nano-graphite containing 10% NFC and six electrodes made from 

the Battery-graphite, also containing 10%NFC. The samples were prepared for the analysis 

with the following pretreatment:  

 Untreated and untested 

 Attempt at oxidation with 𝐻2𝑂2 for one hour. Untested. 

 CV: Negative limit test series. 

 Attempt at oxidation with 𝐻2𝑂2, CV: Negative test series. 

 CV: Positive test series. 

 Attempt at oxidation with 𝐻2𝑂2, CV: Positive test series. 

The initial XPS – screening did not show a significant difference in oxygenated bondings 

between the untreated samples and the samples which had been pretreated and tested. 

Noteworthy is that the XPS is a surface analysis of the material, which means that the bulk 

composition of the material is not tested. From this fact, one may be encouraged to state that 

reactions may not be occurring at the surface layers of the material, but deeper in the bulk of 

material (given the porous surface).  

Another interesting piece of information that surfaced through the XPS analysis, was that the 

NFC concentration was higher than expected at the surface. The materials were produced with 

10% NFC, yet the surface analysis indicates a concentration of about 40% for the Nano-

graphite samples and about 90% for the Battery-graphite, which might indicate that the 

cellulose is much more concentrated at the surface of the material, than it is in the bulk. This 

could also affect the perceived relation between graphite and oxidized graphite. If the 

distribution is correct, and the surface contains more of the cellulose than the bulk, then it may 

be reasonable to assume that the oxidation will be more apparent in the bulk of the material 

than the surface.  

5.5. Formation of CO2 
Results from the XPS may not be conclusive with regards to what is actually occurring with 

the electrode material during cycling. But from the discussion held during the analysis of the 

data a reoccurring thought was that there still may be oxidation occurring, but that the carbon 

is oxidized to 𝐶𝑂2(𝑔) and escapes the electrode. A proposed experiment to test this hypothesis 

is a fairly simple idea, where the electrolyte is saturated with a non-reactive gas, e.g. 𝑁2(𝑔), 

prior to the measurements. During the measurements the test cell is sealed to inhibit the escape 

of any possible 𝐶𝑂2(𝑔). After the conducted test series, the electrolyte could then be analyzed 

with titration to determine the concentration of dissolved carbon dioxide in the solution. A 

schematic of the proposed test setup can be found in appendix C.  



EN1425 

Examensarbeten i Energiteknik 2014, 30 hp 20 

 

6. Conclusion 
To test the above stated potential limits would require a cell setup similar to that used by 

Khomenko et.al.16. In principal it is a two-electrode setup resembling the practical cell 

composition of a SC, with the addition of a reference electrode so that the potentials of the 

negative and the positive electrodes can be measured. It is likely that the positive limit imposed 

by the oxidation of water is the limitation of the SC, as was also determined by Khomenko 

et.al.16. From the negative limit test the electrode is conditioned and shows a decrease in 

reaction kinetics as well as an increase in capacitance. This coupled with possible 

pseudocapacitance contributions from stored nascent hydrogen could make the negative limit 

of the electrode a desirable limit to pass. The next step should be to test how the conditioned 

electrodes perform during long term cycles. The rate of conditioning could also be an 

interesting subject to study.  

  



EN1425 

Examensarbeten i Energiteknik 2014, 30 hp 21 

 

7. References 

1. Conway, B. E. Electrochemical Supercapacitors. 736 (Kluwer Academic / Plenum 

Publishers, 1999). 

2. Béquin, F. & Frackowiak, E. Supercapacitors Materials, Systems, and Applications. 

539 (Wiley-VCH, 2013). 

3. Nordling, C. & Österman, J. Physics Handbook. 503 (Studentlitteratur, 2008). 

4. Atkins, P. & Paula, J. De. Atkins’ Physical Chemistry. Phys. Chem. 783–827 (2009). 

doi:10.1021/ed056pA260.1 

5. Yu, G., Xie, X., Pan, L., Bao, Z. & Cui, Y. Hybrid nanostructured materials for high-

performance electrochemical capacitors. Nano Energy 2, 213–234 (2013). 

6. Gao, Q., Demarconnay, L., Raymundo-Piñero, E. & Béquin, F. Exploring the large 

coltage range of carbon/carbon supercapacitors in aqueous lithium sulfate electrolyte. 

Energy Environ. Sci. 5, 9611 (2012). 

7. Andres, B. et al. Supercapacitors with graphene coated paper electrodes. 27, 481–485 

(2012). 

8. Andres, B. Paper-based supercapacitors. (2014). 

9. Frackowiak, E., Abbas, Q. & Béguin, F. Carbon/carbon supercapacitors. J. Energy 

Chem. 22, 226–240 (2013). 

10. Demarconnay, L. et al. Optimizing the performance of supercapacitors based on 

carbon electrodes and protic ionic liquids as electrolytes. Electrochim. Acta 108, 361–

368 (2013). 

11. Davies, A. & Yu, A. Material advancements in supercapacitors: From activated carbon 

to carbon nanotube and graphene. Can. J. Chem. Eng. 89, 1342–1357 (2011). 

12. Simon, P. & Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 7, 845–

54 (2008). 

13. Demarconnay, L., Raymundo-Piñero, E. & Béguin, F. A symmetric carbon/carbon 

supercapacitor operating at 1.6V by using a neutral aqueous solution. Electrochem. 

commun. 12, 1275–1278 (2010). 

14. Lasia, A. Advanced Electrochemistry Interfaces , thermodynamics , and 

electrochemical techniques. 312 (Université de Sherbrooke, 2013). 

15. Vickerman, J. C. & Gilmore, I. S. Surface Analysis – The Principal Techniques. 666 

(John Wiley & Sons, Ltd, 2009). 



EN1425 

Examensarbeten i Energiteknik 2014, 30 hp 22 

 

16. Khomenko, V., Raymundo-Piñero, E. & Béguin, F. A new type of high energy 

asymmetric capacitor with nanoporous carbon electrodes in aqueous electrolyte. J. 

Power Sources 195, 4234–4241 (2010). 

17. Crossno, S. K., Kalbus, L. H. & Kalbus, G. E. Determinations of Carbon Dioxide by 

Titration. J. Chem. Educ. 73, 175–176 (1996).  

 

 



 

EN1425 

Examensarbeten i Energiteknik 2014, 30 hp A-1 

 

Appendix A: CV Conditioning of electrodes. 

A.1 Negative limit cycles  
Conditioning of the electrode by stepwise increasing the negative potential limits. Tested for two different electrolytes, lithium sulfate (𝐿𝑖2𝑆𝑂4) 

and sodium sulfate (𝑁𝑎2𝑆𝑂4). 
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A.1.1 1M Li2SO4  

.  

Figure 11: CY measurement with a stepwise increase of the negative current. Each measurement is cycled five times, and the final cycle is plotted. Silver/Silverchloride (𝑨𝒈/𝑨𝒈𝑪𝒍) 
reference electrode ( = 0.22 V vs SHE). Initial measurement has a lower limit of -0.1 V vs ref, and high limit of 0.9 V vs ref. The final measurement has a lower limit of -0.9 V vs ref. 

Note the decrease in current for lower potentials, indicating a decrease in reaction kinetics.  
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Repeat of the same measurement series shows that the conditioning of the electrode holds. 

 

Figure 12: A repeat of the measurement seen in figure A-1. The conditioning of the electrode seems to be permanent. Potentials measured versus the silver chloride reference 

electrode (= 0.22 V vs SHE). Each measurement is cycled five times, and the final cycle is plotted.  
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A.1.2 1M Na2SO4  

 

 

Figure 13: The negative test using sodium sulfate. The same tendency of conditioning as with lithium sulfate can be seen, however at a slower rate. Each measurement is cycled five 

times, and the final cycle is plotted. Silver/Silverchloride (𝑨𝒈/𝑨𝒈𝑪𝒍) reference electrode ( = 0.22 V vs SHE). Initial measurement has a lower limit of -0.1 V vs ref, and high limit of 

0.9 V vs ref. The final measurement has a lower limit of -0.9 V vs ref. 
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Figure 14: With an electrode which was pretreated with hydrogen peroxide showed a faster conditioning than a untreated electrode. Each measurement is cycled five times, and the 

final cycle is plotted. Silver/Silver chloride (𝑨𝒈/𝑨𝒈𝑪𝒍) reference electrode ( = 0.22 V vs SHE). Initial measurement has a lower limit of -0.1 V vs ref, and high limit of 0.9 V vs ref. The 

final measurement has a lower limit of -0.9 V vs ref. 
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Figure 15: The battery graphite electrode also showed a tendency for conditioning. However, compared to the nano-graphite, it seemed to occur at a slower pace. Note the lower 

specific currents than the nano-graphite samples. The lower specific current could explain why the conditioning is slower. Each measurement is cycled five times, and the final cycle 

is plotted. Silver/Silverchloride (𝑨𝒈/𝑨𝒈𝑪𝒍) reference electrode ( = 0.22 V vs SHE). Initial measurement has a lower limit of -0.1 V vs ref, and high limit of 0.9 V vs ref. The final 

measurement has a lower limit of -0.9 V vs ref. 
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Figure 16: The pretreatment of batterygraphite electrodes shows an increase in specific current, but not an increase in conditioning. Each measurement is cycled five times, and the 

final cycle is plotted. Silver/Silverchloride (𝑨𝒈/𝑨𝒈𝑪𝒍) reference electrode ( = 0.22 V vs SHE). Initial measurement has a lower limit of -0.1 V vs ref, and high limit of 0.9 V vs ref. The 

final measurement has a lower limit of -0.9 V vs ref. 
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A.2 Positive limit cycles 
The positive test is done by a stepwise increase in the positive potential limit. Each measurement cycles five times and the final cycle is plotted. 

The lower limit is set to -0.1 V vs ref. The initial higher limit is 0.9 V vs ref and the final higher voltage is 1.7 V vs Ref. There is no clear 

indication of conditioning of the electrode. What can be generally seen is an increase of capacitance. The electrodes were very fragile after this 

measurement, and a few fell apart when removing them from the cell.  
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A.2.1 1M Na2SO4  

 

Figure 17: The currents of the positive potential increases all seem to follow an expected curve. No conditioning seems to occur. Each measurement is cycled five times, and the final 

cycle is plotted. Silver/Silverchloride (𝑨𝒈/𝑨𝒈𝑪𝒍) reference electrode ( = 0.22 V vs SHE). The lower limit is -0.1 V vs ref. The initial higher limit is 0.9 V vs ref and the final higher 

limit is 1.7 V vs ref. 
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Figure 18: Oxidation of the battery-graphite  shows an increase in current .Each measurement is cycled five times, and the final cycle is plotted. Silver/Silverchloride (Ag/AgCl) 

reference electrode ( = 0.22 V vs SHE). The lower limit is -0.1 V vs ref. The initial higher limit is 0.9 V vs ref and the final higher limit is 1.7 V vs ref. 
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Figure 19: The positive limit of the nano-graphite electrode. Same as the battery-graphite; it shows no decrease in reaction kinetics (conditioning). However, there is a clear formation 

of humps during both the anodic (positive) and cathodic (negative) part of the cycle. Note a higher specific current peak compared to the battery-graphite. Each measurement is 

cycled five times, and the final cycle is plotted. Silver/Silverchloride (Ag/AgCl) reference electrode ( = 0.22 V vs SHE). The lower limit is -0.1 V vs ref. The initial higher limit is 0.9 V 

vs ref and the final higher limit is 1.7 V vs ref. 

 

 

 



 

EN1425 

Examensarbeten i Energiteknik 2014, 30 hp A-12 

 

 

 

Figure 20: The positive limit of the oxidized nano-graphite electrode. Same as the battery-graphite; it shows no decrease in reaction kinetics ( conditioning). The humps are not as 

large as for the non-oxidized nano-graphite. Note a higher specific current peak compared to the battery-graphite. Each measurement is cycled five times, and the final cycle is 

plotted. Silver/Silverchloride (Ag/AgCl) reference electrode ( = 0.22 V vs SHE). The lower limit is -0.1 V vs ref. The initial higher limit is 0.9 V vs ref and the final higher limit is 1.7 V 

vs ref. 
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Appendix B: XPS measurements 
The XPS measurements are done to in conjunction with the CV- negative and positive potential tests in order to see changes in chemical 

composition. The samples sent for XPS analysis were: 

 Untreated and untested 

 Attempt at oxidation with 𝐻2𝑂2 for one hour. Untested. 

 CV: Negative test series. 

 Attempt at oxidation with 𝐻2𝑂2, CV: Negative test series. 

 CV: Positive test series. 

 Attempt at oxidation with 𝐻2𝑂2, CV: Positive test series. 

This structure was done for both the battery- and nano-graphite samples. In addition to the treated samples a base sample of the battery-graphite 

was supplied in order to see the composition without NFC content. There was also an attempt at oxidizing the battery-graphite.  

 Pure battery-graphite (0% NFC) 

 Oxidized pure battery-graphite (0% NFC) 

Additional tests were done for the Battery-graphite untested samples where the opposite side of the material was measured. To see if there was 

any difference in NFC content (if it depended on which layer was facing the filterpaper). The material was also sliced in half, to measure the 

composition of the center (only done for the battery-graphite, untested sample). Not all of the measurements are shown in this appendix, just those 

which give most information about the samples.  
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Figure 21: XPS spectra of battery-graphite without NFC. The sample on the right has been pretreated with hydrogen peroxide in order to oxidize the sample. No change in the shape 

can be seen. 
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Figure 22: The carbon spectra of the battery-graphite sample which was pretreated with hydrogen peroxide. The figure to the left shows the large contribution of the NFC, which is 

the largest peak. The right figure shows the carbon spectra of the same sample however the measurement was done by splitting the sample and measuring in the center.  
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Figure 23: The nano-graphite samples are fairly similar to the split measurement of the battery-graphite. No significant change in oxidation war observed with the nanographite 

samples. 
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Appendix C: CO2 measurement through titration 

A proposed method to determine if there is any carbon dioxide forming is through a titration 

method17. A schematic of the carbon collection is shown in the figure below. The 𝐶𝑂2 formed 

during the tests will be collected in the balloon with 𝑁𝑎𝑂𝐻 and will react according to the 

reaction formula below 

 𝐶𝑂2 (𝑔) + 2𝑂𝐻− (𝑎𝑞) → 𝐶𝑂3
2− (𝑎𝑞) + 𝐻2𝑂(𝑙) 

 

(1) 

The solution gathered in the balloon will then be titrated with hydrogen chloride. Titration to 

the first stage to the colorless phenolphthalein endpoint neutralizes the excess sodium 

hydroxide and converts the sodium carbonate to sodium bicarbonate. Continuing the titration 

to the second methyl orange endpoint converts the sodium bicarbonate to water and carbon 

dioxide. The volume of titrant used between the phenolphthalein endpoint and the methyl 

orange endpoint will correspond to the amount of carbon dioxide bound in the solution.  

 

Figure 24: Setup for the carbon dioxide measurement. The three electrode cell is connected to a balloon with some 

sodium hydroxide. The cell is sealed so that no carbon escapes.  

The carbon dioxide content in the solution is calculated with the following equation 

 𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑡 ∙ 𝑁𝑠𝑡𝑑 𝑎𝑐𝑖𝑑 ∙ 𝑀𝐶𝑂2
= 𝑚𝐶𝑂2

  

 

(2) 

Where 𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑡 is the volume of the titrant in liters between the phenolphthalein and metyl 

orange endpoints. 𝑁𝑠𝑡𝑑 𝑎𝑐𝑖𝑑 is the molarity of the titrant acid, 𝑀𝐶𝑂2
 is the molecular weight of 

𝐶𝑂2. 𝑚𝐶𝑂2
 is the mass of 𝐶𝑂2 in the liquid.  


