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ABSTRACT 

 
Berta Pérez Román: Development of nanocellulose/carbon composite material for hybrid  
supercapacitor 
Master’s thesis  
Tampere University  
Master’s in Material Science and Engineering 
May, 2020 

 

. This thesis work deals with the development of carbide-derived carbon by dry etching 
treatment with chlorine gas of Si-OC material. Silicon oxycarbide was previously obtained by 
chemical reaction of divinylbenzene (DVB) and a commercial polymeric precursor (SMP-10) 
based on the polymer-ceramic transformation technology. Three different compositions of 
DVB/SMP-10 were performed, followed by pyrolysis treatment at three different temperatures; 
700,800 and 900ºC. The material was chlorine etching at the same pyrolysis temperature 
removing non-active phases (silicon and oxygen) to obtain a full carbon material. Carbon content 
presents sp2 hybridization, so graphite phase is presented on it. From the elemental analysis, 
carbon content after dry etching is in the range of 90% and by Raman spectroscopy, an 
amorphous graphite phase was confirmed. Pore and texture analysis were also performed 
obtaining fundamentally microporosity distribution and specific surfaces areas in the range of 
1500-2000 m2/g. About the electrochemical performance, capacitance values around 3-4uF/cm2 
were obtained for the carbide-derived carbon (CDC). Finally, flexible composite films were formed 
by nanocellulose and the carbon material previously mentioned and named as 90/10/900. Two 
different compositions of 2.5 and 5 wt% of the carbon material were performed, fabricated and 
designated as 2.5 C/CNF and 5 C/CNF respectively. 2.5 C/CNF film shows good dispersion 
leading to great mechanical properties with stress at break around 60 %. The mechanical property 
of 5 C/CNF film was decreased compared to 2.5 C/CNF film due to agglomeration of the few 
carbon materials in the 5 C/CNF film. 
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1. INTRODUCTION  

This mater thesis is a combination of two research projects desarollated at ICV-CSIC of 

Madrid (Spain) and Materials science department of Tampere University (TUT). 

The first part of the master thesis is based on a research project entitled as New Hybrid 

supercapacitors based on carbon nanocomposite electrodes/graphene derived from 

(Oxi) carbides. This project is run by two scientific research Ph.D (Maria Teresa Colomer 

and Fausto Rubio) both from chemical-physics of surfaces and processes department of 

the institute of ceramic and glass (ICV-CSIC) located at Spain. The ministry of science 

and innovation of Spain has classified this project within the state program of research, 

development and innovation oriented to the challenges of society with the following 

reference MAT2016-78700R [1]. In this project, carbon material with different micro-nano 

structures and a wide range of porosities (micro-meso) and nanorrugosities will be 

specially developed to allow the access of the ions of the solvated electrolyte and to 

allow the storage of loads and the Red-Ox load transfer reactions. 

Furthermore, second part of the project done at Tampere University of Finland is based 

on extensive research about this carbon material helded by Dr. Rama Layek (Academy 

Postdoctoral Researcher, department of Material Science). By making a carbon 

composite based material by using a nanocellulose fiber as a matrix (CNF), a study about 

the dispersion of carbon material on CNF matrix as well as enhanced mechanical 

properties of supercapacitor electrodes has been done. The main aim of the carbon-

cellulose composite film formation is to enhance strength and to reduce inherent 

brittleness of carbon material.  
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2. STATE OF ART 

2.1 Importance of supercapacitors in energy field 

To understand the importance of supercapacitor (SC) in the energy field, some 

applications in which can be used as well as the main problems that could be avoided 

by the implementation of them, are explained in this chapter. 

Global energy consumption, as well as CO2 emissions, have been widely increased 

owing to the rapid economic expansion and population growth during the last few years. 

Future estimation of energy consumption for the total population in 2050 is almost double 

than the actual energy. This fact has stimulated the research of new efficient and clean 

energy storage technologies which fulfil the energy demand reducing as much as 

possible the environmental impact of the traditional energy source [2] [3]. Al these 

environmental concerns, as well as energy demand, has become an urgent problem 

which can be solved by supercapacitors devices. Some applications on the energy field 

in which supercapacitors can be employee are e.g power devices for electric vehicles or 

green renewable energies among others. 

About green energies, the fight between nuclear energy versus renewable energy is 

evident. People in favour of nuclear energy expose the main advantages of this energy 

source. First of all, energy production is very high and therefore the global energy 

demand is perfectly fulfilled. Space needed for the production of nuclear energy is pretty 

lower than the one used for renewable sources where bigger areas are necessaries to 

build the wind turbines and solar panels. Zero CO2 emissions is an advantage shared 

with renewable energy, reason why some countries such as China, Rusia or France are 

still using this type of energy production [4]. 

Despite all these apparent advantages, the zero CO2 emissions cannot be considered 

true in the case of nuclear energy. During the energy production, the CO2 emissions 

could be comparable with the renewable energies but during the dismantling and more 

important, the greenhouses produced by the radioactive waste produced during the run 

of the nuclear power plant cannot be neglected. Currently, there is not a suitable method 

for storage and disposal for radioactive waste, and this is the main problem of nuclear 

energy. Conversely, renewable sources such as eolic and solar energy, have been 

increasing due to the low environmental impact and cleanliness energy production (No 

CO2 emissions). However, the most important problem is related to the difficulty to adapt 

the energy production with the actual global demand, producing high instability on the 
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electric global network because an energetic balance between demand and generated 

energy cannot be possibly achieved (Intermittent production). This important problem 

can be solved by new energy storage devices (ESD) where supercapacitor plays an 

important role. The possibility of storing eolic or solar energy for limited generation 

moments can be a solution for the actual energy demand. 

The most important requirements for the storage devices used on renewable energy 

sources are the following ones: 

• Large storage capacity to maintain the power supplied for the longest time 

• High power density to fulfil the maximum peaks of the demand curve 

• Fast responses 

• High power and energy density in not so voluminous storage devices  

• Low and easy maintenance 

• Long lifetime without degradation 

• Low environmental impact 

Due to all the aspects that were explaining previously as well as some others that will be 

demonstrated during this report, it could be possible to determine supercapacitors as the 

most suitable storage devices for this application. 

2.2 Comparison between different energy storage systems 

Due to all the aspects that were explaining previously as well as some others that will be 

demonstrated during this report, it could be possible to determine supercapacitors as the 

most suitable storage devices for this application. 

To have a well-known understood about the performance and structure of a 

supercapacitor is necessary to know previously which are the differences between 

batteries and conventional capacitors are, and what is based on it. 

Among all the possible energy storage devices (batteries, fuel cells and traditional 

capacitors) supercapacitors are the most suitable due to the outstanding characteristics, 

in particular, high power density, a quite high charge and discharge rate, low 

maintenance and long lifetime [5]. 

Manufacturing and design of supercapacitors are very similar to batteries. Battery is an 

electrical storage device based on the electrochemical process. During the charge of the 

batteries, electric energy is stored on it and can be released afterwards. The amount of 
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charge-discharge cycles will be determined the lifetime of each battery [6]. The main 

advantage of these storage devices is the superior energy density against other storage 

devices, batteries are able to store a lot of energy in a small mass. However, some 

aspects like low charge and discharge rate are very critical. Batteries cannot release the 

stored energy in a very quick period and are usually used for applications in which the 

energy release is needed for a longer time [7]. 

 

Figure 1. Scheme of a conventional capacitor design 

Another drawback of batteries is the auto discharge phenomenon with time owing to the 

leakage resistance. 

Energy storage in supercapacitors is based on the same principle as conventional 

capacitors but is more appropriate for quick release and store energy. Conventional 

capacitors can store energy in order of uF (microfarads) and are normally employee 

when charge and discharge functions are necessary, and the other one is to block the 

direct current (DC) flow. Conventional capacitors can be divided on electrostatic and 

electrolytic capacitors [8]. 

On the case of the first group, energy storage is made by electrostatic method, i.e. 

movement of charge carriers (normally electrons), from anode to another. Design is 

based on two metal electrodes separated by a dielectric material. By applying a 

differential voltage, charge carriers are accumulated at each electrode surface, and the 

positive electrode will be cover by negative carriers and inversely a depletion of negative 

carriers will appear on the surface of the negative surface electrode (Figure 1). 

Some metallic materials used in this field are; Aluminum (Al), Silver (Ag, Copper (Cp), 

Zinc (Zn) or Tin (Sn) among others. Ceramic materials are an example of which are used 

to perform the other electrode. In this case, each electrode has a specific polarity and 

should be connected correctly, because by changing the direction of polarity, different 

issues can appear, such as the explosion of the device. The total stored energy increase 

as function as the power between electrodes and due to the amount of stores carrier 

charges. These last parameters depend on size, distance and properties of the electrode 
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materials and dielectric separator. Most commonly used materials are Aluminum (Al) and 

Tantalum (Ta). 

In the case of electrolytic capacitors, also known as ceramic capacitors, the cathode is 

typically a semi-liquid solution in a paste form. This type is used when quite large 

capacitance values are required by the application. Dielectric materials used for the 

separation of both electrodes are thermally growth obtaining a final layer of some 

microns thickness. 

Distance between electrodes of a conventional capacitor is in the range of decens of 

microns and capacity is determined by this parameter, being the thickness of dielectric 

material one of the most important parameters on the design of a capacitor [9] [10]. 

Based on the theory of the traditional storage devices, a supercapacitor can be described 

as a device which can release high power density for only a few seconds. The general 

structure of supercapacitor (Figure 2) is two electrodes separated by an electrolyte in a 

solid or liquid state, in which energy carriers are confined in the electrode-electrolyte 

interphase, reaching values of capacitance around 106 F [9] [11]. Based on the energy 

storage mechanism in which each supercapacitor is based on, supercapacitors can be 

classified as; electrochemical double layer capacitor, pseudocondensador and hybrid.  

On the next chapter, these three types are explained in detail. 

 

Figure 2. General structure of supercapacitor 

By using a suitable design of the electrochemical cell, power and energy density are 

available in a large range, making them quite versatile for much different application. 

Among the wide range of application in which superacapacitor are suitable, two most 

important design is to work isolate, or in combination with batteries. Battery and SC 

combination is known as Hybrid energy storage system (HESS). SC could be very 

interesting to use to fulfil the high power peaks that batteries cannot fulfil due to the low 

power density. 
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In Table 1, the main differences between batteries and electrochemical capacitors 

(Supercapacitors) are summarized. 

Table 1. Differences between batteries and electrochemical capacitor 

 

 

 

 

 

 

Ragone plot (Figure 3) [12]  show the comparison between the performance of different 

energy storages systems as well as the power and energy density of each Power and 

energy density is represented on horizontal and vertical axis respectively, and discharge 

time is showed by diagonal lines as function as the relationship between energy and 

power. (E=P·t) [12] [13]. 

As explained before, the power density of supercapacitors is quite superior to batteries. 

Supercapacitors are in the middle of conventional capacitors and batteries. Is important 

to emphasize that supercapacitor cannot only release energy in the range of some 

seconds, but also charge time are very short, and the lifetime of this devices is quite high 

in comparison with the rest of ESD. Supercapacitors do not include irreversible reactions 

which mean that energy storage is just done by making a double electrochemical layer. 

 

Figure 3. Ragone plot 

PROPERTY BATTERY 
ELECTROCHEMICAL 

CAPACITOR 

Storage mechanism Chemical Physical 

Power limitation 
Reaction kinetics 

Electrolyte conductivity 
Mass transport 

Energy storage High (Bulk) Limited (Surface area) 

Charge rate Kinetically limited High 

Cycle life 
limitations 

Mechanical stability 
Side reaction 

Chemical reversibility 
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Some important values related to the performance of these devices are shown on Table 

2 [12]. 

Table 2. Comparison of the performance between capacitor, battery and 
supercapacitor  

 

Based on the information presented previously, it is possible to conclude that 

supercapacitors have intermediate properties between batteries and traditional 

capacitors, providing better charge and discharge times and higher specific power 

density than other ESD, confining all these properties in high efficiency and long-lasting 

device. Another advantage is that is easy to export energy. 

2.3 Capacitance, voltage, power and energy density of 
Supercapcitors 

The most important electrochemical parameters of supercapacitors to characterize them, 

are explained in this chapter.  

Supercapacitor can be considered as an electrochemical cell formed by two capacitors 

placed in series with opposite signs (positive and negative) where C1 and C2 the 

capacitance of each electrode respectively. Then, overall capacitance (Ct) can be 

defined as follow: 

 
1 

𝐶𝑡
=  

1

𝐶1
+ 

1

𝐶2
 

 

 

Equation 1 

For symmetric supercapacitors (sES) capacitance of each electrode is equal, 

considering an overall capacitance (Ct) equal to the half of either capacitance value. 

However, if the capacitance is not equal, the material electrode for anode and cathode 

is not the same leading to an overall capacitance dominated by the one with smaller 

capacitance value. 

Characteristics Capacitor Supercapacitor Battery

Specific energy (W h kg-1) <0.1 1 to 10 10 to 100

Specific power (W kg-1) >10000 500 to 10000 <1000

Discharge time 10-6 to 10-3
s to min 0.3-3h

Charge time 10-6 to 10-3
s to min 1-5h

Coulombic  Efficiency (%) ~100 85 to 98 70 to 85

Cycle life ~Infinite >50000 ~1000
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Energy and power density can be written by Equation 2 and Equation 3, considering V 

as the voltage which built up in charged ES. 

 
E =  

1

2
 C V2 =

𝑄𝑉

2
 Equation 2 

 

 

P =
V2

4 ESR
 

 

Equation 3 

Energy density equation shows that it is proportional to the electrochemical cell and 

overall capacitance. Capacitance values for EDLC are in the range of 5-20uFcm-2, 

however, larger values can be obtained by hybrid capacitors and specific carbon material 

combinations. 

 ESR is equivalent resistance associated with the electrochemical cell, named as 

equivalent series resistance. The power performance of a supercapacitor is associated 

with its internal resistance which corresponds to the electrolyte resistance, current 

collectors and electrodes that are termed as equivalent series resistance. (ESR).This 

parameter should be as small as possible to reach high power density values. This 

concept comes from the electrical model used to represent a typical supercapacitor, in 

which Rs is a series resistance to the other electrical components. ESR is the main 

contributor to power density parameter during the charge-discharge cycle and to have a 

very low value, the resistance between the current collector and material electrode 

deposited on it is surface, should be controlled. Current collector can be treated by 

different methods to avoid or decrease at maximum Ohmic drop [15]. ESR also limits the 

charge-discharge rate which influences negatively power density. 

Cell voltage is influenced by electrolyte performance. By choosing suitable electrolyte, 

this parameter can be maximized. As it will be explained on Electrolyte chapter, the 

stability of it can make wider the operation voltage window, being better organic 

electrolytes and ionic liquid for this phenomena. High ionic conductivity is necessary for 

low ESR and good electrochemical performance, so electrolyte choice should be done 

carefully as function as porosity size of carbon material. 

Cycle life parameter is related to the electrochemical performance of the energy storage 

device. Nowadays, some tests are used to determine this parameter by measuring 

capacitance value before and after several charge-discharge cycles, to make a 

comparison in a specific electrolyte. Then, cycle life can be compared for different 

electrolytes.  
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2.4 Classification of supercapacitors  

Supercapacitors can be divided into many different parameters. As function as a material 

electrode, three different types can be distinguished; electrochemical double-layer 

capacitor (EDLC), pseudocapacitor and hybrid supercapacitor.  

The specific capacitance of the material selected for electrode development and overall 

cell voltage are the two parameters which influence the energy density (E) of a 

supercapacitor. Method and design selected to perform the supercapacitor is quite 

important to maximize as much as possible E.  First of all, controlled porosity, high 

surface area and nanoelectrodes are suitable to enhance capacitance [13] [14].  

Another important aspect to reach high capacity value is to consider hybrid 

supercapacitor which allow the possibility to reach higher energy density than EDLC and 

pseudocapacitors. On next subchapter, hybrid capacitor are explained on detail. 

2.4.1 Hybrid supercapacitor 

Some considerations about the term refer to hybrid supercapacitor should be considered. 

In several reports, asymmetric and hybrid supercapacitors are not clearly distinguished, 

however, the most accurate definition of a hybrid supercapacitor is for those devices with 

battery type electrode, while asymmetric supercapacitors refer to pseudocapacitive 

energy storage mechanism.  

Owing to the combination of energy storage mechanism used in EDLC and 

pseudocondesador, hybrid capacitors appears as the third group of supercapacitor with 

outstanding and superior electrical properties. Is not only desirable to increase power 

density, cell voltage and better performance is also wanted 

Hybrid supercapacitors have improved energy density maintaining the high power 

density of the common supercapapacitors. Higher specific capacitance can be reached 

it with Hybrid supercapacitor in comparison to EDLC and pseudocapacitors. 

Half of the supercapacitors behaves as EDLC and the other half act as pseudocapacitor. 

EDLC energy storage mechanism occurs as electrode-electrolyte interface surface by 

electrostatic charge separation. This reaction is reversible providing long-lasting and 

high-efficiency devices [15]. However, supercapacitors storage energy by reversible 

redox reactions which takes place as electrode surface. 

Performance of hybrid supercapacitor would be represented on the upper part of the 

area related to supercapacitors showed on Ragone plot ( 

Figure 3). Actual reports are  
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Structure of hybrid supercapacitor is the same as EDLC and pseudocapacitor, two 

electrodes separated by an electrolyte kept apart through a separator which allows ion 

diffusion. Two different configurations can be obtained on hybrid supercapacitor is terms 

of electrode behaviour. If mass loading is the same for both electrodes, battery type 

hybrid supercapacitor is distinguished, however, asymmetric supercapacitor is known as 

SC with equal electrodes behaviour. 

In hybrid supercapacitors, many reports are focus towards to obtain materials to increase 

energy density up to values comparable with batteries without disturbing the intrinsic high 

power density.  

Different research groups are trying to enhance energy density around 20-30 W h kg-1 

(battery range) [16].   

Hybrid supercapacitors are performed by combining redox and EDLC materials in which 

carbon materials, like graphene, graphite or activated carbon, metal oxides or some 

conducting polymeric materials takes place [17] [18].   

This capacitor can be either symmetric or asymmetric depending on the electrode 

assembly configuration. Symmetric configuration is achieved when materials of both 

electrodes are the same, and asymmetric one when material electrodes are different 

from each other. Superior performance can be obtained by this last configuration. 

Hybrid electrodes can be classified as function as electrode configuration. Electrode with 

dominant behaviour will determine the type of ES. Configurations are: 

• Composite electrodes 

• Redox- Asymmetric electrodes 

• Battery-capacitor electrodes 

On the first group, carbon material is incorporated on metal oxides or conducting polymer 

(RuO2/MWCNT, PAN/carbon nanofibers, or MnO2/Carbon nanotube arrays). Redox-

asymmetric electrodes include materials with storage energy by redox reactions and 

finally, battery and capacitor electrodes are normally performed by an active carbon 

electrode and other material with insertion and desorption cation processes like Li4Ti5O12 

(Lithium titanate oxide) [19]. Some characteristics data of commercial supercapacitors 

are included in Table 3, Best capacitance values were obtained for hybrid 

supercapacitors due to all the aspects explained before.  
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Table 3.Comparison about performance of commercial supercapacitors 

 

2.5 Carbon material for ES 

Many configurations can be achieved by a combination of different material electrodes. 

Carbon materials research is nowadays increasing rapidly owing to the actual demand 

of energy storage devices.  

Carbon-based materials are the most promising for electrodes development due to some 

important aspects such as low environmental impact, low price, good physical and 

chemical properties, quite good electrical conductivity, excellent chemical and thermal 

stability, as well as their good compatibility with polymers and/or metal oxides and easy 

availability [20] [21] [22].   

Different allotropes can be found on carbon materials leading to graphite, diamond, or 

carbon nanotubes. These materials allow the possibility to vary the micro texture and 

nanorrugosities, which are desirable aspects on material electrode, by controlling 

graphitization degree. By balance these parameters as well as controlling the porosity 

distribution, the high surface area can be reached, enhancing the electron movement 

through the structure and therefore obtaining high capacitance devices [23] 

Carbon material is currently used for supercapacitor electrodes because they fulfil all the 

key characteristics needed for high power performance, which are; electrical 

conductivity, high SSA, pore size distribution, packing density and cost.Carbon materials 

allow us to perform electrode by hierarchical porous structure with high specific surface 

area (SSA) without degradation of electrical conductivity. Effort research is now directed 

towards Activated carbon, mesoporous carbon, carbon nanotubes (CNT), graphene, 

carbon nanofiber or carbide-derived carbon among some others.  

Most of the commercial carbon materials are named as “Engineered carbon”, and are 

based on amorphous structure as function as the order degree. Structure of engineered 

Manufacturer Type of Semiconductor V (V) C(F) Weigth (Kg) Emax (Wh/Kg) Pmax (Kw/kg)

Maxwell (USA) EDLC 2.7 3000 0.51 4.5 1.8

Nippon Chemicon (Japan) EDLC 2.5 1100 0.28 2.8 0.7

Batscap (France) EDLC 2.7 2680 0.5 4.2 2.1

Nesscap (Korea) EDLC 2.7 3640 0.65 4.2 0.93

Nesscap (Korea) Pseudocapacitor 2.3 300 0.025 8.73 -

Skeleton technologies (Estonia) EDLC 2.85 350 0.07 4 2.7

Ioxus (USA) EDLC 2.7 3000 0.51 4.3 1.7

Yunasko (Ukraine) EDLC 2.75 1275 0.22 4.55 8.7

Yunasko (Ukraine) Hybrid 2.8 5200 0.068 30 3.4

ELTON (Rusia) Asimmetryc Hybrid 1.3 6000 0.7 6.5 -

JM Energy-JSR Micro (Japan-USA) Battery type 3.8 1100 0.145 10 1.3
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carbon can be considered as hexagonal carbon plated packed by a thermal process at 

temperature above 2500ºC.  

The most typical process to obtain engineered carbons is by performing different thermal 

treatments of from organic precursor in an inert atmosphere, during which initial 

precursor is decomposed and some volatile elements go out from the structure [12]. By 

increasing temperature treatment, graphitic units try to be aligned along specific direction 

leading to the formation of graphite microcrystals or graphene sheets. 

Activation process is the name specified to during which SSA is increased and enhanced 

porosity is obtained. By using this process, carbon materials can be converted into high 

SSA materials. Activation open the pores presented on precursor and also form new 

ones by “carbon off” and remove of volatile elements [12]. Conditions such as 

temperature-time either amount of precursor should be controlled to adjust the porosity 

up to the desirable statement. Temperature is normally around 700-1000ºC and the 

oxidising atmosphere is used. 

Activated carbon (AC) was the first material used for electrochemical energy storage 

electrodes, due to good electrical properties and low cost. This group appears resulting 

to the activation process.  Normally, EDLC electrodes are performed by activated 

carbons combined with polymeric materials to perform properly maintained structure 

where capacitance values up to 200 F/g y 100F/g can be achieved for aqueous and 

organic electrolytes respectively [15] [24].  

Carbon nanotubes (CNT) are highly recommended for this application due to the unique 

porous structure, superior electrical properties against other carbon materials and good 

mechanical and thermal stability owing to highly promising material for storage energy 

applications [25] [26]. CNTs are made by enrolled graphene sheets leading to cylindrical 

structures, in which single (SWCNT) or multi-wall carbon nanotube (MWCNT) can be 

distinguished. Both types are being researched by many different research groups, with 

the aim to make many combinations with different electrolytes to enhance the responses, 

safety and supercapacitors lifetime [27]. 

Energy density is lower as compared to ACs (<500m2/g), but their mechanical resilience 

and tubular structure make them ideal for electrode performance. However, density of 

CNT is around 0.3g/cm3 which can be considered as a drawback for supercapacitor 

development. This value is very critical to obtain high volumetric performance. To solve 

this problem, KOH can be used for activation process of CNT enhancing SSA, but 

something that should be controlled during the activation process, is a good balance 

between porosity and conductivity to reach high capacitance values after activation 
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process [13]. Aligned CNTs are preferred versus entangled ones because higher 

accessibility by the electrolyte is achieved by the first group, leading to higher 

capacitance values. 

Some other carbon materials are available for energy storage electrodes, such as 

carbon aerogels (CAGs) or carbon fibers (ACFs). CAG is highly suitable for this 

application for it is lightweight. Sol-gel process and pyrolysis are necessary to obtain this 

type of carbon material. The most interesting feature of carbon aerogel is the typical 

porosity structures which are produced by the interconnection between different carbon 

nanoparticles. Some research groups are currently studying how to improve capacity 

because even activation process is again applied to form microporosity, the accessibility 

to these new created porous is highly difficult and final capacity performance is not as 

high as obtained from another carbon materials [28] [29].  

ACF is characterized by high SSA (up to 3000m2/g) and with controllable pore structure. 

They are normally obtained by carbonization treatment followed by activation process in 

which precursor material is usually fibrous carbon. Some problems related to stability 

can be founded due to presence of functional groups on the surface. 

Others carbon materials are obtained from carbides by using different chemical etchings 

treatments and some other processes to selective removing of chemical groups present 

in the microstructure. These materials are known as carbide-derived carbon (CDC). 

This technique has many advantages against others which can also be used to produce 

meso and nanoporous carbon material such as; template techniques (soft and hard) or 

activation techniques. 

Polymer derived ceramics (PDCs) such as SiC, SiOC, or SiCN are encompassed on 

CDC. The procedure to obtained CDC materials starting from a polymer derived 

ceramics is the main part and can be optimized to enhance CDC final properties by 

adjusting pyrolysis parameters [30]. Pyrolysis heat treatment is needed to convert PDCs 

material into ceramic one, parameters such as; pyrolysis temperature, PDCs chemical 

structure and particle size and dwell time are crucial to final properties of CDCs. 

Since 2010, there has been a lot of research groups focus on the study of the influence 

on pyrolysis treatment of SiOC. L.Duan et al. [31] conclude that structural evolution from 

SiOC depends on pyrolysis treatment. Pyrolysis of carbon rich polycarbosilanes or other 

chemical compounds leads to the formation of microstructural phases and free-carbon 

phase. Phases formed during pyrolysis are crucial to study in order to select the most 

suitable etching method to remove the non-carbon content present in each phase. SiOC 

has the most promising electrochemical properties achieved after chlorination process. 
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Microporosity, large volume pore, high SSA and good electrochemical performance in 

organic electrolytes can be achieved after etching methods. 

CDCs are very likely for electrode supercapacitors since it is relatively easy to control 

desired porosity distribution without limited control during etchings and better surface 

control than activated carbon by the introduction of functional groups. 

Some aspects of the resulting carbon can be controlled during CDC formation process. 

The main aim of resulting carbon is high SSA for high electrochemical properties and 

good porosity distribution. Porous formation for the charge carriers movement through it, 

can be controlled by etching temperature and can be adjusted by carbide precursor 

selection and etching conditions. Most commonly used treatments are hydrofluoric and 

chlorine etching, or decomposition under high vacuum conditions. Chlorine etching is the 

most selective method and is normally performed under high temperature to better 

control of porosity and easy removing of non-carbon parts such as oxygen, titanium or 

silica. Best CDC are obtained from Titanium and Silicon carbides. Final microstructure 

obtained after chlorine etching will be formed by several porous formed between carbon 

atoms, remaining carbon on carbide lattice. 

This etching method is the most suitable one because one of the problems of CDC is the 

porosity below nano range presented on it. Electrolyte ions cannot penetrate on it, and 

to enhance the penetrability, Cl2 etching can open the nanoporous carbon matrix by 

oxidation process produced by etching.  

Porous network can be different either by available carbon atoms on carbide structure 

or etching temperature. Chlorination temperature is an important parameter that should 

be controlled during the formation process, by increasing it bigger porous size are 

obtained, standing out the structure collapse around 1300ºC and carbon graphitization 

at 1000ºC. At higher temperatures, ordered structures are formed, while amorphous 

ones are obtained at lower temperatures.  

In conclusion, CDCs are the most suitable carbon materials in comparison with the rest 

carbon groups, due to the following points: 

• Nanoscale fine-tuned nanopore size 

• Superior SSA 

• Adjustable nano and mesopore porous percentage 

• Suitable carbon structure 

• High carbon purity level 
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2.6 Electrolytes 

Select the most suitable electrolyte as function as the material electrodes is a crucial 

point. Electrolytes play an important role in supercapacitor performance due to some 

aspects are explained afterwards.  

First of all, many different parameters depend on the good performance obtained after a 

good selection of the electrolyte. The capacitance will be affected by ion size and 

matching between pore size and ion size. This means that ion size presented on 

electrolyte should be the most adequate to pass through the meso and nano porosity. If 

porous are smaller than ion size, electrochemical measurement results will not be 

reliable, because electrolyte would not penetrate on it. So, electrolyte should be select 

to obtain a good match between pore size and ion size.  

Equivalent series resistance (ESR) is determined by electrochemical measurement, 

where electrolyte has again an important effect. The conductivity of it, as well as ion 

mobility and viscosity, will influence ESR.  

Electrolyte concentration will affect energy density and good adjustment of it to obtain 

the highest possible energy density is needed. 

All these aspects, among others, are represented in Figure 4. 

 

Figure 4. Influencing factors for electrolyte selection 

 

In general, for most of the cases, main requirements for an ideal electrolyte are; wide 

voltage window and working temperature, high ionic conductivity, low ionic radius, high 

chemical and electrochemical stability, low resistivity, low viscosity, low volatility, low 

toxicity low environmental impact and low cost. 
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Depending on the chemical nature of the main compound present on the electrolyte, 

three groups can be distinguished; aqueous, non-organic aqueous or ionic liquid type. 

Before to explain each type is important to consider that does not exist the perfect 

electrolyte. For example, aqueous type is the one used for high power density and 

capacitance, however, stability and energy density is not as high as the one which can 

be obtained by non-aqueous or ionic liquid type. Best electrolyte selection is done as 

function as the porosity size and distribution of it, material electrodes, and desired 

electrochemical performance. 

Aqueous type is the option chosen for this carbon-based supercapacitor development. 

High power, conductivity and capacitance can be reached by this type due to the low 

dynamic viscosity and lower ionic radius. In addition, lower resistance and higher ionic 

concentration are provided.  

Despite all this advantage against non-aqueous and ionic liquid type, aqueous 

electrolytes are not the most commonly used in the industry because of their narrow 

voltage windows, however, it have been extensively used in the research field until today. 

The main reason why aqueous electrolyte is the first option to try to develop a 

supercapacitor is the availability, easy and safety handled of them, and also the low 

price. 

Some of the most typically used aqueous electrolytes are summarized in Table 4. 

Table 4. Comparison between different aqueous electrolytes 

 

Some other benefits of aqueous electrolytes are the non-necessity of high difficult and 

exhaustive preparation method, while organic electrolytes should be prepared under 

controlled atmosphere to obtain high purity electrolyte and neither handling is as easy 

as the aqueous.Furthermore, ion size of aqueous electrolytes is smaller than organic 

ones, increasing the amount of ion which can enter through meso-micro porous 

enhancing electrochemical results.  

Cell voltage Power density Energy density Specific capacitance T 

(V) (W/kg) (W h / kg)  (F/g) (ºC)

CNFs with grown graphene sheets 1M Na2SO4 1.8 450 29.1 - -

Mesoporous MnO2 0.65M K2SO4 1 70 24.1 224.88 at 1mV/s RT

Mesoporous MnO2 1M Li2SO4 1 70 28.8 284.24 at 1mV/s RT

Mesoporous MnO2 1M Na2SO4 1 70 28.4 278.8 at 1mv/s RT

RuO2- graphene 0.5M H2SO4 1.2 600 20.28 479 at 0.25 A/g -

Microporous carbon 0.5M Na2SO4 1.8 40 7 60 at 0.2A/g -

AC 1M NaNO3 1.6 - - 116 at 2mV/s RT

AC 0.5M Na2SO4 1.6 - 10 135 at 0.2A/g -

Graphene/mPANI 1M H2SO4 0.7 106.7 11.3 749 at 0.5A/g -

Highly porous graphene planes 6M KOH 1 50 6.5 303 at 0.5A/g -

Eletrode materials Electrolyte
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The most relevant drawback of aqueous electrolyte is the low cell voltage which is around 

1 due to water decomposition around 1.23V.  To reach higher cell voltage, organic 

electrolytes are highly recommended 

Organic electrolytes are made of salts dissolved on organic solvents. Can be used in 

a wide voltage range, reason why they are the most commonly used in the industry. 

Some of them, as well as the most important characteristics, are shown in Table 5, where 

organic electrolytes refer to salt and organic dissolved respectively.  

Table 5. Organic electrolytes 

 

Acetonitrile (ACN) and propylene carbonate (PC) are the most widely used organic 

solvents. The main difference between them is that ACN can dissolve larger amount of 

salts to obtain the organic electrolyte, while PC has lower dissolving power. However, 

safety issues should be taken into account before ACN handling, due to it is toxicity.  PC 

is more suitable due wide operating temperature range, wide working voltage and lower 

environmental impact.  

About salts of organic electrolytes, tetraethylammonium tetrafluoborate (TEABF4) and 

Lithium hexafluorophosphate (LiPF6) are the most commonly use. Non-symmetry 

structures are preferred for organic electrolytes, due to low crystal lattice energy leading 

to higher solubility [24].  

Some considerations about organic electrolytes should be considered before using 

them. First of all, ionic size to obtain maximum capacitance results, like in the rest of the 

electrolytes. On second place, selection of organic electrolyte with minimum water 

concentration is suitable, to not limit voltage results with H2O presence (water content 

should be lower than 3-5ppm). Therefore, cell voltage is in the range of 3-3.5 V, being 

quite superior to an aqueous electrolyte, due to the absence of water. 

Ionic liquid (ILs) are made of molten salt with melting points around 1000ºC without 

solvents. This type of electrolytes are in liquid form at room temperature  with outstanding 

properties such as good thermal and chemical stability, low flammability, and wide 

working voltage range from 2 to 6V [24] [32] [33]. Main ILs used for research and different 

studies are imidazolium or pyrrolidinium among others. 

Cell voltage Power density Energy density Specific capacitance

(V) (W/kg) (W h / kg)  (F/g)

Graphene 1M TEABF4 / Policarbonate (PC) 3 400 34.3 110 at 1 A/g

Activated Carbon 0.7M TEABF4 /Adiponitrile (ADN) 3.75 - 28 25 at 20mV/s

Heteroatoms doped Carbon 1M LiPF6 /Ethil acetate (EA) 3 2243 29 126 at 1 A/g

Electrode material Organic electrolyte
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2.7 Biopolymers for composites supercapacitor electrodes  

As explained on previous topics, carbon materials are the most suitable for the 

development of supercapacitor electrodes due to the possibility to control and adjustment 

of porosity, obtaining high SSA; being both critical parameters on supercapacitor design. 

However, the use of carbon material is limited due to mechanical issues. Brittleness of 

carbon material can produce problems during development and functional 

supercapacitor process. For example, graphite and graphene can break it easily during 

handling and operating, making very difficult electrode production. Electrode 

supercapacitor can be subjected to bending, folding or deformations, therefore high 

flexibility is required for material electrode without degrading electrochemical and cycling 

performance [34].  

Some polymeric materials can be used as support for mechanical reinforcement acting 

as a binder. Recently, due to environmental concerns, biopolymers are studying and 

used in the research field to obtain flexible composites for supercapacitor electrode. By 

making a composite material, mechanical properties can be improved, increasing also 

cycle life without promising electrochemical performance. 

The main technique to improve mechanical properties is based on the deposition of the 

weaker material on to substrates with higher mechanical behaviour, such as plastics, 

papers or fabrics. Main different configurations can be done, e.g, CNT on PET polymer 

[35], graphite on paper [36], or AC on fabrics such as polyester, nylon or cotton [37].  

 

Figure 5. (a)Chemical structure of Cellulose (b) Schematic of a cellulose microfibril 
microstructure  
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Nanocellulose is one of the most researched natural biopolymers from 2012 until today 

[38] in the energy storage field and in particular for supercapacitors development. 

Nanocellulose allow the possibility to perform cellulose-carbon composite films for 

supercapacitor electrode with high flexibility and other energy storage devices in an easy 

way and without the necessity to follow a strict working atmosphere.  

Cellulose is a natural organic material (with the formula (𝐶6𝐻10𝑂5) 𝑛 extracted mainly 

from natural plants such as wood, bacteria or algae; being an alternative for petroleum-

derived polymers. This biopolymer is characterized by being biodegradable, hydrophilic 

and water-insoluble. Cellulose can be simply converted into flexible and transparent films 

and enhance film formation. 

Individual cellulose is composed of bonds between the hydroxyl groups of the 

microstructure and different elementary cellulose fibrils units [39]. Elementary units 

(fibrils) have the following dimensions, some nanometer wide and several micrometers 

for the length. Microstructure fibril contain crystalline and amorphous region, where fibrils 

are perfectly ordered and disordered respectively. Elementary fibrils bonding via lateral 

hydrogen bonds with neighbouring elementary fibrils forming fibril bundles commonly 

known as microfibrils (Figure 5b) [40] [41]. 

Cellulose is a homopolymer of high molecular weight and it structure (Figure 5a) [42] 

formed by polysaccharide chain with β-(1/4)-D-glucopyranose repeat units (hydroxyl 

groups) are disposed on the structure. Inner porosity is an important factor of 

nanocellulose which enhances the activity of electrode-electrolyte. Other important 

characteristics of nanocellulose are high surface area, the ability to mixture with other 

conductive materials (binder) and high flexibility [43].  

Three types of cellulose can be obtained from natural sources, in which cellulose 

microfibers (CMF) are presented on wall plants, forming a composite material made of 

CMF embedded on lignin matrix. From CMF, cellulose nanofibres can be obtained after 

some methods in which high temperature and pressure are involved. Furthermore, 

cellulose nanofibers (CNF) are obtained by hydrolysis process. The main difference 

between each nanocellulose type is presented on Table 6. 

Table 6. Different cellulose entities 

 

Surface area Young Modulus

m2/g Gpa Diameter Length

Cellulose micro fibres(CMF) <60% <1 20-60 10um >10um

Cellulose nano fibres(CMF) 50-90% 100 50-160 10-80nm <10um

Cellulose nano crystals (CNC) 90% 200 50-140 5-30nm 100nm

Average size
Material Crystallinity
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Firstly, size is one of the differences between them, being larger for nanocrystals, 

nanofibres and microfibres respectively. Morphology, shape and size depend on 

fibrillation degree and treatments applied to it. Fibril size determines the reinforcing 

effect, producing composite films with higher strength because of lower nanocellulose 

fibril size [44]. 

Purity is another important factor and is directly related to the final properties of film 

composite. CNFs contains amorphous cellulose and crystallinity is lower than CNCs. 

Cellulose-based material has received much attention because of their ability to perform 

flexible, lightweight and high performance supercapacitor electrodes.  

Four different polymorphs of cellulose exist; type I, II, III, and IV. Type I is called native 

cellulose and comes directly from nature. It is structure contains parallel strands without 

hydrogen bonds, which are responsible for it is difficult to process cellulose in solution or 

as a melt. Cellulose II, has antiparallel strands with hydrogen bonds between them (more 

thermodynamically stable) and can be processed by mercerization process (NaOH is 

involved). [45] [46] Furthermore, cellulose III, is obtained from type I or II and amines 

groups, leading to amorphous structures and lower properties. Finally, Cellulose IV is 

obtained after treatment of type III with glycerol at very high temperatures. 

 

Figure 6. Chemical structure of cellulos type I and II 

Different preparation methods can be followed to grow composite material in which 

cellulose acts as mechanical support. Main fabrication routes for carbon-cellulose 

composites are based on blending, coating, vacuum filtration or doping carbon material. 

First of all, coating paper films by carbon inks made by i.e CNT, graphene oxide (GO) or 

reduced graphene oxide (rGO) is the easiest method to produce cellulose-based carbon 

material. Coating can be done by dipping paper film into a bath or by brushing. After that, 

drying process is performed in ambient air, chamber drier, furnace or airstream [47] [48] 

[49].  

Deposition of thick layer carbon material can be done by a simple method based on 

making a suspension with carbon material and cellulose followed by ultrasonication with 

the purpose to obtain a homogeneous composite solution. Then, the composite film is 
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obtained by vacuum filtration of composite solution followed by drying process [50]. This 

method will be explained in detail during experimental part. 

If carbon material is used in graphite form, only by drawing on a paper and sometimes 

followed by electrodeposition coating. Another form is by chemically modification of 

carbon material such as the one which is reported on [51], where MWCNT is modified 

and then mixed with water dispersion of cellulose in microfiber form. 

All these methods involved materials and some final properties (mechanical and 

electrochemical) of composite material are summarized on Table 7.  

Table 7. Materials, preparation method and properties of cellulose based materials 
for supercapacitors 

 

Best surface areas are obtained by CNC, while similar values of Young Modulus are 

achieved by CMF either CNC.  Surface area values presented on this table has been 

measure by water adsorption technique instead of nitrogen adsorption. CNC has rod-like 

shape, and are starting the production at industry level due to the lower aspect ratio and 

good crystallinity and morphology [52]. 

CNFs are the entities selected to perform the composite material for supercapacitor 

electrode in this project. First of all because of their high aspect ratio, high porosity and 

surface area and high mechanical properties, such as young modulus around 80Gpa 

and fiber strength up to 900Mpa [53]. Flexibility is a distinctive characteristic of CNF, as 

well as robustness. This type of nanocellulose is very promising for flexible storage 

devices which can be obtained by introducing carbon material in it is structure [54] [55]. 

Good charge and discharge rates can be obtained by CNF- carbon composites, large 

volumetric expansion allow the possibility to create flexible devices to be accommodated 

to different shapes. Furthermore, better reinforcement can be made to high strength and 

stiffness cases.  

Final storage devices will be disposable, flexible and inexpensive. Disposable because 

cellulose is a natural polymer, so environmental concerns should not be taken into 

account. Also, as mentioned before, among all the mechanical properties of cellulose, 

flexibility is very distinctive for this application but strength and stiffness are either 

desirable. In addition, electrodes will be lightweight and foldable.  

Cellulose based material Preparation method Properties Capacitance

CNT-conductive paper Coating Low cost, Flexibility 200F/g

SWCNTS ink and cellulose paper Dipping and dryingin oven Felixibility, Mechanical strength 0.48F/cm2

Cotton and GO Brush coating Ligth weigth, Flexibility and superior conductivity 82F/g

GO and cellulose tissue Suspension and vacuum filtration Flexibility, and open structure 54-80mF/cm2

Cellulose, graphite and Ni/MnO2 Drawing and electrochemical deposition Stiffness, Flexibility and low cost 175mF/cm2
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2.7.1 Carbon/NCF composite 

Many researches focus on carbon-CNF composite development use graphene and rGO 

as building block [56]. Similar methods based on in situ polymerization are followed by 

different research groups [57].  

Research group of Technical Institute of Physics and Chemistry located at Beijing [58], 

use the following method. Mixture of GO and cellulose with specific radios, followed by 

addition of hydrazine hydrate with the next ratio; GO:hydrazine= 1mg.  

After that, mixture was ball milled at certain rate, obtaining as a result composite 

hydrogels which was coagulated in 1 wt% H2SO4. Moreover, washing process was 

repeated several times by distillated water and final rGO/cellulose composites were 

obtained by freeze-drying for 48h.  
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3. MATERIALS AND RESEARCH METHODOLOGY  

As explained in the first part of this Master thesis, carbon material was researched and 

developed at the Public Research Institute of Spain (CSIC). All the steps followed during 

the whole process are explained in detail on Bachelor’s thesis [59] published in 2018 at 

Polytechnique University of Madrid (UPM).  

Nevertheless, a brief summary about carbon material development and some 

characterization data of it, are presented then. 

3.1 Carbon material Synthesis 

Carbon material was developed by following the next steps: 

• Chemical reaction 

• Grinding and sieving 

• Solvent removing 

• Pyrolysis treatment 

• Chlorine(Cl2) and Hydrofluoric acid (HF) etching 

3.1.1 Materials 

Materials used for carbon material synthesis are described then. As will be explained in 

the following chapter, carbon material synthesis started by performing a chemical 

reaction in a controlled atmosphere, in which four different reactants took part in it. 

Commercially available polymer to ceramic compound (SMP-10 ®, Starfyre Systems, 

USA) was received and stored under controlled temperature (2ºC) until use. This 

preceramic precursor was selected to produce SiOC by the preceramic route.  

SMP-10 whose chemical structure is shown in Figure 7a, it is based on a semi-organic 

backbone of carbon and silicon atoms which are covalently bonded on it. This polymeric 

precursor was used to obtain near-stoichiometric silicon carbide by performing pyrolysis 

treatment at temperatures below 1000ºC. SiOC structures are the desired materials to 

obtain fully carbon material by different etching processes.  

About SMP-10, technical sheet data define it as allyl-hydride polycarbosilane (AHPCS) 

and itt is recommended for ceramic matrix composites manufacture due to the 
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outstanding properties and the suitable chemical structure or it. Purity is almost 100% 

and silicon carbide produced would have a 1:1 silicon to carbon atomic ratio, while trace 

contaminating elements would be typically at a ppm level [60]. 

Divinylbenzene whose empirical formula is C10H10 (Figure 7b) was another important 

reactant of the chemical reaction. It is structure is based on benzene rings bonding by 

two vinyl groups. Molecular weight is 130.19 g mol-1 and boiled point is around 195ºC. 

This chemical compound would be the carbon responsible formation in the final 

microstructure material. While Si would be contributed from a preceramic precursor. 

One organic heterocyclic such as tetrahidrofurane (THF) which empirical formula is 

C4H8O is also used on a chemical reaction. It has a transparent appearance, low density, 

a molecular weight of 72.107 g/mol and boiled temperature of 66ºC.  

Finally, Platinum-1,3-divinyl-1,1,2,2-tetramethyldisiloxane in 1% xylene solution was 

used as catalyst to boost the chemical reaction. Density is 0.885 g/cm3.  

 

 

 

Figure 7.Chemical structure and components on received state of (a)(d)SMP-10 
(Starfire systems) (b)(e) DVB (c)(f) THF  

 

Polymer precursor (SMP-10) was used and mixed with the rest components inside a 

glovebox to prevent polymerization of SMP-10 during mixing and stirring of reactants of 

a chemical reaction. 
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3.1.2 Chemical reaction  

Chemical reaction (Figure 8) was performed by using following reactants; 

Tetrahidrofurane (THF) as a solvent, allyl-hydride polycarbosilane (AHPCS) (SMP-10, 

Starfire systems, USA) as a polymeric precursor, Divinylbenzene (DVB) as responsible 

of carbon formation, and Platinum-1,3-divinyl-1,1,2,2-tetramethyldisiloxane in 1% xylene 

solution, as catalyst.  

 

Figure 8. Chemical reaction 

THF was previously distilled to remove water in order to reduce the final oxygen content 

in the sample. The distillation process was performed by heating THF up to 70 ° C until 

boiling temperature was reached. Through this process, THF is transformed from liquid 

to gas, while water remains liquid at this temperature. Next, the gaseous THF passes 

through a refrigerated tube in which another transformation phase occurs, obtaining at 

the end, liquid THF without the water content. 

Schlenk line was used to perform the chemical reaction under controlled atmosphere.  

Moisture and oxygen were removed from reaction ambient by working in an inert gas 

(N2). Rotatory mechanical vacuum pump and vacuum levels around 10-3 were used. This 

vacuum level is enough to remove oxygen content from sample ambient which would 

produce polymerization of SMP-10. 

 

Figure 9. (a) Distillation process (b) Chemical reaction 
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Polycarbosilane was mixed with divinylbenzene and three different compositions were 

performed in a Schlenk line with the following proportions 70/30, 80/20 and 90/10 w/w. 

SMP-10 and DVB concentrations were modified, while THF is adjusted to each 

composition, and catalyst was mainly maintained constant. Weight percentage (w/w%) 

of each component as well as volumes involved on each chemical reactions for each 

compound are present in Table 8 and Table 9 respectively. 

Data presented in Table 9 has been determined after dilution of SMP-10. Firstly, 

chemical reaction was done by following the values on Table 8, but the viscosity of SMP-

10 did not allow a good mixture and stirring of the components; for this reason dilution 

process was needed to decrease the viscosity of the final mixture. Therefore, higher 

volume of solvent (THF) was used in the chemical reaction reducing the amount of SMP-

10 involved in it. 

Table 8. Definition of each reaction as function as weight percentage of each 
compound. 90/10,80/10 and 70/30 reactions refers to w/w% relation between polymeric 

precursor and divinylbenzene (SMP-10/DVB) 

 

Solvent excess removal was needed after each chemical reaction and before pyrolysis 

treatment. To do that, tramp removal system and liquid Nitrogen were used to reach 

cryogenic temperature. By working in this temperatures range, internal pressure 

decreased, and excess of THF is removed because of it is lower partial pressure among 

all the component of the reaction. THF in gas form was take it out and transform into a 

liquid state due to the temperature achieved by liquid nitrogen. 

Table 9. Volumes of reactants involved on each chemical reaction (After dilution). 
Reaction 1, 2 and 3 refers to 90/10, 80/20 and 70/30 respectively. 

 

 

 

 Reactives(w/w%) / Reaction Reaction 1 Reaction 2 Reaction 3

SMP-10 DVB 90/10 80/20 70/30

THF 30% 30% 30%

Pt 1% 1% 1%

Volumes (ml) /Reactions Reaction 1 Reaction 2 Reaction 3

SMP-10 39.64 34.98 30.04

DVB 4.84 9.61 14.31

THF 37.52 37.25 36.57

Pt 0.49 0.49 0.49
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3.1.3 Pyrolysis treatment 

Pyrolysis treatment was done in a non-porous alumina tube furnace under controlled 

atmosphere of N2. Nitrogen flux was controlled by a mass flow controller, while thermal 

treatment parameters such as; temperature or heating and cooling rate were controlled 

by a temperature controller.  

Each composition (90/10, 80/20 and 70/30) was pyrolysed at three different 

temperatures (700,800 and 900ºC) in order to study microstructure change in each case. 

Three different stages are presented in Figure 10a. 

Firstly, the sample was introduced into the furnace previously filled with N2 to create a 

non-oxidative atmosphere. Then, samples were introduced and maintained at room 

temperature for 30min. Afterwards, temperature was increased until the pyrolysis 

temperature was reached at a fixed heating rate of 5 ºC/min. Pyrolysis treatment took 2 

hours until samples were cooling down until room temperature. Heating and cooling rate 

was 5ºC/min, and two maintain stages at room temperature and pyrolysis one were done 

for 30 and 120 min respectively.  

 

 

Figure 10. (a) Thermal cycle treatment (b) tubular furnace (c) visual appearance 
after pyrolysis treatment 
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3.1.4 Grinding and sieving 

Obtained samples after pyrolysis were milled manually in an agate mortar and by 

performing ball milling process for 30 minutes each, and then sieving below 50um to 

enhance characterization of it. 

3.1.5 Hydrofluoric acid etching (wet) 

Wet etching was performed by HF on each sample to remove silicon and silica content 

presented on the material with the aim to produce micro-porosity and high SSA. A 

solution of 40% V/V of Hydrofluoric acid (20% in water) was used to do that and ratio 

between mass sample and volume of 40% HF were 1 (g):5 (ml) Figure 11(a). 

Once preceramic material was put into HF concentration volume, it has been 

magnetically stirring for an etching time of 18h, to ensure almost complete removal of 

non-active phases. After etching time, HF was removed from the mixture by vacuum 

filtration process (Figure 11b). Samples were vacuum filtered and then rinsed with 

deionized water through a filter paper of 0.5um pore size to remove all HF content. To 

control complete HF removal, different pH measurements were done until pH was equal 

to that of water. Finally, samples were dried at 120ºC until constant weight. 

Mass loss was due to etching was calculated by measuring mass sample before and 

after the etching process.  

 

Figure 11. (a)HF etching (wet) method (b) Vacuum filtration after wet etching 

3.1.6 Chlorine etching (dry) 

HF etched samples either non-treated samples were chlorine etching to evaluate the 

difference in microstructure and composition between them. Chlorination was carried out 

at the same temperature as the pyrolysis.  
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Dry etching was performed by nitrogen gas due to the high selectivity removal of non-

active phases (SiO2 and Si-H). The system for dry etching is equipped with a quartz 

tubular furnace where two fluxes of N2 and Cl2 were alternatively used to attack the non-

desired phases. Samples were disposed on alumina crucibles to work at high 

temperature. The whole system is located in a specific ventilation room attending to 

safety issues. 

The reaction was conducted by three different stages which can be differentiated on the 

cycle of chlorine etching presented in Figure 12a. During the first stage, Nitrogen (N2) 

flux of 150ml/min was introduced into the furnace to ensure no oxygen contact with the 

sample and for cleaning process. This stage took 3h until the temperature rises up to the 

desired temperature by an increasing rate of 5ºC/min. Each sample was chlorine etched 

at it is correspondent pyrolysis temperature (700,800 and 900ºC). 

Afterwards, N2 flux was minimized up to 5ml/min and dry Cl2 one was introduced with a 

flux of 100ml/min for the second stage. This stage is the most important one during the 

whole process, because non-active phases have been removing by following equation 

1. By the combination of both gases, chlorine etching can be done in a safe way due to 

the presence of some nitrogen into the atmosphere. Reaction products produced during 

chlorine etching were taken out by passing through a pipe directly connected to the 

outside. The second stage was applied for another 3 hours.Finally, during the third stage, 

samples were cooling down up to room temperature inside the furnace with non-specific 

cooling rate. After each chlorine etching process, mass change and weight loss were 

measured.  

 

 

Figure 12. (a)Cycle of Chlorine (Cl2) etching (b) N2 Gas etching (dry) 

After Chlorination process, all samples were annealed in order to remove residual 

chlorine and chlorides trapped into different pores. Cl2 removal was carried out by 

Nitrogen (N2) atmosphere annealing at 600ºC for 2h, as mentioned in some reports [31] 

[61].  
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3.2 Synthesis of carbon- cellulose composite 

3.2.1 Materials 

Only two materials were used for composite films. Firstly cellulose nanofibrils (CNF) from 

the University of Maine (Process development center) (Figure 13). This nanocellulose 

fiber has a solid content of 15% and rest water. CNF was in cake form and some 

properties obtained from the technical sheet are; surface area of 31-33 m2/g, fiber 

dimensions are 50nm for the width and up to hundred microns for the length. Moreover, 

the density of aqueous gel and dry powder is 1.0 g/cm3 and 1.5 g/cm3. 

Furthermore, carbon material described previously was also used to perform the 

composite films. 

 

Figure 13. Cellulose nano fibrils (CNF) 

3.2.2 Synthesis 

Flexible composite films were prepared by a simple method in which cellulose nanofibrils 

(CNF), deionized water and carbon material were used. CNF is formed by 15% solid part 

while rest is water content. The grade is around 90% fines and CNF state sample is in 

cake form.  

Carbon material was obtained by the method described previously. In this process, 

chemical reaction of polymeric precursor in liquid form and divinylbenzene is performed. 

After that, samples were subjected to pyrolysis process for SiOC formation and then, HF 

and chlorine etched for non-carbon phase removal.  

Preparation of CNF/carbon composite film started by producing an aqueous paste of 

CNF and carbon mixture by hand grinding using a motor pestle. Then, deionized water 
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was added with this CNF/carbon paste to obtain an aqueous solution at room 

temperature with a final concentration of 1.5mg/ml. After that, the mixture was 

ultrasonicated (amplitude of 50, and power of 40W) for 25 minutes to obtain a 

homogeneous solution.  

Two different CNF/carbon composite solution were prepared by modifying carbon 

concentration, (2.5 wt% and 5 wt% with respect to pure CNF (Figure 14a). In Table 10 

composition of each component is presented. 

Table 10. Sample composition of CNF-carbon composite film 

 

 

After ultrasonication, each sample was vacuum filtered (Figure 14b) through a paper filter 

until the film product is obtained. Drying is needed before take it out the filter from sample, 

and finally, samples were hot compressed at 70ºC for 10min to remove surface 

roughness and to make them as flat as possible. 

 

Figure 14. Sample preparation of samples (a) Samples after ultrasonication, from 
lighter to heavier composition (from left to rigth) (b) vacuum filtered system  

2.5C/CNF 5C/CNF

Low Heavy

Deionized water 350ml 350ml

NFC 500mg 500mg

Carbon material 12.5mg 25mg

Composition/Sample



42 
 

4. CHARACTERIZATION OF MATERIALS 

Once carbon material was obtained, structural characterization (FTIR, RAMAN and 

XRD), thermal (DTA-TGA), compositional (LECO) and textural analysis (N2 adsorption, 

FESEM) of it was performed after chlorine etching (non-active phases removal).  

In addition, composite materials were also structurally (WAXS), thermally (DSC, TGA), 

texturally (FESEM) and mechanically (UTM) characterized. 

Basis of each technique and operating conditions during characterization are described 

below. 

4.1 Fourier transforms infrared spectroscopy (FTIR) 

Infrared spectroscopy can be defined as a non-destructive technique, based on photon 

adsorption due to vibration modes of atomic bonding when the sample is illuminated by 

infrared radiation with specific wavelength. Infrared radiation wavelength (λ) is on the 

range of 0.7 to 1000 microns on the electromagnetic spectrum [62].  

When light interacts with matter different process such as; transmission, light dispersion, 

and fluorescence phenomena can occur. All these processes take place when incident 

radiation induce changes on energetic levels. If mater is irradiated with a wavelength 

equal to the natural frequency of bonding vibrations, energy absorption process occurs 

and is then represented on infrared spectrums. Each chemical species can be detected 

due to the specific absorbed light wavelength, so, different functional groups can be 

detected by the vibration of them [63].  

The vibration of molecules with dipole moment equal to zero are not detected by 

spectrophotometer, because only vibrations produced due to dipole moment changes 

are measured, therefore O2, N2, Cl2, or carbon materials such as graphite or graphene 

in which C-C bonds are presented cannot be analysed. 

Fourier transform is used to convert interferograms (intensity versus time) into the final 

infrared spectrums.  

All samples were characterized by FTIR in a Perkin-Elmer model BX spectrophotometer 

to see analytically how much silica and oxygen content are presented on each material 

sample. To do that, samples were diluted with Bromide potassium (KBr) with the aim to 

avoid reflection and dispersions phenomena with incident infrared radiation. KBr has 

introduced water into the samples, producing frequency bands centered at 1630 cm-1 
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and superior. Because of this water content, this frequency will not be represented 

because it is non-relevant information. Spectra were obtained as the average of at least 

32 collections with a spectral resolution of 2 cm-1. 

4.2 Raman spectroscopy  

Raman spectroscopy is based on Raman scattering phenomena. The incident 

monochromatic light beam (laser) is direct towards material sample with a specific 

frequency to produce light-matter interaction. 

Part of the light is dispersed with the same frequency on incident beam while the rest 

experiments a frequency change due to the interaction process. Light with the same 

frequency produced after dispersion phenomena is called Rayleigh scattering 

(scattering) and does not provide relevant information.  However, light with modified 

frequency is related to molecular composition information and is named as Raman 

scattering (inelastic).  

 

Figure 15. Energy diagram for different electronic states (Raman and Rayleigh 
scattering) 

 

About Raman scattering, stokes and anti-stokes scattering can be differentiated.  

• Stokes Raman scattering: when a scattered photon has a lower frequency than 

incident beam producing energy transfer from photon to the material molecule. 

After that, molecule comes back to another energy level with higher energy, 

producing photon scattering with a frequency of V0 -V. 

• Anti- stoke Raman scattering: in this case, the scattered photon has a higher 

frequency and energy transfer is done from molecule to photon. This process 

occurs because the molecule was not in the fundamental vibratory mode but in a 
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higher one and after anti stoke Raman scattering, molecule goes to this 

fundamental mode and scattering photon with frequency V0-V is produced. 

Raman spectrum represents intensity versus wavenumber, being this last proportional 

to frequency and inversely to wavelength. 

All samples were studied by Raman spectroscopy with Argon light beam (λ=514nm). The 

confocal mode was used in some samples, in which reduction of the spot in order to 

increase laser intensity to larger penetration depth is obtained. By working with confocal 

mode, scattering at the surface sample is removed and spectrum with larger information 

are produced.  

In Table 11, functional groups and vibration modes for each wavenumber band is 

presented. This table was used to perform good study and assignation of each band of 

the Raman spectrum and FTIR with functional groups.  

Band D and G are characteristics of carbon-containing material and they appear 

centered at 1350 (sp2 hybridization) and 1580 cm-1 (sp3 hybridization) respectively. 

Band D is associated with structural defects which are related to material disorder level. 

This band appears when symmetry loss is produced due to the finite size of graphite 

crystals presented on microstructure carbon material. Therefore, the intensity is 

increased while the size of graphite domains are decreasing. However, band G refers to 

vibration in each aromatic layer of the graphite structure. This band is associated with 

crystallinity degree, so in low graphitized samples this band becomes wider and intensity 

is reduced until being completely removed for an amorphous material sample. 

Intensity, width and frequency band parameters, provide information about the structural 

evolution of free carbon phase of the carbide and oxicarbide structure. The intensity ratio 

of both bands I(D)/ I(G), is inversely proportional to graphite domain size. By using the 

intensity ratio, size of graphite domains can be calculated as specified on Tunistra and 

Koenig equation (Equation 2). 
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Table 11. Functional groups for Raman and FTIR study 

 

FTIR Raman

O-H Tension Si-OH 3640 -

O-H Tension H2O 3434 -

C-H Tension as CH3 2964 2966

C-H Tension s CH3 2929 2908

C-H Tension as CH2 2918 -

C-H Tension s 2856 -

Si-H Tension 2253 2250

Si-H Tension 2200 -

Si-H Tension 2189/2172 2134

Si-H Tension 2120 -

C-C Tension Csp3 - Band D 1350

C-C Tension Csp2 - Band G 1580-1600

OH Deformation H2O 1630 -

Si-C Deformation as SiMe2 1410 1411

Si-C Si-CH2-CH2-Si 1380 1380

Si-C Si-CH2-Si 1360 1360

Si-C Deformation s SiMe2 1270 1262

Si-C Deformation 1260 1262

Si-O Tension as LO 1187 1175

Si-O Tension as TO 1070 1075

Si-OH Tension 950 980

Si-H Deformation 880/875 -

CH3 Rocking 864 855

Si-C 850 -

Si-H Deformation 828 -

Si-C Tension as 800-810 -

Si-O Tension s 800 800

Si-C Tension s 720 706

CH3 Rocking 660 662

Siloxane Breathing ring - 594/586

Si-O-Si Tension 560 -

Siloxane Breathing ring - 490/480

O-Si-O Deformation 433-460 439

CH3 Wagging - 190

CH3 Twist - 165

Frequency
Bonding Type Asignation
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𝐋 (𝐧𝐦) = 𝐂(𝛌) [

𝐈(𝐃)

𝐈(𝐆)
]

−𝟏

   
Equation 4 

 
                             

Where, C is a laser beam wavelength-dependent parameter (In this case was C=4.4 

which corresponds to Argon, λ = 514.5 nm). 

Finally about graphite content, in which samples where silica bands are appreciated, 

graphite content will be lower than 3% (approx.). However, when graphite content is 

above this value, no other bands can be detected, because electron movements through 

energy levels are very large producing high intense bands on Raman spectrum.  

All samples were structurally characterized by means of Raman carried out in a Renisaw 

InVia spectrophotometer by using the 514 nm Ar+ ion laser. The spectra were the 

accumulated signal of 10 collections with an accumulation time of 10 sec. 

4.3 X-ray diffraction (XRD) 

X-ray diffraction is a characterization technique used to identify and determine crystalline 

phases presented into the material, so molecular and atomic crystal structure can be 

studied by XRD. 

When x-ray and crystalline substance interacts, a diffraction pattern followed by Bragg’s 

law is produced.  

 

 𝒏 𝝀 = 𝟐 𝒅 𝒔𝒊𝒏𝜽   Equation 5 

 

Where λ refers to the wavelength of the incident beam, d is the distance between 

crystallographic planes and ϴ the Bragg angle which is the one formed by x- rays and 

crystallographic planes. 

X-ray diffractometer is composed by x-ray tube and a detector, and two different 

configurations can be differentiated. 

• ϴ:2ϴ: tube remains immobile and sample and detector rotates with a rate of ϴ ̊/s 

and 2ϴ ̊/s respectively 

• ϴ:ϴ: in this case sample remains immobile while tube and detector rotate at a 

rate of ϴ ̊/s. 
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Diffraction pattern are obtained after x-ray diffraction analysis, where intensity is 

represented on y-axis and 2ϴ ̊in x-axis. Intensity of each peak is associated with phases 

presented on the material. General diffraction pattern are use as reference patter during 

identification process.  

By x-ray diffraction analysis multiple parameters can be studied, such as; material 

phases, texture, phase changes and crystal lattice. 

All diffraction patterns from carbon and carbon-cellulose composite films were obtained 

by ϴ:2ϴ configuration. Operating parameters during analysis were 40 KV and 40 mA 

and recorded data was done from 2θ in the range of 5-40°. 

Wide-angle x-ray scattering was applied on composite films due to the high expected 

crystallinity.  

4.4 LECO Analysis 

Elemental analysis of SiOC and carbon material were done by LECO TS-500 for nitrogen 

and oxygen content. This characterization device allows light element measurement (C, 

N, O and H).  

To perform the analysis, the sample is put into the crucible and introduced into an electric 

furnace. High current is forced to pass through the furnace, increasing temperature up 

to 3000ºC and therefore producing decomposition and volatilization of the sample 

producing different chemical reactions where C, S, N and O are converted into CO2, SO2, 

NO2 Y SO2. Gases produced after these reactions are analysed through infrared cell for 

oxygen content and by thermal conductivity cell for Nitrogen molecules [64].   

In the case of C and S, LECO CS-200 device was used and C and S are oxidized and 

analysed by an infrared cell. 

4.5 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry has different applications, such as reaction kinetics, 

crystallization temperature and time, sample purity, melting point, curie temperature, 

glass transition, heat capacity, thermal stability among others.  

In this technique, sample is heated at the desired temperature and heat transfer is 

measured and compared with the reference sample. Heating and cooling rate is 

maintained constant during whole process, and controlled atmosphere is something 

needed for non oxydizing process. DSC is very common for polymeric materials 
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identification and parameters are based on it is properties, such as melting point, glass 

transition and crystallization.   

The most important objective is to measure how physical properties change along with 

temperature against time. 

DSC composite films measurements were conducted at a heating rate of 10ºC/min under 

dry nitrogen atmosphere. Weight sample for each measurement was between13-18mg 

and scanned in the range of 0-260ºC. Starting from the initial temperature of 30ºC, 

samples were cooling down up to 0ºC by using liquid nitrogen. Then, material was heated 

up to 260ºC and then cooling down again up to initial temperature. This cycle 

temperature was designed for a composite film to study glass transition temperature 

changes and the effect of this fact onto the polymer chain and composite structure.  

4.6 Nitrogen Adsorption  

Structural characterization of carbon material developed by this project was done by 

physical adsorption of N2 at 77K. Texture study of this porous solid include analysis of 

the following parameters; surface area, pore volume and the average size of porous.  

Pore morphology was determined based on the obtained results. 

According to the International Union of Pure and Applied Chemistry (IUPAC), adsorption 

can be defined as filling or enrichment of one or more components in the vicinity of 

interphase. When solid porous is put into a closed container and exposed to a gas at a 

certain pressure, solid start to adsorb it. This process is accompanied with an increase 

of solid weight as well as pressure reduction. After a while, the pressure is stabilized and 

solid weight increase reaches it is maximum. Adsorbed material by the solid (adsorbent) 

is named as adsorbate and adsorptive is defined as gas-phase material which can be 

adsorbed.  

Adsorbed gas volume is proportional to sample weight and depends on temperature, 

vapour pressure and solid nature. This process provides information about volume 

adsorbed gas as function as pressure (isotherm). 

To calculate adsorption isotherm, a volumetric method in which adsorbed volume gas is 

obtained by the difference between the introduced and the required gas volume to fill the 

dead space was used. This process was done at precise pressure and isotherm is 

produced by introducing different volume gas for enough time until the equilibrium state 

is reached. Amount of adsorbed gas is plotted against equilibrium relative pressure 

(p/p0), where p0 refers to saturation pressure. 
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Six different types of Isotherm (Figure 16) can be differentiated and classified according 

to IUPAC: 

 

Figure 16. IUPAC classification of Isotherm plots 

Type I Isotherms are related to microporous solids and can be given by activated carbons 

or some porous oxides materials. This isotherm is characterized by a concave shape 

and the high adsorbed gas increment at low p/p0 produced by the micropores filling due 

to good adsorbent-adsorptive interactions. If this increment is produced at nearly p/p0 

equal to zero, material only presents micropores. However, if micropore filling is 

produced at higher p/p0, some mesoporous can be presented on it. 

Type II and III are given by macroporous with weak adsorbent-adsorptive interactions. 

Point B is indicated at the beginning of the almost linear part on type II Isotherm and 

appears due to complete filling of monolayer coverage. When Point B is less distinctive, 

multilayer adsorption started before to monolayer filling is completed. The main 

difference between type II and III is the non-distinctive point B observable at type III as 

an indication of non-detectable monolayer formation. 

Type IV are characteristics of mesoporous materials. In this case, the adsorption process 

depends on two different factors; adsorbent-adsorptive interactions and pore 

condensation. Hysteresis cycle is always presented on this type of isotherms as also on 

type V, related to the formation of bottleneck porous structures. 

Pores can also be classified according to their size as IUPAC recommendation: 

• Macropores: widths larger than 50nm 

• Mesopores: widths between 2-50nm 

• Micropores: widths smaller than 2nm 
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The surface area was calculated by Brunauer, Emmet and Teller (BET) equation: 

 

 1

W [(
P0

P ) − 1]
=  

1

Wm C
+  

(C − 1)

Wm  C
 Equation 6 

 

Where p/P0 is relative pressures, W is the amount of adsorbed gas, Wm is monolayer 

capacity, P0 saturation pressure and C is a parameter related to the energy associated 

with the monolayer. 

By knowing surface occupied by adsorbed N2 molecule, the surface area can be 

calculated by: 

 
St =  

WmAm N

M
 Equation 7 

 

 

 

Where N is Avogadro’s number, Am area occupied by nitrogen molecule (0.162 nm2 for 

77K), M is the molecular weight of adsorbate. Finally, the BET surface area is calculated 

as follow: 

 
SBET =  

St

W
 

Equation 8 

 

BJH (Barret, Joyner y Halenda) method was used to determine pore size distribution 

from type IV adsorption and desorption plot based on the Kelvin equation.   

The textural analysis was carried out in Tristar Equipment (Micromeritics, USA), and 

before the analysis, all the samples were degassed at 120 ºC for 18 h. 

4.7  Scanning electron microscopy (SEM)  

Scanning electron microscopy was used to study texture and roughness on SiOC and 

carbon samples, by taking images at different magnifications, with the aim to see 

morphology particles and nanorrugosities presences. 

This technique is based on irradiate the sample with an electron beam produced by an 

electron gun. The electron beam is previously accelerated towards the surface sample 

by filament heating. The acceleration voltage is applied to produce a thermionic effect, 
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which is needed to separate electrons from the beam. The electron goes towards the 

sample by passing through a cathodic tube to avoid dispersion phenomena’s. Finally, an 

electron beam is focus by different electromagnetic lenses [65].  

Electrons interact with specimen producing different signals. Interactions can be elastic 

and inelastic scattering, coherent and incoherent scattering. For SEM imaging, only 

secondary electrons (SE) and backscattered electrons (BSE) are necessary. 

Sample preparation before SEM examination is needed to achieve conductive samples 

and therefore good SEM images. Samples were previously metalized by gold coating 

after placed onto carbon grid to increase conductivity.  

4.8  Field emission scanning electron microscopy 

Examination of cross-sectional morphology of carbon-nanocellulose composite films 

were done by field emission scanning electron microscopy (SEM Zeiss ULTRA Plus). 

FESEM is suitable for composite and polymer research field in which nanometer 

structures such as nanofibers are wanted to be examined. Different composite researchs 

are used to study fiber reinforcement of them.  

This technique is characterized by the field emission electron gun used to produce an 

electron beam. Probe characteristics are better than the electron gun, such as Tungsten 

hairpin which is the most typical one used for SEM studies.  Field emission gun provides 

better quality and image resolution due to the smaller probe diameter. 

Sample preparation before FESEM imaging was performed by freeze fracturing the 

cross-section of the CNF and C/CNF composite film by liquid nitrogen. After that, cross-

section was gold-coated before the morphologic study.  

4.9  Mechanical testing 

Mechanical properties of carbon-nanocellulose composite films were obtained by 

performing a mechanical test. As explained in the first chapter, enhanced strength and 

stiffness and lower brittleness than carbon material is the main purpose of composite 

films formation.  

Tensile tests were performed on composite films specimens by Instron 5967 device with 

the following parameters; strain rate (1mm/min), temperature (25 oC) and specimen 

dimensions (16×0.15×5mm3). 
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Figure 17. Universal testing machine (UTM) 

4.10  Electrochemical measurements 

The impedance spectroscopy is an electrochemical technique based on the analysis 

of AC generated by perturbation of the system after sinusoidal potential excitation was 

applied. Impedance (Z(f)) can be defined as a vectorial magnitude based on the relation 

between Voltage (E) and Intensity current (I), so it is similar to electrical resistance but 

extending the concept up to AC circuits.  

After potential excitation is applied for a wide frequency range to the electrochemical cell, 

AC answer is recorded and analysed. The obtained response is phase delayed and with 

lower amplitude.  As impedance is a vector, it can be represented by complex number 

Z’ and Z’’, real and imaginary part respectively. By plotting these two parameters, a 

Nyquist diagram is formed. For a carbon porous material, typical Nyquist diagram is 

presented in Figure 18. 

Three different zones can be distinguished (Low frequency, 45º Warburgh and high-

frequency region). Carbon materials usually present resistive behaviour at high 

frequency and capacitive at low ones. The first region starts at knee frequency and for 

an ideal situation, a perpendicular line against x-axis would be presented. However, due 

to the no perfect distribution of active material on the electrode, different diffusion 

problems or non-suitable porous distribution can appear and causes a finite slop. 



53 
 

Electrode-electrolyte interaction at the interphase is related to the third region which is 

presented at medium-high frequencies. The normal shape of the curve at this frequency 

level is a semicircle and it is study is very relevant for porous carbon material because it 

is associate with faradaic reactions.  

Finally, on the intermediate region known as the Warburg area, information about ion 

diffusion of the electrolyte can be obtained. If there are not diffusion problems, 45º slope 

is presented. 

 

Figure 18. Nyquist diagram of porous carbon material 

Cyclic Voltammetry is a technique in which intensity current generated on a stationary 

electrode after applying a potential barrier 

Electrochemical performance of carbon material samples was investigated by Nyquist 

diagram, Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), 

chronopotentiometry and electrochemical impedance spectroscopy (EIS) obtained from 

PGSTAT204 potentiostat/galvanostat (Metrohm Autolab, B.V.). The device is composed 

of three different electrodes; reference, working and current electrode. An 

electrochemical cell is made up of the two carbon electrodes, a glass fiber membrane 

separator, and two current collectors. 

Two electrode configuration cell measurement with carbon material electrodes and KOH 

6M electrolyte were used. Carbon electrodes were prepared by direct deposition on 

stainless steel current collectors by the following method. Slurry to be deposited were 

formed by dissolving 0.75 mg of Polyvinylidene fluoride (PVD) in 40ul of n 1-methyl-2-

pyrrolidinone (NMP). After that 8wt% of carbon black is added to the paste and then 

10mg of carbon active material. Finally, the slurry was deposited on the current collectors 

and dried in a furnace at 50ºC overnight. After drying, current collectors were then 

soaked in 6M KOH electrolyte for 12h and weight of slurry and current collector were 

measured before and after the drying process.  
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Before and after each measurement, electrochemical cell and electrodes should be 

cleaned by nanometric diamond paste cleaning (KEMET). Afterwards, electrochemical 

cell assembling (Figure 19) is done by using commercially available Teflon film separator 

with 0.2um porous spaced. 

CV plots were measured in a potential window of -0.5 to 0.5V at different scanning rates 

(1 to 5mV/s with increments of 1mV/s). 

 

Figure 19. Electrochemicall cell configuration 
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5. RESULTS AND DISCUSSION 

Various techniques were employed to characterize carbon material and composite films. 

All the obtained data about carbon material obtained by chlorine etching as well as CNF-

carbon composite film are presented in this chapter.  

About carbon material, structural and compositional changes, texture and pore analysis 

and electrochemical measurements were performed in all dry-etched samples.  Previous 

data from Si-OC (non-treated or pyrolyzed samples) and wet (HF) etched samples can 

be founded on Bachelor Thesis [59].  

In addition, information analysis of CNF/carbon composite film is also displayed. Thermal 

and texture analyses were done as well as mechanical properties measurement. 

Enhanced mechanical properties of composite film formation and dispersion analysis of 

nanocellulose fiber into carbon phase will it be showed. 

5.1 CARBON MATERIAL CHARACTERIZATION 

This chapter shows the carbon material characterization carried out in this thesis. 

Characterization would be trying to demonstrate the influence of chlorine etching into 

carbon microstructure, composition and electrochemical performance. To study these 

parameters, carbon material has been characterized by structurally, texturally, 

compositionally and electrochemically techniques. Results are presented and used to 

demonstrate the differences between non-treated and chlorine-etched samples. 

In this chapter, only dry-etched samples are showed and studied, where samples with 

chlorine etching after pyrolysis treatment chlorine samples are named as ‘’name of the 

sample-Cl’’ and ‘’name of the sample’’ refers to those which were pyrolyzed or non-

treated. 

5.1.1 Elemental analysis 

In Table 12, the final elemental composition of each element (C,Si,O) presented as a 

weight percentage is presented on it. Light element analysis does not allow to study 

Silicon weight percentage, and only C and O are measured. Therefore, Si was obtained 

by calculation in which %C, %O and %Si are 100% sample weight.  
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As explained on Bachelor thesis, elemental analysis shows a typical composition of Si-

OC. Where carbon and silicon content are related to DVB and polymeric precursor 

respectively. 

Is known that chlorine etching preserves initial microstructure (shape and size) of the 

previous structure after carbon conversion, however, the composition is modified due to 

removal of some phases. 

These data show clearly how carbon content has been increased after the chlorination 

process up to 90%. Again, C% is lightly superior for 70/30 composition for all pyrolysis 

temperatures after Cl2 etching as well as non-treated samples. This higher carbon weight 

is attributed due to superior DVB content which takes part in the material structure and 

because of it is responsible for carbon content. Then, rising DVB content during chemical 

reaction leads to an increase of final carbon content.  

Some residual silicon in the range of 0.5-6 wt% is presented after chlorine etching for all 

pyrolysis temperatures. In addition, some oxygen (3-12.6%) are still present in the 

material. Both elements can be presented forming silica phase, or linked with carbon. 

The presence of Si and O after chlorine etching can be related to the crystalline degree 

of Si-OC, which presents a disordered structure as it was shown on [59]. SiO2 and C 

phases are preceramic or amorphous, this leads to the structure where is highly difficult 

to remove completely the oxygen content due to the high interaction with the oxycarbide 

structure. In higher-order structures produces lower oxygen reaction of the material and 

therefore oxidation phenomenon is also reduced. 

Slightly superior removal of non-active phases is presented for lower pyrolysis 

temperature (700 and 800ºC), due to the intermediate structure between the polymer 

and pre-ceramic structure, where silica content is easier to remove. 

Table 12. Elemental composition of (a) non-treated (b) chlorine-etched samples 

 

a Samples %C %Si %O

7030700 63.01 26.4 10.59

7030800 59.17 26.83 14

7030900 45.23 47.71 7.06

8020700 38.98 41.41 19.61

8020800 42.8 41.05 16.15

8020900 46.52 43.81 9.67

9010700 37.03 49.72 13.25

9010800 50.89 32.19 16.92

9010900 42.96 50.26 6.83

 b Samples %C %Si %O

7030700Cl 90.6 0.6 8.8

7030800Cl 90.44 6 3.56

7030900Cl 89.5 5.2 5.3

8020700Cl 88.93 0.5 10.57

8020800Cl 86.5 0.9 12.6

8020900Cl 87.2 6.2 6.6

9010700Cl 90.8 4 5.2

9010800Cl 89.13 3.5 7.37

9010900Cl 89.8 6.8 3.4
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5.1.2 Raman spectroscopy 

In this chapter, structural changes as function as temperature and composition will be 

discussed based on Raman spectra with the aim to establish a comparison between 

non- treated and chlorine etched samples. Spectrums of chlorine and non-treated 

samples are presented in Figure 20 as function as temperature, and some of them were 

magnified with the aim to make an easier comparison between them. 

All samples which were pyrolyzed at lower temperatures (700 and 800ºC) presented 

bands centred in the range of 100-1200cm-1 attributed with Si-O bonds. Bands detected 

at 800 and 1100cm-1 are characteristic of the silica phase. Presence and intensification 

of those bands occurred for higher polymeric precursor content (90-10 and 80-20) 

because SMP-10 is responsible for the silicon content on samples. In addition, there are 

not bands related to free silicon, therefore, all Si-O bonds were attached to the carbon 

phase presented on the sample leading to Si-O-C structures.  

However, in 90/10 samples, there was a significant different founding some low-intensity 

bands in the range of 800-1100cm-1 which can be appreciated by decreasing pyrolysis 

temperature. For 90/10/700 sample, according to the band found at 1020cm-1, some Si-

O-Si units with six-fold siloxane rings shape are still presented on the structure. 

Nevertheless, these specific bands are presented with lower intensity for 800ºC and non-

detected at 900ºC. A satisfactory explanation for this fact is the ceramization chemical 

reactions which take part in the range of 600-1000ºC while organic-inorganic 

transformation occurs. 

However, after chlorine etching, bands related to silica and silicon content cannot be 

detected for 70/30 and 80/20 compositions at any temperature. As in concordance with 

elemental analysis, silicon and oxygen content was reduced up to low values due to 

chlorine etching, because of this removal silica-related bands cannot be detected on the 

spectra. In these samples polymeric precursor content was not as high as for 90/10 

composition, producing a more easily attacked microstructure by chlorine-etching.  

By means of Raman spectroscopy, carbon phase material was characterized. High-

intensity bands associated with graphitic structures (C-C bonds) are presented in first-

order Raman spectrums. Characteristic bands D and G are distinguished centred at 

around 1350 and 1580cm-1 respectively. Band D is associated with structural defects 

and is related to the degree of structural disorder. The band can be located at three 

different Raman shifts. The one presented at 1350 cm-1 is characteristic for carbon 

disorder material and their area is reduced when aromatic planes are ordered. This band 

induced an activity of zone-boundary A1g phonons. Band D is inactive for zig-zag edges 
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because this peak represents C-C vibration on structures with armchair edges. It appears 

because of boundaries of graphite crystallites produces a resonance effect of the phonos 

which are around the wave vector named as K presented on Brillouin zone [66] [67].  

In the case of Band G, it appears due to the stretching of sp2 bonds on the aromatic 

layers of the graphite structure, related to the vibrational mode of E2g [68]. These 

characteristics bands have a characteristic shape indicating that carbon possesses 

limited long-range order. 

  

   

Figure 20.Raman spectra of chlorine and non-treated samples 

 

In most of the cases, characteristics bands appear with lower overlapping between them, 

but it is still presented the spectrum, indicating the low crystallinity of it leading to 

amorphous graphite. 
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Moreover, continuum scattering of graphite produces some bands from 2220cm-1 till the 

end that can be detected on the second-order Raman spectrum of graphite. D* band is 

considered an overtone of D peak where the electron is backscattered by a second 

phonon instead of a defect presented on the microstructure. D* and G* band are 

presented in all the spectrums low intensity and high overlapping phenomena is detected 

on those. Not clear results have been founded about these two bands, and confocal 

operating mode is required to study in-depth the second-order Raman spectrum 

Spectrums presented in Figure 20 results very difficultly to analyse due to bands 

overlapping. Therefore, the band can be fitted by a Lorentzian model to make 

deconvolution bands where some parameters such as; position, height and width 

(FWHM) plays an important role in the information related to carbon phase. 

Characteristics features of band D and G were obtained by this lineal approximation of 

the spectra, from which intensity relationship could be calculated. As explained 

previously on Raman spectroscopy theory subchapter, nanodomain graphite size can be 

approximated by this relation ID/IG. 

As function as ID/IG, size of nanocrystals graphite was calculated based on Tunistra and 

Koening formula and showed in Table 13 . Nanodomain size was in the range of 0.7-

2nm for a non-treated sample as exception of 7030900 sample where nanocrystal size 

was highly superior (4nm). Moreover, after chlorine etching, nanodomain size was 1-

2nm showing some changes as function as sample and temperature. 

For 70/30 samples, nanodomains size decrease for 700ºC and 900ºC, while an 

appreciable increase is showed at 800ºC. Chlorine etching has attacked the silica and 

silicon content, but also graphite phase has been attacked by dry etching, producing 

structural defects which may lead to this phenomena.  

These findings of nanodomain size are in contradiction with the expected and reported 

in the literature which can be associated with structural defects created in the graphite 

phase. 
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Table 13. Characteristic parameters of Band D and G of graphite phase, ID/IG 
relation and graphite nanodomains size 

 

5.1.3 Fourier transform infrared spectroscopy (FTIR) 

By this technique, bonding between different functional groups presented on the sample 

can be detected qualitatively by analyzing atoms vibration within the structure. 

Comparison between the structural changes of wet-etched samples and non-treated 

(pyrolyzed) is presented on this subchapter. FTIR spectra are presented in Figure 21.  

Pyrolyzed samples spectra show the typical characteristics bands for SiOC, in which two 

broad bands can be distinguished at 800 and 1100cm-1. Both bands correspond with Si-

O bonds, specifically with domains Q0 and Q4.  Presence of Si-O bonds is associated 

with reactions between oxygen and moisture absorbed during ceramization process [69]. 

The first peak is related to the vibration symmetric stretching vibration of Si-O-Si while 

the one at higher wavenumber (1100cm-1) is associated with Tension-TO vibrations of 

Si-O-Si. In addition, O-Si-O bending vibration produces another band centred at lower 

wavenumber (470cm-1). 

At 880cm-1, characteristic band related to SiC produced from preceramic polymers can 

be distinguished due to hydrogen incorporation on Si atoms which leads to an incomplete 

SiH bond scission or bond redistribution [70].  

Furthermore, at 1380cm-1 a low-intensity band is presented on the spectra and 

responsible for the starting of mineralization reaction, where some volatiles compounds 

Band D Band G FWHM D FWHM G L

cm-1 cm-1 cm-1 cm-1
nm

7030700 1341.56 1583.82 124.75 55.29 2.3 1.91

7030700Cl 1347.32 1576.85 192.47 66.13 3.9 1.13

7030800 1338.72 1572.23 21.018 62.49 4.7 0.94

7030800Cl 1344.72 1588.24 155.2 60.5 2.7 1.63

7030900 1336.02 1573.25 86.63 61.52 1.1 4.00

7030900Cl 1344.04 1581.25 157.71 56.2 3.4 1.29

8020700 1360.33 1588.15 91.56 57.03 2.6 1.69

8020700Cl 1340.83 1586.75 125.74 49.42 3.1 1.42

8020800 13645.75 1575.66 135.4 63.68 3.9 1.13

8020800Cl 1341.76 1586.82 158.28 6368 2.6 1.69

8020900 1341.38 1557.85 218.08 69.8 5.8 0.76

8020900Cl 1342.92 1585 153.12 54.94 3.1 1.42

9010800 1346.5 1577.31 177.36 74.5 3.3 1.33

9010800Cl 1341.48 1581 175.71 56.28 4.4 1.00

9010900 1343.95 1540.89 238.58 69.27 6.7 0.66

9010900Cl 1343.29 1576.85 170.43 57.58 4.1 1.07

ID/IGSample/Parameters
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(H2 and CH4) are produced due to breaking of Si-C y Si-O bonds from 700ºC. It can see 

an intensity reduction of this band for the highest pyrolysis temperature (900ºC), 

indicating that this reaction occurs at lower temperatures.  

In addition, symmetric deformation of Si-CH3 bonding produces a characteristic band 

centered at 1720cm-1. 

After dry etching, spectra show similar appearance for all samples, where a broad band 

centered between 1050-1300cm-1 can be distinguished. For a deep study, this intense 

band can be decomposed into several peaks by performing a band deconvolution 

process.  

Firstly, the characteristic band of silica phase centred at 1100cm-1 is presented with lower 

intensity for all the cases, indicating that Si was not successfully removed. For this 

reason, FTIR spectra show absorption peaks related to the chemical bonds involving. 

This band represents Q4 silica domain placed at 1100cm-1 which still appears in all dry-

etched samples. It appears with lower intensity than pyrolyzed samples, due to the partial 

silica removal during the chlorination process, but it can be noticed more intense for 

higher polymeric precursor content (90/10). 

Furthermore, at similar wavenumber, asymmetric vibrations of C-O-C bonds are 

responsible for the existence of bands centered at 1060 – 1150cm-1. This peak is the 

major responsible for the intensity of this broadband indicating partial oxidation of the 

carbon phase due to chlorine etching. The peak centered at 1215 cm-1 is also related to 

C – O bonds. These two peaks are presented with lower intensity at 900ºC, indicating a 

small partial ordering the sp2 carbon hybridization (graphite). 

In the case of 80/20 and 9010 composition samples, a band centred around 580cm-1 can 

be identified at low temperature (700ºC). The presence of this band can be explained 

due to the breathing ring phenomena of some siloxanes that are still presented on 

chlorine-etched samples. 

Based on these spectrums, it can be deduced the structural changes suffer by material 

after chlorine etching. Pyrolyzed samples have a complete Si-OC with a combined 

structure between partial amorphous ceramic structure obtained at low pyrolyzation 

temperatures, and some polymer traces which are presented by forming a bond with 

carbon phase and oxygen content.  

After chlorine etching, the microstructure is similar, but the amount of silica content is 

reduced and partially oxidized carbon is presented on the sample. 
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Figure 21. FTIR spectrum of chlorine and non-treated samples 

5.1.4 Nitrogen Adsorption study 

Pore and texture analysis was studied by Nitrogen (N2) adsorption in pyrolysed and 

chlorine-etched samples. Isotherms of both samples are presented in Figure 22. In 

addition, pore size distribution (PSD) curves determined by the BJH method (Adsorption 

and desorption) for non-treated and chlorine-etched materials are showed in Figure 23 

and Figure 24, as well as BET surfaces areas in Table 14 and Table 15 respectively. 

For 70/30 pyrolyzed sample isotherms are presented for all temperatures as exception 

of 800ºC. It could not be possible to obtain the isotherm curve for this sample several 

times. This fact indicates an extremely small porosity in which adsorbed gas is extremely 

difficult to remove, and therefore structural characterization could not be performed by 

Nitrogen adsorption. It is important to remark that preceramic to ceramic transformation 
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occurs around this temperature, producing a material contraction and therefore 

minimization of the pore size.  

In the case of 70/30 pyrolyzed sample at 700 and 900ºC, both isotherms are associated 

with type IV following IUPAC classification, with hysteresis cycle that can be classified 

as H4 type. For 900ºC, isotherm does present an abrupt drop at high relative pressures 

(close to P/p0=1), indicating the presence of cylindrical pores with a bottleneck to 

interconnect each other. At 700ºC, pores are less cylindrically-shaped because isotherm 

does not show this abrupt reduction. However, as IUPAC classification, both isotherms 

are related to bottleneck pores. Hysteresis cycle appears because of the large difference 

between the neck and internal pore diameters. 

Size and pore distribution are very similar for both temperatures, indication a 

predominant presence of micro and mesopores in the structure. Nevertheless, at 900ºC 

some meso and macropores are presented producing a high volume absorption at high 

relative pressure values, while at 700ºC only micro- mesopores are on the structure. 

In the case of 70/30 chlorine etched samples, the adsorbed volume is highly superior 

for the three temperatures, indicating a higher presence of volumes or with bigger size. 

At 700 and 800ºC, hysteresis cycle cannot be distinguished, but the adsorbed volume 

increases rapidly at low P/p0 values until it maintains constant which indicates the 

presence of a large volume of microporous on both samples. Micropores can be 

classified as function as pore size in ultra micropores (0.35-1nm) and super micropores 

(2nm).  However, at 900ºC, the increased volume is done more slowly than in the other 

two temperatures, indicating that the sample contains some meso and supermicropores 

and the characteristic bottleneck shape associated with the hysteresis cycle. 

Microporosity and meso-microporosity of chlorine etched samples at 700-800ºC and 

900ºC respectively can be explained due to silicon removal by chlorine etching. This fact 

leads to the formation of new micropores, while large mesoporous are not detected at 

700-800ºC and neither at 900ºC leading to complete microporosity samples with pores 

of 2nm size as it is demonstrated on adsorption pore size distribution. This confirms 

previous findings in the literature where microporosity structure is achieved after chlorine 

etching treatment [71].  

For 80/20 pyrolyzed sample, type IV isotherm with hysteresis cycle is showed at 700ºC. 

This characteristic isotherm, as well as the end of the hysteresis cycle at P/p0=0.45, 

indicates a bottle-neck pore shape, and how they are interconnected for both sides with 

the rest of the porosity structure leading to cavitation phenomena. In addition, due to the 
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fast increase of adsorbed volume at low P/p0 values, it can be deducted the presence of 

microporosity. 

 At this temperature, bimodal pore size distribution is presented on the adsorption curve 

indicating a pore size of 2 and 100nm. At 800ºC, hysteresis cycle is much less 

pronounced indicating lower presence of bottle-neck pores, while by increasing 

temperature up to 900ºC this specific pore shape appears again but with less 

concentration due to the material contraction produced by the temperature increment.  

For 80/20 chlorine-etched samples, similar isotherms as 70/30 chlorine etched are 

founded for 700 and 900ºC, where a lot of microporous are presented on the 

microstructure. However, at 800ºC, some mesoporous and larger microporous (1-2nm) 

are associated with the type IV isotherm showed for this sample. Making a comparison 

before (pyrolyzed) and after chlorine etching, for 700 and 900ºC, where bottle-neck 

micro-mesoporous and some large mesoporous (close to 50nm) were presented on it, 

Cl2 has open the porous structure, producing larger porous which cannot be measured 

by this technique, which only measures pore size in the range of 1-2nm to almost 50nm. 

Some mesoporous are produced due to the etching of the previous microporous, and 

finally new porous in the range of (<2nm) has been created as it presented on pore size 

distribution.  

For 90/10 pyrolyzed samples, isotherms related to 700ºC can be classified at type II 

(IUPAC classification) which is associated with a non-porous or macroporous material 

(>50nm). The macroporosity formation can be explained due to the elevated increased 

of adsorbed volume at partial pressures close to low values. It is also interesting to 

indicate, the fast increase of adsorbed volume at P/p0 >0.8, indication capillary 

condensation of large mesoporous. This phenomenon is related to the presence of pores 

with similar diameters between the neck and internal pore structure which leads to open 

cylindrical pores. At 800 and 900ºC, H4 cycle hysteresis is presented on the isotherm 

indicating bottle-neck pore formation as in the previous cases. About pore size 

distribution, at 700ºC the material is non-porous or macroporous, while at 800ºC micro-

mesoporous are presented. Finally, at 900ºC only a small amount of pores are presented 

on the structure with a mesopore size. 

 

After Cl2 etching, 90/10 chlorine-etched sample shows isotherm plots which are 

characteristic of microporous materials for 800-900ºC. However, at 700ºC the presence 

of bigger pores (mesoporous) are detected due to the slower fill-up of the pores.  

About the specific surface areas of pyrolyzed samples, all the values are consistent with 
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the porosity structures explained before. Surface area increases with the smaller pore 

size while the suitable pore size distribution for supercapacitor electrodes is a 

microporosity structure which maximizes SSA. The largest value was obtained by 70-30-

700 sample with a value 133.38m2/g, which makes sense with the higher DVB volume. 

Furthermore, this fact supports knowledge about the inverse relationship between SSA 

and temperature, reducing the specific surface area by increasing the pyrolysis 

temperature. The rest of the samples present SSA below 20m2/g. 

The specific surface areas have been dramatically increased after chlorine etching due 

to the porosity formation. Samples treated at 700ºC show the largest values, obtaining 

SSA of 1660, 1757 and 1912 m2/g for 90/10, 80/20 and 70/30 samples respectively. As 

expected, the larger values were obtained at the lowest pyrolysis temperature and they 

increase with carbon content, obtaining SSA up to 2000m2/g. In comparison with all the 

pyrolysed samples, higher values have been obtained thanks to the microporosity 

structure produced after the chemical attack, which greatly contributes to the SSA.  

Finally is important to remark, that the surface area values presented in Table 13 was 

calculated based on Rouquerol model [72]  because the BET equation is not the most 

suitable method [73] when microporous material is involved in producing non-reliable 

values. For non-pyrolyzed sample, these values were directly obtained from N2 

adsorption equipment.  

Table 14. BET surface area values after chlorine etching calculated based on 
Rouquerol model 

 

 

Table 15. BET surface area values before chlorine etching  

  

SSA Smicro SSA Smicro SSA Smicro

m2/g m2/g m2/g m2/g m2/g m2/g

700 1912 1701 1757 1536 1660 1545

800 1034 943 1363 1205 973 900

900 897 785 582 531

Cl2 - etched

7030 8020 9010

SSA Smicro SSA Smicro SSA Smicro

m2/g m2/g m2/g m2/g m2/g m2/g

700 133.38 44.35 14.86 7.33 1.21 2.78

800 - - 0 1 15.76 0.02

900 3.98 0.13 1.05 1.3 0.06 0.54

Non-treated

7030 8020 9010
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Figure 22. Isotherm plots of pyrolyzed and chlorine-etched samples 
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Figure 23.Adsorption and Desorption pore size distribution for chlorine-etched 
samples 
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Figure 24. Adsorption and Desorption pore size distribution for pyrolyzed samples 
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5.1.5 Electrochemical characterization 

As function as the large surface area values obtained for chlorine-etched sample based 

on the Rouquerol model, the electrochemical behaviour was studied. All measurements 

were performed in a symmetric configuration electrode by using KOH 6M as conducting 

electrolyte. Cyclic voltammetry curves were plotted considering sample weights used 

during electrode preparation, which were around 10mg of active material and 5 wt.% 

polyvinylidene fluoride for all the cases. 

The correspondent CV plots of all samples as function as temperature and composition 

are presented in Figure 25 at the same scan rate (0.003V/s). Besides, specific 

capacitance values were calculated as function as voltammograms areas of chlorine-

etched samples and presented in Table 16.  However, due to the small SSA values 

obtained for pyrolyzed samples (Si-OC), electrochemical characterization was not 

performed. 

Even the good microporosity dispersion and high surface area values, the 

electrochemical performance was not as high as expected. The voltammograms curves 

present some differences between all of them, obtaining different curve areas as function 

as composition and temperature. Also, in most of the cases, curves suffer deviation from 

the squared-shape and overlaps between each other. All these aspects and the factors 

related to them are explained then.  

When cyclic voltammograms exhibit a rectangular shape is associated with low 

equivalent series resistance and nearly pure capacitive behaviour. This fact is usually 

associated with better capacitance behaviour.  

On the presented voltammograms none of them exhibits a rectangular shape curve, 

indicating low specific capacitances values for all the samples. However, 70/30 chlorine-

etched samples show the most similar square-shaped voltammograms, indicating partial 

capacitive behaviour. This fact can be also associated with a partial loss of capacitance 

due to the edge defects created during the chlorination process. Furthermore, the 

graphitization degree of the carbon phase should be also considered, as it was reported 

in [74].  

However, based on previous results obtained from FTIR and Raman spectroscopy, the 

graphitization degree is quite good. Therefore, is important to distinguish how the 

graphite phase has been chemically attacked by chlorine. The low specific capacitances 

values can be related to the armchair edges. Usually, the zig-zag edges exhibit higher 

capacitance values than armchair [75], but the formation of edge defects would lead to 

lower specific capacitance values. 



70 
 

  

  

  

Figure 25. Cyclic voltammograms for different compositions and temperatures 

   

The presence of functional groups also affect the specific capacitance, because they can 

modify the presence or absence of the zig-zag edges and changes the surface 

wettability. Formation of different and amount of functional groups depend on 

temperature and composition sample, as it was concluded in FTIR spectroscopy. 

Furthermore, the partial oxidation of the graphite phase during chlorine etching reduced 

it is electrochemical performance due to the inserted defects on the microstructure, a 

problem which is needed to study in order to avoid this undesirable phenomenon. As 

reported in the literature, the zig-zag edge possesses a more energetically an unstable 

structure which leads to more easily oxidation of it [76].  

The specific capacitance is greatly influenced by the surface area of the electrode 

material. To reach high SSA values, good microporosity distribution is necessary. The 

pore size and its distribution along the whole structure are the keys during material 
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synthesis if good electrochemical performance is wanted. The pyrolysis temperature and 

the reactants will also influence the final porosity and microstructure. 

However, even good pore size distribution (PDS) of microporous is the ideal situation for 

electrochemical electrodes. Sometimes, some fraction of pores is not taken part in the 

electrochemical measurements, because they become non-accessible for the electrode 

penetration. In this case, the electrochemical double layer is formed without considering 

those ultra micropores (<1-2nm) resulting in low specific capacitance values. 

Table 16. Specific capacitance of different chlorine-etched samples calculated from 
the voltammogram areas 

 

Gogotsi et al [77] [78] showed capacitance values above 10uF/cm2 for carbon electrodes 

with pore size below 1nm size. Also, CDCs exhibits larger values when electrochemical 

measurements are done in KOH electrolyte, like in our case. However, our capacitance 

values are in a smaller range. 

Each sample possesses different specific capacitance for different pyrolysis 

temperature, obtaining the largest values (4.44 and 3.99 uF/cm2) for 80/20 and 90/30 

samples treated at 800ºC. These samples exhibit characteristic graphite bands (Band D 

and G) with higher intensity and lower overlapping, which leads to higher graphitization 

degree and therefore higher capacitance values. In the case of 70/30 sample, due to the 

superior carbon content, a larger specific capacitance was expected. However, the effect 

of edge defects produced by the dry etching is more notable due to the higher carbon 

phase exposed to the treatment. 

5.1.6 Summary 

All the characterization results obtained from carbon material are summarised in this 

subchapter. Firstly, from the elemental analysis, almost fully carbon phase materials with 

some partial oxygen and silicon contents were obtained after the chlorination process for 

all samples. The starting material presented silicon oxycarbide structures (SiOC) before 

pyrolysis treatment, where carbon phase was related to DVB content. Rising DVB 

content, larger final carbon content is obtained for all the samples. Si and O are 

700ºC 800ºC 900ºC 700ºC 800ºC 900ºC 700ºC 800ºC 900ºC

0.001 1.74 3.11 4.44 1.53 3.86 3.97 1.86 3.99 1.87

0.002 1.47 2.58 3.72 1.51 2.54 4.04 1.62 3.05 1.79

0.003 1.35 2.47 3.38 1.24 2.14 4.04 1.25 2.71 1.65

0.004 1.26 2.38 3.19 1.07 1.80 4.04 1.09 2.49 1.58

0.005 1.22 2.29 2.99 0.98 1.57 4.05 0.96 2.34 1.51

90/10

Specific Capacitance (uF/cm
2
)

Scan rate (V/s) /Sample
70/30 80/20
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presented on the microstructure forming silica phase or linked with the carbon phase. 

The preceramic and amorphous structure of the starting material leads to a difficult 

removal of the non-active phases.  

From Raman spectroscopy, graphitic structures were detected on the sample. The shape 

and area of characteristic band D and G presented on the spectrums are related to 

disorder graphite phases, with limited long-range order. From deconvoluted bands, 

nanodomain sizes in the range of 0.7-2nm were calculated for non-treated samples, 

while lower sizes (1-2nm) were detected after chlorine etching. This fact can be 

explained not only due to silicon and oxygen removal but also because of the structural 

defects created on the graphite phase after the dry etching. 

Furthermore, from FTIR, a dramatic reduction of silica is detected after the chlorination 

process. The band centred at 1060 – 1150cm-1, related to asymmetric vibrations of C-

O-C, indicates partial oxidation of the graphite phase producing the structural defects 

detected on Raman spectrums. 

Nitrogen Adsorption indicates in all samples, the presence of microporous formed by the 

chlorine etching at different temperatures. Some larger porous are presented on the 

microstructure but cannot be detected by this method. The microporosity distribution with 

sizes smaller than 2nm increases the surface area up to 2000m2/g. 
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5.2 CNF/CARBON COMPOSITE FILM CHARACTERIZATION 

On this chapter, carbon-cellulose composite films are characterized by morphology 

investigation (FESEM), thermal analysis (TGA), and structural characterization (XRD) 

and mechanical behaviour study (UTM). 

5.2.1 Field Emission Scanning Electron Microscopy (FESEM) 

The morphology of pure carbon particles, pure CNF and composite films were studied 

by performing field emission scanning electron microscopy (FESEM). Carbon material 

morphology was studied by SEM, because cross-section study was not necessary, like 

in composite films where is a very appropriate fractured surface examination to see how 

carbon particles are distributed on nanofibrillated cellulose. 

Figure 26, shows the microstructure of carbon phase, in which micro and nanorrugosities 

can be distinguished on surface material due to the treating with chlorine (Importance of 

this microstructural feature is explained on previous chapters). Morphology and shape 

of carbon particles are polygonal with concaves and cutting edges which are associated 

with the previous milling process. These micro features are similar to ceramic materials 

because the carbon phase was obtained by a previous liquid polymeric precursor to SiC 

formation. 

In pure CNF SEM micrographic study, different and individual fibrils with width in the 

range of nanometers and several micrometres for the length are disposed of forming a 

fibril network (Figure 26). 

About composite films FESEM images, micrographics represent the dispersion of carbon 

material into cellulose matrix. Good dispersion of carbon is expected for all samples, 

however, agglomeration phenomena can be possible and easily detected by 

examination of FESEM images. The fractured surface of the 2.5C/CNF film shows 

uniform dispersion of carbon particles through the CNF matrix.  

In 5C/CNF film, aggregation of carbon particles is observed due to the presence of a 

high concentration of carbon particle that produces a large VWD interaction among the 

carbon particles in the CNF matrix. Nanocellulose act as a binder in carbon composite 

material as previously explained. Optimum carbon-cellulose concentration would be the 

one with produces better UTM results. In this case, this optimum value is close to 

2.5C/CNF, because higher concentration does not allow good dispersion in composite 

material. 
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Figure 26. SEM images and enlarge images of carbon material (C) and pure CNF  
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Figure 27. SEM images of composite films for different compositions: 2.5C/CNF and 
5C/CNF%  

5.2.2 Thermal Gravimetric Analysis (TGA) 

TGA measurements were also used for the thermal study of flexible composite films. 

Measurements were done in Simultaneous Thermal Analyzer instrument (Netzsch STA 

409). Weight samples were in the range of 7-11mg and tests were carried out under 

nitrogen atmosphere. Each sample was scanned from 40 to 600ºC at a heating rate of 

10ºC/min.  

Thermal degradation of pure CNF changes as function as the atmosphere. For example, 

in ambient air, CNF exhibits a two thermal step degradation, while in Nitrogen, thermal 

degradation of nanocelullose is straightforward and only one step is involved in this 

process. As explained previously, thermal measurements were performed under N2 

atmosphere, and therefore, only one-step curve has been obtained [79] [80].  

In Figure 28 TGA thermogram of pure CNF and composite films are presented. In pure 

CNF thermogram, three different stages can be divided as function as weight loss and 

temperature range. Firstly, on the first temperature range (100-280ºC) CNF experiments 

a weight loss of only 7% related to the removal of oxygen-containing functional groups 

of nanocellulose. This stage is related to the activation process, in which glycoside bonds 

are broken it and degree of polymerization is reduced. After that, on the temperature 

interval of 280-350ºC, CNF suffers an important degradation and around 58% weight is 

lost during this temperature range due to the cellulose backbone. Some reports say that 

cellulose decomposition starts from 315ºC and continues until 400ºC. This degradation 

2.5 C/CNF 5 C/CNF 
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is associated with previous oxidation of the biopolymer material. Finally, in the third 

temperature range (350-600ºC), weight loss is around 17%. 

About the carbon particle introduced into pure CNF matrix, it has high thermal stability 

and no weight loss is associated with it as function as temperature. 

From the thermogram presented in Figure 28 almost similar weight loss is presented for 

all composite films indicating good stability for all the cases. Total weight loss for 

2.5C/CNF and 5C/CNF samples are around 74 and 76% respectively. Weight loss is 

higher for larger carbon concentration compared to pure CNF. These weight loss data 

show how thermal stability of composites are improved in comparison with pure CNF, 

because of hydrophobic interactions between carbon particles and CNF.  

Thermal stability is enhanced by nanocellulose fibrillated as is shown in some reports 

[41]. One of the most important parameters which affect this aspect is the degree of 

crystallinity. As reported before, pure CNF is highly crystalline, which is associated with 

better thermal behaviour that can be explained due to the starting of the thermal 

degradation in the amorphous region of the nanocellulose structure, continue with the 

propagation of it through crystalline domains.   

 

 

Figure 28. TGA thermograms of pure CNF and composite films (2.5 C/CNF and 
5C/CNF) 
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5.2.3 Wide Angle A-ray Scattering (WAXS) 

Carbon particle dispersion through biopolymer matrix (CNF) is studied by WAXS analysis 

of carbon material, pure CNF matrix and composite films. XRD analysis was performed 

in Panalytical Empyrean Multipurpose Difractometer from 2θ = 5°- 50º because 

characteristics peaks are presented in this range. 

In Figure 29a, XRD analysis of pure CNF is presented and several peaks (A, B, C, D 

and E) can be distinguished on it. Intensities and peak center is presented in Figure 29b. 

 

Figure 29. (a)XRD patterns (b) Characteristics of X-ray diffraction peaks of pure 
CNF 

 

The most intense peak of CNF material is centered at around 22.4º (Peak C) which 

corresponds with crystalline cellulose region. Intensity is very large due to high 

crystallinity of pure CNF used as biopolymer matrix and represents plane (2,0,0). Around 

2ϴ =14-17º two peaks are overlapped forming the peak B. Both peaks are related to the 

amorphous region presented in Figure 5b. However, this broad peak shows lower 

intensity than peak C because it represents amorphous cellulose at (1,1,0) [44] [45]. 

These two peaks are associated with the degree of crystallization and crystal structure 

of CNF. 

Based on XRD patterns, it seems very difficult to differentiate between cellulose Iα and 

Iβ polymorphs. Their diffraction patterns overlap, making very difficult the differentiation. 

Both polymorphs show peaks at same Bragg’s angles but different Miller indices. 

For cellulose I and II, a characteristic peak related to the degree of crystallization one 

peak can appear centered at 20.1º or 22.4º respectively [81]. 

As function as peak diffraction of most intense peak (I200), full width half maximum 

(FWHM) and shape factor (k), crystal size can be calculated by following Derby Scherer’s 

2ϴ Peak Intensity(u.a)

A 9.71 1313

14.9 2100

16.8 2225

C 22.45 6603

D 28.66 2185

E 34.63 2346

B
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equation. Shape factor (k) is considered 0.9 (dimensionless), λ is x-ray wavelength 

(0.154nm), β refers to FWHM (~2.300) and θ is half of 2 θ represented on the horizontal 

axis. (11.2º), obtaining a result of D=0.614Aº 

     D = k λ / β Cos θ                                         Equation 1 

Peak with lower intensities center at 9.71º,28.66º and 34.63º are also presented on the 

XRD pattern. Peak A corresponds to trimethylglucose repeating unit and represents 

(1,1,0) plane [82].  

Peak D of CNF centered at around 29º can be explained due to hemicellulose content 

of CNF with has not been removal [83]. Finally, Peak E represents miller plane (0,4,0). 

In Figure 30 carbon material x–ray diffractogram is presented and a characteristics peak 

is shown centered at 26º. Talking about carbon allotropes, crystalline graphite phases 

can be associated with lattice planes at 2ϴ = 26º and 42º, representing (002) and (100) 

structures respectively [50] [84].     

 

 

Figure 30. Diffractogram of carbon material 

 

XRD patterns of composite films are presented in Figure 31 where diffraction peaks are 

similar to the ones obtained from pure CNF. The five peaks previously showed on CNF 

diffractograms study can be easily distinguish on it. Most intense peak appears again as 

same, being more intense for 2.5C/CNF composite, while lower intensity is seen on 

higher carbon concentration composite film (5C/CNF). 
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However, carbon characteristic peak centered at 2ϴ =26º does not appear in our C/CNF 

composite diffraction pattern. Low-intensity graphite characteristic peak perfectly 

distinguished on pure carbon diffractogram is difficult to see it on composite ones, due 

to the non-high intense peak produced by low carbon concentration presented on 

composite film in comparison with CNF one. 

 

Figure 31. XRD diffractogram of composite films 

 

5.2.4 Mechanical testing 

The mechanical properties of the pure CNF and C/CNF composite film were studied 

using a universal testing machine and resulting stress-strain curve is presented in Figure 

32. As explained on the State of Art, to enhance the mechanical properties of carbon 

material electrodes is essential for support the electrochemical performance and to make 

it mechanically better during working process.  

Stress-strain curve was obtained by performing tensile test on each sample at the 

conditions describe on the previous chapter. Stress (MPa) and strain% at break was also 

obtained by engineering software. 

From the stress-strain curve, it is easy to establish that ultimate tensile stress (UTS) 

before breaking of CNF film was 103±4 MPa. In the composite films, the UTS is 

increased with respect to pure CNF film. The 2.5C/CNF and 5C/CNF film show an 

improvement of UTS of 60 % and 9% respectively with respect to pure CNF film. Despite 
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expectations were to obtained better values by increasing carbon content on composite 

films the largest stress at break value was obtained for the 2.5C/CNF film and not for 

5C/CNF composite film. This fact could be explained on the basis of the dispersion of 

carbon particles in the CNF matrix. Better carbon dispersion content can be seen on 

FESEM image of 2.5C/CNF presented previously.  

Whereas, 5C/CNF film show weaker mechanical properties due to non-expected 

agglomeration phenomena of carbon particles in CNF matrix. This can be associated 

with bad ultrasonic dispersion of carbon particles in presence of CNF due to the presence 

of large VDW interaction at higher concentration. Furthermore, elongation at break has 

increased slightly in 2.5C/CNF samples, while worse results are obtained for 5C/CNF 

sample. This means that 5C/CNF sample has higher brittleness behaviour than pure 

CNF and 2.5/CNF film, due to aggregation of carbon particle and inhomogeneous load 

transfer from carbon particles to CNF matrix. Mechanical properties of composite film 

are affected by dispersibility of carbon particles on polymer matrix, and only good 

strength and hardness values can be obtained by good dispersion of them [85] [86].  

However, dispersibility not only affects the mechanical properties of composite film, 

electrochemical performances may also suffer some problems. Some studies [87] 

related to composite development for supercapacitor electrodes explain about how the 

dispersion of both components could be affect the electrical performance of the 

electrode, and obtaining better results in most of the cases.  

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Stress-strain curve of pure CNF and composite films 
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5.2.5 Summary 

From the composite material characterization chapter, FESEM images of pure CNF 

show a fibril network formed by different fibril sizes. Good carbon phase dispersion into 

CNF matrix is detected from the micrographs of 2.5C/CNF sample, while the 

agglomeration phenomenon is shown in 5C/CNF films. Particle agglomeration is 

associated with the large Van der Waals interactions between the carbon particle and 

CNF. 

From TGA studies, a similar weight loss around 75% is presented in both samples 

indicating good thermal stability of both composites films. CNF affects this parameter, 

enhancing the thermal stability by increasing it is content. Degree of crystallinity of the 

pure CNF is a critical parameter and is associated with better thermal response.  

Composite films are also studied by WAXS analysis and five different peaks are detected 

in the pure CNF sample. About the carbon material, the characteristic peak is centred at 

26º, which corresponds with the crystallite graphite phase associated with a lattice plane 

(002). Furthermore, composite films XRD patterns show the five peaks related to the 

pure CNF, but in contrast, characteristic graphite peak does not appear due to the low-

intensity peak associated with the small carbon concentration. 

Finally, based on the Tensile test, an improvement of 60% and 9% of the UTS for 

2.5C/CNF and 5C/CNF film respectively was measured. This fact can be explained due 

to the dispersion phenomena, where at the largest carbon concentration sample, some 

aggregated particle were founded, while good carbon dispersion is presented in 

2.5C/CNF sample. 
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6. CONCLUSION 

Based on the obtained results from characterization techniques of carbon material and 

nanocellulose-carbon composite film, some conclusions are presented: 

In this master thesis work, silicon oxycarbide material (Si-OC) was obtained by chemical 

reaction of divinylbenzene (DVB) and commercial polymeric precursor (Allyl hydro 

polycarbosilane) named as SMP-10, followed by pyrolysis treatment at 700,800 and 

900ºC. From FTIR and Raman spectroscopy, it can be concluded that material structures 

were intermediate between polymer and preceramic, where carbon content was 

allotrope graphite (sp2 Hybridization) and presented a low degree of order (amorphous).  

Carbon phase material was obtained by dry chlorine gas etching treatment carbide of 

derived carbon at the same temperature as pyrolysis of carbide-derived carbon. Non-

active phases (Silica and oxygen content) was partially removed from the sample, 

reducing their contents as much as possible, and presenting 90% of the graphite phase. 

Some functional groups are still presented on chlorine-etched samples and depend on 

composition and temperature. 

The pore and textural analysis were performed by N2 adsorption technique, obtaining 

high specific surface areas (Langmuir) in the range of 1500-2000m2/g, reaching the 

largest value for 70/30/700 sample due to the higher carbon content and lower pyrolysis 

treatment. Non-active phases removal by dry etching leads to the formation of new 

micropores in the range of 1-2nm. Also, these micropores produced during heat 

treatment becomes larger after Cl2 etching obtaining small mesopores in some samples. 

Fundamentally, chlorine-etched samples presented microporosity with pore size in the 

range of 1-2nm. 

Chemical characterization was performed in KOH 6M electrolyte in symmetric 

configuration electrode. Cyclic voltammograms present deviations from the ideal 

squared-shape curve related to capacitor behaviour. Capacitance values are smaller 

than the ones exposed in literature, were carbide-derived carbon show values around 10 

uF/cm2. This result can be explained by a different hypothesis. Firstly because ultra 

micropores do not allow the electrolyte penetration through those, reducing capacitance 

performance, as not being considered on the double electric layer forming in the 

supercapacitor. Besides, even specific surface areas are similar to graphene, do not 

show enough capacitance because of edge effects, produced during dry etching which 

deteriorate the zig-zag edges of the graphite phase. 
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The C/CNF composite films of nanocellulose and carbon material were performed by 

vacuum filtering of the aqueous dispersion of C/CNF composite solution, drying in open-

air and followed by thermal compression. Two different compositions with 2.5 and 5 wt% 

carbon particle weight content were prepared. These composite films provide superior 

mechanical properties obtaining the highest increase of UTS of 60% in the CNF 

composite containing 2.5 wt% of the carbon material in comparison with pure CNF film, 

which is desirable to perform electrodes with enhanced mechanical properties leading to 

an increase of life cycle.  CNF provided extremely efficient reinforcement, and good 

dispersion of carbon material in nanocellulose was obtained for 2.5 wt%, while some 

agglomerations were founded for the composite containing 5 wt% of carbon particles, 

causing a decrease of mechanical performance. 
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