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ABSTRACT 

 

The synthesis of carbon spheres (solid and hollow) for application in organic photovoltaics 

and chemical sensors is a means of using inexpensive and readily processable carbons to 

eliminate global warming and to monitor harmful gases. The synthesis conditions used to 

make solid carbon spheres can also be used to tailor their structural, paramagnetic and 

thermal properties. More so, the ability to tailor the morphology, surface, structural and 

electronic properties of the hollow carbon spheres by a templating method is an added 

advantage to their applicability in electronic devices.  

 

 Solid carbon spheres were synthesized by a vertically oriented chemical vapor deposition 

(CVD) reactor using acetylene as a carbon source and argon or hydrogen as the carrier gas. 

The flow rates of the acetylene or carrier gases determined the particle sizes of the carbon 

spheres. Annealing of carbon spheres in hydrogen resulted in an increase in thermal stability, 

fewer defects and narrower paramagnetic signals relative to the carbon spheres annealed in 

argon gas. In contrast, carbon spheres annealed in argon exhibited an increase in the number 

of defects, a decrease in thermal stability and broader paramagnetic signals. Doped carbon 

spheres portrayed an increase in ID/IG ratios, a decrease in thermal stability and stronger 

paramagnetic signals due to the presence of defects induced by nitrogen. The N doped carbon 

spheres synthesized in H2 comprised of 48% pyridinic-N, 22% pyrrolic-N and 24% 

quaternary -N while the N doped spheres obtained in the presence of Ar had 17% pyridinic-

N, 20% pyrrolic-N and 49% quaternary-N. The presence of a higher percentage of pyridinic-

N confirms the presence of more edge defects in carbon spheres synthesized under H2 gas 

corroborating with the stronger paramagnetic signal observed from the ESR spectra. 

Consequently, a higher N/C ratio was exhibited in the N doped CSs obtained in the presence 

of H2 (4.96) than in the presence of Ar (3.68). This could be attributed to the presence of edge 

defects in carbon spheres synthesized in the presence of H2 gas. The induction of edge defects 

in carbon spheres in the presence of H2 gas without the aid of a metal catalyst opens a 

platform for regulating surface and catalytic reactions using H2 gas.  

 

Pristine and mesoporous SiO2 spheres were synthesized using a modified Stober method. 

Carbonization of the pristine SiO2, pristine SiO2@PVP, mesoporous SiO2 and mesoporous 

SiO2@PVP spheres was carried out using a bubbling method with toluene as the carbon 
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source and argon as the carrier gas in a CVD reactor for 1 h. Upon SiO2 removal, hollow 

carbon nanostructures of varying morphologies were obtained. The polyvinylpyrrolidone 

(PVP) adsorption time, PVP concentration, SiO2 mesoporosity, SiO2 particle size dispersion, 

and carbonization time played a role in the formation of unique hollow carbon 

nanostructures; complete HCSs, broken HCSs, deformed HCSs, edge connected, open ended, 

wormlike and bubble-like HCSs. The mesoporous broken HCSs and open ended HCSs 

portrayed a hierarchical structure with a bimodal pore size distribution. The surface area 

properties of these materials and the ease of control of the carbon morphology gives an 

insight into the application of these materials as dye adsorbents. The effect of the size 

dispersion of Au@SiO2 sphere templates for the synthesis of hollow carbon structures was 

evaluated using a CVD nanocasting method. The diameter of the template, the presence of 

the gold nanoparticles and the amount of PVP determined the size, thickness and shape of the 

synthesized carbon nanostructures. Carbonization (and SiO2 removal) of Au@polydispersed 

silica spheres for 1 h gave a graphene-like HCS layer while longer times (2-4 h) gave 

nanotube like (or worm like) HCSs. These results highlight the potential use of Au@carbon 

core shell structures for the generation of few layered graphene-like unusual nanostructures. 

As a proof of concept, the wormlike carbon structures were incorporated in organic solar 

cells and found to give a measurable photovoltaic response.  

 

The incorporation of Au nanospheres and nanorods in a hole transport layer (PEDOT:PSS) of 

a  solar cell device increased the current density and the photo-conversion efficiency of the 

device due to the local surface plasmon resonance and enhanced light scattering effects of 

gold. However, high series resistance and leakage currents were obtained due to barrier 

centres created by uneven dispersion of Au nanaorods within the polymer matrix. The 

performance of bulk heterojunction organic photovoltaic cells based on poly(3-hexyl-

thiophene-2,5-diyl) (P3HT) and  6,6 -phenyl-C61-butyric acid methyl ester (PCBM) 

processed from chlorobenzene solution can be enhanced by solution heat treatment of the 

blend. The morphology of films spin coated from the heat treated blend solution reveals a 

more favourable diffusion of PCBM into the P3HT matrix than heating of the individual 

solutions separately. The films obtained from heat treated P3HT and PCBM solutions had a 

more homogeneous dispersion and enhanced light absorption than those obtained from 

solutions heat treated separately. There was a significant improvement in the performance for 

devices made from a solution heat treated blends relative to the non-treated blend; a 
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maximum power conversion efficiency of 3.5% and a fill factor up to 43% was achieved 

under Air Mass 1.5 at 100 mW/cm2 illumination. 

 

This study also reports on the sensing characteristics of ammonia in humid environment by 

hollow carbon spheres, hollow carbon spheres-polyvinylpyrrolidone composite and annealed 

hollow carbon spheres, at 20°C and 40°C. For device fabrication, a surfactant assisted 

method was used to homogeneously disperse the hollow carbon spheres, allowing their 

deposition onto an interdigitated electrode by casting. An enhanced response and recovery 

time of the devices was observed at the higher working temperature. Annealing of the hollow 

carbon spheres resulted in a tremendous decrease in the humidity dependent ammonia 

sensing due to a decrease in the number of the oxygenated groups and defects in their 

structure. The presence of hydroxyl groups on the pristine hollow carbon sphere surface 

resulted in an enhanced proton conductivity. However, the ammonia sensitivity at high 

relative humidity in the pristine hollow carbon spheres is negligible due to the inhibition of 

ammonia adsorption sites by the high concentration of water molecules. The sensor response 

was investigated by varying both ammonia concentration and relative humidity, determining 

the topology of the response as a function of these two variables, and applying a tristimulus 

analysis in an attempt to determine the ammonia concentration independently of the relative 

humidity. This study demonstrates the critical role played by humidity and surface chemistry 

in the ammonia sensing properties of hollow carbon spheres. The studies reveal the day to 

day application of ammonia sensors, with temperature and humidity playing a critical role in 

the carbon based sensor response and recovery of the materials. These carbon based sensors 

that simultaneously measure ammonia and relative humidity could be applied in agricultural 

industries to monitor ammonia concentration in soils, fishponds and in food industries to 

monitor meat spoilage. 
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Figure 8.3.      Morphology of spin coated P3HT films (a) pr-P3HT and (b) ht-P3HT,        

respectively                                                                                                                               

Figure 8.4.      Energy-dispersive X-ray (EDX) spectra of: (a) pr-P3HT and (b) ht-P3HT with 

insets (TEM images), respectively                                                                                          

Figure 8.5.     Morphology of spin coated P3HT:PCBM films (a) pr-P3HT:PCBM (b) ht-

P3HT:PCBM and (c) P3HT:PCBM using ht-P3HT, respectively                                           

Figure 8.6.     UV-visible absorption spectra of (a) P3HT films and (b) P3HT: PCBM films 

before and after heat treatment. The (∆) marks the PCBM absorption peak and 

(#) marks the P3HT absorption peak at 600 nm                                                                                                          

Figure 8.7.      FTIR spectra of pristine and heat treated P3HT:PCBM blends in solution         

Figure 8.8.     Raman spectra of (a) P3HT films and (b) P3HT: PCBM films before and after 

heat treatment                                                                                                                                  

Figure 8.9.      Photoluminescence spectra of as prepared and heat treated (a) P3HT and (b) 

P3HT:PCBM blends in solution                                                                                               

Figure 8.10.    Photoluminescence spectra of as prepared and heat treated (a) P3HT and (b) 

P3HT:PCBM films, respectively                                                                                             

Figure 8.11.  J–V characteristics (a) under illumination of devices formed from pristine and heat 

treated P3HT:PCBM blends (b) Semi-log J-V characteristics in the dark and 

under illumination                                                                                                                              

Figure 8.12.    Plausible reaction mechanism showing the role of heat treatment of P3HT in 

PCBM                                                                                                                                      

 

 

Chapter 9 

Figure 9.1.     The pristine SiO2 spheres. (a) TEM image and; (b) Thermal gravimetric and 

derivative weight curves, respectively 

Figure 9.2.     The characteristics of the pristine HCSs. (a) TEM image; (b) TG-DTA curves; 

(c) N2 adsorption and desorption isotherms and; (d) Raman spectrum                                           

Figure 9.3.      Response of pristine HCSs, HCSs:PVP composite and annealed HCSs based 

sensors as a function of frequency. Ammonia concentration: 74 ppm; RH: 

50%, T: 20oC                                                                                                                       

Figure 9.4.     Transient response curves of; (a and b) pristine HCSs, (c and d) HCSs:PVP and (e and 

f) annealed HCSs at room temperature and at 40°C, respectively. Ammonia 

concentration: 74 ppm; RH: 50%                                                                                                                                              

Figure 9.5.     Response and sensitivity, respectively, of (a and b) pristine HCSs; (c and d) 

HCSs:PVP and (e and f) annealed HCSs based ammonia sensors at room 

temperature. RH: 50 % 
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Figure 9.6.      Sensitivity of the carbon materials to varying ammonia concentrations at 40° C. (a) 

pristine HCSs; (b) HCSs:PVP and; (c) annealed HCSs. Ammonia 

concentration: 74 ppm; RH: 50%   

Figure 9.7.      The conductivity of (a) pristine HCSs; (b) HCSs:PVP and; (c) annealed HCSs 

based sensors at different relative humidity                                                                                    

Figure 9.8.      Conductance and sensitivity of the HCSs (a and b); HCSs:PVP (c and d) and; annealed 

HCSs (e and f) based sensors at 10% RH and different ammonia concentrations                                                                                                                                  

Figure 9.9.     Geometrical representation of the tristimulus vector crossing a unitary radius 

spherical shell and the angles ϕ and θ                                                     

Figure 9.10.   Angular coordinates ϕ and θ of the tristimulus vector of the sensor’s array based on 

pristine HCSs, HCSs:PVP composite and the annealed HCSs for ammonia 

response at different RH  

Figure 9.11.    Surface plot showing the response for ammonia and different RH for (a) 

pristine HCSs, (b) HCSs:PVP and (c) the annealed HCSs, respectively 
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CHAPTER 1 

Synopsis 

 

1.1 Motivation of study 

Carbon based nanomaterials continue to receive widespread research interest due to their 

diverse applications in catalysis, fuel cells, solar cells and supercapacitors1-6. This results 

from the ease of availability, the low cost and the wide range of synthesis techniques 

available for making carbon based nanomaterials. Among the numerous techniques available 

for synthesis of carbon nanomaterials, the chemical vapor deposition method provides high 

quality and reproducible carbon nanomaterials using readily available sources7. Also, the 

CVD method offers the advantages of the ability to vary the reaction conditions that affect 

the morphology, particle size and yield of generated carbon nanomaterials. In addition, the 

type of carrier gas does affect their thermal and structural properties of carbon based 

nanomaterials. For instance, hydrogen can etch graphene domains resulting in controlled 

graphene edges that are applicable in semiconductor industry8. Another factor that can affect 

the electronic properties of carbon based materials is their degree of graphitization. It is well 

known that diamond and silicon carbide can be graphitized by annealing at higher 

temperatures9. Likewise, carbon spheres can be made more graphitic by annealing at high 

temperatures. Consequently, their electrical and structural properties can be improved. Thus, 

studies on the synthesis and annealing of carbon spheres in different carrier gases are quite 

relevant to their applicability in electronic and magnetic devices. Then the numerous 

questions arise: is it possible to simultaneously vary the paramagnetic, thermal and 

electronic properties of solid carbon spheres by annealing? What is the role of the annealing 

gas in varying the solid carbon sphere structure? How can the electronic and magnetic 

properties of these carbon spheres be enhanced? 

  

 

Colloidal particles are interesting nanomaterials that have obtained tremendous interest by 

researchers owing to their electronic, optical and structural properties10. These colloidal 

particles include titania and silica and other metals and metal oxides. The ease of surface 

modification of SiO2 with polymers or other metal oxides has led to their vast application in 

drug delivery systems11, water treatment12 and photocatalysis13. More recently; the synthesis 
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of hollow carbon spheres (HCSs) via a templating method using silica spheres has been 

reported14. In addition, SiO2@PVP (PVP = polyvinylpyrrolidone) composites can be easily 

modified with fluorophores or other conductive materials suitable for electronic 

applications15. However, the use of SiO2@PVP materials as templates for the generation of 

hollow carbon nanostructures has not yet been reported. Thus, we seek to investigate the 

possible effects of varying the hollow carbon structural morphology on the surface area, 

thermal stability and degree of graphitization of the HC nanostructures. 

 

There is a growing world energy demand for electricity and power consumption. These have 

led to depletion of fossil fuels and their reserves. Added to these concerns are the deleterious 

effects that follow the use of fossil fuels on the environment. Solar energy is a renewable 

energy source that is clean, non-toxic and environmental friendly. At present, most of the 

solar conversion devices used are made of silicon and other inorganic semiconducting 

crystals which are expensive to fabricate16. Organic photovoltaic devices (OPVs) are solution 

processable, low cost and can be synthesized at room temperatures17.  To try and circumvent 

the high cost of silicon based solar cells, carbon nanomaterials (graphene, reduced graphene 

oxide and carbon nanotubes) have been applied in OPVs18. Also, these carbon nanomaterials 

due to their electronic properties have been highly employed in chemical sensors19. On the 

other hand, carbon materials such as HCSs have been intensively used as catalysts supports20 

and in supercapacitors21. However, the application of the HCSs and Au@HCSs in electronic 

devices such as solar cells and chemical sensors is still unexplored. Can these HCSs and 

Au@HCSs be used for study in solar cells and sensors? What are their limitations and 

suitability in day to day applications? 

 

However, their carbon based OPV perfomance and stability are quite low22 and thus, it is 

agreeable that silicon cannot be completely replaced by the carbon based materials. In our 

second approach, colloidal asymmetric gold nanostructures were incorporated into the OPV 

solar cell. The main intention was to study the challenges faced in device fabrication when 

using solution processed gold and to report on the enhancement of optical absorption to 

improve power conversion efficiency (PCE) of the device. Also, in this regard, a strategy of 

solution heat treatment of the active layer materials was used to optimize nanoscale 

morphology and subsequently the OPV performance.  
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1.2 Aim and objectives of this study 

1. Synthesis and characterization of pristine, annealed and N-doped carbon spheres in a 

vertically oriented CVD reactor using acetylene, argon or hydrogen gases as carbon 

and carrier gases respectively. The effect of varying the carrier gas and flow rate on 

the carbon spheres will be investigated. The properties of annealed and N-doped 

carbon spheres will be compared with the pristine carbon spheres.  

 

2. Synthesis and characterization of pristine and mesoporous SiO2 spheres and their 

respective hollow carbon nanostructures (HCSs). The effect of varying the SiO2 

precursor, solvent and catalyst molar ratio on the SiO2 sphere sizes will be 

determined. The use of pristine SiO2, mesoporous SiO2 and mesoporous SiO2@PVP 

spheres as templates for the synthesis of hollow carbon nanostructures will be studied. 

 

3. Synthesis and characterization of broken, deformed and bubble-like hollow carbon 

nanostructures from SiO2@Polyvinylpyrolidone spheres for use as templates. The role 

of SiO2 size dispersity on the properties of hollow carbon nanostructures will be 

investigated. The effect of polyvinylpyrrolidone surface modified SiO2 spheres as 

templates on the morphology of the hollow carbon nanostructures will be determined. 

The pristine SiO2 and SiO2@PVP spheres will be carbonized using varying 

carbonization times and their effects on obtained hollow carbon nanostructures 

studied.  

 

4. Synthesis and characterization of open ended, worm-like and graphene-like structures 

from layered spherical carbon materials. The effect of SiO2 template size dispersity in 

Au@SiO2 spheres for the synthesis of hollow carbon nanostructures will be 

investigated. The Au@HCSs will be applied in organic photovoltaic devices as a 

component of the active layer. 

 

5. Synthesis and characterization of gold nanospheres and nanorods for application in 

organic photovoltaic devices. The effect of incorporating Au nanospheres and Au 

nanorods into the hole transport layer (PEDOT:PSS) in the organic photovoltaic 

device on its performance will be investigated. 
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6. The role of nanoscale morphology modification on the efficiency of OPV through 

increased donor and acceptor interface and exciton dissociation is established through 

P3HT:PCBM solution heat treatment. The effect of P3HT pre-heat treatment and 

P3HT:PCBM blend heat treatment on the current-voltage properties of OPV will be 

investigated. 

 

7. The application of pristine HCSs and HCSs-polyvinylpyrrolidone composite in 

relative humidity and ammonia sensors. The effect of annealing the HCSs on their 

ammonia response and sensitivity will be investigated. 

 
1.3 Organization of the thesis 

Chapter 1 gives the motivation of study, aims and objectives of this thesis.  

Chapter 2 presents a brief background on solar energy, organic photovoltaic devices, carbon 

based nanomaterials and their synthesis, hollow carbon nanostructures, yolk shell 

nanostructures and their application in organic photovoltaic devices and chemical sensors.  

Chapter 3 presents the study on the “Synthesis and characterization of pristine, annealed and 

N-doped carbon spheres by a vertically oriented CVD reactor.”  

Chapter 4 describes the synthesis, results and discussion on work done on the “Synthesis and 

characterization of pristine and mesoporous SiO2 spheres and their respective hollow carbon 

nanostructures (HCSs).”  

Chapter 5 presents an extensive study on “A novel synthesis route of broken, deformed and 

bubble-like hollow carbon nanostructures from SiO2@Polyvinylpyrolidone spheres as 

templates.”  

Chapter 6 gives the synthesis, results and discussion on the “Generation of open ended, 

worm-like and graphene-like structures from layered spherical carbon materials.” This study 

has been published in the RSC Advances, 2016, 6, 20399. 

Chapter 7 reports on the “Synthesis and characterization of gold nanospheres and nanorods 

for application in organic photovoltaic devices”. 

Chapter 8 gives a detailed study on the “Improvement of an organic photovoltaic device 

performance by P3HT:PCBM solution heat treatment.” This work is under review in the 

Journal of Thin Solid Films. This work was done as a 50:50 collaboration between the 

School of Chemistry and School of Physics with equal contribution from the first two 

authors. I was responsible for introduction section, Raman, FTIR, PL measurements and 
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discussion. The UV-Vis, AFM and I-V measurements were jointly done and discussed by me 

and Mr. F. Otieno. 

Chapter 9 reports on the “Sensing ammonia vapours in a humid environment using hollow carbon 

spheres and hollow carbon sphere-polyvinylpyrrolidone composites”  

Chapter 10 gives the general conclusions and future prospects that emanated from the study. 
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CHAPTER 2 

Literature Review 

 

2.1 Background 

Global warming is a major world problem that results from the high usage of fossil fuels. The 

use of these diminishing energy sources has brought deleterious environment consequences 

due to increased emission of greenhouse gases. Renewable energy, which contributes to 

nearly half of the electricity demand, is projected to grow by 77%  by 2035 according to the 

World Energy Outlook 20131. This is against the backdrop of increasing demands. The recent 

energy report has adduced an increase in energy demand of 26% between 2000 and 2010 and 

the expected energy demand growth to 2040 is predicted to be 37%2. Renewable energy 

sources; biomass, wind, hydropower and solar are currently the most sustainable energy 

resources available. However, over recent years, the increase in the production of oil and 

fossil fuel has stimulated demand for this resource with severe consequences to the 

environment. Arising from it was the enacted policy to address the concerns of climate 

change. Some of the environmental measures that have been undertaken include the 

construction of dam reservoirs for hydropower generation which occupies a vast amount of 

land thus causing social, economic and environmental cost. In contrast, the wind and solar 

energy have less direct social, and environmental effects and are deemed as more reliable 

energy sources for the future. This is due to their lower cost and ease of availability relative 

to other energy sources. The conversion and storage of the solar energy into useful energy is 

thus, an alternative source of energy that can mitigate global warming and aid in meriting the 

deficit in the global energy supply.  

2.1.1 Solar energy 

The sun delivers on average 120,000 terawatts (TW) of power to earth which is equivalent to  

4000 times the projected world energy demand of 26 to 32.9 TW predicted to be required by 

humankind by 20503. Most of the chemical and physical reactions on earth’s surface such as 

air circulation and photosynthesis result from either direct or indirect solar radiation4, 5. More 

so, solar energy is an exemplary inexhaustible, noise and pollution free fuel source that can 

mitigate global warming. Solar energy can be generated by a photovoltaic effect or by use of 

a solar concentrator6, 7.  Solar conversion devices can be applied either on a small scale level 
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such as in photovoltaic cells or as solar cells arrayed on an extensive scale such as in solar 

panels. Various types of solar cells have been developed using different materials8-14: 

 First generation (monocrystalline silicon)  

 Second generation (amorphous silicon, cadmium telluride (CdTe) and cadmium 

indium gallium (di)selenide (CIGS)) 

 Third generation (dye-sensitized solar cells (DSSC),  nanocrystals, quantum dots, 

organic polymers, small molecules and perovskites solar cells) 

 Fourth generation (inorganic-organic hybrid materials) 

  

At present, the silicon based photovoltaics exhibit high electron mobilities and high power 

conversion efficiency (PCE). However, their high production costs are prohibitive to their 

widespread roll out and sustainability. In contrast, organic based solar devices are low-

temperature solution processable devices that could be used as alternatives to silicon based 

devices provided they fulfil the performance benchmarks. Indeed, the materials have been 

researched on due to low cost per weight. Thus, there is widespread interest in the fabrication 

of organic based devices for solar energy conversion processes15, 16. 

 

2.1.2 Photovoltaic devices 

2.1.2.1 Characteristics of a photovoltaic device 

A photovoltaic device is characterized by the dark and illuminated current-voltage 

measurements as illustrated in Fig. 2.1. 

.  

Figure 2.1. The characteristics of a photovoltaic cell (a) current-voltage in the dark and under 

illumination and (b) the maximum power. 
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These parameters include; 

Short Circuit Current Density (JSC):  This is the current density generated by the solar cell 

under illumination in the absence of a load potential. It is proportional to the effective area of 

a solar device and increases with the light intensity. Thus, varying the thickness or light 

absorption properties of the solar cell terminals, builds up a potential difference that 

accumulates on the terminals.  The potential difference produces a current that acts in a 

reverse direction to the photocurrent leading to a decrease in the short circuit current. This 

reverse current is referred to as dark current.  Considering a solar cell as an ideal diode with 

an ideality factor of 1, the dark current density is given by; 

 

   1
/


TkqV

Odark
BeJVJ                                                                                               (2.1) 

 

where q is the electron charge, V is the voltage across the terminals, JO is a constant, T is the 

temperature in degrees Kelvin and kB is the Boltzmann’s constant.  

Thus, the overall current of the photovoltaic device is a superposition of the short circuit 

photocurrent and the dark current as given in equation 2.2. 

 

 1/


TkqV

OSC
BeJJJ                                                                                                       (2.2) 

 

Open Circuit Voltage (VOC): This is the potential difference between the two terminals of a 

solar cell under illumination when there is no current flow through the terminal. At VOC the 

dark current and the short circuit photocurrent cancels out corresponding to a forward bias 

voltage. Thus the VOC is dependent on the dark current and the generated short circuit current 

as defined by equation 2.3 below. 

 











 1ln

O

SC

OC
J

J

q

kT
V                                                                                                           (2.3) 

 

A VOC change is also determined by the energy level difference between the highest occupied 

molecular orbital (HOMO) of the donor and lowest unoccupied molecular orbital (LUMO) of 

the acceptor polymer17, 18. However, in inorganic semiconductors the VOC is determined by 

the difference between the valence band (analogous to the HOMO) and conduction band 
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(analogous to the LUMO) and is highly dependent on the built in equilibrium electrical 

potential difference required for charge speraration19. 

 

Fill Factor (FF): This is the proportion of the maximum power delivered to an external load 

divided by the product of VOC and JSC (Equation 2.1). The maximum power density of a solar 

cell is obtained between VO (V = 0) and VOC at a maximum voltage Vmax and a corresponding 

maximum current density Jmax. Hence;     

 

OCSCVJ

VJ
FF maxmax                                                                                                                                     (2.4) 

 

Power Conversion Efficiency (PCE): It is the proportion of the maximum power generated 

by a solar cell to the power input. This is given by equation 2.5 below; 

 

in

OC

P

FFJscV
                                                                                                                                   (2.5) 

where; Pin is the power input. The PCE is directly proportional to the JSC, VOC and FF. In real 

situations, there are limitations for maximum power output through optical losses and 

interfacial contact related losses. The power losses can result from resistance induced by 

current or via leakage currents around the sides of the device. The two main parasitic 

resistances are the series (Rs) and shunt resistance (Rsh) as indicated in the equivalent circuit 

in Fig. 2.2. 

 

 

Figure 2.2. The equivalent circuit including the series and shunt resistance. 
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Series resistance (Rs): This is the resistance that originates from the resistance of the cell 

material to current flow and the resistive contacts. High series resistance decreases the short 

circuit current. 

 

Shunt resistance (Rsh): This resistance emanates from the leakage of currents between the 

contacts, around the cell margins and through the device. Low Rsh leads to a decrease in 

VOC.  In the presence of series and shunt resistance, the diode equation becomes; 

 

  
sh

skTJARVq

OSC
R

JARV
eJJJ s





1

/
                                                                            (2.6) 

 

 Both the series and shunt resistance reduce the fill factor of the OPV device as shown in Fig. 

2.3. Thus, a good photovoltaic device should possess a nearly infinite shunt resistance and a 

low series resistance. 

 

 

Figure 2.3. The parasitic resistances; (a) series resistance and (b) shunt resistance (modified    

from ref20). 

 

2.1.2.2 Organic photovoltaic devices 

Organic photovoltaic devices are solar cells that convert sunlight into electricity using 

organic semiconductors as active layers21. Organic semiconductors are flexible, light weight 

and have a low sublimation point which makes them easily processable at low temperatures12. 

In addition, the organic semiconductors can comprise of small organic molecules or organic 

polymers which act as the photon absorption centres referred to as photoactive layer 
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materials22.  However, the most widely used device configuration for a bulk heterojunction 

(BHJ) organic solar cell consists of an active layer (usually a blend of an electron donating 

and electron accepting polymers) in between a low work function Al cathode and a hole 

conducting layer PEDOT:PSS (poly(3,4-ethylenedioxylenethiophene):poly(styrenesulfonic 

acid)) layer coated on  an indium tin oxide (ITO) electrode23. 

 

2.1.2.2.1 The active layer architecture 

The active layer produces a strongly bound exciton followed by diffusion and dissociation to 

give electrons and holes that are transported to the cathode and anode. The nature of the 

active layer in the device architecture play a significant role in the overall performance of 

organic photovoltaics.  A single layer organic photovoltaic device comprising an organic 

layer sandwiched between two metallic electrodes with high and low work function was 

reported in the early 1990’s24, 25. The short circuit current generated by a photovoltaic device 

is directly proportional to the active layer area. As a consequence, the larger the active layer 

thickness, the higher the short circuit current and overall efficiency. However, for optimal 

absorption of light in organic polymers, a thickness of 100 nm is preferable due to the high 

absorption coefficient (˃10-5 cm-1) of the organic compounds. These organic compounds 

possess a low dielectric constant that results in the production of excitons (electron-hole 

Coulomb bound pair)26. In a single layer architecture, in the absence of an applied voltage, 

the potential difference is derived by the difference between the metal electrode work 

functions or the Schottky type potential between one metal and the organic contact22. 

However, this potential difference is not high enough to induce an efficient photogeneration 

of charges. Hence, charge generation and separation is limited. In addition, the potential 

depends heavily on the metal electrodes and their contact with the organic layer, making a 

single layer system highly susceptible to increased series resistance27. Consequently, the 

exciton generated in the organic semiconducting layer after photon absorption can undergo 

decay through radiative or non-radiative processes limiting the photocurrent efficiency. For 

instance, Marks and his co-workers’ reported a FF of 0.2 and a quantum yield (the ratio of 

measured short circuit photocurrent to the estimated photon flux incident on a diode) of 0.5% 

in a 90 nm thick poly(p-phenylene vinylene), PPV, between ITO and Mg as anode and 

cathode electrodes, respectively28. The limiting factors of a single layer OPV are insufficient 

charge separation, high series resistance, high recombination, causing a low FF and a limited 

PCE. 
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To increase the charge carrier separation, Tang et al. reported enhanced exciton dissociation 

by the fabrication of a bilayer heterojunction29. He reported on a bilayer OPV cell comprising 

of copper phthalocyanine (CuPc) a perylene carboxylic derivate (PV) polymer, an ITO anode, 

Ag cathode with a 0.45 VOC, a 0. 65 FF of and approximately 1% PCE. The heterojunction 

comprised of a donor and an acceptor material. There are two main types of heterojunctions 

namely a bilayer and a bulk heterojunction (Fig. 2.4). In a bilayer heterojunction, the donor 

and acceptor layers are in close contact at the interface to promote the photovoltaic effect. 

These bilayers are then sandwiched between two electrodes to create an ohmic contact and 

extract charge carriers. Bilayer heterojunctions are limited by the number of excitons 

generated which is dependent on the number of photons that can be absorbed and on the type 

of donor or acceptor materials used. The charge transfer in a bilayer heterojunction is 

governed by the difference in ionization potential of the two layers. In a bilayer OPV cell, the 

charge photogeneration is independent of the electric field which subsequently lowers the 

series resistance resulting in higher FF values compared to a single layer. However, a charge 

transport in each layer is a diffusion dependent process that makes it poor due to the presence 

of charge traps and possible recombination thus, limiting the J-V characteristics of these 

bilayer OPV systems.   

 

 In a bulk heterojunction (BHJ) both the donor and acceptor layers are mixed in situ such that 

there is a phase separation and a percolation pathway formed in the heterojunction allowing 

faster exciton diffusion and dissociation30, 31. In addition, the interpenetrating network of the 

donor and acceptor polymer increases the active interfacial area which further reduces the 

series resistance and facilitates faster charge transport. The nanoscale morphology plays a 

role in enhancing the ultrafast charge carrier separation and charge transport and thus, 

minimizing possible recombination processes. Photoluminescence quenching can determine 

the reduction in recombination in the BHJ active layer composite; whereby the dissociation is 

favored over recombination32. In summary, a BHJ offers added advantages such as;  

 No electric field dependence of the charge photogeneration 

 Faster charge generation and separation resulting to an increased JSC 

 Increased active interfacial area 

 Reduced series resistance and high shunt resistance  

 Increased FF and PCE  
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Shaheen et. al. reported a VOC of 0.82 V, FF of 0.61 and a PCE of 2.5% using BHJ active 

layer based on a composite of poly(2-methy,5-(3*,7** dimethyl-octyloxy))-p-phenylene 

vinylene (MDMO-PPV) and (6,6)-phenyl C61-butyric acid methyl ester (PCBM)33. Padinger 

et al. showed that varying the donor polymer to poly(3-hexyl-thiophene-2,5-diyl) (P3HT) 

resulted in a PCE of 3.5%34. Recent research shows that the best BHJ consists of an active 

layer comprising of an interpenetrating network of p-type donor and n-type acceptor 

molecules represented typically by poly(3-hexyl-thiophene-2,5-diyl) (P3HT) and  6,6 -

phenyl-C61-butyric acid methyl ester (PCBM) of 200 nm thickness35, a hole transporting 

layer, PEDOT:PSS, Al as a cathode and ITO as an anode. Fig. 2.5 shows the architecture of a 

typical BHJ organic photovoltaic device.  

 

Figure 2.4. A schematic diagram of (a) bilayer heterojunction and (b) bulk heterojunction 

(modified from ref36). 

 

 

Figure 2.5. A typical organic photovoltaic architecture and the commonly used polymers 

(summarized from  ref35, 37, 38). 

 

2.1.2.2.2 Mechanism of operation in an organic photovoltaic cell 

The mechanism of charge generation and transport in OPV comprises of four main steps as 

illustrated in Fig. 2.6. Step (i) involves photoabsorption at the donor layer to generate an 

exciton in the active layer matrix.  An exciton is an electrostatically coupled electron-hole 

pair produced by photon absorption of the delocalized electrons in the HOMO of the donor 

layer in the organic semiconductors19. The absorption coefficient of the active layer should 
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match the solar irradiation. Thus, light absorption can be enhanced by lowering the optical 

bandgap of the active layer. Fig. 2.7 illustrates the ionization potential (IP) and the electron 

affinity,  difference of the LUMO level of the acceptor and the donor polymer. The 

interfacial energy bandgap (Eg) of the OPV is calculated as the difference between the 

HOMO energy level of the donor polymer (EHOMO,donor) and the LUMO energy level of the 

acceptor polymer (ELUMO,acceptor) and the exciton binding energy (Eb)
39 as given in equation 

2.7. The VOC is determined by the interfacial bandgap and thus, it can be varied by tuning the 

LUMO energy level of the acceptor polymer.   

baccpetorLUMOdonorHOMOg EEEE  ,,
                                                                                    (2.7) 

In the second step (ii), the exciton diffuses to the donor-acceptor interface via a hopping 

mechanism within the polymer chains. The success of this diffusion is significantly 

determined by the exciton diffusion length. The diffusion length is dependent on the optical 

properties and structure of the material. However, excitons exhibit a limited lifetime of a few 

picoseconds in the organic semiconductor thus, limiting their mobility40. Consequently, the 

distance that the exciton can travel before decaying (known as exciton diffusion length) is 

less than 20 nm37, 41. When the exciton reaches the interface of the active layer, it dissociates 

into the respective electrons or holes (step iii). However, there exist charge carriers 

recombination processes such as the recombination of two mobile carriers (bimolecular 

recombination) or the recombination of a mobile carrier with a trapped carrier through a 

radiative process42. Such recombination processes result in insufficient exciton dissociation 

and transport. Finally, in step (iv), the individual charge carriers (electrons and holes) are 

then transported through the bulk to the electrodes where charge extraction takes place. 

However, the presence of excitonic losses, radiative and non-radiative recombination, optical 

losses (resulting from reflection of electrodes) and insufficient charge carrier mobilities 

suppress the overall JSC, VOC and the PCE of OPVs. 
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Figure 2.6. A schematic diagram representing the OPV device operation mechanism43. 

 

 

Figure 2.7. Energy level diagram of a typical OPV; with the (IP) as ionization potential and 

  as the electron affinity. The subscripts denote the donor and acceptor polymers, 

respectively. The arrow between the LUMO levels indicates the photoinduced electron 

transfer after charge carrier generation process (adapted from ref44). 

 

2.1.2.3 Improvement of organic photovoltaic device performance  

Organic photovoltaic devices portray low electron and hole mobilities that lead to low PCE. 

Various methods have been used to overcome this problem by incorporating low band gap 

polymers in the active layer matrix hence increasing the light absorption of the active layer45. 

Also, the use of donor polymers with lower HOMO and acceptor polymers with higher 
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LUMO has been extensively studied22, 46-48. In essence, there has been tremendous interest in 

the modification of either the anode, the hole transport layer or the active layer to achieve 

increased photovoltaic performance. Other approaches to achieve charge separation such as 

heat treatment of P3HT:PCBM to enhance the polymer crystallinity and interchain 

interactions for an enhanced device performance have been reported49, 50. The active layer 

morphology is crucial in the operation of an organic photovoltaic device. The polymer 

miscibility and diffusion determine the kinetics of charge dissociation and transport. To this 

end, BHJ based OPV performance has been enhanced by improving the diffusion and film 

morphology through thermal annealing and solvent vapor annealing51-53. The PCBM 

diffusion into the P3HT matrix is dependent on the P3HT crystallinity and the prevention of 

PCBM aggregation can modify the overall charge transport in OPVs (Fig. 2.8). Thus, organic 

photovoltaic device performance can be improved by correlating the results with the 

morphological, structural and electrical properties of the different semiconducting materials54, 

55.  

 

Figure 2.8. A schematic illustration of the diffusion of PCBM into P3HT amorphous 

domains on thermal annealing; (a) as spun P3HT/PCBM bilayer, (b) P3HT crystallites after 

thermal annealing and (c) PCBM diffusion into the amorphous domains of P3HT (modified 

from reference51) and (d) shows a thermally annealed bulk heterojunction P3HT:PCBM 

films; large spheres represents the PCBM aggregates intercalated in the P3HT crystallites 

(blocks). The thin wire like structures represent amorphous P3HT domains while the small 

spheres represent  the dispersed PCBM molecules (modified from ref52). 
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2.1.3 Carbon based nanomaterials 

2.1.3.1 Synthesis of carbon based nanomaterials 

Carbon based nanomaterials can be categorized on the basis of their dimensionalities. This 

includes fullerenes, carbon nanotubes, graphene and graphite as 0-, 1-, 2- and 3-dimensional 

structures respectively. These materials are prepared mainly by the pyrolysis56, 57, 

hydrothermal58, 59, mechanical or chemical exfoliation60, 61 and the chemical vapor deposition 

methods62, 63. Among these different synthesis routes, the chemical vapour deposition (CVD) 

method offers an added advantage of the ability to modulate the carbon morphology and 

product yield by altering the temperature and gas flow rates. 

2.1.3.1.1 Chemical vapour deposition (CVD) method 

The CVD method is a chemical process that involves the reaction or decomposition of one or 

more volatile precursors on a target surface at high temperatures to produce the desired 

product. The CVD method was reported in the 1890s for the purification and refining of 

metals such as nickel64. The early works of Van Arkel de Boer introduced the use of the high 

temperature CVD process65. The CVD process can be divided into two stages; condensation 

of the reactant onto the substrate and reaction of the volatile atoms/molecules to form the 

product.  The transport of the gaseous reactant can occur by the application of a pressure 

change or by use of a carrier gas66. For efficient condensation and transport processes, the 

product should possess a lower vapor pressure and be less volatile than the reactant. The 

nucleation and growth mechanism of carbon nanomaterials by the CVD method involves the 

kinetic, thermodynamic and chemical reactions that take place during condensation, transport 

and evaporation stages67-69. Thus, the product properties can be manipulated by controlling 

the process variables such as temperature, frequency of the plasma source, partial pressures, 

pressure of the gases used, gas flow rate and reactant composition. As a result, the CVD 

method can be classified according to pressure (atmospheric, low or ultrahigh vacuum 

pressure). Often it is classified based on physical characteristics such as the aerosol assisted 

or direct injection CVD method or according to plasma effects i.e. microwave assisted or 

plasma enhanced CVD.  The great advantages of the CVD method are70; 

 Enhanced versatility in the array of materials that can be obtained 

 High quality of the final product 

 High reproducibility 

 High yield 

 Possibility of large scale reaction  
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It has been used extensively in the semiconductor industry and in the synthesis of carbon and 

silicon nanostructures such as carbon nanotubes71, 72, nanofibers73, diamond74, graphene75  

and silicon nitride among others76, 77.  

 

2.1.3.2 Carbon nanotubes  

Carbon nanotubes (CNTs) were reported by Ijima78 in 1991 during a surface study of 

graphitic electrodes produced using an arc discharge method. Carbon nanotubes exhibit 

unique strength and other excellent properties such as stiffness, high electron conductivity, 

high thermal conductivity and high aspect ratio79, 80. As a result, the CNTs have been applied 

in field emission displays81, nanosensors82, shipbuilding83 and in logic circuits among 

others84. However, due to the use of metal catalysts in the preparation of CNTs, they exhibit 

poor charge transfer and shorting as active layer materials in OPVs due to the difficulty in the 

removal of the residual catalyst85. The CNTs semiconducting or metallic character has led to 

their application in OPVs in the active layer or as anode or cathode materials86. The use of 

CNTs as electron acceptors with P3HT as donor polymer shows that the OPV device 

performance due to enhanced charge transport87, 88. However, due to the use of metal 

catalysts in the preparation of CNTs, a high percentage weight of CNTs in the active layer 

materials exhibit poor charge transfer and shorting in OPVs due to the difficulty in the 

removal of the residual catalyst85. 

 

2.1.3.3 Graphene based nanomaterials  

Graphene is a transparent and a semi-permeable material with tunable electron transport and 

work function properties. Due to these properties, graphene was proposed to be a good 

substitute for the expensive ITO anode in OPVs89. More so, the use of graphene as a 

component of the active layer in OPVs has also been explored. For instance, Gwang et al. 

used N-doped graphene flakes in the active layer of the BHJ organic solar cell (P3HT: 

PCBM) resulting in a band gap modulation that enhanced the electron transport and led to a 

higher power conversion efficiency90. More recently, graphene quantum dots have been used 

for the synthesis of ternary graphene-polymer-fullerene blends as bulk heterojunction active 

layer91. The graphene quantum dots enhanced the optical absorption of the active layer and 

consequently improved the short circuit current and the PCE. However, the performance of 

an organic photovoltaic device is affected by the film morphology, quality of the device 
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interface layers and thus, the synthesis of a uniform wrinkle free graphene films are 

beneficial for OPV applications92.  

 

2.1.3.4  Hollow carbon nanostructures (HCSs) and yolk shell nanostructures 

2.1.3.4.1 Hollow carbon nanostructures 

“”These hollow nanostructures can be obtained by two main synthesis routes: a template free 

route or by a template based strategy98. The template free method is a one-step simple 

synthesis technique that involves ultrasonication and pyrolysis among others99. However, it is 

time consuming to regulate the size, shape and morphology of the obtained hollow 

nanostructures thus limiting their applications. In contrast, the template based strategy 

provides advantages such as controlled size, shell diameter, shape, morphology and surface 

functionalities of the obtained hollow carbon nanostructures100, 101. The conversion of a solid 

core to a hollow core entails surface chemistry, diffusion and growth dynamics which can 

occur through hard templating, soft templating, self-templating, surface protected etching, 

Ostwald ripening, a Kirkendall effect and galvanic displacement among others102-106.  

 

2.1.3.4.1.1 Hard templating approach 

Silica and polystyrene spheres are the predominant hard templates employed for fabrication 

of hollow nanostructures107. The hard templates are covered by carbon precursors such as 

toluene, resorcinol-formaldehyde108, sucrose109,  glucose110 and fulfury alcohol111 to form a 

carbon precursor/template hybrid material. The carbon precursor is then converted to carbon 

via high temperature calcination112. Lastly, the removal of the hard template by etching using 

hydrofluoric acid (HF) or sodium hydroxide113. Silica sphere template synthesis involves the 

hydrolysis and condensation reaction pathways that can be controlled to obtain various 

shaped HCSs. For instance, varying the ammonia catalyst during SiO2 synthesis in the 

presence of dopamine can result in HCSs with a single shell, a double shell or a yolk shell 

structure114 (Fig. 2.9). These multiple shelled HCSs can further be used to synthesis multiple 

shelled hollow metal oxides such as TiO2 and ZnO that enhance light scattering as 

photoelectrodes in DSSCs115, 116.   
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Figure 2.9. Schematic diagram showing the formation of yolk shell, single shell and double 

shell HCSs and their respective SEM images114. 

 

Similarly, Zhang et al. reported the synthesis of self organized HCSs with an interpenetrating 

network through a heterogeneous nucleation pathway by varying the SiO2 and carbon 

precursors respectively117. Thus, the templating process provides a broad range of 

nanomaterials from zero-dimensional to three-dimensional structures. The synthesis of 

hierarchically structured functional materials through a templating method has developed as a 

multidisciplinary novel approach118, 119. For instance, by varying the surface and interfacial 

interactions a three-dimensionally ordered macroporous solid (3DOM) framework can be 

obtained via the templating route120. More recently, Qiao and coworkers synthesized 

fluorescent HCSs encapsulating carbon dots from fish scale via an in-situ pyrolysis route121. 

The carbon dots were made by crushing the HCSs and this material was applied in sensitized 

solar cells thus, opening a new platform for HCS studies (Fig. 2.10). An absorption peak was 

observed at 315 nm from the UV-visible spectra of the carbon dots. In addition, the carbon 

dots were characterized by an indirect band gap energy of 2.5 eV with a strong quantum 

confinement effect. The application of the carbon dots as sensitizer in DSSCs resulted in 0.65 

mA/cm2 JSC, 0. 55V VOC, 78.8% FF and 0.28% PCE. These carbon based materials (HCSs 

and carbon dots) are less toxic, cheap and easily processable; as a result, there is great 

potential for improvement in their applicability in electronic devices. 
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Figure 2.10. A schematic synthesis of multicolor fluorescent HCSs (a) from fish scales via in 

situ pyrolysis and their use in DSSCs and (b) the formation process from collagen tablet, 

respectively (modified from ref121). 

 

2.1.3.4.2 Yolk shell nanostructures 

Yolk shell nanostructures are a new class of materials denoted as A@B with a 

core@void@shell configuration as shown in Fig. 2.11122. Analogous to the yolk shell 

materials are the core shell nanostructures denoted as A@B with core@shell configuration. 

The core and shell materials can comprise of metals, metal oxides or polymers among 

others123-126. In 2003, Xia and his coworkers reported for the first time the synthesis of 

Au@polymer yolk shell nanostructures127. More recently, Nongwe and his coworkers 

synthesized Au@HCS yolk shell materials from Au@SiO2 core shell templates for 

application as catalyst supports128. To date, there has been tremendous progress in the 

generation of yolk and core shell nanoparticles for application in drug delivery, sensors, 
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catalysts and lithium ion batteries122, 129-131. The application of core shell nanomaterials in 

solar cells has been addressed by incorporation of Au@SiO2 core shell materials into the hole 

transport layer and the active layer. The enhancement of the overall device efficiency in these 

materials was attributed to the improved light trapping and optical absorption through the 

surface plasmon resonance effect132, 133. The field of hybrid nanomaterials opens a platform 

for the synthesis of various functional materials for application in organic photovoltaic 

devices.  

 

 

Figure 2.11. Illustration of yolk shell nanoparticles; (A) with a single core, (B) with multiple 

cores, (C) with multiple shells and (D) with a raspberry like core122.  

 

 

2.1.4 Surface plasmon resonance and gold nanoparticles 

The early studies of surface plasmon resonance were reported by Mie Gustav134 and in the 

late 1950’s Ritchie et al. observed a characteristic energy loss of fast electrons in metal 

surfaces due to collective excitations135. These collective oscillations were attributed to 

Coulomb long range interactions of the free valence electrons in metals136.  Later in the same 

decade, Powell and Swan confirmed the existence of these collective oscillations on the metal 

surface as a surface phenomenon that was transmitted through thin films137. This energy loss 

was attributed to quantized surface waves of a degenerate electron gas and was referred to as 

surface plasmons by Stern and Fercell138. When an electromagnetic radiation is incident on a 
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metal surface, it induces a collective oscillation of free electrons139. As a result, it forms an 

electric dipole that oscillates in the direction of the frequency dependent electric field 

component of light. The electric force separates the electron from the centre of mass of the 

charge on the surface. To compensate the forces, a restoring force is generated which is 

maximum at the resonance frequency. A surface plasmon resonance (SPR) is achieved when 

the amplitude of the collective oscillation reaches a maximum. The strong absorption caused 

by SPR can be measured using UV-visible or Infrared absorption spectroscopy. The 

operation of an OPV is dependent on the amount of light absorption and thus, unveils the 

importance of SPR absorption.  

 

The light absorption and charge transport properties of OPVs govern the overall device 

performance140. The thickness of the active layer is directly proportional to the light 

absorption. However, increasing thickness limits charge transport due to increased device 

series resistance and compromises the exciton dissociation efficiency since the exciton 

diffusion length is limited to a few tenths of nm. The trade-off between light absorption and 

charge transport existing in OPVs has led to the development of light trapping, absorption 

and harvesting techniques141. Induction a localized surface plasmon resonance (LSPR) of 

noble metallic nanoparticles such as Au or Ag incorporated in OPVs is one such route for 

enhancing the light absorption and scattering. The LSPR extends the optical path length in 

the active layer and enhances the electromagnetic field near the noble metal surface resulting 

in enhanced light absorption142, 143. For instance, Chen et al. incorporated gold nanoparticles 

into OPVs and observed an enhanced short circuit current density and a significant PCE 

improvement due to the LSPR of gold144. Also, the enhanced electromagnetic field increased 

the number of excitons generated that could augment the exciton dissociation as illustrated by 

Wu et al. (Fig. 2.12)145.  The utilization of nanoparticles with plasmonic effects in the active 

layer or buffer layer to enhance light harvesting has been intensely researched145-148. The 

extensive studies of SPR plasmonics show the future applications of plasmons in electronics, 

photonics and medical industries149-151. 
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Figure 2.12. A schematic diagram of the interplay between LSPR and excitons resulting in 

enhanced exciton dissociation and reduced exciton recombination145. 

 

2.1.5 Use of carbon based nanomaterials in chemical sensors 

Chemical sensors are devices that transform chemical information to a useful analytical 

signal152. The chemical information can include an analyte concentration, a chemical reaction 

or a pressure change. The analytical signal can be a change in conductance or resistance 

(chemoresistive sensors) or a change in optical properties (optical sensors). The response and 

sensitivity of chemical sensors are based on the adsorption of molecules that result in a 

change in resistance or conductance of the sensing element. Carbon based nanomaterials such 

as carbon nanotubes, graphene oxide and graphene have been used in chemoresistive sensors 

for detection of toxic and volatile organic compounds such as ammonia153, nitrogen 

dioxide154, acetone and formaldehyde155  among others.  The fabrication of chemoresistive 

sensors from carbon based materials is readily processable, cheap and offers the added 

advantage of varying the surface to volume ratio. Carbon based core-shell nanostructures 

exhibit unique electrical and optical properties that make them applicable in chemical 

sensors. For instance, Chen and his coworkers reported on the synthesis of a carbon 

nanotube@SnO2 core-shell nanostructure and it’s use as an ethanol sensor with an improved 

ethanol sensitivity and response156. More recently, Lu and his coworkers reported the 

application of Ni@porous hollow carbon fibers as nitrogen dioxide sensors157. The use of 

porous carbon fibers opens a platform for application of hollow carbon spheres as chemical 

sensors.  
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2.2 Conclusions 

Organic photovoltaic devices are cheap and solution processable compared to their silicon 

counterparts. As a result, there has been tremendous interest in the synthesis of nanomaterials 

that will enhance the light absorption, the exciton dissociation, the charge separation and 

transport in OPVs. However, the main material challenge lies in obtaining optimum optical, 

electrical and structural properties suitable for an improved device performance and stability. 

Towards achieving an enhanced OPV performance, recent development on the generation of 

hierarchical and novel structures composed of noble metals, graphenes, carbon dots, HCSs 

and functional hybrid materials will open a platform for a broad range of application for such 

materials. In addition, these carbon based nanomaterials can be employed as active materials 

in chemoresistive sensors. 
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CHAPTER 3 

Synthesis and Characterization of Pristine, Annealed and 

N-doped Carbon Spheres by a Vertical CVD Reactor 

 

3.1 Introduction 

Interest in carbon based nanomaterials  continues to intensify since the discovery of 

fullerenes1 and carbon nanotubes2. Other forms of carbon based nanomaterials include 

graphene, graphene oxide and carbon spheres. Graphenes are planar whereas the carbon 

spheres have a spherical form. These spherical carbon spheres are given names such as 

carbon spherules3,4 carbon nanoballs5 carbon beads6, carbon pearls7 and carbon microspheres. 

Carbon spheres can be categorized in different ways.  Inagaki et al.8 classified carbon spheres 

based on carbon atoms arrangement as either radial, concentric or random depending on the 

interfacial energy.  Serp et al.9 Further classified spheres as either well graphitized (2-20 nm), 

less graphitized (50-1000 nm) or carbon beads (˃ 1000 nm). Carbon spheres comprise mainly 

of hexagonal rings leading to graphene like flakes that incorporate heptagonal and pentagonal 

rings assembled to give curvature to the graphite flakes5, 10. These carbon spheres find 

application in printer inks11, in tyres12 and more recently in write only read many times 

memory (WORMs) devices13, 14.   

 

Solid carbon spheres have been synthesized using several methods such as spray pyrolysis, 

autoclave methods, aerosol deposition and chemical vapor deposition methods. Spray 

pyrolysis is a process that involves the generation of a spray by an ultrasonic atomizer which 

transports atoms and molecules into a high temperature furnace where the solid carbon 

spheres are produced15-17. The autoclave method involves the use of autogenous pressure and 

elevated temperatures to produce carbon spheres using carbon precursors in closed reactor 

containers. This route allows the use of various carbon precursors in liquid or solid form such 

as sucrose18-20 and mesitylene4 to yield carbon spheres. The chemical vapor deposition 

synthesis route involves the breaking down of volatile carbon precursors on a target surface at 

elevated temperatures in a furnace to produce carbon spheres. Thus, it provides high quality 

and reproducible carbon spheres using readily available carbon sources21. The synthesis of 

carbon spheres unlike that of carbon nanotube does not require metal catalysts and hence a 



34 

 

 

non-catalytic CVD method can be used22. Using this route, different reactor designs for the 

production of carbon spheres can be employed. The conventional reactor designs that have 

been used in solid carbon sphere synthesis are; horizontal reactors (Fig. 3.1) and vertical 

reactors (Fig. 3.2). 

 

Figure 3.1. A  schematic diagram of a horizontal CVD reactor. 

 

 

Figure 3.2. A schematic diagram of a vertically oriented CVD reactor. 

 

The vertical reactor CVD method leads to the formation of smaller sized carbon spheres 

owing to the short dwell time of the carbon precursor in the reactor during the carbon 
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formation process. Ray et al. made 175 nm diameter sized N-doped carbon spheres by 

pyrolysis of acetylene and acetonitrile as carbon and nitrogen sources and argon as the carrier 

gas. The experiment was carried out at 900°C for 30 min in a vertical CVD reactor23. In 

contrast, the application of a horizontal reactor results in the production of larger sized carbon 

nanospheres due to a longer duration time. For instance, Poinern et al. managed to synthesize 

solid carbon spheres in a horizontal furnace using acetylene as a carbon source and nitrogen 

as a carrier gas with a carbonization time of 5 min at 1000°C24. Carbon spheres with a 

particle size of 100-500 nm were obtained.  Xiong et al. made carbon spheres by pyrolysis of 

acetylene with argon as a carrier gas at 900°C in a  horizontal CVD reactor and obtained solid 

carbon spheres of 900 nm particle size25. 

 

The reaction conditions during carbon sphere synthesis via the CVD method affects the 

morphology, particle size and yield of the carbon spheres. Unsaturated and saturated 

hydrocarbons such as ethane, methane, benzene, styrene, acetylene and toluene have been 

used for the generation of carbon spheres26. The carbon source can influence the particle size 

distribution and yield of the carbon spheres. For instance, acetylene gas favors a narrower 

particle distribution whereas ethylene gas favors a broad particle size distribution27. Other 

factors such as the type of carrier gas used during carbon sphere synthesis plays a significant 

role on the morphology and size of obtained carbon spheres. A carrier gas serves the purpose 

of delivering the reactants into the reactor and maintaining an inert environment. Argon, 

nitrogen, hydrogen and argon/hydrogen mixtures are the commonly used carrier gases in the 

CVD method. The use of hydrogen gas produces smaller sized carbon spheres (200 to 400 

nm) with a narrower size distribution while pure argon gas favors larger sized carbon spheres 

(400 to 900 nm) with a broader size distribution22. The carrier gases play a critical role in the 

growth of carbon nanomaterials via the CVD technique. To be specific, Lee et al. reported a 

decreased growth rate of CNTs due to etching of carbon atom by the hydrogen radicals via 

PECVD using NH3 as a carrier gas with C2H2 carbon source28. Similar hydrogen etching 

effects have been reported in MWCNTs, boron nitride and graphene sheets29, 30. More so, 

hydrogen gas serves a significant role in the growth and kinetics of graphene through 

dissociative hydrogen chemisorption and methane dehydrogenation chemisorption 

reactions31. However, the hydrogen etching effects in graphene results in trimmed graphene 

edges of varying sizes and shapes32-34.  
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Nitrogen containing carbon materials have attracted intensive research owing to their diverse 

applications as electrodes in lithium-ion batteries35, supercapacitors36 and as catalysts 

support37. The atomic size of N is similar to that of carbon hence it can be incorporated easily 

into the carbon structure38. Carbon spheres without functionalization can have very poor 

electrical properties. Doping of carbon spheres with nitrogen increases their reactivity and 

enhances their applications in dye sensitized solar cells39, oxygen reduction40 and electronic 

devices23. Nitrogen containing nanomaterials can be obtained by in situ doping or ex situ 

doping. Some of the chemical precursors used for N-doping are ammonia41, 42, melamine43, 

polyaniline44, acetonitrile45, 46, N-containing carbohydrates47  and amines48, 49. Xiong and 

coworkers synthesized N-doped carbon spheres by pyrolysis of acetylene with ammonia 

solution as the nitrogen source at 900°C for 1 h in a horizontal furnace and obtained carbon 

spheres with a diameter of 700 nm50.  Doping of carbon spheres affects their degree of 

graphitization, electronic and magnetic characteristics. However, undoped carbon based 

nanomaterials can also portray magnetic properties resulting from localized edge states and 

the presence of defects51, 52.  

 

In this study, solid carbon spheres were produced using a vertically oriented CVD reactor. 

The effect of carrier gases and flow rates on the particle size, morphology and structural 

properties of the carbon spheres was investigated. Despite the number of studies carried out 

on the hydrogen etching effects on carbon nanotubes and graphene, the effect of hydrogen on 

the growth of carbon spheres using a catalyst free vertically oriented CVD reactor is hardly 

reported. Thus, the effect of annealing of the carbon spheres in argon and hydrogen gas and 

post N-doping was studied on the particle size, morphology, structural and magnetic 

properties.  

 

3.2 Experimental  
A vertical chemical vapor deposition (CVD) reactor consisting of a hollow tubular quartz 

reactor (length: 100 cm × 4 cm i.d) loaded in a furnace was set up as shown in Fig. 3.3. A 

carbon source (C2H2, Afrox) and a carrier gas argon or hydrogen (Afrox) were used in the 

carbon sphere synthesis. The furnace was heated to 900°C at a rate of 10°C/min under Ar gas 

(100 sccm). At 900°C, the Ar flow valve was closed and a C2H2 flow valve opened at a 

specific flow rate (100 sccm or 200 sccm). Two flow rates were used to study the role of flow 

rate on the carbon sphere diameter and size distribution. The C2H2 gas was pyrolyzed in the 
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quartz reactor at 900°C for 15 min. A black soot was generated and collected in a round 

bottomed flask connected at the outlet of the reactor. The C2H2 flow valve was closed and the 

quartz reactor cooled under a continuous flow of Ar gas to ambient temperature. After 

cooling, the argon flow was stopped and the quartz reactor removed from the furnace. The 

same procedure was followed using H2 as a carrier gas. The black soot that had accumulated 

on the walls of the quartz reactor was scrapped off using a glass rod and weighed together 

with the collected sample.  

 

 

Figure 3.3. A vertically oriented CVD reactor set up. 

 

A soxhlet extraction apparatus (Fig. 3.4) was used to purify the carbon spheres at 150°C for 

24 h using toluene solvent (Sigma Aldrich, 99.5%). The toluene changed color from colorless 

to brown after completion of the purification processing. The brown color was due to the 

removal of polyaromatic hydrocarbons. The products were dried at 100°C for 12 h and 

analyzed. To investigate the effect of annealing on the carbon spheres structural, thermal and 

magnetic properties, the synthesized carbon spheres were then annealed at 800C under H2 

gas (200 sccm) and also separately under Ar gas (200 sccm) for 1 h in each case. N-doped 

carbon spheres were obtained by passing acetonitrile (Sigma Aldrich, 99.9%) over the already 
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prepared and purified products (0.2 g) for 1 h at 800°C with Ar as a carrier gas in a horizontal 

reactor.  

 

 

Figure 3.4. A conventional Soxhlet extraction set up for purification of carbon spheres 

(modified from ref53). 

 

3.3 Characterization of the solid carbon spheres 

3.3.1 Transmission electron microscopy (TEM) 

The morphological features of the synthesized carbon spheres were ascertained by TEM 

using a FEI Technai G2 spirit electron microscope operating at 120 keV. A sample specimen 

was prepared by dispersing a small amount (2 mg) of purified carbon spheres in ethanol (1 

mL) and mixture sonicated to form a homogeneous solution. A few drops of the 

homogeneous solution were placed onto a carbon coated copper grid and the grid dried in 

ambient air for 30 min before inserting it in the microscope. The diameters of the carbon 

sphere images obtained were measured using Image J 1.48v software. The diameters of 100 

randomly chosen carbon spheres were measured per sample. 
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3.3.2  Scanning electron microscopy (SEM) 

The morphology of the obtained samples was determined using a FEI Nova Nanolab 600 

FIB/SEM. A small amount ((2 mg) of the carbon sphere sample was evenly spread on a 

carbon tape placed on a carbon stab. The homogeneously dispersed sample on the carbon 

tape was coated with a palladium/gold coating for 2 min to make it conductive. The stab was 

then placed in a SEM and images were taken at 5 keV. 

3.3.3 Raman spectroscopy 

Raman spectroscopic analysis was done to determine the degree of graphitization and the 

structure of the synthesized spheres.  The measurement was carried out on the carbon spheres 

using a Jobin-Yvon T6400 micro-Raman spectrometer equipped with a laser excitation 

wavelength of 514.5 nm and a liquid N2 cooled charge coupled device detector. The obtained 

Raman bands were deconvoluted using lorentzian function by using the Origin 8.50 

professional package to measure peak areas and intensities. 

3.3.4 Thermal gravimetric analysis (TGA) 

The thermal stability of the carbon spheres was investigated by TGA instrument conjugated 

with a weight loss derivative curve (DTG) using a Perkin Elmer Pyris 1 TGA. For each 

sample a 10 mg was placed in a ceramic pan and put in the instrument furnace. The sample 

was heated from 35⁰C to 900⁰C at a rate of 10⁰C/min under air (10 mL/min). The weight loss 

plot (TGA) provided information about the stability, nature and composition of the samples. 

The derivative curve provided information of the weight loss and temperatures as which it 

took place. 

3.3.5 Brunner Emmet and Teller (BET) Surface area analysis 

Before taking the measurements, the samples were degassed at 200ºC for 4 h in N2. The N2 

adsorption and desorption isotherms of the solid carbon spheres were taken using a 

Micromeritics Tristar 3000 instrument at 77K. The specific surface area was calculated by the 

BET method from N2 adsorption data and the Barett-Joyner-Halenda (BJH) method was used 

to determine the  pore size distributions calculated by analysing the desorption branches of 

the N2 isotherms. 

3.3.6 Electron spin resonance (ESR) 

EPR is a technique that measures the absorption of electromagnetic radiation. It detects the 

interaction between unpaired electrons localized in a system and an external applied magnetic 

field. Carbon spheres are comprised of sp2 and sp3 hybridized carbon atoms. The sp2/sp3 

mixed state can be converted to sp2 hybridized atoms (complete graphitization) by heat 
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treatment beyond 1300 °C54, 55. When heat treatment is done at lower temperatures i.e. 800 

°C, the sp2/sp3 mixed state cannot be distorted. Heat treatment causes thermally assisted 

clustering of sp2 atoms and migration of sp3 defects resulting to an ordered structure and a 

decrease in strain energy. Consequently, a transition from Mott variable hopping (VRH) to a 

weak localization conduction mechanism takes place in disordered carbon56. The magnetic 

properties in carbon nanospheres result from the presence of sp2 hybridized carbon atoms that 

act as paramagnetic centers57. The non-graphitic carbon nanospheres exhibit Curie type 

paramagnetic properties arising from non-bonding π electrons at the graphitic carbon edges. 

Electron spin resonance (ESR) measurements were carried out at room temperature using a 

Bruker ESP300E X-band spectrometer operating in the frequency range of 9.4 to 9.8 GHz 

and a g-factor of 2. The samples were placed in NMR tubes and the standard continuous 

wave technique was used to obtain all the derivative spectra. 

3.3.7  X-ray photoelectron spectroscopy (XPS) 

The chemical composition of the annealed and N-doped carbon spheres was determined by 

X-ray photoelectron spectroscopy (XPS). The ex-situ XPS study was carried out on the 

annealed and post N-doped carbon spheres. 

3.3.8 Carbon yield calculation 

The carbon spheres yield was deduced by estimating the amount of carbon reactant (C2H2) 

used and the amount of carbon produced. Unpurified products were used for determination of 

the yield (Equation 3.1).   

%100%
22


HnC

nC
yield                                                                                                     (3.1)  

where nC is the number of moles of carbon in the product and 22HnC  is the number of 

moles of carbon in C2H2  

 

3.4 Results and discussion 

3.4.1 Effect of different carrier gases and their flow rates 

The synthesis of pristine carbon spheres was achieved by pyrolysis of C2H2 gas at 900°C for 

15 min using a vertically oriented CVD reactor without a catalyst. The carbon percentage 

yields of the obtained spheres were based on the mass of spheres collected and are shown in 

Table 3.1. Low carbon yield (19 - 24%) was obtained at a low flow rate of the carbon source 

and carrier gas while more carbon spheres were produced (28 – 40%) at higher flow rates of 

the carbon source and carrier gas. The results indicate that higher yields of carbon spheres 
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were obtained with higher flow rates of carbon source and carrier gas as compared to other 

results in literature58. Mhlanga et al. obtained 1.4 g of carbon soot via pyrolysis of C2H2 (118 

sccm) at 900°C for 4 min in a swirled floating vertical CVD reactor59. Our reported 

percentage yields of the carbon spheres by vertical CVD reactor was in close agreement with 

the yield of carbon spheres reported by Zikhona et al.60. They obtained carbon spheres yield 

of 19.8% and 28.0% by pyrolysis of C2H2 (100 sccm and 300 sccm) respectively at 900°C for 

1 h in a vertical reactor. In our study, the percentage yield of the carbon spheres obtained 

when Ar was used as a carrier gas was slightly higher than when H2 was employed.  This can 

be attributed to the etching effects of hydrogen radicals on carbon atoms suppressing the 

carbon growth rate28. 

 

Table 3.1. Carbon yields of obtained solid carbon spheres 

C2H2 (sccm) H2 (sccm) Ar (sccm) Total weight after reaction (g) Carbon yield (%) 

100 100 0 0.5781 19.5 ± 0.4 

200 100 0 0.8463 28.5 ± 0.3 

100 200 0 0.6055 20.4 ± 0.5 

200 200 0 0.9461 31.9 ± 0.2 

100 0 100 0.6459 21.8 ± 0.4 

200 0 100 1.0089 34.0 ± 0.2 

100 0 200 0.7046 23.7 ± 0.4 

200 0 200 1.1568 39.0 ± 0.3 

 

3.4.1.1 Morphology analysis 

The effect of using different carrier gases (H2 and Ar) on the carbon sphere synthesis was 

investigated using TEM micrographs as shown in Figs. 3.5 and 3.6. The carbon spheres 

obtained had a spherical morphology and were accreted in agreement with literature10, 15. In 

all the synthesized solid carbon spheres, the particle sizes of the obtained carbon spheres 

decreased with high C2H2 flow rates (Table 3.2 and 3.3). This is attributed to the shorter 

residence time and low nucleation rate leading to the formation of smaller particle sizes15. In 

contrast, at low flow rates, the C2H2 residence time is higher resulting in larger particle sizes 

(Figs. 3.5a, c and 3.6a, c). At high flow rates of C2H2 and low flow rates of either H2 or Ar 

gas, solid carbon spheres of smaller sizes and with a narrow particle size distribution were 

obtained. (Figs. 3.5b, d and 3.6b, d). This could be ascribed to the increased decomposition 
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rate of C2H2 at the higher carrier gas flow rate. Typically, the carbon sphere formation 

mechanism involves the decomposition of carbon precursors into carbon atoms at high 

temperatures. The carbon atoms then fuse together to form the carbon spheres. The nucleation 

rate of carbon atoms can be increased by the presence of catalysts, increase in temperature or 

increase in the decomposition kinetics15, 61, 62. Carrier gases act as transport medium of the 

carbon precursor, thus increasing the flow rate decreases the overall dwell time of C2H2. This 

varies the carbon decomposition kinetics and growth rate resulting in smaller carbon 

particles.   

 

 Acetylene gas contains sp hybridized carbon atoms and is thermodynamically less stable 

than other carbon sources such as methane. In the presence of H2 gas at high flow rates, the 

acetylene bonds are broken down to form smaller carbon nuclei which then nucleate and form 

a larger collection of carbon atoms. The carbon formation process involves carbon cluster 

growth by the coming together of carbon nuclei to minimize interfacial energy. In the 

presence of a reducing atmosphere such as hydrogen, the edge sites for further carbon growth 

are eliminated by an etching process resulting in smaller carbon spheres22, 61. When argon is 

used as a carrier gas, larger diameter sized carbon spheres are formed. Qian et al. observed a 

similar behaviour for carbon spheres synthesized in a horizontal CVD reactor whereby 

carbon spheres synthesized in the presence of argon resulted in larger diameter sizes while 

growth in hydrogen resulted to smaller sized spheres22. Also, in the presence of hydrogen gas, 

there is more nucleation leading to smaller spheres whereas in argon gas, more growth is 

favored resulting in larger sized spheres. This further corroborates with the low carbon 

spheres yield observed when hydrogen gas was used as a carrier gas.  

The SEM images of the obtained solid carbon spheres confirmed their accreted nature as 

shown in Figs. 3.7 and 3.8. The broad particle size distribution of the solid carbon spheres at 

low carbon source and carrier gas flow rate is evident from the SEM images. However, a few 

carbon spheres of diameters larger than 500 nm were observed. This can result from the 

spheres collected from the sides of the quartz tube.  
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Figure 3.5. TEM images of carbon spheres obtained using different flow rates; (a) 100 sccm, 

H2 and 100 sccm, C2H2, (b) 100 sccm, H2 and 200 sccm, C2H2, (c) 200 sccm, H2 and 100 

sccm, C2H2, (d) 200 sccm, H2 and 200 sccm, C2H2 flow rates, respectively. 

 

Figure 3.6. TEM images of carbon spheres obtained using different flow rates; (a) 100 sccm, 

Ar and 100 sccm, C2H2, (b) 100 sccm, Ar and 200 sccm, C2H2, (c) 200 sccm, Ar and 100 

sccm, C2H2, (d) 200 sccm, Ar and 200 sccm, C2H2 flow rates, respectively. 
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Figure 3.7. SEM images of carbon spheres obtained using different flow rates; (a) 100 sccm, 

H2 and 100 sccm, C2H2, (b) 100 sccm, H2 and 200 sccm, C2H2, (c) 200 sccm, H2 and 100 

sccm, C2H2, (d) 200 sccm, H2 and 200 sccm, C2H2 flow rates, respectively. 

 

Figure 3.8. SEM images of carbon spheres obtained using different flow rates; (a) 100 sccm, 

Ar and 100 sccm, C2H2, (b) 100 sccm, Ar and 200 sccm, C2H2, (c) 200 sccm, Ar and 100 

sccm, C2H2, (d) 200 sccm, Ar and 200 sccm, C2H2 flow rates, respectively. 
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Table 3.2. Particle sizes of the solid carbon spheres obtained using H2 as a carrier gas 

H2 flow rate (sccm) C2H2 flow rate (sccm) Particle size (nm) 

100 100 340 ± 106 

100 200 186 ± 34 

200 100 350 ± 98 

200 200 198 ± 57 

 

Table 3.3. Particle sizes of the solid carbon spheres obtained using Ar as a carrier gas 

Ar flow rate (sccm) C2H2 flow rate (sccm) Particle size (nm) 

100 100 340 ± 84 

100 200 191 ± 34 

200 100 327 ± 82 

200 200 186 ± 19 

 

3.4.1.2 Raman analysis 

Fig. 3.9 shows the D and G Raman bands of the obtained carbon spheres and the band 

intensities and area agrees with the D/G ratios measured. In all the spheres, a D band was 

exhibited in between 1328 cm-1 and 1343 cm-1 due to the breathing mode of sp2 and sp3 

carbon atoms and defects in the carbon structure63. Also, a G peak was observed between 

1591 cm-1 and 1600 cm-1 which is a characteristic of bond stretching of sp2 atoms64.  All the 

synthesized carbon spheres had a low degree of graphitization as shown by their low ID/IG 

ratios (less than 1) as shown in Table 3.4.  

Table 3.4. The D and G band positions and ID/IG ratio of obtained solid carbon spheres 

C2H2 (sccm H2 (sccm) Ar (sccm) 
D band position 

(cm-1) 

G band position 

(cm-1) 
ID/IG ratio 

100 100 0 1336 1591 0.89 

200 100 0 1333 1593 0.89 

100 200 0 1343 1591 0.88 

200 200 0 1329 1598 0.85 

100 0 100 1328 1600 0.90 

200 0 100 1329 1593 0.92 

100 0 200 1338 1595 0.90 

200 0 200 1340 1595 0.88 
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Figure 3.9. Raman spectra of carbon spheres produced using (a) H2 and (b) Ar as carrier gas 

at different flow rates. 

3.4.2 Effect of annealing carbon spheres on their paramagnetic properties 

From the previous study the smallest particle size for the carbon spheres obtained using argon 

was 186 ± 19 nm at an argon flow rate of 200 sccm and an acetylene flow rate. Similarly 

sized carbon spheres (186 ± 34 nm) were obtained using H2 gas at a flow rate of 100 sccm 

and C2H2 gas flow rate of 200 sccm. The effect of annealing on these two samples was 

investigated by monitoring the change in their paramagnetic properties resulting from the 

 electrons. The synthesized carbon spheres were annealed at 800C under H2 gas (200 

sccm) or Ar gas (200 sccm) for 1 h. 

 

3.4.2.1  Morphology 

Annealing of the solid carbon spheres (particle size ˂ 190 nm) resulted in accretion (Figs. 

3.10 and 3.11). Annealing of the carbon spheres resulted in aggregation yielding a slight 

increase in the particle sizes (Table 3.5). This is attributed to the tendency of carbon spheres 

to accrete at higher temperatures due to van der waals forces and collision of adjacent 

spheres15. 
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Figure 3.10. TEM images of carbon spheres obtained using 100 sccm, H2 gas and 200 sccm, 

C2H2; (a) annealed in H2 and (b) annealed in Ar: while in the case of 200 sccm, Ar gas and 

200 sccm, C2H2, (c) annealed in H2 and (d) annealed in Ar, respectively. 

 

 
Figure 3.11. SEM images of carbon spheres obtained using 100 sccm, H2 gas and 200 sccm, 

C2H2; (a) annealed in H2 and (b) annealed in Ar: while in the case of 200 sccm, Ar gas and 

200 sccm, C2H2, (c) annealed in H2 and (d) annealed in Ar, respectively. 
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Table 3.5. Effect of annealing on the particle size of obtained solid carbon spheres 

Synthesis parameters Pristine (nm) Annealed in H2 (nm) Annealed in Ar (nm) 

H2 100 sccm & C2H2 200 sccm 186 ± 34 258 ±  34 199 ± 27 

Ar 200 sccm & C2H2 200 sccm 186 ± 19 196 ± 31 175 ± 28 

 

3.4.2.2 Raman analysis 

The Raman spectra of the solid carbon spheres show an increased D band intensity in all the 

carbon materials (Fig. 3.12). This is due to vibration of the sp3 carbon atoms with dangling 

bonds63. A strong G peak with varying FWHM was observed owing to sp2 hybridized carbon 

atoms64. The intensity ratio of the carbon spheres annealed in argon and hydrogen gas 

indicated a low degree of graphitization with a ID/IG ˃ 0.6. Raman analysis of the carbon 

spheres showed a slight increase in ID/IG ratio when annealed under argon gas (Table 3.6). 

This has also been reported for diamond like carbon films where annealing at T > 300°C 

increased the D peak intensity65. Consequently, the ID/IG ratios of the annealed solid carbon 

spheres are higher (> 0.9) than those of pristine solid carbon spheres (˂ 0.9). This can be 

attributed to increase in the number of defects during the annealing process. In contrast, 

annealing of carbon materials at higher temperatures (T > 2000°C) has been reported to 

enhance the graphitization of carbon materials66-69. This is corroborated by the larger FWHM 

of the G peak observed in carbon spheres annealed under argon gas than for the carbon 

spheres annealed under hydrogen (Table 3.6). Thus, annealing under hydrogen gas leads to 

less structural defects and defect quenching thereby producing more graphitized carbon 

spheres. 

  

Table 3.6. Effect of annealing on the D/G ratios of the carbon spheres 

Synthesis parameters Annealing 
D band position 

(cm-1) 

G band position 

(cm-1) 

FWHM 

(cm-1) 

ID/IG 

ratio 

H2 100 sccm & C2H2 200 sccm H2 1339 1592 76.77 0.88 

H2 100 sccm & C2H2 200 sccm Ar 1331 1598 99.12 0.91 

Ar 200 sccm & C2H2 200 sccm H2 1337 1592 77.77 0.90 

Ar 200 sccm & C2H2 200 sccm Ar 1328 1593 84.06 0.93 
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Figure 3.12. Raman spectra of the annealed solid carbon spheres obtained; (a) H2, 100 sccm 

and 200 sccm, C2H2 and (b) Ar, 200 sccm and 200 sccm, C2H2 flow rates, respectively.  

 

3.4.2.3 Thermal gravimetric analysis 

The thermal stability of the carbon spheres was determined by the TGA technique. Fig. 3.13 

to 3.15 demonstrate the TGA and corresponding derivative profiles of the obtained solid 

carbon spheres before and after annealing in hydrogen and argon gas, respectively. Table 3.7 

shows the decomposition temperatures of the carbon spheres synthesized in argon and 

hydrogen respectively. The onset decomposition temperature of the carbon spheres 

synthesized in hydrogen was 530°C whereas in argon gas was 505°C. This shows that the 

carbon spheres obtained with hydrogen as a carrier gas were more thermally stable than those 

synthesized in argon70. The TGA profile of carbon spheres synthesized or annealed using 

hydrogen showed broad derivative peaks (Figs. 3.13a, 3.14a and 3.15a). This can be 

attributed to the H2 etching of the edges resulting in broader decomposition ranges 24. In 

contrast, carbon spheres synthesized or annealed in argon gas exhibited sharp first order 

derivative peaks (Figs. 3.13b, 3.14b and 3.15b). This suggest presence of more structured 

spheres; an indication of sample purity. The decomposition temperatures determined by the 

derivative TGA indicated that the carbon spheres annealed in hydrogen had a slightly higher 

thermal stability than those annealed in argon.  
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Table 3.7.  Decomposition temperatures of the pristine and annealed carbon spheres 

Synthesis parameters Annealing 
Onset decomposition 

temperature ( °C) 

Complete decomposition 

temperature ( °C) 

H2 100 sccm & C2H2 200 sccm - 530 789 

H2 100 sccm & C2H2 200 sccm H2 516 845 

H2 100 sccm & C2H2 200 sccm Ar 470 684 

Ar 200 sccm  & C2H2 200 sccm - 505 703 

Ar 200 sccm & C2H2 200 sccm H2 510 858 

Ar 200 sccm & C2H2 200 sccm Ar 500 700 

 

 

Figure 3.13. Thermal gravimetric curves of obtained pristine solid carbon spheres; (a) H2, 

100 sccm and C2H2, 200 sccm, (b) Ar, 200 sccm and C2H2, 200 sccm, respectively. 
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Figure 3.14. Thermal gravimetric curves of annealed solid carbon spheres synthesized at 100 

sccm, H2 and 200 sccm, C2H2. 

 

 

Figure 3.15. Thermal gravimetric curves of annealed solid carbon spheres synthesized at 200 

sccm, Ar and 200 sccm, C2H2. 

 

3.4.3 Characterization of N-doped carbon spheres  

3.4.3.1 Morphology 

TEM images (Fig. 3.16) showed that post N-doping of the carbon spheres did not vary their 

spherical morphology. However, the particle size of the post N-doped carbon spheres was 

slightly larger than the pristine carbon spheres. (Table 3.8).  
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Figure 3.16. TEM images of (a) H2, 100 sccm and 200 sccm, C2H2, post N-doped carbon 

spheres & (b) Ar, 200 sccm and 200 sccm, C2H2, post N-doped carbon spheres, respectively. 

 

3.4.3.2  Raman analysis 

Doping of the carbon spheres with nitrogen also led to an increase in the ID/IG ratios (Table 

3.8). This results from defects induced in the carbon structure after nitrogen doping71. This is 

corroborated by the higher full width half maxima (FWHM) in the N-doped carbon spheres 

relative to the pristine carbon spheres as characterized by the D and G peaks (Fig. 3.17).  

Disorder in carbon materials is characterized by an increase in FWHM and an upshift of the 

D band to higher wavenumbers72, 73. The N-doped carbon spheres synthesized in hydrogen 

resulted in more defects as corroborated by the ID/IG ratios (Table 3.8). A detailed 

explanation on the type of N defects induced in the carbon spheres is given in XPS section 

3.4.4.  

 

Table 3.8. Effect of N doping on the particle sizes and ID/IG ratios of the carbon spheres 

Synthesis parameters 
Particle size 

(nm) 

D band 

position 

(cm-1) 

G band 

position 

(cm-1) 

ID/IG ratio 

Pristine 

H2 100 sccm & C2H2 200 sccm 186 ± 34 1333 1593 0.89 

Ar 200 sccm & C2H2 200 sccm 186 ± 19 1340 1595 0.88 

Post N-doped 

H2 100 sccm & C2H2 200 sccm 200 ± 44 1364 1595 1.02 

Ar 200 sccm & C2H2 200 sccm 189 ± 20 1321 1591 0.92 
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Figure 3.17. Raman spectra post N-doped carbon spheres. 

3.4.3.3 Thermal gravimetric analysis 

Both the pristine and N-doped carbon spheres gave zero mass residues (0% w/w) after 

decomposition indicating high level of purity. Post N-doping of the carbon spheres with 

nitrogen decreased their thermal stability (Fig. 3.18). The increase in defects upon N-doping 

corroborated with Raman data with a corresponding increase in the ID/IG ratios. The decrease 

in thermal stability with N incorporation is attributed to structural disorder and defects 

brought about by the presence of N in the carbon lattice74-76. In the N-doped carbon spheres 

synthesized using argon gas, two decomposition peaks were observed at 418°C to 495°C and 

520°C to 650°C respectively (Fig. 3.18b). The steepness of the peak slopes suggest the 

existence of dangling bonds resulting in a rapid oxidative degradation77. In contrast, three 

decomposition peaks were observed at 395°C to 480°C, 529°C to 600°C and 600°C to 610°C  

in the N-doped carbon spheres synthesized using hydrogen gas (Fig. 3.18a). The decrease in 

the onset decomposition temperature could be attributed to less thermal stability owing to 

defects. In this study, the presence of argon as a carrier gas during the post N-doping 

treatment of the carbon spheres could have resulted in further defects. 
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Figure 3.18. Thermal gravimetric curves of obtained pristine solid carbon spheres at different 

conditions; (a) H2, 100 sccm and 200 sccm, C2H2 post N-doped and (b) Ar, 200 sccm and 200 

sccm, C2H2 post N-doped carbon spheres, respectively. 

 

 

3.4.3.4 BET surface area analysis of the pristine, annealed and N-doped carbon spheres 

Surface area analysis showed a slight change in the surface areas of the carbon spheres after 

annealing in both hydrogen and argon gas (Table 3.9). However the surface areas of the 

carbon spheres are very low (9 and 6 m2/g) with no change in the pore volume indicating that 

the surface was non-porous (Fig. 3.19).  Annealing of the carbon spheres in either hydrogen 

or argon gas resulted in an increase in the BET surface areas as shown in Table 3.9. The 

slightly higher surface area of the CSs synthesized and annealed in H2 can be attributed to the 

hydrogen etching of the carbon atoms. A similar increase in BET surface area was reported 

by Mhlanga et al. after heating carbon spheres in N2 at 800°C59. The carbon spheres 

synthesized in hydrogen portrayed a slight decrease in surface area after N doping while 

those synthesized in argon gas exhibited an increase in the surface area (Fig 3.20).  
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Table 3.9. Effect of annealing and N-doping on the surface areas of the carbon spheres 

Synthesis parameters Condition BET surface area (m2/g) Pore volume (cm3/g) 

 

H2 100 sccm & C2H2 200 sccm 

 

pristine 9 0.03 

annealed in H2 14 0.04 

annealed in Ar 10 0.02 

post N-doped 7 0.03 

 

Ar 200 sccm & C2H2 200 sccm 

 

pristine 6 0.04 

annealed in H2 11 0.04 

annealed in Ar 12 0.04 

post N-doped 11 0.04 

 

 

 

Figure 3.19. The N2-adsorption and desorption isotherms of annealed carbon spheres 

synthesized at (a) H2, 100 sccm and C2H2, 200 sccm, (b) Ar, 200 sccm and C2H2 200 sccm, 

respectively. 
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Figure 3.20. The N2-adsorption and desorption isotherms of (a) pristine carbon spheres and 

(b) post N-doped carbon spheres, respectively. 

 

3.4.3.5 Continuous wave electron spin resonance (CW ESR) analysis 

All samples exhibited ESR response centered at g   2. ESR spectra of pristine, annealed and 

N doped carbon spheres showed Dysonian resonance curves implicating the presence of 

charge carriers78 (Figs. 3.21-3.24). The spectra were recorded and are comparable to those of 

doped carbon nanotubes79, N-doped carbon spheres80 and pristine carbon spheres81 reported 

in the literature. Carbon spheres synthesized using hydrogen as a carrier gas had a narrower 

paramagnetic resonance characteristic of delocalized spins and the presence of conduction 

electrons (Fig. 3.21a). In addition, they exhibited a larger peak to signal ratio indicating a 

more graphitic nature as corroborated by the Raman and TGA data (Table 3.6 and 3.7). In 

contrast, in the spheres synthesized under argon gas a broad paramagnetic resonance was 

observed. This can be ascribed to the presence of strongly localized electrons and dangling 

bonds leading to a weaker ESR signal61, 82  (Fig. 3.21b). Annealing of the carbon spheres in 

the presence of hydrogen increased the superparamagnetic properties (Fig. 3.22a and 3.23a). 

This is confirmed by the larger peak to signal ratio observed after annealing the carbon 

spheres in H2. However, annealing of the different carbon spheres in the presence of argon 

gas resulted in broader and less intense peaks with a low peak to signal ratio (Fig. 3.22b and 

3.23b). This is similar to a low peak to signal ratio reported for CNTs synthesized in argon  

by Zhang et al.83. The broader line width of the CSs annealed in Ar can be attributed to a  

more disordered state within the microstructure resulting in a faster oxidation rate as 

confirmed by the sharp derivative curve in TGA (Figs. 3.14 and 3.15). 
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Fig. 3.24 shows that N-doping of the carbon spheres led to larger paramagnetic signals due to 

a stronger paramagnetic signal84. In both cases, the N-doped spheres (Fig. 3.24) exhibited a 

larger linewidth than their pristine counterparts (Fig. 3.21). This can be attributed to the 

defects created by nitrogen in the carbon spheres. The broad ESR signal in the N-doped 

spheres synthesized in argon can be ascribed to the substitution of the carbon with nitrogen 

within the carbon matrix. However, the peak to signal ratio of the N-doped CSs obtained 

using H2 was higher than that obtained from Ar. This can be attributed to the additional edge 

defects induced in the CSs and a broad particle size distribution in the presence of H2 as 

confirmed by the particle size data (Table 3.8). Consequently, a stronger ESR signal intensity 

was exhibited in the N-doped CSs synthesized in H2 than in argon gas.  This indicates the 

presence of more nitrogen induced defects in the carbon spheres synthesized in H2 than those 

synthesized in argon as seen from the Raman ID/IG ratios (Table 3.8).  

 

 

Figure 3.21. Electron spin resonance spectra of the pristine carbon spheres obtained using (a) 

H2, 100 sccm & C2H2, 200 sccm and (b) Ar, 200 sccm & C2H2, 200 sccm, respectively. 
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Figure 3.22. Electron spin resonance spectra of obtained with Ar, 200 sccm and C2H2, 200 

sccm; (a) annealed in H2 and (b) annealed in Ar, respectively. 

 

 

 

Figure 3.23. Electron spin resonance spectra of obtained with H2, 100 sccm and C2H2, 200 

sccm; (a) annealed in H2 and (b) annealed in Ar, respectively. 
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Figure 3.24. Electron spin resonance spectra of N-doped carbon spheres synthesized in (a) 

H2 and (b) Ar gas. 

 

3.4.4 XPS analysis of annealed and N-doped solid carbon spheres 

The elemental composition (at %) of both annealed and post N-doped carbon spheres were 

determined from the integral peak areas of the XPS survey spectra (Table 3.10). It can be 

observed that the carbon content was higher in the carbon spheres synthesized or annealed in 

the presence of Ar. Consequently, the O content and the O/C ratio was higher in the carbon 

spheres synthesized or annealed in the presence of H2. This could indicate the effect of 

hydrogen etching on the carbon spheres resulting in a lower C content and high O content. 

The nitrogen content in the carbon spheres synthesized using H2 as carrier gas was higher 

(4.96) than in the carbon spheres obtained using Ar (3.68). Consequently, a higher N/C ratio 

was exhibited in the N-doped CSs obtained in the presence of H2. This is due to the presence 

of edge dangling bonds as defects in carbon spheres synthesized in the presence of H2 gas. 
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Table 3.10. Atomic compositions of annealed and N-doped carbon spheres 

 

 

The XPS spectra showing the chemical environment of the C, N and O atoms in the annealed 

and N-doped carbon spheres are shown in Figs. 3.25 to 3.27, respectively. The bonding states 

of C 1s spectrum was deconvoluted into two peaks centered at 283.95 eV and 284.85 eV in 

the carbon spheres annealed in H2 and at 283.94 eV and 284.95 eV in those annealed in Ar 

respectively (Fig. 3.23a and c).  The lower binding energy region (˂ 284.50 eV) correspond 

to the sp2 C=C bonds and the higher binding energy region correspond to sp3 C-C bonds 

close to that of graphite85, 86. This indicated that the carbon spheres comprised of sp2 and sp3 

hybridized carbon. The carbon spheres annealed in H2 exhibited a higher percentage of sp2 

C=C bonds than those annealed under argon gas. This is in agreement with the higher thermal 

stability (TGA data) and fewer defects (Raman data) exhibited by the carbon spheres 

annealed in H2. Fig. 3.25b shows a narrower peak with a full width at half maxima (FWHM) 

of 3.46 and an increase in peak intensity of the O1s spectrum of the carbon spheres annealed 

in H2 relative to those annealed in Ar with a FWHM of 3.70 (Fig. 3.25d); this corroborates 

with the high O/C ratio reported in Table 3.10. The presence of higher oxygen content in the 

carbon spheres annealed under H2 confirms the hydrogen induced etching of the carbon 

spheres.  

 

 

 

  

C 

(at %) 

 

N 

(at %) 

 

O 

(at %) 

 

N/C 

(at %) 

 

O/C 

(at %) 

CSs annealed in H2 95.90 - 4.10 - 4.28 

CSs annealed in Ar 97.48 - 2.52 - 2.59 

N-doped CSs synthesized in H2 91.84 4.55 3.61 4.96 3.91 

N-doped CSs synthesized in Ar 94.21 3.47 2.33 3.68 2.47 

Samples 

Elements 
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Figure 3.25. The XPS spectra of deconvoluted C 1s and O 1s peaks of carbon spheres; (a and 

b) annealed in H2 and (c and d) annealed in Ar, respectively. 

 

 

 

In the N-doped carbon spheres, sp2 C=C bonds were observed at 283.92 eV and 283.93 eV in 

the carbon spheres synthesized in H2 and Ar, respectively (Fig. 3.26a and c). Two peaks were 

convoluted at (284.72 -284.65) eV and (285.47 – 285.18) eV in the N-doped carbon spheres. 

These peaks can be assigned to carbon bonded to nitrogen atoms which are more 

electronegative87 forming sp3 C-N and sp2 C=N bonding configurations, respectively88. 

 

The N 1s spectrum of the N-doped carbon spheres synthesized in the presence of H2 was 

deconvoluted into four component peaks centered at 398.30 eV, 399.64 eV, 400.85 eV and 

402.60 eV, respectively (Fig. 3.26b).  In the N-doped carbon spheres synthesized in Ar, the 
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four component peaks were centered at 397.78 eV, 398.83 eV, 400.79 eV and 402.74 eV, 

respectively (Fig 3.26d). The four peaks detected were assigned to; (i) pyridinic-N at 397.78 

– 398.30 eV with the N atom contributing one electron to the p-system, (ii) pyrrolic-N at 

398.83 – 399.64 eV with the N atom contributing two electrons to the p-system, (iii) 

quaternary-N (400.79 – 400.85 eV) with the N atom substituting the C atom in the graphitic 

structure45, 89 and (iv) pyridinic oxide bonds due to oxygenation of pyridinic-N (˃ 402 eV)87, 

90, 91.  The N-doped carbon spheres synthesized in H2 comprised of 48% pyridinic-N, 22% 

pyrrolic-N and 24% quaternary-N while the N-doped spheres obtained in the presence of Ar 

had 17% pyridinic-N, 20% pyrrolic-N and 49% quaternary-N (Table 3.11).  

 

The presence of a lower percentage of pyridinic N+-O- configuration (7%) in the carbon 

spheres synthesized under H2 gas can be attributed to fewer oxygen atoms bonded to the edge 

defects (Table 3.11). In contrast, a higher percentage of pyridinic-N+-O- (14%) in the carbon 

spheres annealed in argon indicate that most of the oxygen atoms are bonded to the edges. 

The O1s XPS spectrum (Fig. 3.27a and b) indicates that most of the oxygen atoms are bonded 

to the carbon and the pyridinic-N in all the N doped carbon spheres. Interestingly, the overall 

intensity of the oxygen bonds is higher in the carbon spheres synthesized under H2 than in 

those synthesized under argon gas (Fig 3.27a versus 3.27b). In addition, the pyridinic-N has 

fewer oxygen atoms and more pronounced edge defects. Matter et. al. reported a higher 

oxygen reduction reactivity and conductivity in carbon samples with higher pyridinic-N 

content92 due to a larger edge plane exposure. The facilitating role of pyridinic-N species in 

oxygen reduction reaction (ORR) has been reported by other researchers93, 94. However, most 

of ORR activity are carried out in the presence of metal catalysts thus, the role of the metal in 

the catalytic activity cannot be ignored. Our studies report the presence of edge defects in 

carbon spheres synthesized without the aid of a metal catalyst and thus, opens a platform 

towards the use of hydrogen as a carrier gas to induce open edge defects in carbon for 

enhanced surface and catalytic reactions.  
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Table 3.11. Summary of % concentration of N-configurations for N-doped solid carbon 

spheres 

 
% Concentration of configurations 

 

Pyridinic-N 

(eV) 

 

Pyrrolic-N 

(eV) 

 

Graphitic-N 

(eV) 

 

Pyridinic 

N+- O- (eV) 

N-doped CSs synthesized in H2 48.11 21.59 23.72 6.59 

N-doped CSs synthesized in Ar 17.08 19.80 49.39 13.74 

 

 

Figure 3.26. The XPS spectra of deconvoluted C 1s and N 1s peaks of post N-doped carbon 

spheres; (a and b) synthesized in H2 and (c and d) synthesized  in Ar, respectively. 

 

 

Samples 

Peaks 
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Figure 3.27. The XPS spectra of deconvoluted O 1s peaks of post N-doped carbon spheres; 

(a) synthesized in H2 and (b) synthesized in Ar, respectively. 

 

3.5 Conclusions 

Carbon spheres of varying particle sizes were synthesized by altering the acetylene and 

carrier gas flow rates. Use of high flow rates of either the carbon source or carrier gas 

resulted in the production of smaller carbon spheres. In contrast, at low flow rates of carbon 

source, larger carbon spheres were obtained. This could be attributed to the longer duration 

time of carbon source at low flow rates. All the synthesized carbon spheres exhibited a low 

degree of graphitization as characterized by the low ID/IG ratios from Raman data. All the 

carbon spheres obtained maintained a spherical morphology after annealing and N-doping. 

Annealing of carbon spheres in hydrogen resulted in a thermal stability of the carbon spheres 

relative to those annealed in argon gas. Raman data showed the presence of fewer defects, 

narrower FWHM and lower ID/IG ratios in carbon spheres annealed in hydrogen. In contrast, 

carbon spheres annealed in argon exhibited an increase in the number of defects and a 

consequent decrease in thermal stability compared to the pristine carbon spheres. Electron 

spin resonance spectra of carbon spheres annealed in hydrogen indicated a narrower 

paramagnetic signal and a broad paramagnetic signal in carbon spheres annealed in argon 

gas. Doping of the carbon spheres with N resulted in an increase in ID/IG ratios, lesser thermal 

stability and stronger paramagnetic signals.  

 

The XPS spectra confirmed the presence of edge defect states in the carbon spheres 

synthesized or annealed in H2 gas; characterized by a low C content and a high O/C ratio. All 
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the N-doped carbon spheres exhibited pyridinic, pyrrolic and quaternary nitrogen 

configurations. Post N-doping of carbon spheres synthesized in H2 resulted in higher 

compositions of pyridinic-N, low content of quaternary-N and higher N% compared to N 

doped carbon spheres obtained in Ar gas. This study clearly illustrates the effect of annealing 

carbon spheres in different carrier gases on their magnetic and thermal properties. The ESR 

and XPS data shows that the synthesis and annealing of carbon spheres in the presence of 

hydrogen creates a more edge defects and  a larger active surface area; opening a plausible 

application of such carbon materials in electrocatalysis. 
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CHAPTER 4 

Synthesis and Characterization of Pristine and 

Mesoporous SiO2 Spheres and their respective Hollow 

Carbon Nanostructures (HCSs) 

 
4.1 Introduction 

Silica can exist in various forms either synthetically or naturally and in both crystalline and 

amorphous forms. In plants, silica helps in growth and development1, 2 while in animals silica 

exists in small quantities in the body to help in bone and brain formation3, 4. Silicon dioxide 

(SiO2) is made of a SiO4 tetrahedron with 4 oxygen atoms at its corners and a silicon ion at 

the centre. The four oxygen atoms of SiO4 unit are in mutual contact due to the larger ionic 

radius of oxygen relative to that of the silicon ion. The SiO4 tetrahedron comprises of Si-O 

bonds with a bond length 0.162 nm. This short bond length in SiO2 accounts for the ionic 

character of the Si-O single bond and its thermodynamic stability5.  

 

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

system comprises of particles (sizes:1-1000 nm) dispersed in a continuous phase; solid, liquid 

or gaseous state of a different state or composition. In nanotechnology, materials comprising 

of nanometer dimensions are of considerable interest owing to their size tunability and unique 

size dependent properties. Colloidal SiO2 nanoparticles are thus, interesting nanomaterials 

with versatile applications in optical filters6, as binders7, in sensors8 and catalysts9. In 

addition, the properties of these materials can be varied by utilizing commonly known 

nanomaterial synthesis routes. 

 

Solid SiO2 particles can be synthesized mainly by the sol-gel10 and the Stober method11. The 

sol-gel process entails hydrolysis and condensation of metal alkoxysilanes in monomer form 

to polymeric species12. In essence, SiO2 formation follows a condensation polymerization and 

aggregation process. The condensation process is affected by the pH, temperature and the 

presence of small molecules and polymers13. Hence, the structure and properties of the SiO2 

can be varied by controlling the precursor molar ratio, the type and nature of catalysts, the 
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steric and inductive properties and the solvent polarity process parameters14-17. In 1968, 

Stober et al. studied the effect of water and ammonia on the shape of SiO2 nanoparticles by 

hydrolyzing alkoxides in alcohols and alcohol mixtures using the Stober method11. Similar to 

the sol-gel method, hydrolysis of a SiO2 precursor (tetraethyl orthosilicate) followed by 

condensation are the main reaction mechanism for SiO2 production using the Stober route. In 

acidic conditions, a gel (a network of SiO2 matrix) is obtained whereas under basic conditions 

a stable suspension is obtained. In the case of Stober SiO2 spheres, a base catlyst (ammonia) 

is used to form a stable sol. The commonly explained SiO2 growth models are the monomer 

addition model18 and the controlled aggregation model19, 20. The primary factor in SiO2 

synthesis via either the sol-gel or the Stober route is the nucleation and growth that 

determines the kinetics and dynamics of it's size and shape21, 22. 

 

On the other hand, mesoporous SiO2 can be defined as SiO2 with pore sizes of 1.5 to 30 nm. 

The commonest synthesis technique to make mesoporous SiO2 is the template method where 

a surfactant is used as a template23. A surfactant is a large molecule which has a hydrophilic 

head and a hydrophobic tail. In solution, a surfactant will form a micelle or a liquid crystal 

phase to maintain its lowest energy. Different surfactants have been used to synthesize 

mesoporous silica materials24-26. The mesoporous structure results from the formation of an 

inorganic-organic hybrid via self-assembly of the surfactant with the precursor material or the 

removal of the surfactant by high temperature calcination27. The advantage of using a 

surfactant is the ability to vary the pore diameter, pore morphology and pore size distribution 

by altering the alkyl length of surfactant or surfactant concentration using the template 

method28, 29.   

 

Apart from the use of surfactants, the use of organic compounds such as silane coupling 

agents to obtain mesoporous SiO2 materials has also been reported30. These organic 

compounds direct the pore and surface structure to form a mesoporous material. Silane 

coupling agents such as octadecyltrimethoxysilane (C18TMS) and organic polymers such as 

polyvinylpyrrolidone (PVP) have been used to obtain mesoporous silica31-33. Varying the 

concentration of the silane coupling agent, the organic polymer and their molar ratios affects 

the morphology and surface area properties of the mesoporous SiO2 materials. As a result, 

these materials have been applied in drug delivery systems34, 35, separation36, 37, sensors38, 39 

and catalysis40.  
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Solid and mesoporous SiO2 materials can also be synthesized as core shell structures. Core 

shell structures are interesting nanomaterials that comprise of a core and shell of the same or 

different material. The template approach method of generating nanomaterials is one 

synthesis route for the production of core shell structures41, 42. In recent years, the coating of 

core shell particles with either an organic or inorganic shell with a broad range of chemical 

composition has been addressed43, 44. The ability to vary the chemical composition and 

surface properties and stability opens a way for the synthesis and subsequent application of 

these novel core shell particles45. Typically, a core shell particle can be converted to a hollow 

particle by core dissolution or decomposition46. Hollow carbon spheres are an example of 

hollow particles produced by dissolution of core particles such as SiO2
47-49 or polystyrene50. 

Analogous to hollow particles by a template approach, these hollow carbon spheres have an 

added advantage in that their size, shape and morphology can be controlled by varying the 

properties of the template. Due to the tailorability of the surface properties (pore size and 

surface area to volume ratio), the hollow carbon spheres are applied in supercapacitors51, fuel 

cells52, batteries53 and as a catalyst support54.  

 

In this chapter, the parameters for the synthesis of SiO2 spheres with varying sizes were 

investigated. The optimal conditions for the growth of silica spheres was used in making of 

spherical SiO2 based templates for the formation of hollow carbon spheres. A structure 

directing agent, C18TMS was used to synthesis mesoporous silica spheres which were 

carbonized to yield porous hollow carbon nanostructures. Also,the mesoporous SiO2 spheres 

were functionalized with PVP and used as templates for the generation of mesoporous hollow 

carbon nanostructures. 

 

4.1.1 Objectives 

i. To study the size and dispersity of SiO2 spheres using a modified Stober method. 

ii. To synthesize hollow carbon nanostructures using pristine, mesoporous and PVP 

functionalized SiO2 spheres as templates. 

iii. To investigate the role of particle size distribution on the hollow carbon nanostructure 

morphology. 
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4.2  Experimental 

4.2.1 Starting materials 

Tetraethyl orthosilicate, (TEOS, 98%, Aldrich), octadecyltrimethoxysilane, (C18TMS, 90%, 

Aldrich), polyvinylpyrrolidone, (PVP, 99%, Aldrich), ammonium hydroxide, (NH4OH, 25% 

Fluka), ethanol (C2H5OH, 96%, Merck) and deionized water were used as reagents for the 

synthesis of the pristine and mesoporous SiO2 spheres. Hydrofluoric acid, (HF; 40%, 

Associated Chemical) was used for SiO2 removal, and toluene (C7H8, 99.5%, Aldrich) was 

used as a carbon source.  

4.2.2 Synthesis of SiO2 spheres  

A modified classical Stober method was used to sysnthesis SiO2 spheres using ammonia as 

the catalyst. To control the particle size of the SiO2 spheres obtained, different concentrations 

of ethanol, ammonia and silica precursor TEOS were used as shown in Table 4.1. The 

prepared solutions were centrifuged at 4500 rpm for 20 min and dried at 80°C for 12 h to 

give the desired products.  

 

Table 4.1. Reaction conditions for the synthesis of solid SiO2 spheres 

Description  
Stirring 

time (h) 

H2O/Ethanol 

(v/v ratio) 

H2O 

(mL) 

Ethanol 

(mL) 

NH4OH  

28%(mL) 

TEOS 

(mL) 

Particle 

size (nm) 

SiO2A  1 0.35 14 40 1 1 746  

SiO2B  1 0.35 14 40 1 2 22183  

SiO2C  1 0.35 14 40 2 1 13170  

SiO2D  1 0.35 14 40 2 2 18274  

SiO2E  1 0.175 14 80 2 2 10204  

SiO2F  1 0.175 14 80 1 2 10110  

 

4.2.3  Synthesis of pristine and mesoporous SiO2 spheres  

The synthesis of the pristine, mesoporous monodispersed and polydispersed SiO2 spheres is 

summarized in Fig. 4.1. Monodispersed SiO2 spheres were synthesized by mixing 180 mL of 

ethanol, 126 mL of distilled water and 10 mL of NH4OH and the solution was stirred for 10 

min. Then 32 mL of TEOS was added rapidly and the mixture was stirred for 1 h. In contrast, 

polydispersed SiO2 spheres were obtained by adding 32 mL of TEOS slowly to an ethanol 

solution (180 mL), 126 mL of distilled water and 10 mL of NH4OH and the mixture was 
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allowed to stir for 1 h. The solutions were centrifuged and dried as described previously 

(Section 4.2.2). The obtained powders were subsequently calcined at 600°C for 6 h to give 

the pristine monodispersed and polydispersed SiO2 spheres, respectively (Fig. 4.1a). 

Separately, two pristine monodispersed and polydispersed SiO2 solutions were prepared and 

1 mL of TEOS and 5 mL of C18TMS was rapidly added and the solutions were stirred for a 

further 6 h. The solutions were then centrifuged, dried and calcined as described previously to 

give the mesoporous monodispersed and polydispersed SiO2 spheres, respectively (Fig. 4.1b). 

 

 

 

Figure 4.1. A schematic diagram showing the synthesis of; (a) pristine monodispersed and 

polydispersed SiO2 spheres and (b) mesoporous monodispersed and polydispersed SiO2 

spheres, respectively. 

 
4.2.4 Synthesis SiO2@PVP spheres and their respective mesoporous HCSs 

The synthesis of the mesoporous monodispersed and polydispersed SiO2@PVP spheres is 

summarized in Fig. 4.2a. The mesoporous monodispersed and polydispersed silica spheres 

(2.0 g) were weighed separately and each was dispersed in 80 mL of ethanol and stirred for 

20 min. Two PVP solutions were obtained by dispersing 2.0 g of PVP in 40 mL of distilled 

water and sonicating for 10 min. The PVP solutions were added to the two silica suspensions 

separately and stirred for 1 h. The solutions were centrifuged at 4500 rpm for 20 min and the 

products were dried at 80°C for 12 h to give mesoporous monodispersed SiO2@PVPspheres 

and mesoporous polydispersed SiO2@PVP spheres respectively. The pristine, mesoporous 

monodispersed and polydispersed SiO2 spheres and SiO2@PVP spheres were carbonized by a 

bubbling method using toluene as the carbon source and argon as the carrier gas in a CVD 



75 

 

 

reactor for 1 h47. The SiO2 was then removed from the SiO2@C spheres using 10% HF for 24 

h at room temperature and the product dried to give the hollow carbon nanostructures (HCSs) 

as summarized in Fig. 4.2b. 

 

 

Figure 4.2. A schematic diagram showing the synthesis of; (a) mesoporous monodispersed 

and polydispersed SiO2@PVP spheres and (b) hollow carbon nanostructures, respectively. 

 

4.2.5 Characterization of SiO2, SiO2@PVP spheres and their respective HCSs 

The morphology and the N2 adsorption and desorption isotherms of the synthesized SiO2 

spheres, SiO2@PVP spheres and the mesoporous deformed and open hollow carbon 

nanostructures was determined using TEM and BET as described earlier (Section 3.3). The 

surface morphology of the samples was also determined using a FEI Nova Nanolab 600 

FIB/SEM.  A small amount of the hollow carbon nanostructures sample was evenly spread 

homogeneously on a carbon tape placed on an aluminium stub and coated with a Pd/Au for 2 

min to minimize space charge during imaging. The stub was then placed in a SEM and 

micrographs were taken at 5 keV. The functional groups on SiO2 and SiO2@PVP spheres 

were determined by a Brüker Tensor 27 Fourier transform infrared (FTIR) spectrometer) with 

measurements between 600 cm-1 to 4000 cm-1. The decomposition temperature and thermal 

stability of the samples was investigated by TGA as decribed previously in section 3.3.4.  
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Raman spectroscopy analysis was done to determine the nature of carbon allotrope and 

subsequently the degree of graphitization of synthesized hollow carbon nanostructures.  

 

4.3 Results and discussion 

4.3.1 Controlling the parameters for the synthesis of monodispersed SiO2 spheres 

Pristine SiO2 spheres of various sizes were obtained by varying the reaction time, volume of 

ammonia, ethanol and TEOS and the ratio of H2O/TEOS using the Stober method. When 

small volumes of ammonia, ethanol, TEOS and short stirring times were used, incomplete 

SiO2 spheres were obtained (Fig. 4.3a). This is because at a lower ammonia concentration, 

longer nucleation times are required and the increase in particle density leads to 

aggregation20, 22.  Increasing the volume of ammonia or TEOS resulted in SiO2 spheres of a 

larger diameter (>170 nm) with a spherical morphology (Fig. 4.3b-c). The larger ammonia, 

ethanol and TEOS volume ratios and short stirring times yielded larger sized SiO2 spheres 

(Fig. 4.3d-e). The SiO2 particle size increased with increasing ammonia concentration21, 55, 56. 

This is due to an increased polycondensation rate leading to larger particles. Fig. 4.3f shows 

smaller sized SiO2 spheres when the larger volumes of ethanol and TEOS and lower volumes 

of the ammonia solution were used (˂150 nm). The amount of solvent used was found to 

affect the particle size of the synthesized SiO2 spheres. The particle sizes increased with 

decreasing ratio of water to ethanol. This is in agreement with literature where a high water 

concentration leads to increased hydrolysis whereas a low water concentration slows down 

polycondensation leading to larger particle sizes. The effect of reaction conditions on SiO2 

particle size and shape shows that low concentrations of precursor, catalysts and solvent favor 

small particle sizes57, 58. The respective particle size distribution graphs show the 

monodispersed nature of the obtained SiO2 spheres (inset Fig. 4.3). Our studies indicated that 

high ethanol, ammonia and TEOS volumes were required for the optimal synthesis conditions 

to obtain SiO2 spheres of the desired size (200 nm). 
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Figure 4.3. TEM images of the SiO2 spheres: (a-f) represents SiO2A-SiO2F and insets; 

particle size distributions, respectively. 

 

4.3.2 Effect of pristine and mesoporous monodispersed SiO2 spheres as templates  

4.3.2.1  Characterization of monodispersed SiO2 spheres 

4.3.2.1.1 BET surface area analysis 

The N2 adsorption-desorption isotherms of the obtained SiO2 spheres was a type (II) 

adsorption isotherm according to the IUPAC nomenclature (Fig. 4.4a). The pristine SiO2 

spheres were macroporous while the mesoporous SiO2 and mesoporous SiO2@PVP spheres 

were macroporous with a H3 hysteresis loop as confirmed by the presence of pore size 

macropore region (˃ 60 nm) (Fig. 4.4b). The BET surface area of the pristine SiO2, 

mesoporous SiO2 and mesoporous SiO2@PVP spheres was 29, 67 and 31 m2/g, respectively 

(Table 4.2). The increase in surface area in the mesoporous SiO2 can be attributed to the 

mesopores generated by the removal of C18TMS during calcination (seen in Fig. 4.4b broad 

red curve at ˂ 30nm). There was no change in the pore volume from pristine SiO2 (0.26) to 

mesoporous SiO2 (0.27) while after PVP addition, the pore volume decreased to 0.19 in 

mesoporous SiO2@PVP spheres. This can be attributed to the coverage of SiO2 surface with 

PVP thus reducing the number of pores.  
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Figure 4.4. The BET surface area analysis spectra of the monodispersed SiO2 spheres; (a) N2 

adsorption-desorption isotherms and (b) pore volume analysis, respectively. 

 

Table 4.2. The diameters, BET surface area and pore  volume of the monodispersed SiO2 

spheres 

Description Particle size (nm) Surface area (m2/g) Pore volume (cm3/g) 

Pristine SiO2 212 ± 17 29 0.26 

Mesoporous  SiO2 195 ± 17 67 0.27 

Mesoporous SiO2@PVP 200 ± 17 31 0.19 

 

4.3.2.1.2 Morphology analysis 

The TEM micrographs of the pristine and mesoporous SiO2 spheres show that the materials 

maintained a spherical morphology (Fig. 4.5a and 4.5b). The calculated particle sizes were 

212 ± 17 nm, 195 ± 17 nm and 200 ± 17 nm for the pristine SiO2, mesoporous SiO2 and 

mesoporous SiO2@PVP spheres, respectively (Table 4.2). The pristine SiO2 spheres had a 

smooth morphology while the mesoporous SiO2 exhibited a rough surface morphology. This 

could be attributed to the high volume of ammonia used59.  Upon addition of PVP onto the 

mesoporous SiO2 spheres, an interconnecting layer of PVP on the SiO2 surface was observed 

(Fig. 4.5c).  
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Figure 4.5. TEM images of; (a) pristine SiO2, (b) mesoporous SiO2 and (c) mesoporous 

SiO2@PVP spheres, respectively. 

 

4.3.2.1.3 FTIR analysis 

The infrared spectra of PVP shows bands at 2981 cm-1 and 1423 cm-1 characteristic of C-H 

stretching and bending vibrations respectively60, 61  (Fig. 4.6a). Other bands were observed 

between 750 cm-1 and 820 cm-1 (Si-O-Si, symmetric stretch), between 1000 cm-1 and 1200 

cm-1 (Si-O-Si, asymmetric stretch), at 1284 cm-1 (C-N band), at 1662 cm-1 (carbonyl band and 

adsorbed H2O) and at 2368 cm-1 (CO2 band) respectively60, 62-64.  Fig. 4.6b gives the infrared 

absorption peaks of the pristine SiO2 at 798 cm-1, 937 cm-1 and 1082 cm-1 characteristic of  

Si-O-Si symmetric stretch and asymmetric stretch respectively65. In the mesoporous SiO2 and 

mesoporous SiO2@PVPspheres , bands characteristic of OH stretching with an overlap of the 

hydrogen bonded H2O molecules (H-O-H---H) and Si-OH hydrogen bonded to molecular 

H2O (SiO-H---H2O) were observed above 3400 cm-1 66, 67 (Fig. 4.6c-d). Also, bands at 2362 

cm-1 and 2358 cm-1 were observed in the mesoporous and mesoporous SiO2@PVP spheres. 

In the mesoporous SiO2@PVP, a reduction in the intensity of the Si-O-Si band at 1100 cm-1 

and an increased intensity at 2362 cm-1 were observed. This could be attributed to the linking 

of the polymer to the SiO2 surface. 
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Figure 4.6. The FTIR spectra of; (a) pristine PVP polymer, (b) pristine SiO2, (c) mesoporous 

SiO2 and (d) mesoporous SiO2@PVP, respectively. 

 

4.3.2.1.4 Thermal gravimetric analysis 

Fig. 4.7 shows the TGA and DTG curves of pure PVP, pristine SiO2, mesoporous SiO2 and 

mesoporous SiO2@PVP spheres taken from 35°C to 900°C in air. The DTG of pure PVP 

shows a peak at 75°C corresponding to the loss of physically adsorbed H2O. The 

decomposition of PVP starts at 380°C and ends at 432°C (Fig. 4.7a). This is in agreement 

with the decomposition temperature of PVP reported in literature (between 380°C and 

420°C)33. For the pristine SiO2, a large peak was observed between 40°C and 200°C, which 

can be ascribed to the loss of adsorbed H2O and ethanol molecules (Fig.4.7b). The intensity 

of this peak gradually decreased in the mesoporous SiO2 and mesoporous SiO2@PVP spheres 

(Fig. 4.7c). This is expected, due to the removal of physically adsorbed H2O during the 

formation of mesoporous SiO2 in the calcination stage. From 250°C to 380°C, a considerable 

weight loss was observed in pristine SiO2 spheres due to the removal of organic residues and 

some OH from Si-OH (Fig. 4.7c). A similar peak was seen in the mesoporous SiO2 spheres 
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between 220°C and 360°C but was smaller and broader. In the case of mesoporous 

SiO2@PVP spheres, PVP decomposition was observed between 300°C and 440°C (Fig. 

4.7c). The maximum PVP decomposition temperature decreased to 346°C relative to that of 

pure PVP. This could have resulted from non-covalent and hydrogen bond interactions 

between SiO2 and PVP polymer leading to a less stable SiO2-polymer hybrid material33.  

 

Figure 4.7. TGA curves (a) pristine PVP polymer, (b) Thermogravimetric curves and (c) 

derivative curves of the obtained monodispersed SiO2 spheres, respectively. 

  

4.3.2.2 Effect of SiO2 template on carbon morphology and surface area properties 

4.3.2.2.1 BET surface area analysis  

Fig. 4.8a shows the N2 adsorption and desorption isotherms of the obtained HCSs with  a type 

(III) isotherm and a H3 hysteresis loop at a relative pressure of P/Po = 0.7 – 1.0 indicating an 

assemblage of slit shaped pores or platelike particles68. Fig. 4.8b shows a broad pore size 

distribution in the macroporous region (50 to 100 nm) and sharp peaks observed at 4.7 nm 

and 3.7 nm in the mesoporous HCSs and mesoporous HCSs (with PVP) respectively. The 

broad pore size distribution in the macropore region indicates that the structures were open 

ended with interconnected pores as illustrated in Fig. 4.9. The BET surface areas were 88 

m2/g, 113 m2/g and 151 m2/g in the pristine HCSs, mesoporous HCSs and the mesoporous 

broken HCSs respectively (Table 4.3). This could be attributed to the pores generated after 

the removal of the PVP polymer covering the mesoporous SiO2 surface during carbonization 

and etching. This indicated the coexistence of open interparticle voids derived from the 

hollow interconnected framework in the sample69, 70. 
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Figure 4.8. The surface area spectra of the obtained HCSs; (a) N2 adsorption-desorption 

isotherms and (b) pore volume analysis, respectively. 

 

 

Figure 4.9. A schematic diagram showing the carbon shell and the open structure in the 

HCSs. 

 

Table 4.3. The particle sizes, BET surface areas and pore volumes of the HCSs 

Description 
Particle size 

(nm) 

Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pristine HCSs 211 ± 18 88 0.46 

Mesoporous HCSs 190 ± 22 113 0.44 

Mesoporous broken 

HCSs 
200 ± 26 151 0.49 
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4.3.2.2.2 Morphology analysis 

 After 1 h carbonization time and SiO2 removal, pristine and mesoporous HCSs of 211 ± 18 

nm, 190 ± 22 nm inner diameters and a shell thickness of 18 ± 5 nm were obtained 

respectively (Table 4.3). The TEM and SEM images show the presence of a few broken 

spheres in the pristine HCSs (Fig. 4.10a, and 4.10d) and mesoporous HCSs (Fig. 4.10b and 

4.10e). This can be ascribed to the short carbonization time and the incomplete coverage of 

the SiO2 template. The diameter of the obtained HCSs was smaller than that of the SiO2 

spheres due to shrinkage during carbonization. After 1 h carbonization of the mesoporous 

SiO2@PVP spheres and SiO2 removal, mesoporous broken HCSs of 200 ± 26 nm inner 

diameter and a 19 ± 6 nm shell thickness were obtained. The TEM and SEM micrographs 

show that the obtained mesoporous HCSs were broken and interconnected to resemble an 

open framework array hence they are referred to as mesoporous broken HCSs (Fig 4.10c and 

4.10f). This interconnected open structure with the presence of pores is responsible for the 

increase in the BET surface areas.  

 

 

Figure 4.10. TEM and SEM images of; (a and d) pristine HCSs, (b and e) mesoporous HCSs 

and (c and f) mesoporous broken HCSs, respectively. 
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4.3.2.2.3 Raman analysis 

The Raman spectra of the obtained hollow carbon nanostructures had peaks at 1339-1353 cm-

1 characteristic of the D band cm-1 resulting from the breathing mode of sp2 and sp3 carbon 

atoms and defects in the carbon structure71, 72. A G peak was observed between 1579 cm-1  

and 1596 cm-1 due to bond stretching of sp2 atoms73. The shifts in the D and G band positions 

can be attributed to strain associated defects during the SiO2 removal. The pristine and 

mesoporous HCSs exhibited fewer defects (ID/IG ratio 0.92 and 0.96) than the mesoporous 

broken HCSs generated by the PVP modified mesoporous SiO2 templates (0.99) (Table 4.4).  

This results from the broken edges that act as defects as observed in the increased D peak 

intensity of the respective HCSs (Fig. 4.11).  

Table 4.4. The ID/IG ratios of the HCSs obtained from monodispersed SiO2 and SiO2@PVP 

spheres 

Description D-band position (cm-1) G-band position (cm-1) ID/IG ratio 

Pristine HCSa 1346 1581 0.92 

Mesoporous HCSs 1353 1596 0.96 

Mesoporous broken HCSs 1339 1579 0.99 

 

 

 

Figure 4.11. Raman spectra of pristine, mesoporous and mesoporous broken HCSs. 
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4.3.3  Effect of mesoporous polydispersed SiO2 spheres as templates  

In this subsection, the effect of polydispersed SiO2 spheres and porosity on the carbon 

morphology is probed. 

4.3.3.1 Characterization of the obtained polydispersed SiO2 spheres 

4.3.3.1.1 BET surface area analysis 

Nitrogen sorption data of the mesoporous polydispersed SiO2 spheres gave a BET surface 

area of 55 m2/g and a pore volume of 0.25 cm3/g, which reduced to 27 m2/g and 0.18 cm3/g 

after PVP addition (Table 4.5). This 50% drop in surface area could be due to the polymer 

infiltration into the different sized SiO2 spheres. The N2 isotherms exhibited a type (III) 

isotherms with the presence of bimodal pore size distribution (Fig. 4.12a-b). This indicates 

the presence of pores in the mesopores region (˂ 7 nm) and interparticle voids in the 

macropore region (> 50 nm) due to intraparticle effects respectively.   

  

 

Figure 4.12. The surface area spectra of the obtained SiO2 spheres; (a) N2 adsorption-

desorption isotherms and (b) pore volume analysis, respectively. 

 

Table 4.5. Surface areas and pore volumes of the polydispersed SiO2 spheres 

Description Surface area (m2/g) Pore volume (cm3/g) 

Mesoporous polydispersed SiO2 55 0.25 

Mesoporous polydispersed SiO2@PVP 27 0.18 
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4.3.3.1.2 Morphology analysis 

The mesoporous polydispersed SiO2 spheres were synthesized and their morphology studied 

using TEM. The obtained SiO2 spheres were polydispersed with sizes ranging between 60 

and 200 nm. The mesoporous polydispersed SiO2 spheres exhibited a rough morphology 

while upon addition of PVP an interconnection of the SiO2 spheres was observed (Fig. 4.13).  

 

 

Figure 4.13. TEM images of; (a) mesoporous polydispersed SiO2 spheres and (b) 

mesoporous polydispersed SiO2@PVP spheres, respectively. 

 

4.3.3.1.3 FTIR analysis 

The infrared spectra of the mesoporous polydispersed SiO2 spheres showed low intensity 

bands between 3600 cm-1 and 3800 cm-1 (Fig. 4.14) This could be attributed to the vibrations 

of free surface hydroxyl groups74. Upon PVP addition to the mesoporous polydispersed SiO2 

spheres, the peak at 1099 cm-1 decreased in intensity while that at 2360 cm-1 (CO2) increased 

in intensity. Typically, hydrogen bond formation can be identified by a reduction in the 

wavenumber or a band broadening or peak intensification75. A slight blue shift in the OH 

stretch from 3664 cm-1 in mesoporous polydispersed SiO2 to 3662 cm-1 in mesoporous 

polydispersed SiO2@PVP spheres was observed. The change in the wavenumber is a 

confirmation of  the formation of hydrogen bonds in the SiO2@PVP spheres (a silica-polymer 

matrix)76. 
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Figure 4.14. The FTIR spectra of; (a) mesoporous polydispersed SiO2 spheres and (b) 

mesoporous polydispersed SiO2@PVP spheres. 

 

4.3.3.1.4 Thermal gravimetric analysis 

The thermal gravimetric analysis (TGA) curves and the derivative curves of the mesoporous 

polydispersed SiO2 and mesoporous polydispersed SiO2@PVP spheres were similar to those 

of the mesoporous monodispersed SiO2 and SiO2@PVP spheres with two weight losses 

observed between 45°C to 170°C and 200°C to 370°C, respectively (Fig. 4.15a-b). The main 

constituent of the residual sample was SiO2 as seen from the residual materials at 800°C. The 

unique property to note in the case of mesoporous polydispersed SiO2@PVP spheres was the 

decomposition temperature of PVP that was observed at 350°C with a weight loss of 4.8 

wt%. The PVP weight loss was lower than that of pure PVP but slightly higher than that 

obtained from mesoporous monodispersed SiO2@PVP spheres. Also, the percentage weight 

loss was higher than that obtained from mesoporous monodispersed SiO2@PVP that was 

4.4%. This indicates that despite the use of an equal volume of PVP, more PVP was adsorbed 

on the polydispersed SiO2 than on the monodispersed SiO2. This corroborates with the high 

BET surface areas observed in HCSs when mesoporous polydispersed SiO2@PVP spheres 

were used as templates.  
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Figure 4.15. TGA curves (a) Thermogravimetric curves and (b) derivative curves of 

mesoporous polydispersed SiO2 spheres. 

 

4.3.3.2 Effect of SiO2 template on carbon morphology and surface area properties 

4.3.3.2.1 BET surface area analysis 

The N2 adsorption-desorption isotherms of the mesoporous deformed HCSs and open ended 

HCSs exhibited a tremendous increase in the  BET surface area that revealed a type (III) 

isotherm characteristic of hierarchical structures (Fig. 4.16a). ).  Fig. 4.15b shows a broad 

pore size distribution (60 nm to 100 nm) in both samples characteristic of the presence of 

macroporous. Also, intraparticle voids were observed at 12 nm and 27.6 nm in the 

mesoporous open ended HCSs and 35 nm in the mesoporous deformed HCSs respectively. 

Consequently, an increase in the pore volume from 1.06 cm3/g to 3.49 cm3/g was observed 

(Table 4.6). A fourfold increase in the BET surface area from 210 m2/g in the mesoporous 

deformed HCSs to 894 m2/g in the mesoporous open ended HCSs can be attributed to the role 

of PVP on enhancing the interconnectivity of the SiO2 sphere templates. This corroborates 

with the TEM and SEM micrographs that show the formation of hierarchical structures with 

interpenetrating open networks from functionalized SiO2 sphere templates using a CVD 

appproach. Reports on similar hierarchical structures show their synthesis from biomass 

carbon sources by hydrothermal carbonization or sol-gel method77, 78. 

 



89 

 

 

Figure 4.16. The surface area spectra of the mesoporous polydispersed HCSs; (a) N2 

adsorption-desorption isotherms and (b) pore volume analysis, respectively. 

 

Table 4.6. Surface areas and pore volumes of the polydispersed HCSs 

Description Surface area (m2/g) Pore volume (cm3/g) 

Mesoporous deformed HCSs 210 1.06 

Mesoporous open ended HCSs 894 3.49 

 

 

4.3.3.2.2 Morphology analysis 

TEM images showed that mesoporous deformed HCSs and mesoporous open ended HCSs 

were obtained after 1 h carbonization and SiO2 etching of mesoporous polydispersed SiO2 

and mesoporous polydispersed SiO2@PVP spheres respectively (Fig. 4.17a-b). The 

mesoporous deformed HCSs were aggregated with an undefined shape while the mesoporous 

open ended HCSs comprised of a network of broken carbon structures with a porous nature 

as confirmed by SEM images (Fig. 4.17c-d). This highly interconnected open framework of 

mesoporous HCSs formed a hierarchical structure which resulted in a high open ended 

surface area as confirmed by BET surface area.  
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Figure 4.17. TEM and SEM images of; (a and c) mesoporous deformed HCSs and (b and d) 

mesoporous open ended HCSs, respectively. 

 

4.3.3.2.3 Raman analysis 

The Raman spectra of the obtained hollow carbon nanostructures had peaks at 1334-1360 cm-

1 and 1589 -1598 cm-1 characteristic of the D band and the G band respectively (Fig. 4.18).  

The HCSs comprised of a larger number of defects as seen from the high ID/IG ratios 0.94 and 

0.99 for the deformed and open ended HCSs, respectively (Table 4.7). The slight increase in 

ID/IG ratio is expected due to defects resulting from the presence of open edges structures of 

the mesoporous open ended HCSs.   
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Table 4.7. The ID/IG ratios of the deformed and open ended HCSs 

Description 
D band position 

(cm-1) 

G band position 

(cm-1) 
ID/IG ratio 

Mesoporous deformed HCSs 1360 1598 0.94 

Mesoporous open ended HCSs 1334 1589 0.97 

 

 

 

Figure 4.18. The Raman spectra of mesoporous deformed HCSs and open ended HCSs. 

 

To summarize the observations in this study, a schematic diagram that illustrates the 

formation of various hollow carbon nanostructures as a function of size dispersity, 

mesoporosity and addition of PVP is shown in Figs. 4.19 and 4.20 respectively. A 1 h 

carbonization of the pristine and mesoporous monodispersed SiO2 spheres followed by  SiO2 

removal gave complete HCSs and mesoporous HCSs, respectively (Fig. 4.19(i) and (ii)). 

Addition of PVP to a mesoporous monodispersed SiO2 followed by 1 h carbonization and 

SiO2 removal led to the generation of mesoporous broken HCSs resulting from the infiltration 

of some of the PVP into the mesopores structure (Fig. 4.19(iii)). 
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Figure 4.19. A schematic diagram showing the synthesis route of mesoporous 

monodispersed HCSs. 

 

In contrast, 1 h carbonization of pristine and mesoporous polydispersed SiO2 spheres 

followed by SiO2 removal led to the formation of deformed HCSs and mesoporous deformed 

HCSs (Fig. 4.20(i) and (ii)). Lastly, the use of the mesoporous polydispersed SiO2@PVP 

spheres as templates resulted in the generation of mesoporous open ended HCSs comprising 

of an interconnected open hierarchical structure (Fig. 4.20(iii)). This could be attributed to the 

adsorption of more PVP onto the polydispersed SiO2 spheres and improved SiO2-SiO2 surface 

interactions as confirmed by the FTIR spectroscopy and TGA analysis of the monodispersed 

and polydispersed SiO2@PVP spheres.   
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Figure 4.20. A schematic diagram showing the synthesis route of mesoporous polydispersed 

HCSs. 

 

4.4 Conclusions 

The particle size and morphology of SiO2 spheres was investigated using the Stober method. 

Varying the volume of the silica precursor (TEOS), the base catalyst (NH4OH) and the 

solvent resulted in silica spheres of different sizes. The functionalization of silica with PVP 

reduced the thermal stability of the PVP and affected the morphology of the produced HCSs 

(1 h carbonization and SiO2 removal). FTIR spectroscopy and TGA analysis confirmed 

hydrogen bonding of the OH silanol group of SiO2 with the carbonyl group of PVP in the 

PVP functionalized SiO2 spheres. Pristine monodispersed SiO2 sphere templates resulted in 

the formation of complete HCSs whereas mesoporous monodispersed SiO2 sphere templates 

gave mesoporous HCSs. Application of monodispersed mesoporous SiO2 spheres 

functionalized with PVP as templates led to the formation of mesoporous broken HCSs after 

1 h carbonization time and SiO2 removal. In contrast, 1 h carbonization of the mesoporous 

polydispersed SiO2@PVP spheres, followed by SiO2 removal, generated mesoporous open 

ended HCSs that exhibited a high BET surface area of 894 m2/g. The mesoporous broken 

HCSs and open ended HCSs portrayed a hierarchical structure with a bimodal pore size 

distribution. The surface area properties of these materials and in ease of control of the 

carbon morphology gives an insight on the application of these materials as dye adsorbents.   
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CHAPTER 5 

A Novel Synthesis Route of Broken, Deformed and 

Bubble-like Hollow Carbon Nanostructures from 

SiO2@Polyvinylpyrolidone Spheres as Templates 

 

5.1  Introduction 

The synthesis of nanostructured composites materials of a length scale ranging from 

nanometres to micrometres has tremendously progressed over the last few decades. To 

promote the wide variety of applications of these composites materials, the control of size, 

shape, core structure and morphology is crucial1, 2. Silica is a popular inorganic material for 

mesoporous and composite materials synthesis owing to the well-known hydrolysis and 

condensation of silicon alkoxides in aqueous solution.  Polymer composites such as polymer-

SiO2 have been used in mechanical,3-5 medical6  and electrical7 applications.  More recently, 

Zhang et al. obtained raspberry like spheres by PVP functionalization of polystyrene silica 

spheres8. These raspberry particles can be used in superhydrophobic surface owing to their 

contact angle and wetting properties. Polyvinylpyrrolidone has also been used to stabilize 

metal nanoparticles such as gold9, 10 and silver11, 12.  

 

Polyvinylpyrrolidone is a water soluble polymer that has low toxicity, high polarity and 

portrays excellent chemical and thermal stability13, 14. Polyvinylpyrrolidone (PVP) was 

discovered by a German Chemist, Walter Reppe in 1939 as a product of acetylene 

chemistry15, 16 (Fig. 5.1).  The reaction of acetylene with formaldehyde produces 2-butyne-

1,4-diol which is hydrogenated to 1,4-butanediol. The butanediol undergoes oxidative 

cyclization to produce butyrolactone which when reacted with ammonia forms pyrrolidone 

by the removal of water. The vinyl group is then introduced to form N-vinylpyrrolidone. The 

vinylpyrrolidone then undergoes polymerization either in aqueous or organic solvents to 

produce polyvinylpyrrolidone17-20 (Fig. 5.2). Polyvinylpyrrolidone can also be produced 

through a radical polymerization19, 21-23 or a cationic polymerization24.  Due to its excellent 

chemical stability and ease of modification properties, it has been used in the cosmetics25 and 

pharmaceuticals industries26, 27 and membrane synthesis28.  
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Figure 5.1. Reppe synthesis of N-vinyl-pyrrolidone (obtained from ref17). 

 

Figure 5.2. Polymerization of vinylpyrrolidone (obtained from ref17). 

 

5.1.1 SiO2@PVP spheres synthesis 

Two main routes can be used to synthesize these PVP-silica hybrid materials. 

(i) Polymer grafting to SiO2  

Polymer grafting to SiO2 entails the chemical bonding of the PVP polymer chains to the SiO2 

surface. The adsorption of the PVP on the SiO2 initiates the process of polymer grafting (Fig 

5.3 and 5.4). In the grafting process, the silanol groups on the SiO2 surface are hydrogen 
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bonded to the carbonyl group of PVP (Fig. 5.5). The density of silanol groups and that of 

PVP determines the adsorption energy29. The adsorption of PVP on silica is dependent on the 

PVP dosage, adsorption time and polydispersity. 

 

 

Figure 5.3. Silylation reaction using organic solvents (obtained from ref30). 

 

 

Figure 5.4. Surface grafting reaction of PVP on vinyltri-ethoxy-silylated silica surface 

(obtained from ref30). 

 

 

Figure 5.5. Schematic diagram showing hydrogen bonding of SiO2 to PVP. 
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(ii) Graft polymerization method 

This method entails the activation of silica surface with active sites followed by the growth of 

polymer chains on the sites using a step or a chain polymerization reaction mechanism. The 

silanol group of silica is hydrogen bonded to the oxygen atom of the carbonyl group in PVP31, 

32. Graft polymerization provides a high and uniform surface coverage due to the presence of 

less steric hindrances33. In contrast, the large steric hindrances present during polymer 

grafting hinder the surface coverage. However, for graft polymerization to occur, a prior 

chemical modification is required. The silane coupling agents and siloxane bridges are the 

readily applied for surface modification of silica. However, the major drawback of 

modification of silica on surface grafted PVP; is the low PVP adsorbed due to the size 

exclusion mechanism. According to de Gennes et al.  grafted PVP can be viewed as an 

entangled network with an interchain spacing that depends on the distance from the surface34. 

The presence of these entangled network excludes PVP molecules in the surrounding solution 

that are larger than the interchain spacing from the silica surface. Also, the amount of PVP 

adsorbed onto silica surface is dependent on the organic functionality bound onto the 

surface30.  

5.1.2 Synthesis of hollow carbon nanostructures 

Hollow carbon structures have been produced using the hydrothermal method35, pyrolysis36 

and templating method37, 38,  among others. The synthesis of the hollow structures provide 

advantages of tuning their mechanical, chemical and electrical properties. For instance, the 

refractive index and the active surface area can be modulated in the void space of these 

hollow structures39. Many facile methods such as hydrothermal and CVD nanocasting have 

been used to synthesize hollow carbon spheres from SiO2 templates40, 41. Use of silica spheres 

as hard templates is advantageous due to the easy processability of SiO2 spheres by the 

Stober method. In our approach, a direct addition of PVP solution into a silica suspension 

was used to produce SiO2@PVP spheres; where the SiO2 surface was modified with PVP. 

Previous reports have shown that PVP addition during SiO2 synthesis leads to a broad SiO2 

size distribution and increases SiO2-SiO2 surface interactions42. Despite the existence of 

several template materials such as polystyrene and SiO2, a simple, unique and morphology 

controllable template is requisite. To this end, a novel material is proposed subject to the 

following objectives; 
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i. To determine the effect of PVP concentration and silica size distribution (polydispersity 

and monodispersity) on the morphology of hollow carbon nanostructures. 

ii. To determine the effect of carbonization time of SiO2@PVP templates on the morphology 

of hollow carbon nanostructures. 

 

5.2  Experimental procedure 

5.2.1 Starting materials 

The reagents for SiO2 and HCSs synthesis were as reported previosuly in Section 4.2.2. 

Polyvinylpyrrolidone, PVPK30 (Mw 40,000, Aldrich) was used as the surface modifying 

agent.  

5.2.2 Synthesis of SiO2 spheres and hollow carbon spheres (HCSs) 

 The synthesis of pristine monodispersed and polydispersed SiO2 spheres and their respective 

HCSs is summarized in Fig. 5.6. Pristine silica spheres (406 ± 32 nm) were synthesized by 

mixing 90 mL of ethanol and 63 mL of distilled water and 5 mL of NH4OH in a volumetric 

flask and stirring for 20 min. Then 16 mL of TEOS was added rapidly and the mixture was 

stirred for another 1 hour. Smaller pristine silica spheres (184 ± 11 nm) were also synthesized 

by mixing 80 mL of ethanol and 14 mL of distilled water and 2 mL of NH4OH in a 

volumetric flask and stirring for 20 min. Then 2 mL of TEOS was added rapidly and the 

mixture stirred for another 1 h. The obtained pristine SiO2 spheres (184 ± 11 nm and 406 ± 

32 nm) were mixed in a weight ratio of 50:50 to give polydispersed silica spheres. 

Carbonization of all the pristine SiO2 spheres was carried out by a bubbling method using 

toluene as the carbon source and argon as the carrier gas at a flow rate of 200 mL/min in a 

CVD reactor at 900°C for 1 h. The carbonized silica spheres were then etched with 10 % HF 

for 24 h at room temperature and dried to give the hollow carbon structures (HCSs). The 

obtained hollow carbon spheres are referred to as pristine HCSa, HCSb and HCSc 

representing monodispersed HCS 200 nm, monodispersed HCS400 nm and polydispersed 

HCS, respectively.   
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Figure 5.6. A diagram showing the synthesis of; (a) pristine monodispersed SiO2 spheres and 

HCSs and (b) pristine polydispersed SiO2 spheres and HCSs, respectively. 

 

5.2.3 Effect of PVP concentration on the carbon morphology 

To study the effect of PVP concentration on the carbon morphology, both monodispersed and 

polydispersed SiO2@PVP templates were synthesized using (1:1) and (1:0.1) weight ratios of 

SiO2:PVP respectively (Fig. 5.7). Three different samples; the monodispersed SiO2200 nm, 

the monodispersed SiO2400 nm and the polydispersed SiO2 spheres (0.5 g) were dispersed 

separately in a 40 mL of ethanol for 20 min. A PVP solution was obtained by dispersing 0.5 g 

in 20 mL of distilled water and sonicating for 10 min. The PVP solution was then added to 

the respective SiO2 suspension and stirred for 1 h to give three SiO2@PVP solutions. The 

SiO2@PVP solutions were then centrifuged at 4500 rpm for 20 min and the products dried at 

80°C for 12 h. The dried SiO2@PVP spheres were referred to as SiO2@PVP-200 nm and 

SiO2@PVP-400 nm and polydispersed SiO2@PVP respectively. Carbonization of all the 

SiO2@PVP spheres followed by SiO2 etching and product drying was carried out as 

described previously. The obtained HCSs are referred to as HCSa-0.1wt%, HCSb-0.1wt% 

and HCSc-0.1wt% for the three samples covered with PVP (0.1 wt%) and as HCSa-1wt%, 

HCSb-1wt% and HCSc-1wt% for the three samples covered with PVP (1 wt%), respectively. 
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Figure 5.7. A schematic diagram showing the synthesis pristine monodispersed and 

polydispersed SiO2@PVP spheres and HCSs, respectively. 

 

5.2.4 Effect of PVP adsorption time on SiO2 and carbon morphology 

 To study the effect of PVP adsorption time on SiO2, solutions consisting of polydispersed 

SiO2:PVP (1:1 wt %) were mixed at different stirring times (1, 12 and 24 h) respectively. The 

obtained polydispersed SiO2@PVP spheres were referred to as SiO2@PVP-1h, SiO2@PVP-

12h and SiO2@PVP-24h respectively. The obtained hollow carbon nanostructures from 

polydispersed SiO2@PVP spheres are referred to as HCSc-1wt% (1h) and HCSc-1wt% (12h) 

and HCSc-1wt% (24h) for the three samples stirred at times 1 h, 12 h, and 24 h respectively.    

5.2.5 Effect of varying carbonization time on carbon morphology 

 The effect of carbonization time was investigated by carbonization of the polydispersed SiO2 

and SiO2@PVP (SiO2:PVP, 1:1 wt%) spheres for 1 h, 2 h and 4 h respectively. The obtained 

hollow carbon nanostructures are referred to as HCSc-1wt% (1h), HCSc-1wt% (2h)  and 

HCSc-1wt% (4h)  representing the carbonization times 1 h, 2 h and 4 h respectively. 

5.2.6 Characterization 

The morphology of the synthesized SiO2 spheres, SiO2@PVP spheres and broken, deformed 

and bubble-like hollow carbon nanostructures was carried out using TEM and SEM.  The 

grahitic nature and thermal stability of the HCSs was investigated using Raman spectroscopy 

and TGA, respectively. 
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5.3 Results and discussion 

5.3.1. Effect of PVP concentration on carbon morphology obtained from monodispersed 

SiO2 spheres 

5.3.1.1 Morphology analysis 

The pristine SiO2 spheres were monodispersed and had particle sizes of 184 ± 11 nm and 406 

± 32 nm respectively (Fig. 5.8a, d). To understand the role of PVP concentration in the 

carbon morphology, two different PVP concentrations were used to functionalize the 

monodispersed SiO2 spheres.  Fig. 5.8b and 5.8e show that the PVP functionalized 

monodispersed SiO2 spheres (1:0.1 wt% of SiO2:PVP) had less SiO2-SiO2 interactions than 

when a higher concentration (SiO2:PVP 1:1 wt%) was used (Fig. 5.8c, f). A slight increase in 

the SiO2 spheres particle size was observed in all the monodispersed spheres upon addition of 

PVP (Table 5.1). However, it was noted that the PVP concentration affected the SiO2-SiO2 

interactions to obtain various arbon nanostructures. 

 

 

Figure 5.8. TEM images of monodispersed SiO2 spheres and SiO2@PVP spheres; (a and d) 

(pristine SiO2  200 nm and 400 nm, (b and e) 1:0.1 wt% of SiO2:PVP 200 nm and 400 nm 

and (c and f) 1:1 wt% of SiO2:PVP 200 nm and 400 nm, respectively. 
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Table 5.1. The effect of PVP concentration on the SiO2 particle sizes 

Description SiO2:PVP (wt%) Particle size (nm) 

SiO2-200 nm - 184 ± 11 

SiO2@PVP-200 nm 1:0.1 184 ± 22 

SiO2@PVP-200 nm 1:1 185 ± 26 

SiO2-400 nm - 406 ± 32 

SiO2@PVP-400 nm 1:0.1 407 ± 28 

SiO2@PVP-400 nm 1:1 409 ± 21 

 

Upon carbonization for 1 h and SiO2 removal, a decrease in the particle size of the HCSs 

formed from the pristine SiO2  and PVP functionalized SiO2 spheres was observed (Table 

5.2). This could be attributed to the silica shrinkage during the carbonization process. 

Another contributing factor is the decomposition of PVP on silica surface during 

carbonization resulting in a decrease in final particle size of the HCSs. The silica shrinkage 

and polymer decomposition on the SiO2 surface have been reported elsewhere in literature40, 

43. The pristine hollow carbon spheres formed after etching silica had complete carbon shells 

(Fig. 5.9a, d). Fig. 5.9b and 5.9e show TEM images of HCSs (HCSa-0.1wt% and HCSb-

0.1wt%) obtained from SiO2 functionalized with 1:0.1 wt% of SiO2:PVP had a mixture of 

broken and complete carbon shells. In contrast, deformed hollow carbon structures were 

generated from the 1:1 wt% of SiO2:PVP spheres as seen in HCSa-1wt% and HCSb-1wt% 

respectively (Fig. 5.9c, f). Consequently, the inner diameters of the deformed HCSs could not 

be determined. SEM images of the respective HCSa and HCSb show that indeed the spheres 

were deformed when 1 wt% PVP concentration was used and comprised of broken carbon 

shells when a lower PVP concentration 0.1 wt% was used (Fig. 5.10). 
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Figure 5.9. TEM images of the obtained HCSs;  (a and d) ( pristine HCSa and HCSb),  (b 

and e) HCSa-0.1wt% and HCSb-0.1wt%  and (c and f) HCSa-1wt% and HCSb-1wt%, 

respectively. 

 

Figure 5.10. SEM images of the obtained HCSs;  (a and d) ( pristine HCSa and HCSb),  (b 

and e) HCSa-0.1wt% and HCSb-0.1wt%  and (c and f) HCSa-1wt% and HCSb-1wt%, 

respectively. 
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Table 5.2. Effect of PVP concentration on the carbon shell thickness of hollow carbon 

nanostructures obtained after 1 h carbonization time and SiO2 removal 

Description SiO2:PVP (wt%) 
Shell thickness 

(nm) 

Inner diameter 

(nm) 

Pristine HCSa - 18 ± 4 174 ± 16 

HCSa-0.1wt% 1:0.1 15 ± 6 173 ± 17 

HCSa-1wt% 1:1 8 ± 3 - 

Pristine HCSb - 12 ± 5 404 ± 20 

HCSb-0.1wt% 1:0.1 12 ± 4 405 ± 16 

HCSb-1wt% 1:1 15 ± 5 - 

 

5.3.1.2 Thermal analysis  

5.3.1.2.1 Thermal analysis of monodispersed SiO2 spheres and SiO2@PVP spheres 

Fig. 5.11 shows the TGA and DTG curves of monodispersed pristine SiO2-200 nm, 

SiO2@PVP-200 nm spheres with SiO2:PVP ratio of (1:0.1wt%) and (1:1 wt%)  taken from 

35°C to 900°C in air respectively. The total weight loss of the pristine SiO2, SiO2@PVP 

(1:0.1wt %) and SiO2@PVP (1:1 wt%) was 12.6%, 14.72% and 15.30% respectively as 

shown in Fig. 5.11a. The increase in the total weight loss after PVP adsorption onto SiO2 (0.1 

wt% and 1 wt%) can be attributed to the removal of additional hydrogen bonded silanols and 

the PVP polymer. The surface of silica spheres is known to consist of silanol groups, 

adsorbed water and hydrogen bonds44, 45. 

 

 The DTG curves (Fig. 5.11b) shows three derivative weight losses in all the obtained SiO2 

spheres with their respective description indicated in Table 5.3. The first derivative weight 

loss was observed between 39°C and 200°C owing to the loss of adsorbed H2O and ethanol 

molecules46 (Table 5.3). From 210°C to 386°C, a considerable weight loss  (0.11%) was 

observed in pristine SiO2 spheres resulting from the decomposition of residual organic 

molecules and the condensation of the free silanols47. A similar peak was seen in the 

SiO2@PVP (1:0.1 wt%) and SiO2@PVP (1:1 wt%) between 210°C and 430°C with a weight 

loss of 0.25% and 0.34% respectively. The increased weight loss corresponds to the 
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decomposition temperature of PVP between 360°C and 440°C48. The third derivative weight 

loss was observed between 406°C and 500°C in pristine SiO2 spheres. This could be 

attributed to the removal of unreacted organic residues. In the SiO2@PVP (1:0.1 wt%) and 

SiO2@PVP (1:1 wt%) spheres, a weight loss of 0.11% and 0.14% was observed between 

440°C and 690°C,  respectively. This resulted from the removal of silica networks formed 

through further polymerization as discussed in the previous chapter (Section 4.3.2.1.4).  

 

Figure 5.11. TG-DTG curves of pristine monodispersed SiO2 spheres and SiO2@PVP 

spheres; (a) Thermogravimetric curves and (b) the derivative curves, respectively. 

 

Table 5.3. Decomposition temperatures and derivative weight loss of monodispersed SiO2 

and SiO2@PVP spheres 

Sample description 
Decomposition 

temperature (°C) 

Weight loss 

(%) 
Description 

 

SiO2-200 nm 

 

39 to 200 0.45 Loss of adsorbed water 

210 to 387 0.11 
Loss of organic residues and 

condensation of free silanols 

406 to 500 0.12 Removal of organic residues 

 

SiO2@PVP-200 nm 

(1:0.1 wt%) 

 

39 to 160 0.41 Loss of adsorbed water 

210 to 426 0.25 
Condensation of free silanols and PVP 

decomposition 

452 to 614 0.11 Removal of organic residues 

 

SiO2@PVP-200 nm 

(1:1 wt%) 

 

38 to 200 0.36 Loss of adsorbed water 

220 to 424 0.34 
Condensation of free silanols and PVP 

decomposition 

440 to 690 0.14 Removal of organic residues 
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5.3.1.2.2 Thermal analysis of monodispersed HCSs obtained from SiO2-200 nm and 

SiO2@PVP templates 

Thermal gravimetric curves of the obtained monodispersed HCSs showed the presence of two 

decomposition curves (Fig. 5.12a). The first derivative weight was observed between 300°C 

and 400°C with percentage weight loss of 0.65%, 0.80% and 1.20% in the pristine HCSa, 

HCSa-0.1 wt% and HCSa-1 wt%, respectively (Fig. 5.12b). This can be attributed to organic 

residues that were not completely removed during the SiO2 etching process49. An increased 

weight loss in SiO2@PVP templates was observed due to incomplete removal of PVP and 

silica related networks. The pristine HCSa and HCSa-0.1 wt% started to decompose in air at 

505°C whereas the onset decomposition temperature of HCSa-1 wt% was at 490°C 

respectively. The slight decrease in thermal stability can be attributed to impurities resulting 

from PVP used in SiO2@PVP templates. 

 

 

Figure 5.12. TG-DTG curves of pristine HCSa and other obtained HCSs; (a) 

Thermogravimetric curves and (b) the derivative curves, respectively. 

 

  

5.3.1.3 Raman analysis of the monodispersed hollow carbon nanostructures 

The Raman spectra of the obtained hollow carbon nanostructures had peaks at 1336-1365 cm-

1 and 1575 -1596 cm-1 characteristic of the D band and the G band respectively (Fig. 5.13). 

Interestingly, the broken and deformed HCSs exhibited fewer defect density (ID/IG ratio 0.72 

to 0.95) than the pristine HCSs (0.99 to 1.01) (Table 5.4).  This can be clearly seen in the 
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decreased D peak intensity (Fig. 5.13b and 5.13c) of the respective HCSs obtained from 

SiO2:PVP templates with 1.0.1wt% and 1:1 wt%, respectively. This can be attributed to the 

carbonization of both the toluene (our carbon source) and PVP when SiO2@PVP templates 

are used resulting in more carbon atoms deposited on the surface. However, when plain SiO2 

is used, toluene is the only carbon source and thus, fewer carbon atoms are coated on the 

SiO2 spheres resulting in HCSs of higher ID/IG ratios after carbon etching. However, a more 

detailed study on the effect of PVP on HCS structural properties will be helpful. 

 

Table 5.4. The ID/IG ratios of obtained monodispersed HCSs 

Description D-band position (cm-1) G-band position (cm-1) ID/IG ratio 

Pristine HCSa 1336 1584 0.99 

HCSa-0.1 wt% 
1346 

 
1596 0.99 

HCSa-1 wt% 1358 1594 0.95 

Pristine HCSb 1342 1575 1.01 

HCSb-0.1 wt% 1360 1579 0.93 

HCSb-1 wt% 1365 1584 0.72 

 

 

 

Figure 5.13. Raman spectra of hollow carbon structures obtained from monodispersed SiO2 

spheres; a (pristine HCSs), b (HCSs from 1:0.1 wt% SiO2:PVP) and c (HCSs from 1:1 wt% 

SiO2:PVP), respectively. 
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5.3.2 Effect of varying PVP concentration and polydispersed SiO2 and their respective 

HCSs 

5.3.2.1 Morphology analysis of polydispersed SiO2@PVP spheres and HCSs 

To investigate the role of particle size distribution on the carbon morphology, polydispersed 

spheres were prepared and characterized as previously discussed. Fig. 5.14a shows that 

indeed the SiO2 spheres obtained after mixing the 200 nm and 400 nm SiO2, were 

polydispersed. To understand the role of PVP in the carbon morphology, two different PVP 

concentrations were used to functionalize the polydispersed SiO2 spheres. Fig. 5.14b and 

5.14c show that the PVP functionalized polydispersed SiO2 spheres (1:0.1 wt% of SiO2:PVP) 

had less SiO2-SiO2 interactions than when a higher concentration (SiO2:PVP 1:1 wt%) was 

used. A slight increase in the SiO2 spheres particle size was observed in the polydispersed 

spheres upon addition of PVP. 

 

 

Figure 5.14. TEM images of pristine and PVP functionalized polydispersed SiO2 spheres; (a) 

pristine polydispersed SiO2, (b) 1:0.1 wt% of SiO2:PVP and (c) 1:1 wt% of SiO2:PVP, 

respectively. 

 The TEM and SEM micrographs of the pristine HCSc show that the spheres were deformed 

and broken (Fig. 5.15a, d) unlike the monodispersed pristine HCSa and HCSb that were 

complete. This deformed nature of the spheres can be attributed to the polydispersion of SiO2 

spheres that would hinder infiltration of carbon in between the spheres, but carbonization 

would occur along the outer edges of the interconnected spheres42. In contrast, when a 1:0.1 

wt% of the polydispersed SiO2:PVP spheres were used broken and bubble-like hollow carbon 

nanostructures were obtained (Fig. 5.15b, e). This is due to the lesser PVP molecules on SiO2 
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surface during carbonization compared to the monodispersed spheres (Fig. 5.15b). Fig. 5.15c 

shows the TEM image of HCSc-1 wt% with a wormlike morphology and SEM image shows 

that it’s open ended (Fig. 5.15f). This indicates that the SiO2 particle size distribution does 

affect the carbon coverage and consequently the obtained carbon morphology. Polydispersity 

of the SiO2 templates contributes to the breakage of the HCSs due to high strains during SiO2 

removal after carbonization. Table 5.5 shows that there was a decrease in the shell thickness 

of HCSc from 13 ± 3 nm in pristine HCSc to 7 ± 5 nm in HCSc-1 wt%. The concentration of 

PVP was found to affect the carbon morphology with the carbon shell thickness increased in 

HCSc obtained from the 1:0.1 wt% of SiO2:PVP was added. High PVP concentration (1 

wt%) gave deformed wormlike hollow carbon nanostructures whereas low PVP concentration 

(0.1 wt%) gave bubble-like hollow carbon nanostructures. 

 

Figure 5.15. TEM and SEM images of obtained HCSs; (a and d) pristine HCSc, (b and e) 

HCSc-0.1 wt% and (c and f) HCSc-1 wt%,  respectively.  

 

 

 

 



113 

 

 

 

 

Table 5.5. Effect of PVP concentration on the carbon shell thickness of hollow carbon 

nanostructures 

Description SiO2:PVP (wt%) Carbonization time (h) Shell thickness (nm) 

Pristine HCSc - 1 13 ± 3 

HCSc-0.1wt% 1:0.1 1 10 ± 2 

HCSc-1wt% 1:1 1 7 ± 5 

 

5.3.2.2 Thermal analysis  

5.3.2.2.1 Thermal analysis of polydispersed SiO2 spheres and SiO2@PVP spheres 

The TGA and DTG curves of polydispersed pristine SiO2, polydispersed SiO2@PVP (1:0.1 

wt%) and polydispersed SiO2@PVP (1:1 wt%) were recorded from 35°C to 900°C in air 

respectively (Figs. 5.16a, b). The surface of SiO2 spheres is known to consist of silanol 

groups, adsorbed water and hydrogen bonds which are responsible for the weight loss 

observed in SiO2 TGA curves44, 45. The total weight loss of the pristine polydispersed SiO2, 

SiO2@PVP (1:0.1 wt%) and SiO2@PVP (1:1 wt%) was 12.10%, 11.14% and 15.16% 

respectively as shown in Fig. 5.16a. The increase in the total weight loss after PVP adsorption 

onto SiO2 (1 wt%) can be attributed to the removal of additional hydrogen bonded silanols 

and the PVP polymer. The DTG curves (Fig. 5.16b) shows the derivative weight losses in the 

obtained SiO2 spheres with their respective description indicated in Table 5.6. The first 

derivative weight loss was observed between 35°C and 170°C due to the removal of adsorbed 

H2O
46. From 200°C to 415°C, a considerable weight loss  (0.20%) was observed in pristine 

polydispersed SiO2 spheres resulting from the removal of unreacted organic molecules47. 

 

 In the polydispersed SiO2@PVP (1:0.1 wt%), a derivative weight loss of 0.22% was 

observed between 170°C and 424°C and an additional derivative peak between 450°C and 

606°C with a 0.13% weight loss respectively; corresponding to the decomposition of PVP 

and other organic residues48. In polydispersed SiO2@PVP(1:1 wt%), three derivative curves 

were observed between 470°C and 620°C exhibiting a 1.17% percentage weight loss. This 

could be attributed to condensation of free silanols, PVP decomposition and the loss of 

organic residues related to SiO2 and PVP networks. This increase in weight loss in 
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polydispersed SiO2@PVP (1:1 wt%) relative to the monodispersed SiO2@PVP (1:0.1 wt%) 

confirms the adsorption of more PVP volume on polydispersed SiO2 (Table 5.3 versus Table 

5.6). 

 

Figure 5.16. TG-DTG curves of pristine polydispersed SiO2 spheres and SiO2@PVP spheres; 

(a) Thermogravimetric curves and (b) the derivative curves, respectively. 

 

Table 5.6. Decomposition temperatures and derivative weight loss of polydispersed SiO2 and 

SiO2@PVP spheres 

Sample description 
Decomposition 

temperature (°C) 

Weight loss 

(%) 
Description 

 

Polydispersed SiO2 

 

39 to 170 0.55 Loss of adsorbed water 

200 to 415 0.20 
Loss of organic residues and 

condensation of free silanols 

 

Polydispersed SiO2@PVP 

(1:0.1 wt%) 

 

37 to 160 0.27 Loss of adsorbed water 

170 to 424 0.22 
Condensation of free silanols and PVP 

decomposition 

450 to 606 0.13 Removal of organic residues 

 

 

Polydispersed SiO2@PVP 

(1:1 wt%) 

 

35 to 160 0.54 Loss of adsorbed water 

170 to 400 0.41 
Condensation of free silanols and PVP 

decomposition 

401 to 473 0.55 Removal of organic residues 

475 to 620 0.21 
Removal of organic residues 

associated with SiO2-PVP networks 
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5.3.2.2.2 Thermal analysis of polydispersed HCSs before and after PVP 

functionalization 

The thermal gravimetric curves show complete burning of the polydispersed HCSs in air at 

750°C (Fig. 5.17a). The derivative weight curves of the obtained polydispersed HCSs showed 

the presence of three decomposition curves (Fig. 5.17b). The first derivative weight was 

observed between 290°C and 430°C exhibiting a weight loss of 0.71%, 0.29% and 0.26% in 

the pristine HCSc, HCSc-0.1 wt% and HCSc-1 wt% respectively. This can be attributed to 

organic residues that were not completely removed during the SiO2 etching process49. In 

pristine HCSc and HCSc-0.1 wt%, two derivative curves were observed between 480°C and 

780°C due to decomposition of organic residues and carbon in air. In contrast, a sharp 

derivative curve was observed during decomposition of HCSc-1 wt%. This single peak is 

characteristic of the formation of an interconnected carbon open structure resulting from the 

use of polydispersed SiO2@PVP (1:1 wt%) spheres as templates. The TGA curves agree with 

the different carbon morphologies observed in TEM and SEM images respectively.  

 

 

 

Figure 5.17. TG-DTG curves of pristine HCSc and bubble-like HCSs; (a) 

Thermogravimetric curves and (b) the derivative curves, respectively. 
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5.3.2.3 Raman analysis of the hollow carbon nanostructures obtained from polydispersed SiO2 

and SiO2@PVP spheres 

The Raman spectra of the obtained hollow carbon nanostructures show the D and G peaks at 

1345-1353 cm-1 and 1584 -1597 cm-1 respectively (Fig. 5.18). The ID/IG ratios of HCSc-0.1 

wt% and HCSc-1 wt% was 0.99 and 0.92 while that of the pristine HCSc 0.89 respectively 

(Table 5.7). This is expected due to defects resulting from the presence of broken open edges 

and bubble like structures of the HCSc-0.1 wt% and HCSc-1 wt% relative to that of the 

pristine HCSc.   

Table 5.7. The effect of PVP concentration on ID/IG ratio of polydispersed HCSs 

Description 
D-band position 

(cm
-1

) 

G-band position 

(cm
-1

) 
ID/IG ratio 

Pristine HCSc 1353 1597 0.89 

HCSc-0.1 wt% 1345 1584 0.99 

HCSc-1 wt% 1351 1592 0.92 

 

 

 

Figure 5.18. Raman spectra of the polydispersed hollow carbon structures obtained from 

pristine and PVP modified polydispersed SiO2 spheres. 
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5.3.3 Effect of PVP adsorption time on the SiO2 and carbon morphology 

5.3.3.1 Morphology analysis of the SiO2, SiO2@PVP spheres and their respective HCSs 

To investigate the effect of adsorption time on the morphology of the hollow carbon materials 

1, 12 and 24 h adsorption times were used respectively. Fig. 5.19 shows the TEM images of 

the pristine and PVP modified polydispersed SiO2 spheres before and after carbonization. 

The addition of PVP enhanced the SiO2-SiO2 sphere interactions with PVP adsorption time 

(Fig. 5.19a-d). This was further confirmed by SEM images (Fig. 5.20a-d). A heterogeneous 

carbon coverage along the outer silica edges was observed after carbonization of the PVP 

functionalized SiO2 spheres as seen in (Figs. 5.19e-h and 5.20e-h) respectively. This change 

in carbon coverage can be attributed to the increased SiO2-SiO2 interactions during 

carbonization in the presence of PVP. The pristine polydispersed SiO2 spheres and the SiO2 

spheres with PVP at different adsorption times exhibuited a broad particle size distribution 

(Table 5.8). However, after 24 h adsorption time, a slight decrease in particle size was 

observed due to PVP detachment after long adsorption time50.  

 

Figure 5.19. TEM images of (a, b, c and d) pristine polydispersed SiO2,  SiO2@PVP (1 h), 

SiO2@PVP (12 h), SiO2@PVP (24 h) and (e, f, g and h) polydispersed SiO2C, SiO2@PVP (1 

h)C,  SiO2@PVP (12 h)C and  SiO2@PVP (24 h)C after 1 h carbonization, respectively. 
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Figure 5.20. SEM images of (a, b, c and d) plain polydispersed SiO2,  SiO2@PVP (1 h), 

SiO2@PVP (12 h), SiO2@PVP (24 h) and (e, f, g and h) polydispersed SiO2C, SiO2@PVP (1 

h)C,  SiO2@PVP (12 h)C and  SiO2@PVP (24 h)C  after 1 h carbonization, respectively. 

 

 

Table 5.8. Effect of PVP adsorption time on the particle size of the pristine and modified 

polydispersed SiO2 spheres 

Description SiO2:PVP (wt%) 
PVP stirring 

time (h) 

Particle size 

(nm) 

Polydispersed SiO2 1:1 - 200 - 497 

Polydispersed SiO2@PVP 1h 1:1 1 210 - 488 

Polydispersed SiO2@PVP 12h 1:1 12 209- 496 

Polydispersed SiO2@PVP 24h 1:1 24 200 - 485 

 

 

Broken and deformed HCSs were obtained after 1 h carbonization of pristine polydispersed 

SiO2 followed by SiO2 removal as seen in the previous section (5.3.2.1). When polydispersed 

SiO2@PVP (1 h) spheres were used as templates, worm like hollow structures with a carbon 

shell thickness of 7 ± 5 nm was produced (Fig. 5.21a, d). On increasing the PVP adsorption 

time to 12 h and 24 h (polydispersed SiO2@PVP 12 h and 24 h respectively), bubble-like and 

deformed hollow carbon nanostructures were obtained (Fig. 5.21b-f). The sublimation of 

polyvinylpyrrolidone polymer during carbonization process is believed to be the primary 
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factor affecting the morphology of the carbon nanostructures. Table 5.9 indicates the effect of 

adsorption time on the carbon shell thickness of the obtained hollow carbon nanostructures. 

Pristine hollow carbon nanostructures had a deformed morphology with a shell thickness of 

13 ± 3 nm. The carbon shell thickness slightly changed to 9 ± 7 nm and 11 ± 4 nm after 12 h 

and 24 h adsorption times respectively.  Short adsorption time of PVP on silica surface led to 

stronger SiO2-SiO2 interactions with a large number of silica spheres tightly packed together.  

                

It is proposed that at longer adsorption times (12 h), the maximum adsorption limit on SiO2 

surface is reached and PVP detaches from the silica surface during the centrifugation time 

resulting in weaker SiO2-SiO2 interaction with a fewer number of silica spheres closely 

packed together. Consequently, the SiO2-SiO2 interaction facilitates the generation of 

wormlike carbon structures and the weaker SiO2-SiO2 interaction leads to bubble-like or 

deformed hollow carbon nanostructures. The carbonization of the pristine SiO2 spheres and 

the SiO2@PVP spheres was done at 900°C, which is higher than the 300°C (the sublimation 

temperature of PVP).  Thus, carbonization occurred after sublimation of PVP onto the SiO2 

surface resulting in the different carbon morphologies51.  
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Figure 5.21. TEM and SEM images of the obtained HCSs; (a and d) HCSc-1 wt% (1 h), (b 

and e) HCSc-1 wt% (12 h) and (c and f) HCSc-1 wt% (24 h), respectively. 

 

Table 5.9. Effect of PVP adsorption time on the carbon shell thickness of hollow carbon 

nanostructures 

Description PVP stirring time (h) Carbonization time (h) Particle size (nm) 

HCSc pristine - 1 13 ± 3 

HCSc-1 wt% (1 h) 1 1 7 ± 5 

HCSc-1 wt% (12 h) 12 1 9 ± 7 

HCSc-1 wt% (24 h) 24 1 11 ± 4 

 

5.3.3.2 Thermal analysis  

5.3.3.2.1 Effect of PVP stirring time on thermal stability of polydispersed SiO2@PVP spheres  

The total weight loss of the polydispersed SiO2, SiO2@PVP (1:1 wt%) after 12 h and 24 h 

stirring times 15.37% and 13.04% respectively as shown in Fig. 5.22a. The SiO2@PVP 

spheres obtained after a short stirring time (1 h) showed a higher weight loss (16.03% ) 



121 

 

 

indicating maximum adsorption and surface interaction occurrence. The DTG curves (Fig. 

5.22b) shows the derivative weight losses in the obtained SiO2 spheres with their respective 

description indicated in Table 5.10.  

 

Similar to previous TGA curves, a first derivative weight loss was observed between 38°C 

and 170°C, resulting from the loss of adsorbed H2O and ethanol molecules46. From 170°C to 

415°C, a considerable weight loss of 0.29% and 0.53% was observed in polydispersed 

SiO2@PVP (12 h) and polydispersed SiO2@PVP (24 h) respectively (Table 5.10). This can be 

attributed to further condensation of silanols, PVP decomposition and the removal of organic 

residues47. Also, a broad derivative curve with a weight loss of 0.18% and 0.10% were 

observed between 420°C and 620°C respectively; ascribed to the decomposition of organic 

residues related to SiO2 and PVP network interactions48. The weight losses confirm the 

adsorption of PVP on SiO2 at a different stirring time with a 1 h optimal time. 

 

 

Figure 5.22. TG-DTG curves of pristine polydispersed SiO2 spheres and SiO2@PVP spheres; 

(a) Thermogravimetric curves and (b) the derivative curves, respectively. 
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Table 5.10. Effect of PVP stirring time on the decomposition temperatures and derivative 

weight loss of polydispersed SiO2@PVP spheres 

Sample description 
Decomposition 

temperature (°C) 

Weight loss 

(%) 
Description 

 

Polydispersed 

SiO2@PVP (1 h) 

35 to 160 0.49 Loss of adsorbed water 

170 to 400 0.35 
Condensation of free silanols and PVP 

decomposition 

401 to 473 0.44 Removal of organic residues  

475 to 620 0.18 
Removal of organic residues associated 

with SiO2-PVP networks 

 

Polydispersed 

SiO2@PVP (12 h) 

 

38 to 160 0.29 Loss of adsorbed water 

170 to 415 0.28 
Condensation of free silanols and PVP 

decomposition 

430 to 615 0.18 
Removal of organic residues associated 

with SiO2-PVP networks 

 

 

Polydispersed 

SiO2@PVP (24 h) 

 

39 to 160 0.53 Loss of adsorbed water 

170 to 410 0.26 
Condensation of free silanols and PVP 

decomposition 

420 to 608 0.10 
Removal of organic residues associated 

with SiO2-PVP networks 

 

 

5.3.3.2.2 Effect of PVP stirring time on thermal stability of the polydispersed HCSs  

The thermal gravimetric curves shows complete burning of the pristine HCSc, HCSc-1 wt% 

(1 h) and HCSc-1 wt% (24 h) at 770°C and HCSc-1wt% (12 h) at 670°C respectively  (Fig. 

5.23a). The HCSc-1 wt% (12 h) were less thermally stable due to the presence of several 

broken edges as seen in the TEM images. The derivative weight curves of the obtained 

polydispersed HCSc (1 h) and HCSc (24 h) showed the presence of a sharp derivative curve 

between 490°C and 760°C with a weight loss of 8.28% and 10.74% respectively. This single 

peak shows the presence of interconnected bubble-like carbon open structures. In contrast, a 

broad derivative curve with a weight loss of 7.83% was observed between 430°C and 670°C 

in HCS-1 wt% (12 h). This is attributed to defects resulting from the deformed and broken 

edges of HCSs as corroborated by TEM and SEM images.  
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Figure 5.23. TG-DTG curves of pristine HCSc and other obtained HCSs; (a) 

Thermogravimetric curves and (b) the derivative curves, respectively. 

 

5.3.3.3 Raman spectra analysis  

Fig. 5.24 shows the Raman spectra of the obtained hollow carbon nanostructures with first 

order peak (D) observed at 1346 -1363 cm-1 and the graphitization peak (G) seen at 1590 -

1600 cm-1. A comparison of D-band and G-band shows that the ratio is independent of the 

adsorption times (Table 5.11). The ID/IG ratios are nearly constant on increasing the PVP 

adsorption time. The pristine HCSc was more graphitic than the HCSc-1 wt% (1 h, 12 h and 

24 h) obtained after PVP modification of the SiO2 spheres as indicated by the ID/IG ratios. 

The wormlike carbon nanostructures (HCSc-1 wt%) had more defects than the pristine HCSc. 

This can be attributed to PVP that creates more defects during carbonization process. 

 

Table 5.11. The effect of PVP adsorption time on the ID/IG ratios of obtained polydispersed 

hollow carbon nanostructures 

Description 
PVP stirring 

time (h) 

D-band position 

(cm-1) 

G-band position 

(cm-1) 

ID/IG 

ratio 

HCSc plain - 1353 1597 0.89 

HCSc-1 wt% (1 h) 1 1363 1590 0.95 

HCSc-1 wt% (12 h) 12 1354 1594 0.93 

HCSc-1 wt% (24 h) 24 1346 1600 0.94 
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Figure 5.24. Raman spectra of hollow carbon structures obtained from pristine and PVP 

modified polydispersed SiO2 spheres. 

 
 

5.3.4 Effect of varying carbonization time on the HCSs obtained from polydispersed 

SiO2@PVP sphere templates  

5.3.4.1 Morphology analysis 

 Effect of carbonization time on monodispersed HCSs have shown that the carbon spherical 

morphology is maintained with the shell thickness increasing with carbonization time. Also, 

varying carbonization time on polydispersed SiO2 spheres shows the formation of deformed 

HCSs with the time dependent carbon shell thickness. Carbonization of polydispersed 

SiO2@PVP (1 h) for 1 h gave wormlike structures as was observed in Fig. 5.21a and 5.21d. It 

was noted that the presence of PVP on the silica surface favored the formation of the unique 

hollow carbon nanostructures. However, could the carbon morphology vary with 

carbonization time when polydispersed SiO2@PVP spheres are used as templates? To 

address this question, we investigated the effect of carbonization time on HCSs obtained from 

polydispersed SiO2@PVP spheres. Carbonization of the polydispersed SiO2@PVP (1h) 

spheres for 2 h and 4 h led to edge connected, deformed bubble-like hollow carbon structures 

(Fig. 5.25a, b, d and e). Indeed, a change in the carbon morphology was observed with 

carbonization time as confirmed by the SEM images (Fig. 5.25c, f). Table 5.12 shows that an 

increase in carbon shell thickness of HCSs occurs with an increase in carbonization time. 

This is expected because an increase in carbonization time implies that there is more amount 

of carbon that nucleates onto the silica surface leading to more surface coverage.  
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Figure 5.25. TEM and SEM images of obtained HCSs; (a-c) HCSc-1 wt% (2 h) and (d-f) 

HCSc-1 wt% (4 h), respectively.  

 

Table 5.12. Effect of carbonization time on the deformed bubble-like HCSs carbon shell 

thickness 

Description Carbonization time (h) Shell thickness (nm) 

HCSc-1 wt% (1 h) 1 7 ± 5 

HCSc-1 wt% (2 h) 2 18 ± 6 

HCSc-1 wt% (4 h) 4 22 ± 11 

 

 

5.3.4.2 Effect of carbonization time on the thermal stability of polydispersed HCSs 

Thermal gravimetric curves of the deformed and bubble-like HCSs showed that complete 

burning of carbon in air occurred between 749°C and 754°C (Fig. 5.26a). This is attributed to 

an increase in the thermal stability with increasing carbonization time. A derivative curve was 
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observed between 480°C and 750°C with a weight loss of 8.26% and 9.54% in the HCSc-1 

wt% (2 h) and HCSc-1 wt% (4 h) respectively (Fig. 5.26b). The increase in weight loss 

shows the presence of more carbon atoms after 4 h carbonization time. This collaborates with 

the increased shell thickness with carbonization time as seen in the TEM images. 

 

 

Figure 5.26. Effect of carbonization on thermal stability of deformed and bubble-like HCSs; 

(a) Thermogravimetric curves and (b) the derivative curves, respectively. 

 

 

5.3.4.3 Raman analysis 

The Raman spectra of the obtained hollow carbon nanostructures had peaks at 1346-1354 cm-

1 and 1579 -1594 cm-1 characteristic of the D and G bands, respectively (Fig. 5.27).  All the 

samples were obtained from carbonization of a 1:1 wt% of SiO2:PVP sphere templates. Table 

5.13 shows the ID/IG ratios of HCSs obtained after 1, 2 and 4 h carbonization times 

respectively. The ID/IG ratio was higher in HCSc obtained after longer (4 h) carbonization 

times than at shorter carbonization times (1 to 2 h). This indicated the presence of defects or 

adatoms that act as nucleation sites for the growth of the carbon shell. 
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Table 5.13. The ID/IG ratios of the deformed and bubble-like HCSs 

Description D-band position (cm
-1

) G-band position (cm
-1

) ID/IG ratio 

HCSc-1 wt% (1 h) 1351 1592 0.91 

HCSc-1 wt% (2 h) 1354 1579 0.92 

HCSc-1 wt% (4 h) 1346 1594 0.96 

 

 

Figure 5.27. Raman spectra of HCSc-1 wt% (1 h), HCSc-1 wt% (2 h) and HCSc-1 wt% (4 

h), respectively. 

 

 

5.4 Conclusions 

The effect of PVP adsorption time, PVP concentration, SiO2 particle size distribution, and 

carbonization time on carbon morphology was studied. Short PVP adsorption time favoured 

synthesis of wormlike structures and deformed structures when polydispersed SiO2 and 

monodispersed SiO2@PVP templates were used respectively. A long PVP adsorption time 

resulted in deformed hollow carbon nanostructures. High PVP concentration led to stronger 
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SiO2-SiO2 interactions whereas a low PVP concentration gave weak SiO2-SiO2 interactions 

which led to varying carbon morphologies after carbonization and SiO2 removal. In 

monodispersed SiO2 systems both small (˂ 200 nm) and large (> 400 nm), particle sizes gave 

the same properties in their carbon morphology. The polydispersity of SiO2 particle sizes 

played a role in the formation of unique hollow carbon nanostructures. A 1:1 wt% of 

SiO2:PVP system was found to be the optimal condition for the generation of different types 

of hollow carbon nanostructures. This study opens a new method of synthesizing hollow 

carbon nanostructures with different morphologies; broken HCSs, deformed HCSs, edge 

connected, open ended, wormlike and bubble-like HCSs respectively. These materials can 

find vast applications in electrochemical sensors and separation membranes. 
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CHAPTER 6 

Generation of Open Ended, Worm Like and Graphene Like 

Structures from Layered Spherical Carbon Materials 

 

6.1 Introduction 

Layered graphene structures can in principle be made by two approaches–by a bottom up 

approach from carbon building blocks or by top down approaches from layered carbon materials. 

The bottom-up approach entails the synthesis of graphene structures by epitaxial growth of 

graphene sheets through Diels-Alder polymerization1, 2, layer by layer assembly3, solvothermal4 

and chemical vapor deposition methods.  The chemical vapor deposition (CVD) methodology, 

can entail depositing carbon on a metal template with some or limited carbon solubility such as 

Cu5-7, Ni8, 9, and Co10 among others. The metal template thus acts as a catalyst for graphene layer 

formation and growth. In some cases, a catalyst free plasma enhanced chemical vapor deposition 

method, has been used to produce carbon nanosheets and vertically oriented graphene sheets11-15. 

The top-down approach involves the exfoliation of graphite by mechanical, electrochemical or 

chemical means to give graphene16, 17. Indeed, the classical methodology to make graphene is 

from graphite18. In principle any carbon source (planar, non-planar geometries) that contain 

layers of carbon atoms could be converted to an open layered carbon material. For instance, 

unzipping multiwalled carbon nanotubes can result in the formation of graphene oxide 

nanoribbons19 and graphene nanoribbons20. A recent report has indicated that C60 can be 

converted into graphene quantum dots showing the possibility of creating graphene like 

structures from spherical carbon materials21.      

 

Typically, carbon nanomaterials are classified based on their dimensionalities such as zero-

dimensional fullerenes (0D), one-dimensional carbon nanotubes (1D), two-dimensional 

graphenes (2D) and various three-dimensional structures (3D) respectively22-25. The 3D carbon 

based nanostructures such as 3D graphene based composites and 3D porous carbons of high 
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mechanical and structural stability, high electrical conductivity and large pore volume have been 

extensively studied26-31. The hard template route has been used to synthesize various 3D carbon 

frameworks for energy applications32-34. In addition, these nanostructures could be used as 

electron acceptors in polymer based solar cells due to their high interfacial area and ballistic type 

electron transport. 

        

Hollow carbon spheres (HCSs) contain graphite like structures in their carbon shells. Because of 

these features they have been used extensively in fuel cells35, 36, as catalysts support37, 38 and in 

supercapacitors39, 40. This is due to their large pore volume, high surface area and the ability to 

tailor the diameters of the carbon shells. These nanostructured materials have been synthesized 

by hydrothermal carbonization41, templating42, 43, Kirkendall effect, Ostwald ripening and the 

galvanic replacement methods among others44. A hard templating method offers the ability to 

modify surface properties of templates, to manipulate the morphology and structure of the final 

product and to use readily available precursors45. The carbon shell thickness can be controlled by 

varying the surfactant to precursor ratio46, 47, the amount of the carbon source48 and the 

carbonization time49. To date, the carbon shell of a HCS is generally retained in the synthesis 

strategies employed. However, studies have indicated that structural collapse of a HCS can occur 

to produce broken shell structures49-51. 

 

Organic solar cell (OSC), devices that convert solar energy into electrical energy often use 

semiconducting polymers made from carbon. Carbon is cheap, readily available, easily 

processable and is hydrophobic.  This latter property ensures its compatibility with organic 

polymers used in the active layer when common organic solvents are used to make solar cell 

devices. In a bulk heterojunction (BHJ), the active layer comprises of an interpenetrating 

network of the p-type donor (poly(3-hexyl-thiophene-2,5-diyl), P3HT) and an n-type acceptor 

(  6,6 -phenyl- C61-butyric acid methyl ester, PCBM) respectively. The key component here is the 

fullerene that is a single layered spherical carbon material. Other hollow carbon nanostructures 

can also act as the electron accepting materials and be used to form a ternary blend of the active 

layer. In this approach metallic impurities in the carbon material are not present as HCS 
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synthesis, unlike carbon nanotube synthesis, requires no catalyst52-58. These early studies 

indicated that a key feature was the graphitic carbon network. To further explore the role of 

graphitic carbon structures in solar cell devices the use of “collapsed” HCSs has been explored. 

This is overcomes the issue associated with large HCSs that can conform to the size of the 

typical active layer dimensions of the OSC device and can lead to shorting. Graphene based 

nanostructures have been mainly used as electrode materials in organic and dye sensitized solar 

cells59-61. In contrast, carbon nanotubes have been employed in the active layer to improve the 

efficiency of photovoltaic devices but their metallic character favor charge carrier recombination 

leading to low photogenerated charge carriers62-65. To our knowledge, the use of open ended 

worm like carbon nanostructures to form an active layer composite in organic solar cells has to 

date not been reported.  

 

In this study, carbon has been deposited on monodispersed and polydispersed silica templates in 

the presence of Au nanoparticles embedded in the silica to produce graphene-like layered 

structures (Au@HCS). Hollow carbon spheres with broken spherical shells were produced from 

small and monodispersed SiO2 spheres and unusual open ended worm like layered structures 

were made from polydispersed silica sphere templates. In essence, the conversion of spherical 

core shell materials to an open ended worm like carbon nanostructures (3D) with unique 

morphologies was carried out using a CVD nanocasting method (a hard template route). The 

effect of Stober sphere diameter, polydispersion and carbonization time on the morphology of 

the carbon spheres produced as well as the role of the Au nanoparticles and the 

polyvinylpyrrolidone (PVP) used to cap the Au particles were studied. The obtained wormlike 

carbon nanostructures and the broken hollow/deformed carbon structures were employed in a 

ternary blend active layer to fabricate an organic solar cell.  

6.2 Experimental 

6.2.1 Starting materials 

The material used for SiO2 spheres are as described in Chapter 5. Chloroauric acid, 

HAuCl4.3H2O (99.99%, Aldrich), polyvinylpyrrolidone, PVPK30 (Mw 40,000, Aldrich), and 

trisodium citrate dihydrate were used as reagents for the synthesis of gold nanoparticles. 
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6.2.2 Synthesis of silica spheres and hollow carbon spheres (HCSs) 

Monodispersed SiO2 spheres were synthesized by mixing 90 mL of ethanol, 63 mL of distilled 

water and 5 mL of NH4OH and the solution stirred for 10 min. Then 16 mL of TEOS was added 

rapidly and the mixture stirred for 1 hour. In contrast, polydispersed SiO2 spheres were obtained 

by adding 2 mL of TEOS slowly to ethanol (40 mL) and 2 mL of NH4OH and the mixture 

allowed to stir for 1 h. The solutions were centrifuged at 4500 rpm for 20 minutes and the 

product dried at 80°C for 12 h. Carbonization of both the monodispersed and polydispersed SiO2 

spheres was carried out by a bubbling method using toluene as the carbon source and argon as 

the carrier gas in a chemical vapor deposition reactor for 1 h, 2 h and 4 h respectively66 (Table 

6.1). The carbonized silica was then etched with 10% HF for 24 h at room temperature and dried 

to give the hollow carbon spheres.  

 

6.2.3 Addition of PVP to polydispersed SiO2 spheres and synthesis of hollow carbon 

nanostructures 

The polydispersed silica spheres (0.5 g) were weighed and dispersed in 40 mL of ethanol and 

stirred for twenty minutes. Polyvinylpyrrolidone (PVP) solution was prepared by dispersing 0.5 

g of PVP in 20 mL of distilled water and sonicating for 10 min. The PVP solution was added to 

the silica suspension and stirred for 1 h and 12 h respectively. The solutions were centrifuged at 

4500 rpm for 20 min and the products dried at 80°C for 12 h to give SiO2@PVP 1 h and 

SiO2@PVP 12 h respectively. In separate reactors, the two SiO2@PVP samples (0.06 g) were 

uniformly spread onto a quartz boat which was placed in the center of a quartz tube. The furnace 

was heated to 900C at 10 C min−1 under an Ar atmosphere (Ar, 200 sccm).  Once the desired 

temperature was reached, Ar (200 sccm) was bubbled through toluene for 1 h. After this, the gas 

flow was stopped and the system was left to cool down to room temperature under an inert 

atmosphere (Ar, 200 sccm). The quartz boat was then removed from the reactor and the silica 

was removed with a 10% HF solution (24 h) and after thorough washing with distilled water the 

product was dried at 80C for 12 h to give the two desired hollow carbon nanostructures. 
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6.2.4 Synthesis of Au nanoparticles 

HAuCl4.3H2O (0.01 M, 5 mL) was stirred at reflux for 30 min and trisodium citrate dihydrate (50 

mL of 0.01 M) was added to the Au solution and the mixture stirred for 30 min. A 0.5 g of PVP 

was dissolved in 20 mL of distilled H2O and added dropwise to the Au solution and stirred at 

room temperature for 12 h.  Centrifugation at 12,000 rpm for 15 min gave a suspension of gold 

nanoparticles (d = 14 ± 4 nm) in solution (Appendix A:Fig. S6.1). 

6.2.5 Synthesis of Au@SiO2 spheres 

Gold@silica spheres were synthesized using the conditions shown in Table 6.2. Gold 

nanoparticles (2 mL, 0.00016 M) were mixed with 20 mL of ethanol and 0.5 mL of ammonia 

solution (25 wt%). The solutions were stirred for 20 min and then 1 mL of TEOS was added 

rapidly and the solutions stirred separately for 30 min and 1 h respectively. The two solutions 

were then centrifuged for 20 min at 3500 rpm and the collected solids dried at 80ºC for 12 h to 

give monodispersed Au@SiO2A and Au@SiO2B spheres respectively. Polydispersed Au@SiO2 

particles were made by adding gold nanoparticles (20 mL) to 40 mL of ethanol and 2 mL of 

ammonia solution (25 wt%). The solution was stirred for 20 min and 2 mL of TEOS was added 

slowly and the solution stirred for 1 h, centrifuged for 20 min at 3500 rpm and the collected solid 

dried at 80C for 12 h to give Au@SiO2C.  

 

6.2.6 Synthesis of Au@hollow carbon structures (Au@HCSs) 

Au@hollow carbon spheres (Au@HCSs) were synthesized by carbonization of the synthesized 

Au@SiO2 spheres in a horizontal chemical vapor deposition reactor. In separate reactors, the 

three Au@SiO2 samples (0.06 g) were uniformly spread onto a quartz boat which was placed in 

the center of a quartz tube. The furnace was heated to 900 C at 10 C min−1 under an Ar 

atmosphere (Ar, 200 sccm).  Once the desired temperature was reached, Ar (200 sccm) was 

bubbled through toluene for 1 h for Au@SiO2A and Au@SiO2B and for 1 h, 2 h and 4 h for 

Au@SiO2C (to give Au@SiO2C1, Au@SiO2C2 and Au@SiO2C4) respectively. After this, the 

gas flow was stopped and the system was left to cool down to room temperature under an inert 

atmosphere (Ar, 200 sccm). The quartz boat was then removed from the reactor and the silica 
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was removed with a 10% HF solution (24 h) and after thorough washing with distilled water the 

product was dried at 80C for 12 h to give the five Au@HCS samples (Table 6.3). 

 

 The characterization of the Au@SiO2 and AU@HCSs was studied using techniques described in 

earlier chapters. The morphology and  graphitic domains in Au@HCS were determined using a 

JEOL JEM 2100 High Resolution TEM (JEOL, Japan) fitted with a LaB6 gun. A energy 

dispersive X-ray spectroscopy (EDS) analysis was done to check the elemental composition of 

the synthesized carbon nanostructures. 

 

6.2.7 Fabrication of a ternary blend active layer based organic solar cell 

The devices were fabricated on top of ITO-coated substrates. The ITO coated glass was cleaned 

in an ultrasonic bath by treatment with deionized H2O, acetone, ethanol and a mixture of an 

deionized H2O and  ethanol sequentially for 30 min before solvent removal by a stream of N2 

gas. A hole transport layer, PEDOT:PSS (poly(3,4-

ethylenedioxylenethiophene):poly(styrenesulfonic acid)) was spin coated onto the ITO coated 

substrate at 2000 rpm for 30 s. The resulting film was dried on a hot plate at 70 º C for 15 min. 

Two sets of P3HT and PCBM samples (10 mg each) were separately dissolved in 0.5 mL of 

chlorobenzene and stirred in air for 3 h at room temperature. The hollow carbon nanostructure 

solutions were prepared by dissolving 1 mg of wormlike hollow carbon structures and broken 

hollow carbon structures separately in 0.5 mL of chlorobenzene. The active layer was prepared 

by mixing the solutions of P3HT:PCBM:hollow carbon nanostructures in (1:1:0.1) weight ratio 

to form two different blend solutions and stirred for 2 h. The active layer was then spin coated at 

2000 rpm for 30 s on top of the PEDOT:PSS thin film and the cathode was deposited by thermal 

evaporation of aluminium under 6100.8   mbar. Optical absorption measurements of the films 

made from the blends were carried out using a Cary 500 UV–visible Spectrometer.  The surface 

roughness and topographic images of the films were studied using a Veeco Di3100 AFM in 

tapping mode installed with a Si3N4 tip. The current density–voltage (J–V) characteristics of the 

films were obtained using a HP 4141B source measure unit under 100 mW/cm2 illumination 
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(AM 1.5G). All the measurements were carried out at room temperature under standard 

conditions.  

 

6.3 Results and discussion 

6.3.1 Silica spheres and hollow carbon spheres (HCSs) 

Stober silica spheres were synthesized by classical routes67. The silica spheres were made using 

two different reactant concentrations and reaction times to give monodispersed and 

polydispersed SiO2 with different sizes as shown in Fig. S6.2. Monodispersed SiO2 spheres (400-

500 nm) were obtained when TEOS was added quickly while polydispersed SiO2 spheres (90-

310 nm) were obtained when TEOS was added slowly. A quick addition of TEOS results in the 

creation of nucleation sites at the same rate and time whereas a slow addition creates new 

nucleation site with each TEOS portion added, analogous to an interrupted particle growth 

mechanism68, 69. These spheres were carbonized with toluene for 1 h, 2 h and 4 h and the SiO2 

was removed with HF to give HCSs (Table 6.1). The TEM images of the six different HCSs are 

shown in Fig. 6.1. It is noted that the HCSs were smaller in diameter than the SiO2 spheres due to 

the shrinkage of the silica spheres37, 70. For all types of silica spheres used, carbon coverage on 

SiO2 was observed prior to etching. The carbon shell thickness increased with increasing 

carbonization time as shown in Table 6.1. After treatment of the SiO2@C materials with HF, it is 

seen that the carbon shells in monodispersed HCSs retained their spherical shape (Fig. 6.1a, b 

and c). In contrast, HCSs with deformed and interconnected carbon shells were obtained after 

treatment of the polydispersed SiO2@C materials with HF (Fig. 6.1d and e). However, HCSs 

with complete carbon shells were obtained after 4 h carbonization of polydispersed SiO2 

materials and SiO2 removal (Fig. 6.1f).  Also to note: the carbon shell thickness of the 

polydispersed HCSs was thinner than that of the monodispersed HCSs. Though both mono and 

polydispersed SiO2 are chemically the same, SiO2 polydispersity was found to reduce the number 

of carbonization layers. This could be attributed to the packing of polydispersed particles which 

restricts toluene infiltration between SiO2 spheres during carbon shell growth on SiO2.  
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Table 6.1. Effect of carbonization time on the carbon shell thickness 

Starting SiO2 material SiO2 (nm) CVD carbonization time (h) Carbon shell thickness (nm) 

Monodispersed SiO2 400 - 500 

1 12 ± 5 

2 38 ± 8 

4 47 ± 10 

Polydispersed SiO2 90 - 310 

1 8 ± 2 

2 10 ± 3 

4 32 ± 8 

 

 

 

Figure 6.1. TEM images of hollow carbon spheres; (a, b, c) from monodispersed SiO2 spheres 

and (d, e, f) from polydispersed SiO2 spheres after (1 h, 2 h, 4 h) carbonization times and SiO2 

removal, respectively. 
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6.3.2 Au@SiO2 and Au@HCSs 

Au@SiO2 was made by classical procedures by dispersing Au particles in a solution containing 

TEOS (Table 6.2).  The sizes of encapsulated gold nanoparticles were almost the same in all the 

Au@SiO2 spheres with a slight increase in size observed in Au@HCSs obtained after 

carbonization and SiO2 removal (Table 6.3). Fig. 6.2 show the TEM images of Au@SiO2A and 

Au@SiO2B templates with their respective HCS morphologies obtained after 1 h carbonization. 

The longer reaction time (1 h versus 0.5 h) used in the formation of the template gave a larger 

HCS as expected71, 72. Carbonization of the smaller sized silica spheres (Au@SiO2A) produced 

broken hollow carbon spheres after etching away the SiO2 (Fig. 6.2c) while the large sized silica 

sphere (Au@SiO2B; 110-150 nm) gave more unbroken spherical carbon shells after HF etching 

(Fig. 6.2d). Though, the thickness of the carbon shells was similar after 1 h carbonization time; 

the smaller HCSs were more prone to break during the etching procedures, due to the large 

strains induced by the larger curvature which weaken upon SiO2 removal. Carbon shell thickness 

dependent collapse of Au@SiO2A is thus unavoidable due to the smaller diameter size50, 51. 

 

Table 6.2. Reaction conditions for the synthesis of Au@SiO2 spheres 

Description 
Stirring 

time (h) 

Gold 

nanoparticle 

solution (mL) 

Ethanol 

(mL) 

Ammonia 

solution 25 wt% 

(mL) 

TEOS 

(mL) 

Au@SiO2A 0.5 2 20 0.5 1 

Au@SiO2B 1 2 20 0.5 1 

Au@SiO2C 1 20 40 2 2 
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Figure 6.2. TEM images of (a) Au@SiO2A, (b) Au @SiO2B spheres before carbonization: (c) 

Au@HCSA and (d) Au@HCSB after 1 h carbonization time and SiO2 removal. 

 

Fig. 6.3a shows TEM images of polydispersed Au@SiO2C spheres after synthesis. After 1 h 

carbonization a thin carbon shell (11 ± 2 nm) covering the silica (Fig. S6.3) is formed which led 

to a layered carbon nanostructure (Fig. 6.3b) after HF etching. This contrasts with the 

morphologies found for Au@HCSA and Au@HCSB as the collapse led to large sheets of carbon 

shells instead of a hemispherical curved surface. The carbonization of silica spheres to give thin 

carbon shells occurred where the silica cores interconnected and breaching presumably occurred 

where the silica spheres intersected. A short carbonization time (1 h) produced a layered carbon 

nanosheet like morphology due to limited nucleation densities and surface coverage. 

Carbonization for longer times (2 and 4 h) led to the formation of long nanotube/worm like 

morphology (length > 500 nm) (Fig. 6.3c, d).   
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Table 6.3 shows that an increase in carbon shell thickness of Au@HCSC occurs with an increase 

in carbonization time. Comparison of polydispersed Au@HCSC (Fig. 6.3) and polydispersed 

HCSs (Fig. 6.1) showed that in the absence of gold, HCSs with deformed and interconnected 

carbon shells were observed and no carbon nanosheet like morphology was noted.  This 

implicates the presence of Au in the formation of the peculiar carbon structures. A more detailed 

analysis of Au@HCSC1 was obtained from HRTEM studies (Fig. 6.4). HRTEM images of the 

Au@HCSC1 revealed that the sample could be viewed as a carbon sheet (Fig. 6.4a) made of 

overlapping carbon layers formed from the extended array of hollow carbon structures (Fig. 

6.4b). The extended array was in the form of discontinuous curved features portraying the wavy 

nature of the carbon sphere edge73. The carbon structure appears to follow the curvature of the 

unzipped spheres (Fig. 6.4c). Further analysis of the ‘film’ indicates that the carbon ‘shell’ shows 

the presence of graphitic domains (Fig. 6.4d; d interlayer spacing = 0.344 nm) with short range 

ordering (Fig. 6.4e) over large parts of the carbon structure. The structure also indicates regions 

of amorphous carbon as confirmed by selected area electron diffraction (SAED) data (Fig. S6.4). 

 

Table 6.3. Effect of SiO2 sphere diameter in Au@SiO2 template on the carbon morphology 

Description 
Starting SiO2 

material 

SiO2 

(nm) 

Au 

(nm) 

CVD 

carbonization 

time (h) 

Morphology 
Carbon shell 

thickness (nm) 

Au 

(nm) 

Au@HCSA Au@SiO2A 80 - 110 14 ± 3 1 
HCSs with broken 

shells 
8 ± 3 15 ± 4 

Au@HCSB Au@SiO2B 110 - 150 14 ± 4 1 
HCSs with complete 

shells 
8 ± 2 15 ± 6 

Au@HCSC1 Au@SiO2C 90 - 300 16 ± 4 1 
Layered graphene- 

like nanostructures 
13 ± 2 15 ± 4 

Au@HCSC2 Au@SiO2C 90 - 300 16 ± 4 2 
Open ended tube like 

nanostructures 
25 ± 5 16 ± 4 

Au@HCSC4 Au@SiO2C 90 - 300 16 ± 4 4 
Open ended tube like 

nanostructures 
38 ± 10 21 ± 6 
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Figure. 6.3. TEM images of (a) Au@SiO2C, (b), (c) and (d) Au@HCSC obtained after (1 h , 2 h 

, 4 h) carbonization times and SiO2 removal, respectively. 

 

 

Figure 6.4. HRTEM images of Au@HCSC1; (a) shows the carbon film of Au@HCSC1 and that 

of the copper grid, (b) shows three overlapping areas of the carbon sheet (black spots are Au  
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particles), (c) shows a folded region and a sheet like region with magnified images of (d) folded 

region and (e) sheet like region. 

 

 The factors responsible for the formation of the wormlike carbon structures are described below.  

            (i) Polydispersity  

 A possible cause of the growth of the wormlike and open ended graphene like structures is 

related to the SiO2 polydispersity74-77. This is presumably due to the closer contact between the 

SiO2 spheres made possible when small and large SiO2 spheres are mixed. The carbon infiltrates 

less effectively between the mixed size spheres and this leads to the formation of thinner and 

hence weaker carbon structures. These are then more easily ruptured.    

          (ii) Carbonization time 

The carbonization time determines the layer structure and wormlike structures after silica 

etching. The carbon shell thickness has an effect on the completeness of the HCS shell and a thin 

carbon wall is subject to high stresses which lead to fracture during HF etching. A long 

carbonization time results in higher nucleation density and diffusivity along the edges leading to 

a near uniform thickness of the wormlike structures. Continued carbonization results in further 

coverage and hence formation of thicker open ended and breached nanotube like structures.                 

            (iii) Role of polyvinylpyrrolidone on carbon morphology 

The presence of PVP (with a high molecular weight) on SiO2 synthesis has been reported to 

cause a broad silica size distribution78. In this study, the volume of PVP used to make 

Au@SiO2A and Au@SiO2B (2 mL PVP) was less than that used to make Au@SiO2C (20 mL 

PVP)  hence leading to modified SiO2-SiO2 surface interactions during carbonization leading to 

different carbon deposits along the external SiO2 surfaces.  

 

To confirm the influence of PVP on the morphology of the obtained worm like and open ended 

carbon nanostructures, polydispersed SiO2 spheres (Fig. S6.2b) and PVP (20 mL) were mixed 

together and stirred for 1 hour and 12 h respectively. The concentration of PVP was similar to 

that used in the synthesis of Au@SiO2C (for comparison purposes). Fig. S6.5a and S6.5b shows 

the silica spheres mixed with PVP before carbonization confirming the PVP surface coverage on 
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silica.  The polydispersed silica spheres mixed with PVP after 1 h stirring time, followed by 

carbonization and SiO2 removal produced worm like hollow carbon nanostructures (Fig. S6.5c). 

In contrast, a 12 h stirring time, followed by carbonization and SiO2 removal gave broken hollow 

carbon spheres with a spherical morphology (Fig. S6.5d). The carbon shell thickness was 7 ± 5 

nm in the wormlike hollow structures and 9 ± 7 nm for the broken/deformed hollow carbon 

spheres. The wormlike carbon nanostructures had a unique hierarchical structure with the 

coexistence of mesopores and macropores within the non-spherical cavity as shown by the 

nitrogen adsorption-desorption isotherm (Fig. S6.9). Fig S6.9 indicates the Nitrogen adsorption-

desorption isotherm of the open ended wormlike hollow carbon nanostructures that can be 

classified as a type (III) adsorption isotherm according to the IUPAC nomenclature. The 

measured isotherm exhibited a H3 hysteresis loop at a relative pressure of P/Po = 0.8 – 1.0 

indicating assemblage of slit shaped pores or platelike particles79. Consequently, the material 

exhibited a BET surface area of 98 m2/g and a pore volume of 0.64 cm3/g. Fig. S6.9 inset shows 

the pore size distribution calculated by the BJH method with a sharp peak observed at 23.4 nm; 

characteristic of mesopores and a broad pore size distribution in the macroporous region (50 to 

100 nm). This indicated the coexistence of hierarchical mesopores and macropores derived from 

the hollow interconnected open network and interparticle voids in the sample80, 81. Indeed, the 

presence of non-spherical hollow cavities in carbon nanomaterials have been reported to reduce 

the charge transport pathway in electrochemical devices82. 

 

In the study, 900°C was used for carbonization of the silica. Mixing of silica with PVP results in 

the presence of hydrogen bonded PVP polymer chains on SiO2 that carbonizes on the silica 

surface83-85. Some of the PVP was lost due to sublimation at the reaction temperature. The 

surface morphology is dependent on the amount of PVP bound on the silica surface. When a 

high concentration of PVP was used on Au@SiO2 and polydispersed SiO2 spheres, a thin carbon 

nanosheet and wormlike hollow structures were obtained.  

          (iv) Presence of Au 

The HRTEM images of the Au@HCS indicate the HCSs have been broken and show folded 

edges of the carbon sheet on the planar structure (Fig. S6.6a). The folded edges have a higher 
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interlayer spacing (0.371 ± 0.002 nm) compared to the d spacing of pure graphite (0.335 nm) 86. 

(Fig. S6.6b). This indicates an 11% strain in the carbon material around the Au and folding along 

the edges due to the carbon grown on the interconnected spheres. A difference in the curvature 

energies of thin carbon walls is thus expected for carbon in the presence/absence of Au particles. 

On removal of the silica, the carbon atoms can now relax and this leads to collapse/unzipping of 

the walls, leading to the formation of worm like carbon structures. The unzipping effect is not 

only related to the thinness of the carbon structure. If this was the case, the polydispersed 

HCSC1 (Fig. 6.1d) with a shell thickness of 8  2 nm would also be expected to form the worm 

like graphitic carbon structures. This is not seen. There is clearly less surface strain on the carbon 

wall after silica removal and hence HCSs with deformed and interconnected carbon shells are 

formed despite the presence of a thin carbon shell. 

 

Fig. 6.5 shows a schematic diagram that summarizes the formation of the different carbon 

nanostructures for the Au@monodispersed and Au@polydispersed silica sphere templates. A 

small sized Au@monodispersed SiO2 sphere template results in Au@HCSs with breached shells 

while a large sized Au@SiO2 monodispersed sphere template gives Au@HCSs with complete 

shells. In contrast, the Au@polydispersed SiO2 sphere template gives graphene-like, wormlike 

and open ended tube like structures.  
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Figure 6.5.  Possible carbon nanostructure formation mechanism in (a) Au@SiO2A, (b) 

Au@SiO2B and (c) Au @SiO2C, respectively. 

 
6.3.3 Raman spectra of hollow carbon spheres and Au@hollow carbon spheres 

Table S9.1 shows the ID/IG ratios of monodispersed and polydispersed HCSs. The corresponding 

Raman spectra for HCSs and Au@HCSs are shown in Fig. S6.7 and S6.8.  In all cases, a strong 

D band was exhibited between 1342 cm-1 and 1381 cm-1 due to the breathing mode of sp2 and sp3 

carbon atoms87, 88. In addition, a G peak was observed between 1575 cm-1 and 1597 cm-1 which 

is a characteristic of bond stretching of sp2 atoms. An increase in structural defects with 

increasing carbonization time was observed as seen from ID/IG ratios. This is expected as an 

increase in carbonization time increases the number of carbon atoms nucleating on the silica 

template leading to thicker carbon shells and thus more structural defects. Au@HCSA and 

Au@HCSC1 had fewer defects than Au@HCSB resulting in lower ID/IG ratios (Table S9.2). A 

comparison of the Raman spectra of polydispersed Au@HCSs and HCSs shows a broad band 

between 2700 cm-1 and 2900 cm-1 characteristic of a 2D band. The broadness of the peak 

indicates the presence of large defects with small graphitic domains89, 90. In Au@HCSC1, D and 
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G bands were observed at 1370 cm-1 and 1590 cm-1 respectively with a ID/IG ratio of 0.91, 

indicating less graphitic character. A broad 2D band was observed in Au@HCSC1 showing the 

presence of both graphitic and non-graphitic domains in agreement with the HRTEM results.  

 

6.3.4 Application of worm like hollow carbon nanostructures and broken HCSs in organic 

solar cells 

The hollow carbon nanostructures (wormlike and broken HCSs) were mixed with P3HT and 

PCBM to form a ternary blend active layer (section 6.2.7). The pristine active layer 

(PCBM:P3HT blend) had a thickness of 190 ± 10 nm. Fig. S9.11 shows the AFM images of 

P3HT: PCBM:wormlike carbon nanostructures and P3HT:PCBM:broken HCSs with a surface 

roughness of 81.5 nm and 91.8 nm respectively. A PCBM absorption peak was observed at 336 

nm and 338 nm for P3HT:PCBM with broken HCSs and wormlike HCSs respectively (Fig. 

6.6)91. The absorption intensity of P3HT peaks were observed at 517 nm and at 553 nm/555 nm, 

with a shoulder (#) at 604 nm/605 nm in the films containing broken HCSs /wormlike HCSs 

respectively due to P3HT interchain π-π* interactions92, 93. The absorption intensity of the film 

comprising of P3HT:PCBM:wormlike HCSs was higher than that made of P3HT: PCBM: 

broken HCSs due to enhanced scattering of light. An increase in absorption intensity in the 

wormlike HCSs led to an increased short circuit current density (Jsc). The device performance is 

determined by the structural organization of the interpenetrating network, interface energy and 

self-assembly of active layer composites94, 95.  Theoretical studies and experimental results of 

organic photovoltaic devices have shown that P3HT chains can self-assemble to wrap around the 

carbon based nanostructures and change the conjugation length of the P3HT to modify the device 

charge transfer properties95, 96.  It is proposed that the large interface area provided in the open 

ended worm like structure could increase the interconnectivity to the P3HT chains and thus, alter 

the charge transfer properties in the active layer composite.  
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Figure 6.6. UV-visible absorbance spectra of P3HT:PCBM:hollow carbon nanostructures films. 

 

Table 6.4 shows the current-voltage characteristics of the ternary blend active layer based 

organic solar cell under illumination and in the dark. An attempt to use hollow carbon spheres 

with a complete shell led to shorting of the photovoltaic devices due to their large diameter size. 

Hence, wormlike and broken HCSs were used. The current density of the device with wormlike 

HCSs is slightly higher than in the device with broken HCSs. This can be attributed to a reduced 

charge-transport distance, a slight increase in absorption intensity and less surface roughness in 

comparison to that of a device with broken HCSs. There was a slight increase in open circuit 

voltage (Voc) in the device with wormlike hollow carbon nanostructures which could be 

attributed to a change in the HOMO and LUMO energies of the active layer components97-99. In 

addition, a possible charge carrier recombination is further corroborated by an S curve kink (see 

arrow in Fig. 6.7a) and by a high leakage current (Fig. 6.7b). The power conversion efficiency of 

the ternary solar cell fabricated using worm like structures was 0.11% while with broken hollow 

carbon spheres it was 0.14%. While these values are low they show an improvement with 

reference to the unbroken HCSs (see Fig. 6.7). The increase in shunt resistance, open circuit 
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voltage and fill factor (FF) in P3HT:PCBM:broken HCSs relative to that of the device with 

wormlike HCSs were responsible for the slight improvement in photovoltaic efficiency.  

 

 

 

Figure 6.7. P3HT:PCBM:hollow carbon nanostructures current-voltage (J-V) curves (a) under 

illumination and (b) Semi log J-V curves in the dark. 

 

Table 6.4. Current -Voltage characteristics of devices with P3HT:PCBM:wormlike HCSs and 

P3HT:PCBM:broken HCSs 

Description 
Jsc 

(mA/cm2) 

Voc 

(V) 

Series 

resistance 

(ohms) 

Shunt 

resistance 

(ohms) 

FF 

(%) 

Power 

conversion 

efficiency 

(%) 

P3HT:PCBM:wormlike HCSs 0.96 0.42 1.41 × 104 6.07 × 103 26.04 0.11 

P3HT:PCBM:broken HCSs 0.73 0.50 5.95 × 103 2.14 × 104 37.26 0.14 

 

 



150 

B.K. Mutuma, B. Matsoso, K. Ranganathan, D. Wamwangi, N.J. Coville, RSC Advances, 6 (2016) 20399-20408. 

 

 

 

6.4 Conclusions 

This study provides insight into the effect of Au@polydispersed silica sphere templates and 

polydispersed SiO2 sphere templates towards the formation of hollow carbon nanostructures by a 

CVD nanocasting method, a study rarely performed. Au@HCSs and HCSs were successfully 

synthesized using a CVD nanocasting method with Au@SiO2 and SiO2 spheres as templates. 

The size of the Au@SiO2 and SiO2 templates used were found to play a key role in the synthesis 

of the hollow carbon spheres and nanostructures. Monodispersed and large sized Au@SiO2 

spheres gave unbroken HCSs, whereas polydispersed Au@SiO2 spheres led to the formation of a 

range of hollow carbon nanostructures (thin carbon nanosheets and open ended nanotube like 

carbon). Modification of the surface chemistry of the polydispersed SiO2 using PVP was found 

to contribute to the worm like carbon nanostructures. Raman analysis confirmed the presence of 

the graphitized carbon in all the samples synthesized. 

 

The Au@HCS core shell layered materials have been used for the generation of graphene like 

open structures. The polydispersed SiO2 sphere functionalized with PVP generated worm like 

hollow carbon structures. The application of the wormlike nanostructures in organic solar cells 

opens new studies into the electronic properties of these materials. However,  overcompensation 

of the number of electron accepting materials limited domain formation of the donor/acceptor 

thus increasing recombination; substitutional replacemnet would be encouraged. 
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CHAPTER 7 

Synthesis and Characterization of Gold Nanospheres and 

Nanorods for Application in Organic Photovoltaic Devices 

 

7.1 Introduction 

Nanotechnology has grown over recent years due to the importance and versatile applicability of 

nanomaterials. The chemical, physical, optical, catalytic and electronic properties of 

nanomaterials are dependent on their quantum confinement and the dielectric environment. 

Among these nanomaterials, are the noble metals such as gold and silver that are of considerable 

interest owing to the tunability of their surface plasmon resonance modes using their aspect ratio 

(length to width ratio)1. The aspect ratio of these nanomaterials can be controlled during 

synthesis2-5. Thus, gold nanoparticles can exhibit a spherical shape as gold nanospheres or a rod-

like shape as gold nanorods amongst other geometric forms depending on the competition 

between nucleation and agglomeration6, 7. The gold nanospheres show only a transverse surface 

plasmon peak while the gold nanorod exhibits an additional mode, namely the longitudinal 

surface plasmon resonance. The surface plasmon resonance properties of gold nanomaterials 

make them applicable in optical and electronic industries. Different sizes of gold nanorods 

portray different properties based on the aspect ratio due to the presence of the longitudinal and 

transverse surface plasmon peaks corresponding to a free electron oscillation along and 

perpendicular to the major axis of the rods. This is due to the different surface energies resulting 

from the various crystallographic facets present in gold nanorods8-10. 

 

The synthesis of colloidal gold nanospheres using the citrate method was introduced by 

Turkevich et al. in 1951 and modified in the 1970s by Frens et al.11, 12. The kinetics and growth 

dynamics of gold nanospheres are dominated by a nucleation and coarsening mechanism which 

is dependent on physicochemical properties such as time, temperature and pH13. In using the 

modified Turkevich method, it is possible to vary the size and shape of gold nanospheres by 

changing the citrate to gold precursor molar ratio14, the pH15 or the temperature15, 16. On the other 

hand, gold nanorods can be synthesized by several methods; template17, 18, electrochemical19, 20, 
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photochemical21 and seed mediated processes among others22-26 . The seed mediated route is 

simple and offers the advantage of manipulating the aspect ratio of the nanorods depending on 

the seed solution, temperature, reducing agent and surfactant concentration.  

 

Typically, metals are surrounded by a cloud of free electrons. A surface plasmon resonance 

occurs when a noble metal particle is exposed to an electromagnetic field (wave) which induces 

a collective oscillation of the free electrons in response to the dispersion of the electromagnetic 

wave. The oscillation of free electrons causes a transient charge separation forming a dipole 

oscillation along the direction of the electric field. The amplitude of the oscillation reaches a 

maximum at a resonance frequency; referred to as the surface plasmon resonance (SPR) effect. 

According to Mie’s theory, the SPR band width and amplitude depend on the metal type, the 

particle shape, particle size and the dielectric constant of the surrounding media27. The scattering 

or absorption cross sections of light by noble metal nanoparticles depends on the interparticle 

spacing, particle size and shape that varies the SPR intensity and wavelength28-31. Light 

absorption is dominant in gold nanoparticles of 20 nm while scattering processes takes place in 

larger gold nanoparticles ( ˃ 40 nm)32. Thus, the SPR response is dependent on the particle 

shape, particle size, dielectric constant, orientation of particle in the electrical field and metal 

type33-36.  The SPR property of gold nanomaterials have been used to enhance Raman 

scattering37, photoluminescence38 and charge separation in photochemical cells39, 

electrochemical cells40, drug delivery systems41, 42 and in plasmon sensitized solar cells43, 44.  

  

Organic photovoltaic devices (OPVs) portray low optical absorption in the visible range is 

attributed to the thickness dependent absorption of the photoactive layer and the short exciton 

diffusion length. In OPVs, there exists a competition between the device thickness and the 

exciton diffusion length45-47. To improve the optical absorption, thicker OPV films have to be 

fabricated. However, increasing the film thickness leads to a low charge carrier transport due to 

the low charge carrier mobility and recombination which is favoured by the short exciton 

diffusion length of organic materials45-47. To circumvent this problem, the SPR effect of gold has 

been exploited in organic photovoltaic devices as a strategy to enhance the light harvesting 

ability. Thus, gold nanospheres, gold nanorods and composites comprising of gold nanomaterials 

have been incorporated into the anode, the hole transport layer (HTL) or the active layer of 
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OPVs48-54. Linfang et al. used gold nanospheres of diameters 5 nm and 15 nm in PEDOT:PSS of 

OPVs with a MEH-PPV:PCBM as the active layer to obtain an absolute power conversion 

efficiency  (PCE) values of 2.04  and 2.36%, respectively55. Chuang et al. incorporated Au-

graphene oxide nanocomposites as a hole transport layer in a P3HT:PCBM active layer and 

obtained a PCE of 3.98%56.  The LSPR enhanced the photocurrent, the charge carrier generation 

and the overall energy conversion efficiency. Similarly, gold nanorods have also been 

incorporated in the active layer as reported by Wadans et al. to enhance light absorption and film 

morphology. The effect of which was an attainment of higher photovoltaic efficiency57. The Au 

plasmonic modes can improve the charge transfer process and exciton dissociation and optical 

free path of light resulting in an enhanced current density (Jsc), fill factor (FF) and power 

conversion efficiency (PCE) of the OPV device58, 59. These OPV parameters are calculated using 

equation (7.1);  

in

OC

P

FFJscV
PCE    

where Pin is the power input. 

 In this chapter, the synthesis of gold nanospheres and nanorods with controlled parameters using 

modified Turkevich and a seed mediated methods are reported60. The effect of varying the gold 

precursor to citrate volume ratio on the gold nanoparticle size was evaluated. Also, the effect of 

aging of gold nanorods on their morphology and aspect ratio was studied using the seed 

mediated method. The obtained gold nanoparticles and gold nanorods were incorporated into the 

hole transport layer, (PEDOT:PSS, 120 ± 5 nm thick) of organic solar cells and their current-

voltage characteristics determined. The objective was to improve the solar cell device 

performance by incorporating Au nanostructures in the hole transport layer matrix through 

plasmonic effects.  

 

7.2 Experimental Procedure 

7.2.1 Starting Materials 

Chloroauric acid, (HAuCl4.3H2O, 99.99%, Aldrich), polyvinylpyrrolidone, (PVPK30, Mw 

40,000, Aldrich), hexadecyltrimethylammonium bromide, (CTAB, 95%, Aldrich), sodium 

borohydride (NaBH4, 99%, Aldrich), silver nitrate (AgNO3, 99%, Aldrich), L-ascorbic acid 

(7.1) 
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(C6H6O6, 99.99%, Aldrich) and trisodium citrate dihydrate (Na3C6H5O7.2H2O, 99%, Aldrich) 

were used as reagents for the synthesis of gold nanoparticles and gold nanorods. The solar cell 

devices were fabricated using PEDOT:PSS (3-4% in H2O), chlorobenzene, P3HT (99.99%) and 

PCBM (99.5%) purchased from Sigma Aldrich. A transparent conducting anode; ITO coated 

glass (25 mm × 25 mm × 1.1 mm, 8-12  /sq.) was purchased from Sigma Aldrich.  

7.2.2 Preparation of gold nanospheres 

Gold nanospheres were synthesized using the classical Turkevich-Frens method11 as illustrated 

in Fig.7.1. Two different volumes (5 mL and 25 mL) of 0.01 M HAuCl4.3H2O were put into two 

round bottomed flasks and refluxed at 80°C for 30 min. To each of the Au solutions, trisodium 

citrate dihydrate (0.01 M, 50 mL) was added and the mixture was stirred for 30 min. 

Polyvinylpyrrolidone (PVP; 0.5 g) was dissolved in 20 mL of distilled water and added dropwise 

to the two Au solutions and stirred at room temperature for 12 h.  Centrifugation at 12,000 rpm 

for 15 min gave suspensions of gold nanoparticles (d = 14 ± 4 nm) in solution from the 5 mL 

while gold nanoparticles (d = 32 ± 6 nm) were obtained from the Au precursor volume of 25 mL.  

 

 

Figure 7.1.  The synthesis of gold nanospheres; (a) 14 ± 4 nm and (b) 32 ± 6 nm, respectively. 

 

7.2.3 Preparation of gold nanorods 

The seed mediated method was used with CTAB and AgNO3 as structure directing agents61. 
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7.2.3.1 Preparation of seed solution 

A CTAB solution (0.2 M; 10 mL) was mixed with 2.0 mL of 0.01M chloroauric acid and stirred 

for 10 min (Fig. 7.2a). An ice cold NaBH4 solution (0.02 M; 2 mL,) was added resulting in a 

yellowish brown solution. The seed solution was stirred for 2 min and divided into two portions; 

one was used immediately (non-aged) while the other was used after 3 h (aged). 

7.2.3.2 Preparation of the growth solution 

 A CTAB solution (0.02 M; 10 mL) was added to 1 mL 0.008 M AgNO3 and stirred for 10 min 

at room temperature (Fig. 7.2b). A chloroauric acid (5 mL, 0.01M) was added and the solution 

gently mixed with 5 mL of 0.01 M L-ascorbic acid. The solution was stirred for 10 min and used 

immediately. 

A seed solution (5 mL) was added to a growth solution (5 mL) and stirred for 1 h for the aged 

and just prepared solutions as illustrated in Fig. 7.2. The solutions were then centrifuged at 

12,000 rpm for 20 min and labeled as non-aged and aged gold nanorods respectively.  

 

 

Figure 7.2. The synthesis of gold nanorods; (a) seed solution and (b) growth solution and (c) 

non-aged and aged gold nanorods, respectively. 
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7.2.4 Fabrication of an organic solar cell with a modified PEDOT:PSS hole transport layer 

The devices architectures fabricated with ITO-coated substrates are shown in Fig. 7.3. The ITO 

coated glasses were cleaned and dried as described previously in Section 6.2.7. A hole transport 

layer, PEDOT:PSS  was then spin coated onto the ITO coated substrate at 2000 rpm for 1 min. 

This sample will be subsequently be referred to as pristine PEDOT:PSS. Three sets of modified 

PEDOT:PSS solutions were prepared by mixing PEDOT:PSS with gold nanoparticle solutions 

(14 nm and 32 nm) and an aged gold nanorod solution in a PEDOT:PSS:Au volume ratio of 5:1 

respectively. The modified PEDOT:PSS solutions were then spin coated onto the ITO coated 

substrates at 2000 rpm for 1 min. The resulting films (pristine and modified) were thermally 

treated on a hot plate at 70ºC for 15 min. Two sets of P3HT and PCBM samples (10 mg each) 

were separately dissolved in 0.5 mL of chlorobenzene and stirred in air for 3 h at room 

temperature. The active layer was prepared by mixing the separate solutions of P3HT and PCBM 

to form a polymer blend solution and stirred for 2 h. The active layer (190 ± 10 nm) was then 

spin coated at 2000 rpm for 1 min on top of the pristine and modified PEDOT:PSS thin films and 

the cathode was deposited by thermal evaporation of aluminium under 6100.8   mbar.  

 

 

Figure 7.3. The architecture of the fabricated devices; (a) with pristine PEDOT:PSS, (b) with Au 

nanospheres incorporated in PEDOT:PSS and (c) with Au nanorods incorporated in 

PEDOT:PSS, respectively. 
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7.2.5 Characterization of gold nanospheres and nanorods containing films 

 The morphological features, concentration and absorbance of the synthesized gold nanoparticles 

and gold nanorods was determined by TEM,  ICP-OES and UV-vis spectrophotometer, 

respectively. The surface roughness and topographic images of the pristine and modified 

PEDOT:PSS films were studied using a Veeco Di3100 AFM in tapping mode installed with a 

Si3N4 tip. Surface enhanced Raman spectroscopy measurements were done using a Jobin Yvon 

T64000 Raman spectrometer equipped with an Ar ion laser (514.5 nm) and a laser power of 5 

mW. Current-voltage characteristics were done using a HP4141B DC source model under 1.5 

Air mass (100 mW/cm2 illumination). All the measurements were carried out at room 

temperature under standard conditions.  

 

7.3 Results and discussion 

7.3.1 Characterization of gold nanospheres 

7.3.1.1 Morphology 

 Fig. 7.4 shows the TEM images of gold nanoparticles with particle sizes of 14 ± 4 nm and 32 ± 

6 nm respectively. This increase in particle size is due to an increase in the gold precursor to 

citrate volume ratio. Gold nanoparticle size control occurs via a nucleation and growth 

mechanism whose parameters can be manipulated by varying the time, the precursor and 

reducing agent concentration and volume ratios among others62. The nucleation rate of gold 

increases with the concentration of sodium citrate63.  Thus, a higher citrate to gold volume ratio 

of (10:1) resulted in smaller Au nanospheres due to a faster nucleation rate. Also, the increase in 

the number of moles of citrate relative to those of gold precursor resulted in the monomer nuclei 

decreasing substantially resulting in the formation of smaller sized Au nanospheres (Fig. 7.4a 

and 7.4b).  In contrast, a lower citrate to gold volume ratio (2:1) resulted in larger Au 

nanospheres due to a slower nucleation rate. This can be attributed to the less number of moles of 

citrate relative to gold precursor that favored Au growth to form larger nanospheres ((Fig. 7.4c 

and 7.4d).  The nucleation and growth in both cases were different resulting in varying particle 

sizes of gold nanospheres with citrate to gold volume ratios13. This is corroborated by the 

increase in the concentration of obtained gold nanospheres with particle size as determined by 

the ICP-OES. The gold concentration in the 14 ± 4 nm and 32 ± 6 nm gold nanospheres was 1.6 

× 10-4 M and 3.4 × 10-4 M, respectively. 
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Figure 7.4. TEM images of gold nanoparticles; (a and b) 14 ± 4 nm and (c and d) 32 ± 6 nm 

particle sizes, respectively. 

 

 
7.3.1.2  UV-visible absorption spectroscopy analysis 

Metallic nanoparticles of dimensions much smaller than the probing light source experience a 

broad absorption in the visible spectrum. The optical absorption spectra (Fig. 7.5) of the obtained 

gold nanospheres was within the visible region. This is determined by the boundary conditions of 

the coherent oscillations of the conduction electrons and the interband electronic transitions 

between the d and sp orbitals64. The short wavelength resonance (transverse SPR mode) is 

caused by the transverse oscillation of the free electrons.  The absorption wavelength of larger 

sized gold nanospheres (32 ± 6 nm) was at 535 nm while that of the 14 ± 4 nm sized gold 

nanospheres was at 529 nm respectively. This red shift is attributed to dipole resonance and 



163 

 

 

correlated with the increase in the particle size35.  Similar SPR peak wavelengths between 525 

nm to 536 nm were reported by  Leng et al. for gold nanospheres of less than 40 nm particle 

sizes65.  As reported in literature, the LSPR band is dependent on the particle size and shape of 

the gold nanospheres66-68. The large variation in full width half maxima (FWHM) scales with the 

differences in the size dispersion. The dispersion of the 14 nm and 32 nm was approximately 

29% and 19%, respectively, as shown in equation 7.2 below. The % dispersion corroborates with 

the large FWHM of the absorbance curves in Fig. 7.5. 

 

%19100
32

6

%29100
14

4





size

size

                                                                                                                         (7.2) 

 

 

Figure 7.5. The  UV-visible absorbance spectra of the gold nanoparticles in solution due to 

dipole resonance. 

 

7.3.1.3 AFM topographic analysis 

The AFM images of the pristine PEDOT:PSS and Au nanoparticles in PEDOT:PSS show an 

increase in surface roughness upon incorporation of gold nanospheres into the hole transport 

layer, PEDOT:PSS (Fig. 7.6). The calculated root mean square (rms) surface roughness of the 

pristine PEDOT:PSS was 25.4 ± 0.2 nm while incorporation of gold nanospheres into the 

PEDOT:PSS matrix, led to calculated rms values of 35.6 ± 0.3 nm and 54.6 ± 0.3 nm for 14 ± 4 
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nm and 32 ± 6 nm gold sizes respectively. The increase in surface roughness is attributed to the  

dispersion of Au nanospheres in the hole transport layer. The higher the surface roughness, the 

closer the interfacial interactions between the active layer, anode and the hole transport layer. 

This can create hole transport pathways that enhance power conversion efficiency upon light 

illumination. 

 

 

Figure 7.6. AFM images of pristine and modified PEDOT:PSS films; (a) pristine PEDOT:PSS, 

(b) with Au nanoparticles (14 ± 4 nm) and (c) with Au nanoparticles (32 ± 6 nm), respectively. 

 

7.3.2 Gold nanorods characterization 

7.3.2.1 Morphology 

Figs. 7.7a-d show that the gold nanorod containing solution comprised of gold nanospheres 

(30%) and asymmetric gold nanostructures (70%) with an aspect ratio ranging from 1.7 to 3.0. 

The gold nanorod aspect ratio increased with aging time (Fig. 7.7a, b versus 7.7c, d). The 

concentration of the obtained gold nanorods was measured and showed that the value did not 

change with aging (1.4 × 10-5 M) as determined by the ICP-OES. Figs. 7.7a-b show varying sizes 

of gold nanospheres and gold nanorods and also a few very small gold nanoparticles (˂ 5 nm). 

This broad distribution of gold sizes and shapes implies incomplete gold (III) ion reduction26, 69. 

Thus, a continuous nucleation and growth process occurred during the aging process. The 

presence of gold nanospheres and gold nanorods in solution suggests a bilayer assembly of 

CTAB around the gold nanorods70. In seed mediated synthesis of gold nanorods, CTAB acts as a 

structure directing agent. In solution, CTAB forms micelles where the gold seed attach and thus 

directs the rod-like morphology. When CTAB concentration is high, the excess CTAB assembles 
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between the already formed gold nanorods creating a bilayer assembly in a stable gold nanorod 

solution. Fig. 7.7c and 7.7d show the aged gold nanorods with an increased aspect ratio. The 

increase in the aspect ratio and the characteristic disappearance of the tiny gold nanoparticles in 

the aged gold nanorod solution is likely to have resulted from further particle growth by a 

coarsening mechanism leading to the increased gold particle dimension71. 

 

 

Figure 7.7. TEM images of gold nanorods; (a and b) without aging and (c and d) with aging, 

respectively. 

 

7.3.2.2  UV-visible absorption analysis  

The solution containing gold nanorod is a mixture of polydispersed gold nanospheres and gold 

nanorods that absorbed in the visible and infrared region, respectively (Fig. 7.8). Two intense 

absorption peaks were observed at 515 nm and 525 nm representing the transverse surface 

plasmon resonance modes of the non-aged and the aged gold nanorods. The redshift at a short 

wavelength is attributed to an increase in the size of the gold nanospheres with aging time as 
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shown from TEM images.  Long wavelength bands were observed at 835 nm, 875 nm and 970 

nm due to longitudinal SPR modes of the non-aged and the aged gold nanorods. The three band 

position indicated the presence of gold nanorods with varying aspect ratios in both non-aged and 

aged nanorod solutions. The localized surface plasmon resonance (LSPR) peak intensity was 

higher for the aged gold nanorod than for the non-aged gold nanorod solution. This can be 

attributed to the increase in the aspect ratio with aging time as corroborated by TEM. Theoretical 

calculations using El. Sayed et.al. model72 of the maximum absorption based on the aspect ratio 

and medium dielectric function gave LSPR peak positions at 568 nm and 970 nm for the non-

aged and aged sample respectively. However, the theoretical values differed with the 

experimental values due to the limitations of the theoretical calculations; the minimum nanorod 

width reported in literature is 20 nm while that in our study was 7 nm73.  However, the peak at 

525 nm is broad indicating the formation of nanospheres of different sizes which agrees with the 

AFM and TEM images. This implies that during the aging process, particle growth occurred by 

the coarsening of small spheres or rods to form larger particles. Consequently, seed aging 

affected the nucleation kinetics and particle growth mechanism through the Ostwald ripening. 

The formation of gold aggregates resulted in band shifts to higher wavelength due to self-

assembly74. The aged gold nanorods showed a higher SPR effect as portrayed by the increased 

peak intensity. In the UV-visible plasmon spectra, an increase in intensity implies an increase in 

the surface plasmon resonance effect. Thus, aged gold nanorods were used for the study of their 

optoelectronic properties in organic solar cells. 
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Figure 7.8. UV-visible absorption spectra of non-aged and aged gold nanorods. 

 

7.3.2.3 AFM topographic analysis  

The AFM images of the Au nanorod in PEDOT:PSS thin film show the presence of various sizes 

and shapes of the gold nanomaterials non-uniformly dispersed in the PEDOT:PSS matrix (Fig. 

7.9). The calculated rms surface roughness was 86.2 nm and 73.7 nm for the PEDOT:PSS 

modified with Au nanorods with and without aging respectively. The surface roughness 

increased with increasing particle sizes from non-aged to aged gold nanorods. The large surface 

roughness of PEDOT:PSS with aged gold nanorods resulted from the presence of the large sizes 

of polydispersed nanospheres and nanorods as observed in the TEM images.  
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Figure 7.9. Atomic force microscopy (AFM) images of (a) PEDOT:PSS with non-aged Au 

nanorods and (b) PEDOT: PSS with aged Au nanorods, respectively. 

 

7.3.3 Surface enhanced Raman spectroscopy (SERS) analysis 

The surface enhanced Raman spectra were observed after modification of the PEDOT:PSS with 

gold nanospheres and nanorods. A characteristic change in intensity of the PEDOT:PSS peaks 

indicated the presence of a surface enhanced Raman spectroscopy effect (Fig. 7.10a and 7.10b). 

The SERS effect by noble metals is particle size dependent, with an increase in SERS intensity 

with increase in particle size75-77. However, an optimal particle size is achieved where an 

increase in the electromagnetic field leads to scattering thus reducing the overall SERS effect. 

Bands were observed at 1452, 1496 and 1570 cm-1 due to symmetric and asymmetric C-O stretch 

vibrations. A ring deformation mode was observed at 1259 cm-1 with C-O-C stretching bands 

observed at 989 and 1125 cm-1. Bands at 438 cm-1 (SO2
 bending), 703 cm-1 (symmetric C-S-C 

stretch), 575 cm-1 and 852 cm-1 (oxyethylene ring deformation) were also observed. As expected, 

PEDOT:PSS modified with Au nanoparticles and nanorods also showed similar bands but with 

increased intensity37. To note: it was difficult to separate the bands exhibited by the Au 

nanospheres or Au nanorods in PEDOT:PSS as similar bands were observed in both cases. 

However, the gold nanorods exhibited an increase in SP bands intensity which corroborates with 

the additional longitudinal excitation modes observed in UV-vis data. 
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Figure 7.10. Surface enhanced Raman spectra of the pristine and modified PEDOT:PSS. 

 

7.3.4 Current-voltage characteristics of the organic photovoltaic cell devices after 

incorporation gold nanospheres and nanorods into PEDOT: PSS 

The current-voltage characteristics showed that relative to the gold nanorods, an increase in 

current density was obtained when monodispersed 14 ± 4 nm sized gold nanospheres were 

incorporated into the PEDOT:PSS (Fig. 7.11a). This could be attributed to the good dispersion of 

gold nanoparticles in the PEDOT:PSS solution as corroborated by AFM images. Also, the 

surface roughness of the device was less, (35.6 nm) when smaller sized Au nanospheres were 

incorporated into PEDOT:PSS matrix. The increase in current density and shunt resistance 

resulted in a 51% enhancement in the cell efficiency from 0.66% in the reference device to 

1.00% in the device incorporated Au nanospheres (Table 7.1). Also, the open circuit voltage 

decreased in the device with Au nanoparticles of 14 nm showing a change in the interfacial 

energy levels of the device. In our study, the measurements were carried out in the ambient 

atmosphere and thus, lower efficiencies were reported relative to the measurements done under 

N2 as reported in literature. For instance, Woo et al. incorporated gold nanoparticles into the  

PEDOT:PSS HTL layer and reported a PCE of 3.2% after annealing the films at 140°C for 20 

min in a N2 glovebox78. Similarly, Chen et al. reported a PCE of 3.89% on incorporating gold 

nanoparticles in PEDOT:PSS when devices were fabricated in a N2 glovebox and measurements 

done after solvent annealing of the films79.   
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A current density of 6.82 mA/cm2 and a lower fill factor (20.08%) was obtained in the device 

incorporated with larger size gold nanoparticles (32 nm) (Table 7.1). This increase in fill factor 

could result from the increased interfacial surface area between the buffer layer and the active 

layer resulting in increased leakage currents. The current-voltage curves under illumination of 

the devices that incorporated the smaller sized gold nanospheres (14 nm, in blue) does not have 

an S-curve shape between 0.4 V and 0.6 V as observed for the larger Au nanospheres (32 nm, in 

red). This is confirmed by the shift in the curve positions relative to the x-axis as seen in the dark 

current semi-log plot of the current-voltage characteristics (Fig. 7.11b). In contrast, incorporation 

of gold nanorods into the PEDOT: PSS hole transport layer resulted in a decrease in current 

density and a consequent decrease in efficiency. This can be attributed to the higher values of 

series resistance (Table 7.1). Idealy it is required that the shunt resistance be several orders of 

magnitude larger than the series resistance for better FF and device perfomance.  

 

The synthesis and growth of gold nanorods by a seed mediated method involves the use of 

CTAB,  which acted as a nucleation site for the growth of nanorods from the gold seeds80. The 

presence of small amounts of CTAB on the gold nanorods surface during mixing with 

PEDOT:PSS may result in an inhomogeneous mixing of gold nanorods in the PEDOT:PSS 

matrix and the formation of a CTAB layer around Au nanorods that minimized charge transport. 

In addition, the surface roughness of the gold nanorods in PEDOT:PSS was high (86.2 nm) and 

could provide a pathway for electron-hole recombination resulting in increased leakage currents 

and hence a reduced device performance. In addition, due to the Au nanoparticles can be close to 

the P3HT:PCBM active layer matrix creating interfacial resistance and a barrier height at the 

metal-semiconductor interface. Consequently, a reduction in the JSC and FF occurs due to 

leakage tunneling of charge carriers along /through the barrier leading to the formation of a S-

shaped curved81. This is further confirmed by the non-linearity in the semilogarithmic plot of the 

dark current within an exponential regime (Fig. 7.11b magenta and red curves). 
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Figure 7.11. Current-Voltage characteristics of devices fabricated using gold nanoparticles and 

gold nanorods; (a) under illumination and (b) Semi-log current-voltage curve in the dark. 

 

 

Table 7.1. Current-voltage characteristics of the devices modified with Au nanomaterials 

Device Architecture 
Jsc 

(mA/cm2) 

Voc  

(V) 
FF (%) RS (ohms) RSH  (ohms) 

Efficiency 

(%) 

ITO/PEDOT:PSS/P3HT:PCBM/Al 4.31 0.62 24.70 4.0 × 10-2 9.0 × 10-2 0.66 

ITO/PEDOT:PSS:Au (14 nm)/P3HT:PCBM/Al 7.80 0.42 30.02 6.0 × 10-2 1.8 × 10-1 1.00 

ITO/PEDOT:PSS:Au (32 nm)/P3HT:PCBM/Al 6.82 0.61 20.38 1.32 × 10-3 5.0 × 10-4 0.85 

ITO/PEDOT:PSS:Au nanorods/P3HT:PCBM/Al 3.50 0.59 22.28 1.25 × 104 2.8 × 101 0.46 

 

To obtain a good performance in a solar cell device, effective current generation, transport and 

current collection are paramount factors. A low series resistance, a high shunt resistance and low 

leakage currents are of considerable importance. However, factors such an increased surface 

roughness and the interfacial surface area can enhance or degrade the cell performance. An 

increase in surface roughness results in an increase in interfacial area between the buffer layer 

and active layer. This can create a hole transport pathway thus enhancing the overall device 

efficiency. On the other hand, a further increase in surface roughness may result in leakage 

currents, electron-hole recombination and greater series resistances which are detrimental to the 
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cell efficiency82. Fig. 7.12 shows a mechanism to elaborate the three factors that affect the 

conductivity mechanism of the hole transport layer incorporated with gold nanoparticles and 

gold nanorods. This scheme can rationalize our data. 

 

 

Figure 7.12. Plausible conductivity mechanism on incorporating gold nanomaterials in  

PEDOT:PSS. 

 

 

The hole transport pathways increase with an increase in gold nanoparticle size and change in 

shape (for the case of Au nanorods). Incorporation of gold nanomaterials leads to increased 

surface roughness which increases the hole transport pathways in PEDOT:PSS and hence 

increased the current density and fill factors53, 83. This increase in conductive networks in 

PEDOT:PSS is due to a decreased resistance barrier for interchain hole transfer pathway. The 

interchain interactions lead to structural conformation changes that enhances the conductivity of 

PEDOT:PSS84. Interchain interactions of solvents or additives with PEDOT:PSS chains as 

reported in literature either increase or decrease the device conductivity85, 86.  However, the 
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presence of an insulating material like CTAB or a larger Au particle size results in an increased 

leakage current that lowers the fill factor leading to a decrease in device efficiency. This study 

shows that gold enhances the electrical properties of organic photovoltaic devices.  

 

7.4 Conclusions  

Gold nanoparticles and gold nanorods were successfully obtained using a modified Turkevich 

method and a seed mediated method respectively. An increase in the volume ratio of gold 

precursor to citrate ratio increased the gold nanoparticle size. Aging of gold nanorods resulted in 

particle growth via a coarsening route which led to an increase in the nanorod aspect ratio. 

Improved short circuit current and cell efficiency were noted on incorporating gold nanospheres 

(14 nm) into the hole transport layer of the organic solar cell. However, the presence of larger 

size gold nanospheres (32 nm), gold nanorods and CTAB in PEDOT:PSS increased the surface 

roughness of PEDOT:PSS resulting in low fill factors. Size dependent optical absorption and a 

SERS effect were observed after incorporation of gold nanomaterials into the hole transport layer 

matrix.  
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CHAPTER 8 

Improvement of an Organic Photovoltaic Device 

Performance by P3HT:PCBM Solution Heat Treatment 

8.1 Introduction 

Organic solar cells are devices that convert solar energy into electrical energy using 

semiconducting polymers. Semiconducting polymers, in particular, poly-alkylthiophenes and 

fullerenes, have been used extensively as electron donors and acceptors, respectively in 

organic photovoltaic devices1-3. The unique advantages of organic photovoltaic devices such 

as low cost, flexibility, solution process ability and low temperature synthesis have led to 

these devices being considered as potential alternatives in commercial electronic 

applications4. However, their low photoconversion efficiency and limited device stability 

hinders their commercialization. These devices are based on a bulk heterojunction (BHJ) 

approach that maximizes the donor-acceptor interfacial area. In a BHJ, the active layer 

comprises of an interpenetrating network of p-type donor and n-type acceptor molecules 

represented by P3HT and PCBM5. The most extensively used device configuration for a  BHJ 

organic solar cell consists of an active layer sandwiched between a low work function Al 

cathode and a hole conducting PEDOT:PSS layer on top of an indium tin oxide substrate3, 6 

(Fig. 8.1). Based on the a modified P3HT:PCBM triple junction system, a PCE greater than 

11% has been achieved7.  

 

 
Figure 8.1. A typical BHJ organic solar cell. 

 

 Extensive research efforts have been devoted to improving the power conversion efficiency 

(PCE) of organic photovoltaic devices. These strategies can be characterized by two pronged 

approaches;  
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 Firstly, through material modification, this process entails the incorporation of new 

additional blend component that enhances the optical absorption to utilize a greater 

proportion of the solar emission spectrum by using a lower band gap material. This 

material based strategy attempts to modify exciton generation and charge transport of 

the device8. 

 Secondly, through a process based modification to alter the morphology of the 

polymer blend. The variation of the kinetics of diffusion of the polymer and fullerene 

significantly improve the exciton generation and diffusion to the interface. 

Furthermore, it is expected that an increased donor-acceptor interface area enhances 

charge separation and transport. The exciton diffusion length in polymers is short 

(10~20 nm) hence short pathways are needed for an efficient charge transport3. 

 

Thermal annealing of the P3HT:PCBM blend film has been proposed to increase the optical, 

electronic9, 10 and nanomechanical properties11 of organic polymer solar cells. Most research 

has focused on post-thermal annealing of P3HT:PCBM films12, 13 and solvent vapor 

annealing9, 14-17 as a way to enhance the performance of P3HT:PCBM based solar cells 

through nanoscale morphology modification. Other methods such as varying the solvents 

used for films preparation18 have been employed in the quest to obtain good polymer 

miscibility. Heat treatment of P3HT:PCBM influences the ordering of the P3HT by varying 

its hole mobility properties19 thus, leading to an increased cell efficiency20-22. Usually, the 

charge transport and separation in organic solar cells is highly dependent on the interphase 

segregation and diffusion of the electron acceptor (PCBM) and the electron donor (P3HT). 

Good segregation of P3HT and PCBM is influenced by P3HT crystallization and the 

diffusion of PCBM during thermal annealing of P3HT:PCBM films23.  In particular, the 

ordering of P3HT in the fullerene matrix is a critical factor that affects the efficiency of an 

organic photovoltaic device during solution processing of the active layer. In this study, the 

kinetics and energetics of solution heating of P3HT on the nanoscale morphology and 

properties of a solar cell device are investigated. Furthermore, these diffusion mechanisms 

are compared to the effect of heating of a P3HT:PCBM blend solution. 
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8.2 Experimental  

The devices were fabricated on top of ITO-coated substrates. The ITO coated glass was 

cleaned in an ultrasonic bath containing distilled water-acetone-ethanol solutions and the 

residual solvent was removed by a stream of nitrogen gas. A hole transporting layer, 

PEDOT:PSS was then spin coated onto the ITO coated glass substrate at 2000 rpm for 60 

seconds. The resulting film was dried on a hot plate at 100 oC for 15 min to remove any 

residual water.  To prepare the active layer solutions, two sets of P3HT and PCBM samples 

(10 mg each) were separately dissolved in 0.5 mL of chlorobenzene (C6H5Cl) and stirred in 

ambient conditions for 3 h at 40 ºC (Fig. 8.2a, b). One set of P3HT and PCBM solution was 

mixed and stirred for 2 h before heating the blend solutions at 70 ºC for 1 min (Fig. 8.2c). 

The heated solutions were kept at room temperature for 5 min before spin coating. The 

pristine P3HT:PCBM blend solution (i.e. without any heat treatment) is referred as pr-

P3HT:PCBM and the heat treated P3HT:PCBM blend is referred as ht-P3HT:PCBM 

respectively. Similarly, the pristine P3HT and heat treated P3HT solutions are referred to as 

pr-P3HT and ht-P3HT respectively. In another set of experiment, a P3HT solution was first 

heated for 1 min at 70 ºC before mixing it with PCBM and the blend was then stirred for 2 h; 

this sample is referred to as  P3HT:PCBM using ht-P3HT. 

 

 

Figure 8.2. A schematic diagram showing the preparation of (a) pr-P3HT, (b) PCBM and (c) 

P3HT:PCBM solutions, respectively. 
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The active layer was then spin coated at 2000 rpm on top of a dried PEDOT:PSS thin film. 

The cathode was metalized by thermal evaporation of aluminum. Optical absorption 

measurements of the film blends were made using a Cary 500 UV–visible spectrometer. The 

morphology of the films were studied using atomic force microscopy (Veeco Di3100 AFM) 

in tapping mode. The morphology was further ascertained by transmission electron 

microscopy (TEM) using a FEI Technai G2 spirit electron microscope at 120 keV equipped 

with an energy-dispersive X-ray spectroscopy detector (EDX). A Jobin Yvon T64000 Raman 

spectrometer equipped with an Ar ion laser (514.5 nm) and a laser power of 5 mW was used 

to examine the vibrational bands of the polymer blend. Photoluminescence (PL) 

measurements were carried out using a Varian PL spectrophotometer at a wavelength of 458 

nm. The pristine and heat treated solutions of P3HT and P3HT:PCBM were spin coated on a 

glass substrate and PL measurements carried out on the films. The current density–voltage 

(J–V) characteristics were obtained using a HP 4141B source measure unit under 100 

mW/cm2 illumination (AM 1.5G) generated with a Newport xenon-lamp solar simulator. All 

the measurements were carried out at room temperature under standard conditions. The 

results obtained from the devices (more than 60 devices) fabricated and characterized showed 

a high degree of repeatability. The performance of the devices was also compared to a 

standard reference device made of P3HT:PCBM blend stirred for 5 h using a low heat 

treatment (about 40 ºC). 

 

8.3 Results and discussion 

8.3.1 Morphology 

The AFM images of pr-P3HT and ht-P3HT solutions spin coated on top of PEDOT:PSS are 

shown in Fig. 8.3. The pr-P3HT (Fig. 8.3a) formed an inhomogeneous film with a surface 

root square (rms) roughness of 74.0 nm. The ht-P3HT solution changed color from brown to 

orange on heating and the homogeneous film obtained had a rms of 63.0 nm in the scanned 

surface area of 0.07 m2 (Fig. 8.3b). This decrease in rms is attributed to the increased 

solubility of P3HT in chlorobenzene solvent upon heat treatment. The EDX spectra show no 

oxidation in pr-P3HT but some slight oxidation (presence of oxygen) in ht-P3HT (Fig. 8.4). 
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The inhomogeneous and uniform morphology of the pr-P3HT and ht-P3HT films was 

ascertained from the TEM images, respectively (inset Fig. 8.4).  

 

Figure 8.3. Morphology of spin coated P3HT films (a) pr-P3HT and (b) ht-P3HT, 

respectively. 

 

 

Figure 8.4. Energy-dispersive X-ray (EDX) spectra of: (a) pr-P3HT and (b) ht-P3HT with 

insets (TEM images), respectively. 
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Fig. 8.5a compares the AFM images of a pr-P3HT:PCBM and a ht-P3HT:PCBM blend spin 

coated on top of PEDOT:PSS. An inhomogeneous film was observed in pr-P3HT:PCBM and 

upon heat treatment PCBM diffused into P3HT and it became evenly dispersed in the P3HT 

matrix (Fig. 8.5b and 8.5c). The measured surface rms roughness of the obtained films was 

35 nm, 60 nm and 64 nm for the pr-P3HT:PCBM, ht-P3HT:PCBM and P3HT:PCBM using 

ht-P3HT respectively. Heat treatment caused the PCBM molecules to diffuse readily inside 

the P3HT thus, causing the roughness of the P3HT:PCBM film to increase substantially24. To 

note: heating of the blend solution resulted in a color change, from orange to purple. The 

change in color during the heat treatment corresponds to the diffusion of PCBM into P3HT 

matrix with no PCBM aggregation at the low temperature used (˂ 140 ºC)25, 26. Also, during 

the heat treatment, P3HT is ordered in the blend solution and thus results in its reorientation 

in the P3HT:PCBM blend27. Fig. 8.5c shows that a non-homogenous film was formed in the 

P3HT:PCBM using ht-P3HT. The evidence of inhomogeneity is an indication of the non-

uniform dispersion of the PCBM into the crystalline P3HT matrix. However, a greater 

dispersion was attained when PCBM diffused in the disordered P3HT in the ht-P3HT:PCBM 

blend. 

 

 

Figure 8.5. Morphology of spin coated P3HT:PCBM films (a) pr-P3HT:PCBM (b) ht-

P3HT:PCBM and (c) P3HT:PCBM using ht-P3HT, respectively. 

  

8.3.2 Optical characteristics 

 Fig. 8.6 shows the effect of heat treatment on the absorption spectra of the two types of 

P3HT films and the P3HT:PCBM blends spin coated onto the ITO coated glass substrates 
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with their respective UV-vis absorption band positions shown in Table 8.1. The main 

absorption peak for P3HT was observed at 525 nm (Fig. 8.6a; shown by x) due to π - π* 

transition28, with two vibronic shoulder absorption peaks at 555 nm and 605 nm (#) in both 

ht-P3HT and pr-P3HT respectively. The peak at 550 nm corresponds to the P3HT extended 

conjugation29 while that above 600 nm is attributed to interchain P3HT stacking19. An 

increased intensity of the P3HT peak at 525 nm of 1.48 (Iht-P3HT/Ipr-P3HT) upon heat treatment 

can be due to an increase in P3HT crystallinity30. The increase in optical absorption at < 650 

nm could lead to improved exciton dissociation and charge carrier transport. It is noted that 

annealing does not seem to have any effect on the PCBM as these absorption features (< 400 

nm) do not change significantly (Fig. 8.6b indicated by ∆). This indicates that the nanoscale 

morphological transformation could be due to the structural ordering of P3HT.  

 

Fig. 8.6b shows the absorption spectra of the P3HT:PCBM blend films. In all the blend films, 

an absorption peak was observed at 334 nm characteristic of PCBM31.  Three absorption 

peaks attributed to P3HT were observed between 500 nm and 650 nm (Table 8.1). For the pr-

P3HT:PCBM blend, the film shows a strong, broad absorption at 511 nm with shoulders at 

557 nm and 602 nm (#). In P3HT:PCBM using ht-P3HT, the absorption peak at 511 nm is 

blue shifted to 507 nm and the two shoulder peaks were observed at 551 nm and 602 nm 

respectively. In the ht-P3HT:PCBM blend, the absorption peak red shifted to 513 nm and had 

a higher intensity; with the shoulder peaks observed at 554 nm and 606 nm respectively. This 

enhanced absorption corresponds to a vibronic effect that leads to an increased ordering of 

the interchain interaction in the P3HT and the rearrangement of PCBM into the P3HT 

matrix32. These results arose from the presence of delocalized conjugated electrons that 

lowered the band gap between π and π* orbitals, and increased the optical π - π* transition 

which led to a redshift observed in the peak absorption wavelength33, 34. 
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Figure 8.6. UV-visible absorption spectra of (a) P3HT films and (b) P3HT: PCBM films 

before and after heat treatment. The (∆) marks the PCBM absorption peak and (#) marks the 

P3HT absorption peak at 600 nm. 

 

Table 8.1. UV-visible absorption bands in P3HT:PCBM films 

Description Band position 

(cm-1) 

Band position 

(cm-1) 

Band position 

(cm-1) 

Band position 

(cm-1) 

pr-P3HT:PCBM 334 511 557 602 

P3HT:PCBM using ht-P3HT 334 507 551 602 

ht-P3HT:PCBM 334 513 554 606 

 

8.3.3 Fourier transform infrared spectroscopy (FTIR) 

The molecular structure and charge transfer of P3HT:PCBM solutions were studied by FTIR 

spectroscopy.  Fig. 8.7 shows the FTIR spectra of the P3HT:PCBM blend solutions. In pr-

P3HT:PCBM, bands were observed at 2886, 2975, 3070 cm-1 due to CH2 out of phase, CH2 

in phase and CH3 asymmetric stretching modes respectively. A symmetric ring stretching 

mode was observed at 1147 cm-1 with C-O-S stretching bands observed at 724 cm-1. Bands at 

1440-1480 cm-1 (symmetric ring stretching), 1583 cm-1 (asymmetric ring vibration), 1377 cm-

1 (methyl deformation) and 1082 cm-1 (C-H bending) were also observed. As expected the ht-

P3HT:PCBM blend also showed similar bands with very slight changes35.   
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Figure 8.7. FTIR spectra of pristine and heat treated P3HT:PCBM blends in solution. 

 

8.3.4 Raman spectroscopy 

The Raman spectra of the 5 samples are shown in Fig. 8.8. Differences in peak intensities for 

both the pristine and heat treated films of the P3HT and P3HT:PCBM blends was observed. 

In all the films, bands at 1447.5 cm-1 (C=C antisymmetric stretch), at 1378 cm-1 (C-C 

stretch), 1190 cm-1 (inter-ring stretch), 1107 cm-1 (C-H bending) and 728 cm-1 the (C-S-C 

bands) were observed. Fig. 8.8a shows the Raman spectra of pr-P3HT and ht-P3HT films 

with an increased Raman intensity at 1447.5 cm-1 (C=C asymmetric stretch) after heat 

treatment. Fig. 8.8b shows the Raman spectra of the P3HT:PCBM films where an increase in 

the intensity of the same peak (C=C), was observed in P3HT:PCBM using ht-P3HT and in 

ht-P3HT:PCBM relative to the pr-P3HT:PCBM films respectively. This could be attributed to 

an increase in P3HT ordering after heat treatment30, 32. The P3HT:PCBM using ht-P3HT had 

a lower peak intensity than the ht-P3HT:PCBM film. This could be attributed to a decreased 

dispersion of PCBM into the already ordered P3HT matrix. In contrast, in ht-P3HT:PCBM a 

simultaneous diffusion of PCBM into the P3HT matrix and an increased P3HT ordering 

contributed to the change in peak intensity36. Also, a change in full width half maxima 

(FWHM) in the ht-P3HT:PCBM films was observed representing a change in the polymer 

ordering during the solution heat treatment. The ht-P3HT:PCBM film showed a narrower 
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FWHM (29.63 ± 0.03 cm-1) than the pr-P3HT:PCBM (32.48 ± 0.04 cm-1) at 1447.5 cm-1 due 

to the presence of the ordered P3HT segments37.   

 

 

Figure 8.8. Raman spectra of (a) P3HT films and (b) P3HT: PCBM films before and after 

heat treatment. 

 

8.3.5 Photoluminescence analysis 

8.3.5.1 Photoluminescence analysis of the P3HT and P3HT:PCBM solutions 

Conjugated thiophene photoluminescence (PL) spectra are known to arise from radiative 

recombination of polariton-exciton pairs into Frank-Condon (FC) states and the polaron 

excitation binding energy38, 39. Bulk heterojunction photoluminescence quenching is a 

powerful indication of the degree of exciton dissociation. Figs. 8.9a and 8.9b show the 

photoluminescence spectra of solutions of the prepared P3HT and P3HT:PCBM blends. Fig 

8.9a shows the PL spectra of the pr-P3HT solution with the main peak observed at 637 nm. 

Heat treatment of the P3HT solution resulted in a decreased PL emission intensity in both ht-

P3HT solution and film and a prominent vibronic structure in (Table 8.2). This can be 

attributed to an improved P3HT ordering upon heat treatment32 and thus, an increase in the 

delocalized photoexcitation40 that led to a reduced PL intensity41. Photoluminescence 

quenching was observed in the heat treated P3HT:PCBM solutions (Fig. 8.9b).  However, in 

the solution of P3HT:PCBM using ht-P3HT, a blue shifted emission peak at 583 nm relative 
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to the pr-P3HT:PCBM and ht-P3HT:PCBM solutions was observed (Fig. 8.9a). This shows 

that a limited charge transfer occurred from ht-P3HT to PCBM. 

 

 
Figure 8.9. Photoluminescence spectra of as prepared and heat treated (a) P3HT and (b) 

P3HT:PCBM blends in solution. 

 

 

Table 8.2. PL spectra properties of P3HT and P3HT:PCBM solutions and films 

Description 

Solutions Films 

Max (cm-1) Max (cm-1) Max (cm-1) Max (cm-1) 

pr-P3HT 637 - 647 694 

ht-P3HT 586 639 652 695 

pr-P3HT:PCBM 638 692 643 693 

P3HT:PCBM using ht-P3HT 583 625 638 700 

ht-P3HT:PCBM 593 638 638 708 
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8.3.5.2 Photoluminescence analysis of the P3HT and P3HT:PCBM films 

To determine if the PL spectra of the P3HT and P3HT:PCBM solutions varied after film 

formation; the PL spectra of the as prepared and heat treated P3HT and P3HT:PCBM films 

was recorded in Fig. 8.10. In the pr-P3HT film, the 637 peak redshifted to 647 nm and this 

corresponds to band to band emission of the P3HT since its band gap is approximately 1.9 

eV42. The red shifted peak observed at 694 nm could be attributed to Franck –Condon states 

leading to a possible polaron exciton binding energy of ~0.13 eV. The PL emission at >700 

nm could correspond to the transitions between the Frank-Condon states and mid bandgap 

states associated with the disorder in P3HT. Similarly, the peaks observed in ht-P3HT 

solution at 586 nm and 639 nm redshifted to 652 nm and 695 nm respectively in the ht-P3HT 

film (Fig. 8.10a). This change can be attributed to P3HT interchain excited states and 

symmetry in solid state films resulting in an increase in conjugation length and planarity43, 44.   

 

Analogous to the solutions, a decrease in PL intensities was observed in the films of 

P3HT:PCBM after heat treatment (Fig. 8.10b). This can be attributed to a charge transfer and 

good exciton dissociation in agreement with the literature45, 46. The PL of P3HT in 

P3HT:PCBM is almost completely quenched indicating a close contact between P3HT and 

PCBM and a sufficient exciton dissociation47. This agrees with the Raman spectral data that 

portrays limited diffusion of PCBM into the highly crystalline P3HT matrix resulting in 

limited charge transfer and hence a lower PL intensity. The broadening in the thin films is 

due to the presence of mid band gap states ascribed to disorder.  
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Figure 8.10. Photoluminescence spectra of as prepared and heat treated (a) P3HT and (b) 

P3HT:PCBM films, respectively. 

 

8.3.6 Current-voltage (J-V) characteristics of the fabricated devices 

Fig. 8.11 shows the J-V characteristics of devices fabricated using the pr-P3HT:PCBM, the 

P3HT:PCBM using ht-P3HT as well the ht-P3HT:PCBM blend films. As can be seen, the 

heat treatment of the P3HT resulted in an improved device performance (Table 8.3). A device 

fabricated with ht-P3HT:PCBM had a short circuit current (Jsc) of 13.16 ± 0.15 mA/cm2, 

more than threefold higher than a device fabricated with pr-P3HT:PCBM that had a Jsc of 

3.59 ± 0.12 mA/cm2 (Fig. 8.11a). Similarly, a twofold increase in the Jsc of the device 

fabricated with P3HT:PCBM using ht-P3HT (8.99 ± 0.05 mA/cm2) was observed. From 

similar studies on related systems, these large increases in Jsc after heat treatment can be 

attributed to an increased P3HT ordering and PCBM improved diffusion in the blend48, 49. 

The ordering occurred when small molecules of the PCBM diffused into the P3HT matrix 

allowing the latter to re-organize itself50.  Such ordering provides an easy transport pathway 

for the charge carriers as the donor acceptor interface area is enhanced. Moreover, from an 

analysis of the vibronic peaks in the absorption spectrum, there is enhanced light absorption 

giving an increased current. The Voc of the device fabricated with the heat treated 

P3HT:PCBM blends was slightly higher (0.61) than that of the pr-P3HT:PCBM blend (0.59). 

In Fig. 8.11a it is seen that there is an S-shaped curve in the vicinity of the Voc, this indicates 

the formation of space charge effects due to the segregation of the PCBM (acceptor) to the 



191 

F. Otieno*, B.K. Mutuma*, K. Ranganathan, M. Airo,  R. Erasmus, N. J. Coville, D. 

Wamwangi “ Enhanced Organic Photovoltaic Device Performance by Solution Heat 

Treatment”, Thin solid films, 2016 (under review). 
 

 

hole transport layer (PEDOT:PSS) which can cause undesired charge carrier recombination at 

the PCBM/PEDOT interface, and a reduction of Voc16. The undesired charge carrier 

recombination is further corroborated by a high leakage current for the pristine blend as 

shown in Fig. 8.11b; the leakage current reduces upon heat treatment.   

 

Series resistances of 233.3 cm2 and 19.7  cm2 were obtained in the devices with pr-

P3HT:PCBM and ht-P3HT:PCBM respectively (Table 8.3). This large decrease in series 

resistance after heating can be attributed to an increased contact area between the polymer 

film and the aluminium electrode resulting in more efficient charge collection51. This is in 

agreement with the AFM morphology study where an increase in rms was observed after heat 

treatment. Such roughness may also enhance internal reflection thus increasing the effective 

path length in the layer resulting in an increased absorption and more efficient charge 

collection33. The shunt resistance (Rsh) is sensitive to the donor acceptor interface area and 

hence should correlate to changes in nanoscale morphology of the blend, as seen from the 

data given in Table 8.3 that shows that the efficiency of the device improved with increased 

Rsh. The results indicate that the device performance showed marked improvement upon heat 

treatment with an overall 4 times PCE increase. The current-voltage measurements of our 

films were done in air and the obtained PCE was enhanced to 3.5%. Indeed, the obtained 

PCE value was higher than that of the standard reference cell 
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Figure 8.11. J–V characteristics (a) under illumination of devices formed from pristine and 

heat treated P3HT:PCBM blends (b) Semi-log J-V characteristics in the dark and under 

illumination. 

 

 

Table 8.3. A summary of the performance of the OPVs devices from pristine and heat treated 

P3HT:PCBM blends 

Device Jsc (mA/cm2) Voc (V) Rs ( cm2) Rsh (k cm2) FF (%) PCE (%) 

pr-P3HT:PCBM 3.59 ± 0.12 059 ± 0.02 233.2 ± 0.23 53.9 ± 3 32.4 ± 1.2 0.69 ± 0.10 

P3HT:PCBM using ht-P3HT 8.99 ± 0.05 0.61 ± 0.01 86.3 ± 0.46 200.0 ± 2 34.8 ± 0.8 1.91 ± 0.04 

ht-P3HT:PCBM 13.16 ± 0.15 0.61 ± 0.02 19.7 ± 0.68 233.3 ± 2 42.9 ± 1.1 3.46 ± 0.08 

 

 A summary of the literature of the different annealing conditions used during photovoltaic 

device fabrication and the obtained current-voltage properties of the devices is given in Table 

8.4. The post thermal annealing and solvent vapor annealing reported in the table was carried 

out on films and not on solutions. Ma et al.13 did post thermal annealing of P3HT:PCBM 

films at 150°C for 10 min in a N2 atmosphere and obtained a PCE of 5%, higher than the 

PCE obtained in our study. To note, most of the post thermal annealing techniques reported 

in literature were carried out at high temperatures and for longer times and under inert 

conditions (N2 or Ar). In our approach, we used solution heat treatment and carried out our 

measurements in air. From Table 8.4, it can be seen that post thermal heat treatment at 
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temperatures above 130ºC gave a Jsc > 8 mA/cm2, a FF > 52% and a PCE > 3%52  When no 

heat treatment was carried out on the P3HT:PCBM, a PCE of ˂ 1% was obtained17.   A 

solvent vapor annealing technique has also been reported by Sun et al. who used different 

solvents and obtained the best performance with chlorobenzene and cyclohexanone vapors. 

However, both chlorobenzene and dichlorobenzene vapor annealing gave a relatively low 

PCE (2-3%)9. Park et. al. used acetone vapor annealing and obtained a PCE of 3.29%. In 

solvent vapor annealing, the solubility of the P3HT and PCBM polymer is a determining 

factor16. In essence, both post thermal annealing and solvent vapor annealing improve the 

short circuit current, the fill factor and consequently the PCE of the organic solar cells. 

Comparing our results to those reported in literature, we see that the PCE obtained was 

slightly higher than those reported by earlier researchers.  

 

Table 8.4. A summary of thermal annealing effect on the current-voltage properties of 

organic photovoltaic devices 

Author Annealing method Conditions Jsc (mA/cm2) FF (%) PCE (%) Ref 

Ma et. al 
no heat treatment N2 4.00 30.0 1.00 

 13  
film post thermal annealing 150 °C  for 10 min, N2 10.0 68.0 5.00 

Kim et. al film post thermal annealing 140 °C  for 15 min, N2 9.40 53.0 3.00  12  

Tsoi et. al 
no heat treatment N2 4.79 33.0 1.07 

 37  
film post thermal annealing 140 °C  for 30 min, N2 8.72 64.0 3.39 

Chirvase et. al film post thermal annealing 130 °C  for 20 sec, N2 6.35 63.2 2.39  50  

Kadem et. al Post heat treatment 

100 °C  for 10 min, N2 12.56 62.2 5.0 

 52  
180 °C for 10 min, N2 9.74 57.8 3.6 

Padinger et. al 
film post thermal annealing 75 °C  for 4min, Ar 7.50 57.0 2.50 

 20  
no heat treatment N2 3.74 35.0 0.94 

Park et. al Solvent vapor annealing 
Chlorobenzene, N2 8.35 54.0 2.88 

 16  
Acetone, N2 10.54 54.0 3.29 

Li et. al 
no heat treatment N2 1.33 37.4 0.35 

 17  
Solvent vapor annealing dichlorobenzene 8.29 62.8 2.94 

Sun et. al 

no heat treatment N2 6.14 41.0 1.43 

 9  
Solvent vapor annealing 

Chlorobenzene 6.87 56.0 2.25 

Cyclohexanone 7.80 59.0 2.64 
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 Fig. 8.12 shows a possible reaction scheme that show the effect of heat treatment of P3HT 

separately and in the P3HT:PCBM blend. Fig. 8.12a shows pristine P3HT:PCBM with 

entangled chains of P3HT mixed with PCBM. The presence of entangled chains and a 

disordered coil like structure is attributed to the pristine nature of the P3HT polymer in 

solution53. The presence of PCBM during heat treatment gives a more ordered P3HT as well 

as a uniform distribution of PCBM within the P3HT matrix giving a homogeneous 

P3HT:PCBM blend (Fig. 8.12b). The presence of disordered P3HT domains controls the 

domains of PCBM leading to easy miscibility of PCBM in P3HT54, 55. Consequently, the 

dimensions of the disordered P3HT domains govern the morphology and phase separated 

nanostructure of the P3HT:PCBM54. This prevents the formation of donor and acceptor rich 

domains which could act as recombination sites. In contrast, a slightly disordered P3HT in a 

P3HT:PCBM using ht-P3HT was observed. The preheat treatment of P3HT separately 

reduces the degree of chain entanglement resulting to an ordered P3HT (Fig. 8.12c). 

However, the ordered P3HT inhibits diffusion of PCBM into the P3HT matrix. This is in 

agreement with literature where an increased P3HT ordering in P3HT:PCBM films upon heat 

treatment has been reported32, 56.  

 

 

Figure 8.12. A schematic diagram showing the role of heat treatment of P3HT in PCBM. 
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8.4 Conclusions  

From this study, it was observed that solution heat treatment of a P3HT:PCBM blend 

enhanced the PCE of organic photovoltaic devices by four times relative to a pristine 

P3HT:PCBM blend. Pristine P3HT has a rougher morphology than a heat treated P3HT as 

evidenced in the AFM morphology study. Heating P3HT before mixing the blend increased 

its structural order. However, the high P3HT polymer ordering hindered the PCBM 

penetration into the matrix leading to disconnection of P3HT and PCBM domains in the 

blend matrix. The matrix segregation resulted in a decreased P3HT ordering in the 

P3HT:PCBM blend thus producing a lower PCE. In contrast, heating a P3HT:PCBM blend 

gave a highly ordered P3HT and a higher PCE. During solution heating, PCBM diffused into 

the polymer matrix to form a percolated network with enhanced electron transport properties. 

This study clearly shows that solution heat treatment of P3HT:PCBM leads to a structural 

ordering of the P3HT polymer that modifies the optical, morphological, PL and Raman 

spectra characteristics of the blend. The high P3HT polymer ordering, red shifted optical 

absorption, narrow FWHM of Raman peaks and decreased PL intensity upon solution heat 

treatment contributed to the increased short circuit current and power conversion efficiency 

of 13.16 mA/cm2 and 3.46% respectively. A simultaneous ordering of P3HT alongside 

PCBM diffusion was found to be the main contributor to a good performing device. 

However, to enhance the hole mobility of P3HT, heat treatment at temperatures lower than 

110 °C are preferable21. In our study, we have attempted to use a lower temperature (70 °C) 

and a shorter heating time (1 min) during the solvent heat treatment process. Since heat 

transfer within a solution is much faster than in a solid film a shorter time could be used.  
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CHAPTER 9  

Sensing Ammonia Vapours in a Humid Environment 

using Hollow Carbon Spheres and Hollow Carbon Sphere-

Polyvinylpyrrolidone Composites 

 

9.1 Introduction 
Carbon based nanomaterials have been of great interest to scientists since the discovery of 

fullerenes1 and carbon nanotubes2 due to their unique structural and electronic properties. 

Other forms of carbon based nanomaterials include graphene, graphene oxide and carbon 

spheres. Carbon spheres can be categorized based on their nanometric texture3, the level of 

graphitization4  or on their structural features such as whether they are hollow or solid5. 

Extensive research has been carried out on the synthesis and application of solid carbon 

spheres unlike their hollow carbon spheres (HCSs) counterparts6, 7. HCSs are commonly 

synthesized by techniques such as the hydrothermal8, pyrolysis9 or templating10,11, procedures 

among others. The templating method offers the advantages of manipulating the pore 

structure, the shell thickness and the internal diameter of the HCSs12 in addition to their ease 

of processing by the sol-gel or the Stober method13-15. Thus, HCSs with their size-dependent 

properties are attractive nanomaterials with versatile applications in catalysis16, fuel cells17, 

supercapacitors18 and lithium ion batteries19.  

 

Recently, solid carbon spheres-polymer composites were also applied to electronic devices 

such as hydrostatic pressure sensors20, 21, relative humidity sensors22  and write once read 

many times memory devices23, 24. The application of carbon nanospheres in sensor devices is 

simple, inexpensive and provides materials with high sensitivity and short response and 

recovery times. Despite their hydrophobic behaviour they can be dispersed in water with the 

assistance of a surfactant such as hexadecyltrimethylammonium bromide (CTAB), at a 

temperature below the Kraft temperature22, 25, 26, 27. In addition, a polar group on a polymer 

such as polyvinyl alcohol or polyvinylpyrrolidone can aid the dispersion of the carbon 

materials27. The presence of the polyvinylpyrrolidone polymer as an insulating matrix within 

a conductive material such as graphene has been reported to create percolation pathways that 

aid electrical conductivity28.  Carbon based nanomaterials being cheap, easily processable 
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and exhibiting high surface to volume ratio and tunable electrical properties are 

advantageously applicable for use as resistive or capacitive chemical sensors29-31. 

  

The real time monitoring of toxic compounds such as ammonia, nitrogen dioxide and volatile 

organic compounds is essential to human health and environmental safety.  In particular, high 

ammonia concentrations in the environment are hazardous to human health and vegetation32, 

33. This high ammonia concentration may result from the use of nitrogen containing fertilizers 

in agricultural crops that increase soil acidification and the reaction of ammonium 

compounds to form fine particles34, 35. Thus, ammonia sensors find a broad range of 

application in the automotive, biomedical and agricultural industries36, 37.  However, research 

on ammonia detection and sensing is mostly carried out in a gas testing chamber, limiting 

their applicability in a day to day application. At ambient conditions, the environmental 

factors such as temperature and humidity affect the performance of chemical sensors. For 

instance, Al2O3 sensors are readily susceptible to contamination by water vapour requiring 

regular maintenance38. Also, the presence of water vapour on p-type semiconducting 

materials has been reported to cause a reduction in conductance and a delay in the sensor 

recovery time39-42.   

 

In essence, the monitoring of humidity levels is of great importance to the application of 

sensors in the automotive and food packaging industry43, 44. It results from the role of 

humidity in determining the surface reactions of the sensing materials that rely heavily on the 

environment. Thus, the study of ammonia response in different sensing materials at ambient 

conditions is relevant for their applicability in varying environments8, 29. In recent years, 

several researchers have investigated the effects of surface functionalities on the ammonia 

adsorption on activated carbons45, single walled carbon nanotubes46, 47, multiwalled carbon 

nanotubes48, 49 and graphene oxide50 using theoretical and experimental techniques. The 

surface functionalities such as oxygen containing groups are highly dependent on the 

humidity, which then modify the adsorption and desorption of ammonia. For instance, 

Sangaletti and his co-workers reported on the highly sensitive ammonia gas sensors based on 

single walled carbon nanotubes (SWCNT) at ambient conditions51. Their SWCNT-based 

sensors showed an increase in resistance with the relative humidity by using human breath as 

a water source for humidity tests. Nayaranaswamy and Raimundo reported on the 

simultaneous determination of ammonia (5 - 27 ppm) and relative humidity (RH) in the range 
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30-70% using a Nafion-crystal violet composite in air through reflectance measurements 

using an optical fibre sensor52.  

 

In this study, we examine the response of hollow carbon spheres (as synthesized, annealed 

and in a composite) to ammonia vapours at various RH values. The study critically 

investigates the role of RH on the ammonia sensing properties of carbons (HCSs) which is 

vital to their applicability in real life situations. The effect of annealing hollow carbon 

spheres was investigated by comparing the relative humidity response of pristine and 

annealed HCSs. Surfactant assisted dispersion of pristine HCSs, annealed HCSs and a hollow 

carbon spheres-polyvinylpyrrolidone (HCSs-PVP) composite was used to prepare the sensor 

active layer by casting. A controlled RH environment was created using saturated saline 

solutions. We have also investigated the simultaneous response to ammonia and relative 

humidity of HCSs and the HCSs-PVP composite using a tristimulus analysis as a pattern 

recognition technique in a way that makes it possible to map different clusters of ammonia 

responses and relative humidity levels.   

 

9.2 Experimental 

9.2.1 Materials 

The starting materials for SiO2 spheres and HCSs synthesis are as reported in Chapter 4. 

Hexadecyltrimethylammonium bromide (CTAB; 98%, Aldrich) and polyvinylpyrrolidone, 

PVPK30 (Mw 40,000, Aldrich) were used for the preparation of the surfactant solutions and 

the HCSs:PVP composite respectively. The saturated saline salts were prepared from 

potassium hydroxide (KOH, 99.99%), magnesium chloride hexahydrate (MgCl2.6H2O, 99%), 

sodium bromide (NaBr, 99%), sodium chloride (NaCl, 99%) and potassium sulphate (K2SO4, 

99%) supplied by NEON chemicals. 

9.2.2 Synthesis of the SiO2 spheres and the HCSs 

The synthesis of the pristine SiO2 spheres was carried out using the procedure reported in 

Chapter 4 (Section 4.2.3). Carbonization of the SiO2 spheres was carried out by a bubbling 

method using toluene as the carbon source and argon as the carrier gas in a chemical vapor 

deposition reactor for 1 h53. The carbonized silica was then etched with 10% HF for 24 h at 

room temperature and dried to give the pristine hollow carbon spheres (HCSs).  A portion (5 

mg) of the HCSs was annealed in air at 300°C for 4 h to give the annealed HCSs. 
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9.2.3 Characterization of the SiO2 spheres and the HCSs 

The morphology and thermal properties of the SiO2 spheres and HCSs were determined using 

TEM and TGA. The graphitic nature and surface area of the HCSs were ascertained using 

Raman and BET as described previously in Chapter 4.  

9.2.4 Preparation of HCS solutions using a surfactant dispersion method  

Two solutions of the pristine HCSs were prepared by dissolving 2 mg separately in 1 mL of 

deionized H2O. Similarly, a 2 mg sample of annealed HCSs was dissolved in 1 mL of 

deionized H2O. In order to promote a good dispersion of all the carbon nanostructures in 

water, a surfactant assisted method was used as previously reported31. To each solution, was 

added 5 mg of CTAB and the subsequent solutions sonicated at 60°C for 30 min. The 

dispersions were then sonicated at 0°C for a further 30 min. The samples were then left for 2 

days at 0°C (below the CTAB Kraft temperature, 25°C)25. The amount of surfactant and the 

time that the samples were kept at the low temperature was optimized for each nanostructure. 

The supernatant part of the pristine and annealed HCSs solution (500 µL) was extracted and 

will be referred to as pristine HCSs and annealed HCSs respectively. A PVP solution was 

prepared by dissolving a 25 mg of PVP (MW = 30 kDa) in 0.2 mL of deionized H2O, and 

sonicating the mixture for 30 min at 50°C. The HCSs:PVP composite dispersion was 

prepared by mixing a pristine HCSs supernatant dispersion (250 µL) with a PVP solution (50 

µL) followed by sonication for 30 minutes at room temperature.  

 

9.2.5 Device fabrication 

The interdigitated electrodes composed of 18 pairs of 7.9 mm long ENIG (Electroless Nickel 

Immersion Gold), with a width of 0.1 mm and a gap of 0.1 mm between electrode strips on 

FR4 epoxy resin/fiber glass board were sequentially cleaned in acetone, deionized water and 

isopropyl alcohol by ultrasonication for 20 min in each step. The substrates were dried in the 

oven at 100°C for 30 min. Then 20 µL of each solution was drop casted separately on the 

active area of the interdigitated electrode and the sensor device dried at 120°C for 1 h. The 

thickness of the films was measured using a Bruker Dektak XT profilometer and the 

morphology was ascertained by optical microscopy (Wild M20).   

 

The conductance measurements were carried out using a Agilent 4284A LCR meter at input 

signal with amplitude of 500 mV and a frequency of 1 kHz.  Ammonia solutions of varying 

volumes (1 µL to 4 µL) were dropped into a sealed 2.4 L glass chamber using a micropipette 

and measurements taken after 10 min. The chamber contained a ventilator to homogenize the 
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volatile concentration. The change in conductance was monitored at room temperature and 

pressure by switching the sensor response between the inside of the chamber (ammonia 

vapour) and outside of the chamber (ambient air) using a rotating cap system, previously 

described elsewhere (Fig. S9.1)54. The sensor saturation and recovery times for 1 µL of 

ammonia were approximately 2700-3100 s and 200 s respectively; thus a 400 s response time 

and 250 s recovery time were chosen for the study. The relative humidity measurements were 

carried out using saturated saline solutions of KOH, MgCl2, NaBr, NaCl or K2SO4 as 

described by Greenspan et. al 55 to obtain 10%, 33%, 59%, 75% or 97% RH, respectively. To 

confirm the relative humidity during the measurement, a hygrometer (Minipa MT-241) was 

kept inside the chamber. The measurements were carried out at 20°C or 40°C. 

 

9.3 Results and discussion 

9.3.1 Characterization of the SiO2 spheres and the HCSs 

The TEM micrographs of the SiO2 show that the spheres exhibited a spherical morphology 

with an average diameter size of 212 ± 17 nm (Fig. 9.1a). In the TG-DTA curves of the SiO2 

spheres, a first derivative peak was observed between 40°C and 200°C, which can be 

attributed to the loss of adsorbed water and ethanol molecules (Fig. 9.1b). From 250°C to 

380°C, a considerable weight loss was observed due to the removal of organic residues and 

further polymerization of the silica network (removal of OH from Si-OH)56. After 1 h 

carbonization and silica removal, complete hollow carbon spheres with a mean diameter of 

211 ± 18 nm were obtained (Fig. 9.2a). The shell diameter in the pristine HCSs was 

approximately 18 ± 4 nm due to the short carbonization time of 1 h.  
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Figure 9.1. The pristine SiO2 spheres. (a) TEM image and; (b) Thermal gravimetric and 

derivative weight curves, respectively. 

 

The TG-DTA curve of the HCSs shows a small derivative peak between 280 and 400°C that 

can be attributed to organic residues that were not completely removed during the SiO2 

etching process57. The onset decomposition of the pristine HCSs in air was observed at 

505°C; characteristic of amorphous carbon materials (Fig. 9.2b). To understand the surface 

properties of the HCSs, their surface area properties were investigated using the BET method 

and the pore size distributions determined using the BJH method. Fig. 9.2c shows that the 

HCSs exhibited a type (III) isotherm with a H3 hysteresis loop at a relative pressure of P/Po = 

0.7 – 1.0 indicating an assemblage of slit shaped pores or platelike particles58 and a BET 

surface area  of 88 m2/g. The Raman spectra of the pristine HCSs show strong D band peaks 

at 1346 cm-1 due to the breathing mode of sp3 carbon atoms and defects in the carbon 

structure59, 60 (Fig. 9.2d). In addition, a G peak was observed at 1581 cm-1; a characteristic of 

bond stretching of sp2 atoms61. The ID/IG ratio of the pristine HCSs was 0.92 indicating the 

presence of defects and a low degree of graphitization (ID/IG ratio greater than 0.6). 
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Figure 9.2. The characteristics of the pristine HCSs. (a) TEM image; (b) TG-DTA curves; (c) 

N2 adsorption and desorption isotherms and; (d) Raman spectrum. 

 

9.3.2 Characterization of the ammonia sensors 

The morphology of the pristine and annealed HCSs dispersed in CTAB was investigated 

using optical microscopy. The images show that the spheres were homogeneously dispersed 

by the CTAB with the HCSs forming percolation pathways as shown by the optical 

micrographs of pristine and annealed HCSs in Supplementary Fig. S9.2. The average film 

thickness obtained from the CTAB dispersed carbon solutions was 378 nm, 457 nm and 325 

nm for the pristine HCSs, HCSs:PVP composite and the annealed HCSs respectively. To 

determine the best working frequency, the sensors were exposed to 74 ppm of ammonia 

vapour and conductivity measurements were carried out by varying the frequency (Fig. 9.3). 

At low frequency, the HCSs:PVP composite and the annealed HCSs exhibited a high noise to 

signal ratio. At 1 kHz, the signal to noise ratio was low and the sensor response was still 

relatively higher than at higher frequencies, as shown in Fig. 9.3. Thus, 1 kHz was chosen as 

the best frequency for the measurements and used in all further experiments.  
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Figure 9.3. Response of pristine HCSs, HCSs:PVP composite and annealed HCSs based 

sensors as a function of frequency. Ammonia concentration: 74 ppm; RH: 50%, T: 20oC. 

 

9.3.3 Sensor response and recovery time 

The three different sensors were exposed to ammonium hydroxide vapours and their response 

and sensitivity determined. The concentration of the ammonia vapour was determined from 

the volume of ammonium hydroxide added using the equation below, as reported 

elsewhere62; 

      (9.1) 

where V represents volume added in µL, d is the density of ammonia in g/mL, Vs is the 

volume of the chamber in mL (in this case 2400 mL) and Mw is the molecular weight of the 

ammonia solution in g/mole. Different NH4OH volumes were added (1 µL to 4 µL with steps 

of 1 µL) corresponding to 74 ppm, 147 ppm, 221 ppm and 295 ppm ammonia vapour 

concentration respectively. The response time was determined as the time taken for the 

sensors to achieve 90% of the saturation value. The recovery time refers to the time taken to 

recover 90% of the sensor response at the same temperature. Figs. 9.4 a, c and e show that 

long saturation times (˃ 3000 s) and response times (˃ 2000 s) are shown by the pristine 

HCSs, HCSs:PVP and annealed HCSs based sensors after exposure to 74 ppm of ammonia at 

room temperature. However, at 40°C, the response and recovery times in all the sensors were 

significantly reduced as shown in Figs. 9.4b, d and f.  

 

At 40°C the recovery time in the pristine HCSs and HCSs:PVP sensors was less than 300 s 

while that of the annealed HCSs was 504 s, indicating a stronger ammonia vapour interaction 
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with the annealed carbon surface. The increase in temperature significantly increased the 

ammonia adsorption and desorption rates on the carbon surface63. The pristine HCSs gave a 

shorter response and recovery time with a higher signal to noise ratio than the HCSs:PVP 

composite (Table 9.1). This results from the formation of carbon-polymer composite in the 

presence of PVP yielding a lower signal to noise ratio. However, longer response and 

recovery times were exhibited in the HCSs:PVP composite at room temperature (20°C) and 

40°C. This can be attributed to the PVP polymer functional groups restricting the fast 

response and recovery, probably hindering ammonia transport in the sensor active layer. The 

ammonia adsorption rate in the annealed HCS surface was slower than in the pristine HCS 

resulting in longer response times at room temperature and 40°C.  

 

Figure 9.4. Transient response curves of; (a and b) pristine HCSs, (c and d) HCSs:PVP and 

(e and f) annealed HCSs at room temperature and at 40°C, respectively. Ammonia 

concentration: 74 ppm; RH: 50%. 
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Table 9.1. Effect of temperature on the sensor response (tresp) and recovery (trecov) time. 

Ammonia concentration: 74 ppm; RH: 50%. 

Material tresp at 20ºC 

(s) 

trecov at 20ºC 

 (s) 

tresp at 40ºC 

(s) 

trecov at 40ºC 

(s) 

Pristine HCSs 2542 104 49 50 

HCSs:PVP 3146 259 125 82 

Annealed HCSs 3078 504 149 32 

 

9.3.4 Ammonia sensitivity   

The ammonia sensing mechanism of HCSs (a porous carbon) is a physisorption process that 

involves pore filling mechanism64. The electrical measurements of the carbon based materials 

for ammonia sensing at room temperature (Fig. 9.5) showed a fast recovery and an increase 

in response with the ammonia concentration. At low ammonia concentration (less than 222 

ppm), a nearly linear behaviour was portrayed by the pristine HCSs and HCSs-PVP 

composite (Figs. 9.5a-d). However, the annealed HCSs exhibited a non-linear behaviour with 

a non-linear increase in response at higher ammonia concentration (Fig. 9.5e and f). The 

sensitivity of the sensors was measured using equation 9.2; 

          (9.2) 

 where the response R corresponds to the relative variation of the conductance, , 

was 0.0094/ppm, 0.0252/ppm and 0.0089/ppm for the pristine HCSs, HCSs:PVP and 

annealed HCSs,  respectively. This sensitivity is much higher than that reported in literature 

for other carbon based ammonia sensors.  For instance, Ghosh et al. obtained a 5 % response 

of reduced graphene oxide for 400 ppm of ammonia at room temperature65.  

 

When the temperature was increased to 40°C, the pristine HCSs sensitivity to ammonia 

gradually decreased to 0.0008/ppm (Fig. 9.6). However, the ammonia sensitivity of the 

HCSs:PVP composite increased to 0.04/ppm.  In the case of HCS:PVP, the presence of PVP 

enhances the homogeneous dispersion of the carbons in the electrode matrix. Consequently, 

the surface interaction of the water molecules with the good dispersed carbon-polymer 

composite resulted in an increased sensitivity. The annealed HCSs gave a slight increase in 
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ammonia sensitivity at 40°C. The HCSs and HCSs:PVP composite exhibited a higher 

selectivity to ammonia compared to ethanol and acetone vapours. In particular, the 

HCSs:PVP and annealed HCSs gave a sensitivity of 0.0007/ppm and 0.0003/ppm towards 

ethanol vapours and 0.00004/ppm and 0.026/ppm towards acetone vapours respectively (Fig. 

S9.3).  

 

Figure 9.5.  Response and sensitivity, respectively, of (a and b) pristine HCSs; (c and d) 

HCSs:PVP and (e and f) annealed HCSs based ammonia sensors at room temperature. RH: 

50 %. 
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Figure 9.6. Sensitivity of the carbon materials to varying ammonia concentrations at 40° C. 

(a) pristine HCSs; (b) HCSs:PVP and; (c) annealed HCSs. Ammonia concentration: 74 ppm; 

RH: 50%. 

 

9.3.5 Relative humidity response 

To explore the effect of the relative humidity on the ammonia response for the carbon 

materials, the sensors were exposed to different relative humidity environments (closed 

environments at equilibrium with saline solutions) and their response determined in 

simultaneous presence of the RH. The HCSs comprise of surface pores and interparticle voids 

between adjacent spheres. Upon exposure to water vapour (RH) the water vapor infiltrates the 

interparticle voids and the surface pores creating an electrical charge through the pore filling 

mechanism. The electrical charge gets transferred from carbon to carbon enhancing the 

conductivity. In addition, the water layers get physically adsorbed onto the surface allowing 

for proton conductivity that further increases the conductivity.  

 

The relative humidity response for the pristine HCSs, HCSs:PVP and the annealed HCSs was 

determined by initially exposing the sensors to varying relative humidity in the absence of 

ammonia vapors. Fig. 9.7a shows that the conductivity of the pristine HCSs increased with % 

RH and was approximately 40 and 300 times higher than that of the HCSs:PVP composite 

and annealed HCSs respectively. This can be attributed to the presence of surface hydroxyls 

and amorphous domains that are characterized by a large number of defects confirmed by 

TGA and Raman data (Fig. 9.2b and d). The amorphous sp3 domains within the carbon 

matrix are more hydrophilic and thus adsorb more water molecules66. The conductivity of the 

pristine HCSs increased with % RH with the highest RH response observed at 97% RH 

(Table 9.2). This is ascribed to the increase in water vapor molecules physisorbed on the 

surface with humidity.  
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 In contrast, the HCSs:PVP sensors exhibited the lowest conductivity at 10% RH and the 

highest conductivity at 59% RH (Fig.  9.7b). This effect could be due to the plasticization of 

PVP polymer that is known to start at 55% humidity. The reduction in conductivity at 97% 

RH in HCSs:PVP is related to an increased resistance resulting from PVP swelling and 

plasticization67. In addition, the swelling of the polymers covered the pores restricting 

physisorption of water vapor molecules. Thus a tremendous decrease in response was 

observed above 60% RH (Table 9.2). The annealed HCSs sensors showed an increase in 

conductivity with increased RH. However, the conductivity values were 250 times lower than 

that of the pristine HCSs (Fig. 9.7c). The decrease in conductivity can be attributed to 

significant reduction of the number of defects (amorphous domains) by the annealing process 

resulting in more graphitic domains that restricts water adsorption. This is ascertained by the 

disappearance of the shoulder between 280 ºC and 400 ºC in the TG-DTG curve (Fig. S9.4). 

The Raman spectra shows that the annealed HCSs exhibited a D band position at 1349 cm-1 

and a G band at 1581 cm-1 with an ID/IG ratio of 0.71. This clearly shows that annealing 

resulted in a decrease in the number of defects of the HCSs. Consequently, increasing the 

hydrophobic character of the HCSs which lead to less RH response.   

 

At 97% RH, the annealed HCSs gave a RH response of 460 whereas the pristine HCSs 

exhibited a very high RH response of 199119 (Table 9.2). This indicates that higher structural 

defects and number of surface hydroxyls in the pristine HCSs highly favoured RH response 

compared to the annealed HCSs that had fewer defects. Our reported response is higher than 

that reported in literature. In particular, Mauricio and co-workers reported a 37800% 

humidity sensitivity of graphene oxide at 15% - 97% RH and 1 kHz68. They studied the 

change in capacitance using saturated saline solutions and attributed the increased humidity 

response to the presence of functional groups on the graphene oxide surface. Similarly, Watts 

and co-workers reported an increase in response of acid functionalized multiwalled carbon 

nanotubes (MWCNT-COOH) in a humid atmosphere created by the introduction of 0.1 mL 

of deionized water during the measurements48.  

 

In all of HCSs sensors, our reported response is higher than most of those reported in 

literature for carbon based relative humidity sensors. For instance, Zhang et al reported a 

response of 8.69–37.43% by exposing a self-assembled reduced graphene oxide-

poly(diallylimethylammonium chloride) (PDDA) nanocomposite to saturated saline salts of 

11-97% RH69. Higher humidity responses were reported by Cunha et al22 for carbon sphere-
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poly(vinyl alcohol) based sensors, but their sensors showed a non-linear response and 

sensitivity was defined using a logarithmic scale so that a direct sensitivity comparison is not 

possible. 

 

 

Figure 9.7. The conductivity of (a) pristine HCSs; (b) HCSs:PVP and; (c) annealed HCSs 

based sensors at different relative humidity. 

 

Table 9.2. The relative humidity response of the pristine HCSs, HCSs:PVP and annealed 

HCSs. The subscript of G corresponds to the RH value. 

Response  (G33-G10)/G10 (G59-G10)/G10 (G75-G10)/G10 (G97-G10)/G10 

Pristine HCSs 1758 1396 17665 199119 

HCSs:PVP 1981 2376 1741 24 

Annealed HCSs 6 80 300 460 

 

 

9.3.6 Ammonia sensitivity at varying RH 

Fig. 9.8 shows the ammonia conductivity and sensitivity values of the pristine HCSs, 

HCSs:PVP and annealed HCSs at 10% RH.  The conductivity increased with the ammonia 

concentration in both the HCSs and the HCSs:PVP composites. The conductivity values in 

the pristine and annealed HCSs was one order of magnitude lower than that of the HCSs:PVP 

composites (Fig. 9.8a,c and e). The ammonia sensitivity was 0.015/ ppm, 0.0707/ppm and 

0.0069/ppm in the pristine HCSs, HCSs:PVP and the annealed HCSs (Fig. 9.8b, d and f). The 

ammonia sensitivity curves of the three carbon based sensors at 33%, 59%, 75% and 97% RH 

are shown in Figs. S9.5, S9.6 and S9.7. A summary of the ammonia sensitivity in Table 9.3 
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shows that the pristine HCSs and HCSs:PVP exhibited the highest sensitivity at 10% RH 

while that of the annealed HCSs was at 33% RH. However, the overall ammonia sensitivity 

of the annealed HCSs was higher than that of the pristine HCSs. This can be attributed to a 

decrease in the number of surface functional groups and structural defects.  

 

The ammonia sensitivity of the pristine HCSs at 97% RH was nearly zero. This behaviour 

could result from supersaturation of hydroxyl groups and water vapor molecules on the HCSs 

surface that inhibits ammonia adsorption. In contrast, the ammonia sensitivity of the 

HCSs:PVP composites at 97% RH was high due to a uniform dispersion of carbon-polymer 

composite on the surface. However, the polymer (PVP) played a role in decreasing the 

overall conductivity at higher RH due to PVP swelling. A similar behaviour has been 

reported in polymeric materials such as Nafion, in which the presence of water vapour 

molecules slows down the reaction rate related to ammonia sensitivity70. Interestingly, the 

ammonia sensitivity of annealed HCSs was lowest at 10% and 97% RH. This can be 

attributed to the removal of surface and structural defects thus reducing the dependency of 

ammonia response on the relative humidity upon HCSs annealing. 

 

Indeed, the presence of functional groups and defects affects ammonia adsorption on the 

HCSs. As seen from Table 9.3 the overall ammonia sensitivity was highest in the annealed 

HCSs in almost all the conditions. This further highlights the role of the degree of 

graphitization of HCSs in improving the conductivity response in the presence of ammonia 

vapours.  
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Figure 9.8. Conductance and sensitivity of the HCSs (a and b); HCSs:PVP (c and d) and; 

annealed HCSs (e and f) based sensors at 10% RH and different ammonia concentrations. 

 

 

Table 9.3. A summary of the % sensitivity per ppm of ammonia of the carbon based sensors 

Sensor 20 °C 40°C 

Relative Humidity (%) 

10 33 59 75 97 

Pristine HCSs 1.00 0.08 1.50 0.40 0.40 0.60 -0.03 

HCSs:PVP 2.50 4.00 7.10 0.10 0.005 1.50 0.70 

Annealed HCSs 0.89 1.60 0.70 7.00 1.80 2.70 0.80 
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9.3.7 Application of tristimulus methodology 

To apply our new ammonia sensors to real situations, we applied a simple pattern recognition 

technique method based on a previously reported generalized tristimulus analysis (that 

accepts positive or negative sensitivities without loss in information)71. Briefly, this approach 

takes the responses of three different sensors of an array that is assumed to have a linear 

response with respect to the concentration of the analyte, as three components of the 

tristimulus vector . The responses Ii of the three sensors can be 

written as ,  and , where α, β and γ are the respective 

sensitivities and [A] denotes the concentration of ammonia. These Ii values are then used to 

calculate 

 ,  

  and 

.                (9.3) 

In the generalized tristimulus we analyze the angular coordinates θ and ϕ of the point where 

the tristimulus vector crosses a unitary radius spherical shell given by  = 1, as 

shown in Fig. 9.9.  

 

Figure 9.9. Geometrical representation of the tristimulus vector crossing a unitary radius 

spherical shell and the angles ϕ and θ. 

 

The angular coordinates ϕ and θ of the point where the vector crosses the unitary radius 

spherical shell can be written as follows: 
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 and       (9.4) 

In this equation, the angle θ is plotted using the function atan2, which analyzes the input 

arguments (  and ) signals returning the correct quadrant of the angle, in a range of -π ≤ θ 

<π. These angles ϕ and θ constitute a signature of the analyte, confining, the coordinates to 

the intervals 0 ≤ ϕ < π and -π ≤ θ <π. Note that if the concentration of ammonia is increased 

or decreased the coordinates of the point and angles of the vector will not change (assuming 

constancy of α, β and γ); only its magnitude will change (Fig. 9.10). As the humidity changes, 

the number of water molecules that will interact with the active layer will change the 

response (and consequently the sensitivity), dislocating the tristimulus vector to other regions 

of the graph. Each region will give a cluster of points that correspond to one different 

humidity level. Fig. 9.10 shows the presence of four different cluster regions of 10%, 33%, 

59%-75% and 97% RH.  

 

The fact that for each humidity cluster, the points corresponding to different ammonia 

concentrations do not overlap indicates that the sensors response to relative ammonia and  

humidity are not independent of each other, i. e., the variation of the ammonia concentration 

produces variations in the sensitivity to water (relative humidity), evidenced by the spread of 

the points of each cluster. In a case of ideally independent sensitivities, this spread should be 

very small and only due to electronic noise. An undesired characteristic of this set of sensors 

is that it is not able to allow distinction of RH values of 59% and 75%. In a practical problem, 

the sensor set response should give the humidity information and a second analysis using a 3-

D map can be used to give the correct ammonia concentration at ambient, as shown in Fig. 

9.11.   This second analysis complements the tristimulus one and makes possible a real time 

monitoring of ammonia at different RH levels. If the humidity cannot be determined from the 

tristimulus analysis, for example in the 59 and 75% RH case, the two values have to be taken 

in the analysis of the 3D maps of the three sensors. Here only the value that is repeatedly 

obtained in the three maps as the correct ammonia concentration is taken and the others are 

disregarded. The value of humidity that leads to repeated ammonia concentration information 

is the correct humidity value. 

 



217 
 

 

Figure 9.10. Angular coordinates ϕ and θ of the tristimulus vector of the sensor’s array based 

on pristine HCSs, HCSs:PVP composite and the annealed HCSs for ammonia response at 

different RH. 

 

 

This procedure described above allows for the concomitant determination of ammonia 

concentration and relative humidity using a set of three sensors. However the method is not a 

simple and direct way to obtain the data. Further investigation is still necessary to find a set 

of sensors in which the clusters of points that correspond to different humidity do not overlap. 

This would generate a more precise estimative of the humidity. The ideal set of sensors 

would allow ammonia and RH determination only with the tristimulus analysis, if necessary 

using the 3D maps as a confirmation of the approach. 

 

 

 

Figure 9.11. Surface plot showing the response for ammonia and different RH for (a) pristine 

HCSs, (b) HCSs:PVP and (c) the annealed HCSs, respectively. 



218 
 

9.4 Conclusions 

This study has investigated the response of hollow carbon spheres to ammonia and relative 

humidity. The conductivity of the carbon spheres was highly dependent on the relative 

humidity with HCSs and HCSs:PVP exhibiting the best ammonia response at 10% RH and 

the annealed HCSs materials at 33% RH. The presence of surface functional groups and 

defect sites plays a critical role in varying the humidity response of the hollow carbon 

spheres. The polymer plays a crucial role in enhancing the homogeneous dispersion of the 

carbon spheres and the formation of a smooth morphology. We report for the first time the 

humidity dependent ammonia response for HCSs, a HCSs:PVP composite and annealed 

HCSs based nanomaterials. The data generates insight into the dual behaviour of carbon 

nanostructures as a function of surface reaction and thus can be applied in catalytic 

adsorption and desorption studies. We have shown that using a simple pattern recognition 

technique based on generalized tristimulus analysis it is possible to simultaneously identify 

the RH of the ambient and the ammonia concentration. 
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CHAPTER 10 

General Conclusions and Recommendations 

 

10.1 Conclusions 

10.1.1 Synthesis of solid carbon spheres and their properties upon annealing  

 The effect of varying the carrier gas and flow rate on the carbon spheres grown in a 

vertically oriented CVD reactor was investigated. High flow rates of the carbon 

source resulted in the formation of smaller carbon spheres (˂ 300 nm).  

 

 The carbon source and carrier gas flow rate and the duration time of the carbon source 

in the furnace played a key role in the particle size distribution 

 

  The properties of the carbon spheres upon annealing were significantly determined 

by the type of gas present. In the presence of hydrogen gas, the carbon spheres were 

characterized by fewer defects and higher thermal stability. Consequently their ID/IG 

ratios were lower and their paramagnetic signals were stronger.  

 

10.1.2 Properties of solid carbon spheres after Nitrogen doping 

  The XPS results confirmed the etching of carbon atoms by hydrogen with N-doped 

CSs in the presence of hydrogen exhibiting low C content and higher % of pyridinic- 

N.  

 

 The N-doped CSs obtained in the presence of argon showed a higher % of graphitic-N 

and higher C content from the XPS data. In addition, the total N content was lower 

than in the N-doped CSs obtained using hydrogen as a carrier gas. 

 

10.1.3 Synthesis of hollow carbon nanostructures with varying morphologies 

 The particle size and morphology of SiO2 spheres can be tuned by controlling the 

reaction parameters using the Stober method.  

 

 The morphology of the carbon nanostructures obtained via a templating route was 

highly dependent on the template diameter, size dispersity and surface chemistry.  
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 Complete and mesoporous HCSs. 

 Mesoporous broken HCSs  

 Open ended HCSs (high BET open surface area of 894 m2/g) 

 

 The functionalization of silica with PVP does affect the thermal stability and the 

degree of graphitization of the resulting HCSs after carbonization and silica removal.  

 

 The use of Au@SiO2 spheres as templates resulted in carbon nanomaterials of 

different morphologies which were influenced by SiO2 size dispersity, presence of 

Au, PVP concentration, PVP adsorption time and CVD carbonization time. 

 Complete HCSs,  

 Worm-like, graphene-like and bubble-like HCSs) 

 

 The open ended worm-like carbon nanostructures gave measurable response in OPVs.  

 

10.1.4 Synthesis and application of gold nanomaterials 

 The growth of the gold nanoparticles with varying shapes (spheres or rods) can be 

controlled by varying the molar ratio of the reducing agent to the gold precursor.  

 

 A homogeneous dispersion of Au nanospheres in the hole transport layer enhanced 

the OPV perfomance.  

 

 Use of Au nanorods in the hole transport layer resulted in increased series resistance 

that retarded the OPV perfomance. 

 

 The size dispersion of Au in the polymer matrix played a critical role in the OPV 

device perfomance despite showing improvements in SERS and the optical properties 

of the films. 

 

10.1.5 Improvement of OPV performance by solution heat treatment 

 Solution heat treatment of a P3HT:PCBM blend enhanced the polymer crystallinity, 

diffusion, light absorption and overall device performance.  
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 Pre-heat treatment of P3HT separately hindered the polymer diffusion and limited the 

OPV performance. 

 

10.1.6  Application of HCSs as ammonia and relative humidity sensors 

 For the first time, the use of pristine HCSs, HCSs/PVP and annealed HCSs as 

humidity dependent ammonia sensors was reported. 

 

 The ammonia sensitivity of pristine HCSs are highly dependent on relative humidity 

and temperature. 

 

 Increasing the degree of graphitization of HCS based ammonia sensors by annealing 

resulted in a decreased relative humidity dependence. 

 

 The exact ammonia concentration and relative humidity of the HCS based ammonia 

sensors at a given response can be determined using tristimulus analysis. 

 

10.2 Recommendations 

10.2.1 Properties of carbon nanomaterials 

 The paramagnetic properties of the solid carbon spheres annealed in hydrogen can be 

explored for their suitable application in magnetoresistive devices. 

 

10.2.2 Applications of open ended carbon nanostructures 

 The study of the contact angle characteristics and other surface properties will be 

beneficial to the possible use of these materials as dye adsorbents  

 

 Also, the modified Stober route can be used to explore the formation of open network 

structures from silica-polymer composites by use of other polymers.  

 

 Theoretical calculations to determine the effects of surface and volume terms in the 

Gibb’s free energy on the shape and stability of HCSs can be undertaken. 

 

 Furthermore, the graphene-like carbon nanostructures can be doped with nitrogen and 

boron for an improved perfomance in OPVs and other electronic devices. 
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10.2.3 Synthesis and application of gold nanomaterials 

 Increasing the gold precursor to citrate molar ratio during the synthesis of gold 

nanoparticles and gold nanorods could enable synthesis of more stable gold 

nanomaterials.  

 

 Dilution of the gold nanorod solution could result in higher PCEs. SERS analysis of 

PCBM and P3HT would be interesting as they technique could show the effect of 

gold coupling on the absorption and vibration bands of the active layer constituents.  

 

 Fabrication of organic solar cell devices in an inert atmosphere (N2 or Ar) will reduce 

oxidation of the polymers that takes place in ambient atmosphere and enhance the cell 

performance. 

 

 Vertical variation in the nanoscale morphology to improve charge carrier mobility. 

 

 

10.2.4 Improvement of OPV performance by solution heat treatment 

 The use of different solvents such as acetone and cyclohexanone vapour annealing as 

chlorobenzene from the “green” aspect is not favourable. 

 

 Fabrication of the OPV devices under N2 or Ar. 

 

10.2.5 Application of HCSs as ammonia and relative humidity sensors 

 From our preliminary results it was not possible to clearly distinguish the ammonia 

response and sensitivity of HCSs based sensors at RH 50, 60 and 70 %. It will be 

interesting to differentiate the RH dependency response in these three regions. 

 

 Verification of the possible mechanisms of operation using XPS and Raman after 

ammonia adsorption. 

 

 Ammonia adsorption/desorption activation barrier dependence studies on the 

morphology of HCSs. 
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Appendix A: Supplementary Information 
 

 

 

Figure S6.1. TEM image of synthesized gold nanoparticles. 

 

 

Figure S6.2. TEM images of (a) monodispersed SiO2 spheres and (b) polydispersed SiO2 

spheres. 
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Figure S6.3. TEM image of Au@SiO2C@C1 after 1 h carbonization time. 

  

 

 

Figure S6.4. HRTEM images of Au@HCSC1; (a) carbon shell which is semicrystalline as 

shown by the presence of diffuse rings with tiny spots (see SAED pattern) and (b) the 

amorphous carbon. 
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Figure S6.5. TEM images of polydispersed SiO2 spheres mixed with PVP (a) 1 h and (b) 12 

h stirring times and the hollow carbon nanostructures obtained from (c) SiO2@PVP 1 h and 

(d) SiO2@PVP 12 h after 1 h carbonization time and SiO2 removal, respectively. 

 

 

Figure S6.6.  HRTEM images of Au embedded in Au@HCSC1. 
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Figure S6.7. Raman spectra of HCSs obtained from (a) monodispersed SiO2 and (b) 

polydispersed SiO2 spheres after (1 h, 2 h, 4 h) carbonization times and SiO2 removal, 

respectively. 

 

 

 

Figure S6.8. Raman spectra of Au@HCSs obtained from (a) monodispersed Au@SiO2 

spheres after 1 h carbonization time and SiO2 removal and (b) polydispersed Au@SiO2 

spheres after ( 1 h, 2 h, 4 h) carbonization times and SiO2 removal, respectively. 
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Figure S6.9. Adsorption and desorption curve of the wormlike carbon nanostructure. Inset 

shows the pore size distribution. 

 

 

Figure S6.10. EDS spectra of the obtained wormlike hollow carbon nanostructures. The EDS 

spectrum of the wormlike hollow carbon nanostructure shows a high carbon peak and a 

negligible oxygen peak that confirms the complete removal of silica during etching. 
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Figure S6.11. AFM topographic images of (a) P3HT:PCBM:wormlike HCSs and (b) 

P3HT:PCBM:broken HCSs films. 

 

Table S6.1. ID/IG ratios of HCSs synthesized at different carbonization time 

 Description D band position (cm-1) G band position (cm-1) I
D
/I

G 
ratio 

monodispersed HCS1 1356 1592 0.97 

monodispersed HCS2 1363 1589 1.00 

monodispersed HCS4 1342 1575 1.01 

polydispersed HCS1 1349 1583 0.95 

polydispersed HCS2 1364 1593 093 

polydispersed HCS4 1350 1587 0.97 

 

Table S6.2. ID/IG ratios of Au@HCSs synthesized at different carbonization time 

Description D band position (cm-1) G band position (cm-1) I
D
/I

G
 ratio 

Au@HCSA 1359 1593 0.90 

Au@HCSB 1376 1588 0.97 

Au@HCSC1 1370 1590 0.91 

Au@HCSC2 1363 1588 0.92 

Au@HCSC4 1365 1585 1.03 
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Appendix B: Supplementary Information 
 

 

 

 
Figure S9.1. A diagram showing the sensor inside and outside of the chamber used for the 

transient measurements. 

 

 
Figure S9.2. Optical images of dispersed spheres in CTAB solution (a) pristine HCSs, (b) 

HCSs:PVP and (c) annealed HCSs, respectively. 
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Figure S9.3. The sensitivity curves of the carbon spheres to other vapours: (a and b) obtained 

from the HCSs:PVP composite and; (c and d) obtained from the annealed HCSs after 

exposure to ethanol and acetone vapours at 10% RH, respectively. RH: 50%. 

 

 
Figure S9.4. The characteristics of the annealed HCSs. (a) TG-DTA curves and (d) Raman 

spectrum, respectively. 
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Figure S9.5. The ammonia sensitivity curves in pristine HCSs at different relative humidity. 

(a) 33% RH; (b) 59% RH; (c) 75% RH and; (d) 97% RH, respectively. 

 

 
Figure S9.6. The ammonia sensitivity curves in the HCSs:PVP composite at various relative 

humidity. (a) 33% RH; (b) 59% RH; (c) 75% RH and; (d) 97% RH, respectively. 
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Figure S9.7. The ammonia sensitivity curves in the annealed HCSs at various relative 

humidity. (a) 33% RH; (b) 59% RH; (c) 75% RH and; (d) 97% RH, respectively. 

  
 


