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Sammanfattning 
Abstract 

The dye sensitized solar cell (DSSC) is a promising low-cost technology alternative to conventional solar cell in 

certain applications. A DSSC is a photo-electrochemical photovoltaic device, mainly composed of a working 

electrode, a dye sensitized semiconductor layer, an electrolyte and a counter electrode. Sunlight excites the dye, 

producing electrons and holes that can be transported by the semiconductor and electrolyte to the external circuit, 

converting the sunlight into an electrical current. A material that could be useful for DSSCs is the nanoscale cupric 

oxide, which can act as a p-type semiconductor and has interesting properties such as low thermal emittance and 

relatively good electrical properties. The goal of this project was to synthesize and characterize CuO nanoparticles 

using three different methods and look into each products potential use and efficiency in DSSCs. The particles were 

synthesized using two different solution based chemical precipitation methods and a flame spray pyrolysis method, 

yielding nanostructures with different compositions, structures and sizes ranging from ~20 to 1000 nm. The 

nanoparticle powder synthesized by the flame spray pyrolysis route was tested as semiconductor layer in the working 

electrode of the DSSC. Current-voltage measurements presented low solar conversion efficiencies with a reversed 

current, meaning that the cupric oxide cells did not work in a desirable way. Further studies of the cupric oxide 

synthesis and its suitability in DSSCs are needed to increases the future possibilities for gaining well working p-type 

DSSCs with higher efficiencies. 
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1. INTRODUCTION 

The constantly growing global energy demands and the depletion of fossil fuels motivate the 

search for alternative, green energy sources (1). In the recent years much attention has been 

directed towards the development of devices that can convert light to electricity, called 

photovoltaics cells. The most common types are based on silicon, which offers stable and 

reliable solar cells that can produce electricity in a clean and quiet way. However, hardware 

manufacturing is expensive and therefore much research has focused on lowering costs by 

improving performance and by reducing materials and manufacturing costs (2). More and 

more research is dedicated for the development of dye sensitized solar cells (DSSCs), which 

provide a promising low-cost technology alternative to conventional solar cell in certain 

applications (1,3). In contrast to conventional solar cells, the DSSC is a photo-electrochemical 

cell based on molecular- and nanometer-scale components (4). Although DSSCs are less 

efficient on converting solar light to energy than conventional solar cells, the prospect of low-

cost investments and fabrication as well as short energy-payback time (<1 year) motivates the 

development of these cells. They also offer the possibility to design solar cells with a large 

flexibility in shape, color, and transparency. A material that could be useful in solar 

photovoltaics applications is the nanoscale cupric oxide (CuO), which belongs to a particular 

class of nanomaterials called nanostructured metal oxides (MOs) (5). MO nanocrystals have 

been of great interest for fundamental scientific research as well as various practical 

applications because of their unique physical and chemical properties. These properties differ 

outstandingly from those of their micro or bulk counterparts and heavily depend on the sizes, 

shapes, compositions and structures of the nanocrystals. The CuO nanostructure has 

interesting properties as a p-type semiconductor (p-SC) with narrow bandgap (1.2 eV in bulk) 

and is a promising material for the fabrication of solar cells because of its low cost, stability, 

low thermal emittance and relatively good electrical properties. In DSSCs, the CuO 

nanoparticles can serve as p-type hole conductor and also act as a barrier layer along with a p-

type active layer in hybrid solar cells. CuO nanoparticles are also promising for use in other 

applications, such as gas-sensors, photodetectors, removal of inorganic pollutants and water 

splitting devices (5,6). 

To enhance the conversion efficiency of CuO-based solar cells it is important to synthesize 

well-defined particles with good quality and high surface area. Many different methods for 

preparing nanosized CuO are available, whereas some are time consuming, energy intensive 

and require expensive raw materials (5). Simpler processes, that also could be scalable, are 

needed in this area for economic concerns. In this project three different synthetic routes are 

used and evaluated for synthesizing CuO nanoparticles: chemical precipitation, sonochemistry 

and flame spray pyrolysis. These methods can all yield different kind of structures with 

varying positive properties. For example, 3D mesoporous nano/microspheres possess good 

light scattering properties due to their large surface area. Therefore it is also interesting to 

attempt to synthesize nanoscale CuO with different morphologies to study how well they can 

perform in a dye sensitized solar cell. For this three different morphologies were selected with 
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regard of the morphology types that the chosen methods have generated in earlier studies: 

flower-like, spindle shaped and near spherical structures. Acquiring characterization data 

from the composition, structure, size and surface area of the synthesized particles gives the 

foundation needed to evaluate the methods used. Thereafter the particles can be tested in 

DSSCs to measure how efficient solar cells based on the varying CuO nanostructures can 

convert solar energy to power output.  

1.2. Synthesis Methods for Cupric Oxide Nanoparticles 

There are numerous different methods that can be used for synthesizing CuO nanostructures, 

of which solution-based methods are very common (5). Other strategies used are for example 

electrochemical and thermal oxidation methods. Even though a considerable amount of 

research has been done on CuO nanostructures with various sizes and morphologies, it is still 

not clear which growth mechanisms are responsible for the formation of CuO nanostructures. 

It is also a known challenge to produce nanoscale CuO in larger-scale with high-quality when 

using simple synthetic schemes.  

1.2.1. Solution-Based Chemical Precipitation 

Solution-based methods are effective for preparing metal oxide nanostructures with good 

control of shape, composition and reproducibility. The solution-based chemical precipitation 

method is simply defined as the chemical reaction between the precursors, which produces 

monomers that successively aggregate into the final resulting materials. In general, low-cost 

materials such as cupric salts and alkaline compounds are used in the synthesis of CuO 

nanoparticles, with simple producers such as refluxing, heating, calcination and 

centrifugation. One well-known problem associated with chemical precipitation methods (and 

FSP as well) is the agglomeration of particles, which can give rise to structural 

inhomogeneities (5,7). The difference between agglomerates and aggregates is illustrated in 

Fig.1. The use of some external energy such as ultrasound or high pressure has been 

investigated for solving this problem, however the use of these methods is often energy 

intense, time consuming and sometimes require expensive apparatus. Nevertheless, well-

separated and novel nanostructures can be obtained with sonochemical methods (8). In 

sonochemistry, ultrasound irradiation ranging from 20 kHz to around 1 MHz is used, which 

induces an acoustic cavitation phenomenon resulting from the constant formation, growth and 

implosive collapse of bubbles in the aqueous solution. These collapses create hot spots (up to 

5000K) that make it possible for high-energy chemical reactions to occur (9).  

 



~ 3 ~ 

 

 

Fig. 1(10): The relationships between primary particles, agglomerates and aggregates.  

1.2.2. Flame Spray Pyrolysis 

The flame spray pyrolysis (FSP) process enables synthesis of a wide range of nanopowders; 

from single metal oxides to more complex mixed oxides, metals and catalysts (11). The FSP 

technique shows promising use for a rapid and scalable synthesis of nanoscale materials with 

engineered properties, as the flexible FSP setup allows control of particle size, composition 

and morphology (7,12). Nanopowders are made in gas-phase by a one-step procedure when a 

liquid precursor is sprayed into a flame zone in the FSP apparatus. The combustion in the 

flame converts the precursor into nanosized metal or metal oxide particles (11). The spray 

pyrolysis apparatus can be constructed in different ways, but the technique always uses some 

basic operation units; spray nozzle or nebulizer, heat source, product collector or substrate for 

deposition, and pumps or compressors to be able to reach the appropriate pressure for 

spraying (13). The chambers used can be either vertical or horizontal, and additional 

equipment can be used such as ultrasonic nebulizer instead of a conventional nozzle, which 

can reduce the particle size. Using a direct flame requires either supplemental burners, 

mounted near to the spray nozzle, or additional feeding of the nozzle by oxidant (air or pure 

oxygen) and a combustible gas. If the liquid precursor solution is prepared in an organic 

solvent then the solvent can serve as flame fuel as well.  

One of the important parameters of the FSP particle synthesis is the preparation of liquid 

precursor; particle properties are influenced by the metal precursors and solvents combustion 

enthalpies, melting/decomposition temperatures, miscibility and chemical stability (12). 

Precursors based on metal alkoxides or carboxylates often give dense and homogenous fine 

particles. More economical and readily available commercially precursors can be used such as 

solid nitrates, acetates and acetylacetonates. These precursors can however have some 

disadvantages in their properties, resulting in production of particles with inhomogeneous 

morphology. The inhomogeneous particles form through the incompletely evaporated droplets 

(droplet-to-particle) route as well as from the supersaturation of metal vapor (gas-to-particle) 

route, resulting in the co-existence of both micron- and nanoparticles. Still, some of these 

disadvantages associated with the less expensive precursors can be avoided by implementing 

the right processing conditions. Homogenous particle morphology and size is obtained when 
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the particles are formed through the gas-to-particle route. This route can be described in four 

steps; 1) the precursor spray evaporates/decomposes creating metal vapor, 2) nucleation 

(formation of new crystals) occurs as a result of supersaturation, 3) the particles grow through 

coalescence and sintering processes, and finally 4) the particles aggregate (form hard 

agglomerates by chemical bonds) and agglomerate (form soft agglomerates by mainly 

physical bonds). To obtain metal oxides, atmospheric air should be presented in the chamber 

(13). The air induces thermal decomposition of the precursor’s compounds, along with 

oxidation of the respective metal. 

1.3. Dye Sensitized Solar Cells 

The DSSCs ability to convert sunlight to current is based on the sensitization of  

nanostructured semiconductor with a light-absorbing dye (14). The set-up of a DSSC mainly 

consists of a photo electrode (also called working electrode), sensitized semiconductor layer, 

electrolyte and a counter electrode (1) (Fig.2).  The electrodes usually are clear glass-

substrates which are coated with a transparent conductive oxide, such as fluorine-doped SnO2 

(FTO) (12). The photo electrode is the substrate for the layer of chosen nanoparticles, while 

the counter electrode is coated with a catalyst, e.g. platinum. The most common type of DSSC 

is based on n-type semiconductors (“n-type” refers to excess negative charges, i.e. negative 

electrons), usually titanium dioxide (TiO2) (3,15). The n-DSSCs is typically consisting of a 10 

μm thick TiO2 film, were the particles usually have surface area of ~50 m
2
/g (11). After 

intense research, these DSSCs are today a well-established technology exceeding 12% energy 

conversion efficiency (6). To achieve even higher efficiencies, other types of DSSCs are 

evaluated such as DSSCs with solid-state sensitizers or tandem cells. The tandem cell device 

combines a standard n-type DSSC is with a complementary p-type semiconductor (“p-type” 

refers to excess positive charges, i.e. positive holes) DSSC as the photocathode, which gives a 

theoretical conversion efficiency of 40% (3,15,16). However, more studies on the p-type 

DSSCs are needed, as the top conversion efficiency reached for these devices so far are lower 

than 2%.  
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Fig. 2(17): A schematic illustration of a p-type DSSC, were the main components between the working 

electrode (WE) and the counter electrode (CE) are; (1) fluorine-doped SnO2 (FTO) glass substrate, 

(2) layer of nanostructured p-type semiconductor, (3) light-absorbing layer (the dye),(4) platinized 

(Pt) conducting glass counter electrode, and (5) electrolyte. 

The operating principle of the p-type DSSC is illustrated in Fig.3. When visible light hits the 

DSSC the dye molecules absorb photons (hv), exciting electrons (e
-
) to the lowest occupied 

molecular orbital (LUMO). The excited electrons are transferred to the oxidized species (I3 
–
) 

in the electrolyte, regenerating the reduced dye. Simultaneously, hole injection (h
+
) from the 

highest occupied molecular orbital (HOMO) in the dye to the valence band (VB) of the 

semiconductor (p-SC) occurs. In other words, the electrons are transferred from the valence 

band of the semiconductor to the dye. The holes in the semiconductor are collected at the 

working electrode, and the reduced electrolyte species (I
-
) diffuse to the counter electrode 

(15). This charge collection creates a cathodic photocurrent that goes through the counter 

electrode to the external circuit (18).  If the reduced dye does not react with the electrolyte 

within the charge-separated lifetime, the excited electron may recombine with the hole in the 

semiconductor (6). Another undesired process that can happen is the hole injection from the 

dye or the semiconductors valence band to the electrolyte.  The major limitation of the 

currently used materials in the p-DSSCs is mostly due the slow hole injection combined with 

fast charge recombination at the dye–electrode interface.  
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Fig. 3: A scheme of the key processes in the p-type DSSC, with electronic energy on the right axis and 

potential versus normal hydrogen electrode (NHE) on left axis. The green arrows indicate wanted 

processes; (1) dye excitation, (2) electron injection from the excited dye to the electrolyte; (3) electron 

injection from the p-type semiconductor (SC) valence band (VB) to the dye (HOMO). The green 

crosshatched lines represent the charge transport creating the current. The red arrows show 

undesired recombination processes; (4) charge recombination at the dye p-SC interface and (5) hole 

injection from the dye or from the p-SC VB. Voc is the open-circuit voltage, ΔE is energy difference 

between dye HOMO and p-SCVB edge. 

There are many factors that have to be taken into account when developing the p-DSSC, as 

only improving single components do not always translate to more effective solar cells. The 

interaction between the dye, semiconductor and electrolyte are different for each material 

used, but there are some parameters that theoretically should enhance the conversion process. 

As for the semiconductor, its surface should have a large area and exhibit high chemical 

affinity to an organic functional group to enable high loading and strong binding of a dye by 

simple self-assembling (3,16). Also, the absolute position of the dye HOMO must be well 

below the p-SC valence band edge. This enhances the thermodynamic driving force for hole 

injection, by increasing the ΔE value, which is the energy difference between dye HOMO and 

p-SC VB edge (as can be seen in Fig.3). The position of the VB potential in relation to the 

electrolyte redox couple potentials is also important, as it decides the maximum open-circuit 

voltage, VOC, that the cell can deliver (see Fig.3). Higher VOC potentials generally contribute 

to higher efficiencies, according to the equation below (Eq.1) which represents the overall 

conversion efficiency (η) of solar cells (16):  
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𝜂 =
𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐 ∙ 𝑓𝑓

𝑃𝑖𝑛
 (1) 

 

were Jsc is the short circuit photocurrent density (current divided by the area of the active 

electrode), ff the fill factor and Pin is the incoming incident solar power. Maximizing any of 

the three numerators will increase the η value, and all of these terms are directly connected 

with the balance and efficiency of the various processes involved in the photo to current 

conversion (as described in Fig.2). By measuring the current (I)–voltage (V) characteristics of 

the fabricated solar cells the terms in Eq. (1) can be acquired (19). These measurements are 

generally executed with the standard test condition of air mass 1.5 (AM 1.5) (15). The fill 

factor can be calculated as the equation shows below (Eq.2); 

 

𝑓𝑓 =  
𝐽𝑚𝑚𝑝 ∙ 𝑉𝑚𝑚𝑝

𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐
=  

𝑀𝑀𝑃

𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐
 (2) 

 

were MMP is the maximum power point, which is the largest power output that can be gained 

by multiplying gained current, Jmmp, and voltage, Vmmp. 

The first types of p-DSSCs were using nickel oxide (NiO) as p-type semiconductor, and today 

NiO-based materials are well-known as inexpensive, thermally and chemically stable 

compounds having a wide bandgap with charge-transfer characteristics (3,6).The use of copper 

oxide as semiconductor in a p-type is not as usual as the use of NiO. However, it is important 

to study other semiconductors than NiO to be able to expand the knowledge of the p-type 

DSSCs to be able to increase the efficiency of these cells. It is also known that nickel oxide is 

not the optimum material for p-type DSSCs, because its VB edge position is too close to 

common electrolyte redox couple potentials, resulting in low open circuit potentials (6). The 

CuO also has limitations as semiconductor, as the hole mobility and electrical conduction of 

the material is poor (5). Improvement of the wanted characteristics can include developing 

new growth processes (e.g. doping) and techniques for device fabrication (e.g. use of various 

metal contacts). Regardless, this project focuses only on the synthesis and use of cupric oxide, 

as the results still can be valuable for further understanding and development of the p-type 

DSSCs, as well as the methods for synthesizing these particles. Also, the study of CuO 

nanoparticles as semiconductors is not only relevant for p-DSSCs, but also for analogous dye-

sensitized photocatalytic systems such as water splitting.  
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2. PROCESS 

According to the established time schedule (Appendix A), the first part of the project was 

occupied by information retrieval to get an understanding of the topic, and therefore enable 

the establishment of synthesis and characterization methods. The aim of this project was to 

get a better understanding of how CuO nanoparticles can be synthesized by flame spray 

pyrolysis and solution based chemical precipitation methods, and also how well these 

synthesized particles could perform as photo electrodes in DSSCs. The goal was to synthesize 

and characterize CuO nanoparticles using three different methods and look into each products 

potential use and efficiency in DSSCs. The synthesis and characterization was executed at 

FHNW facilities in Muttenz and Rosental. After obtaining enough material of the CuO 

nanostructures with satisfying quality, the DSSCs assembly was executed at Basel University. 

In Table 1 the deliverables and activities for this project are listed in chronological order. Five 

milestones were also set up and are described in Table 2 below. 

Table 1: An overview of deliverables and activities to reach the project goal. 

Deliverable Activities 

Methods for nanoparticle 

production 

 Retrieve information and find suitable methods 

 Modify methods according to present 

conditions  

 Record all the modifications  

 Further change of method based on the results 

of synthesized particles. Keep trying until 

satisfying structures are reached (or time runs 

out) 

 Describe the final methods used for the project 

report  

Flower-like CuO nanocrystals  Laboratory work using developed solution-

based method 

 Characterization using described methods, 

satisfying results  

Spindle shaped CuO 

nanostructures 

 Laboratory work using developed solution-

based method 

 Characterization using described methods, 

satisfying results 

Near spherical CuO 

nanoparticles 

 Laboratory work using developed FSP method 

 Characterization using described methods, 

with satisfying results  

Evaluation of potential use in 

DSSCs with synthesized CuO 

particles as working electrode 

 

 Analyze theoretical potential based on 

characteristics. 

 Manufacture DSSCs and measure their 

conversion efficiency.   
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Table 2: Milestones set to reach the project goal. 

Milestone nr Description Deadline 

1 Project concept and plan completed 2015-04-20 

2 Synthesis and characterization of CuO particles 

completed 

2015-05-14 

3 Solar cells completed and the conversation rate 

measured 

2015-05-17 

4 First report draft sent in to examiner  2015-05-18 

5 Perform oral presentation of the project results 

at LiU 

2015-06-08 

6 Close the project with finalized project report 2015-06-10 

 

A laboratory notebook was used to record the method development, synthesis and 

characterization. The projects progress and results were written down in  parallel with the 

laboratory work. To further evaluate and discuss the arisen results, the project will be 

presentation orally at the FHNW. The project will be finalized with an oral presentation and 

defense at LiU, followed by report complement.   

3. CHARATERIZATION TECHNIQUES 

The synthesized nanoparticles morphology, size, distribution and overall quality can be 

examined by many different methods. In this study four different characterization methods are 

used; the theory behind the different methods and instruments is provided in this chapter.   

3.1. Scanning Electron Microscopy  

The scanning electron microscope (SEM) is a magnifying device that uses a beam of electrons 

to form an image of the sample (20). A schematic picture over the SEM microscope 

configuration can be seen in Fig.4. At the top of the instrument is the electron gun that emits 

electrons, which then are focused by a series of magnetic lenses placed in the middle. The 

electron gun consists of two major parts; a filament which is a thin wire often made of 

tungsten, and an anode that is a metal plate placed a few centimeters below the filament. The 

filament and its holder are maintained at a high negative voltage while the anode is grounded 

(21). When the filament is heated to high temperature the electrons on the surface of the 

filament are loosened and then driven towards the positive anode. The electron wavelengths 

are decided by their velocity, which in turn depends on the voltage difference between the 
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filament and anode. The magnetics lenses in the SEM focus and direct the electrons into a 

very narrow beam, that moves across the surface of the sample in a back-and-forth pattern. 

When the beam is focused on the surface of the sample several effects occur; some of the 

beam electrons are backscattered (reflected) by the sample, while some of the beam electrons 

cause secondary electrons to be released from the atoms in the sample. Both of these electron 

emissions can be detected by using a backscattered electron and secondary electron detector 

respectively. The emissions are detected as a signal, amplified and recorded to form the 

picture of the specimen’s surface. 

 

 

Fig. 4 (22): An illustration of the internal design of a scanning electron microscope that mainly 

constitutes of an electron gun, magnetic lenses similar and detectors. This illustration includes two 

detectors; backscattered electron and secondary electron detector. The exterior part of the instrument 

includes a vacuum system, usually made up from pumps and their associated gauges and valves. In 

addition power supplies are required. Heavy metal shielding is placed around the column housing the 

gun and magnetic lenses to protect the operator from X-rays.  

SEM instruments practically always have a secondary electron detector and a backscattered 

electron detector. However, other emissions are also produced and can be detected by 

additional detectors. An Energy-dispersive X-ray spectroscopy detector (EDS or EDX) makes 

it possible to perform X-ray analysis of various elements (23). This is a great asset when 

analyzing nanomaterials because it permits nondestructive chemical analysis (20). The EDX 

measures the energy of the X-rays that are emitted when the samples atoms become relaxed 

after being excited by the electron beam (23). Each specific element emits a characteristic 

energy which enables the construction of an elemental profile. 

To prevent scattering of the primary electron beam a high vacuum is needed in most SEMs. 

This means that any samples that might produce vapor must be dried or frozen before they are 
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examined. Also, the sample should be conductive to obtain a sharp picture (20). This is usually 

achieved by evaporating a film of metal or carbon onto the sample in a vacuum (20,22). These 

preparations make it harder to study wet and living materials by the standard SEM, however 

low-vacuum and environmental SEMs are available. If the SEM can be operated at 1-3 kV of 

energy, the sample can be examined without metallic coating even though it is 

nonconducting. 

3.2. X-ray Diffraction 

X-ray crystallography, the study of crystal structures by X-ray diffraction (XRD) techniques, 

can be considered as one of the most important tools of solid-state chemistry (24,25).  X-ray 

diffraction is a powerful and readily available method for determining atomic arrangements in 

matter. There are many applications for the X-ray diffraction technology, including 

differentiation between crystalline and amorphous materials, determination of the structure of 

crystalline materials and determination of the orientation of single crystals. The most widely 

used and the most powerful technique for determining crystal structures is the single-crystal 

XRD (26). The single-crystal XRD method can rapidly and in a straightforward way determine 

the crystal structure of a material of interest, if a single crystal of sufficient size and quality 

from the material is available. The sample preparation requirement is a major limitation to 

this technique, as many crystalline materials cannot be prepared as a crystal of appropriate 

size and quality for a single-crystal XRD analysis.  If the material can be prepared as a 

microcrystalline powder instead, it is possible to record powder XRD data. Even though the 

form of the samples studied in these two techniques are different, the physical phenomenon 

underlying both techniques is the same.  Because of this, the single crystal and powder XRD 

patterns contain essentially the same information, although the form of the XRD pattern and 

the way in which it can be measured is different in each case.   

A powder sample is polycrystalline, meaning that it consists of a huge number of randomly 

oriented single crystals. When X-rays are applied on a sample it scatters these rays in different 

directions depending on the atoms orientation in the crystal (22). The radiation is scattered 

with significant intensity only in certain specific directions; the intensity is zero in all other 

directions (24). These intensity peaks can be measured due the fact that the wavelength of X-

rays and the spacing between layers of atoms (d) are similar (0.5 to 2.5 angstroms) (27). The 

crystal structure and chemical composition for a mineral can be characterized with the peaks 

position and size, as every type of mineral spawns a unique set of peaks. The collective X-ray 

scattering from powder sample gives rise to a set of coaxial cones of scattered radiation, as 

can be seen in Fig. 5 (24). The powder XRD pattern consists of the measured diffracted 

intensity as a function of the semi-angle of each cone, called the diffraction angle, 2θ.  

Because of this, the 3D information contained in the diffraction data is “compressed” into one 

dimension, were the peaks in the pattern arise at specific values of 2θ that satisfy Bragg’s law 

(Eq. 3): 
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2𝜃ℎ𝑘𝑙 = 2 𝑠𝑖𝑛
−1 [

𝜆

(2𝑑ℎ𝑘𝑙)
] (3) 

 

where λ is the wavelength of the X-rays , d is the interplanar spacing between the planes of 

atoms and the indicies h,k and l are called the Miller indices which uniquely label each peak 

(intensity maximum) in the diffraction pattern.   

 

 

Fig.5 (24): X-ray scattering from the whole sample gives rise to a set of coaxial cones of scattered 

radiation (left side). The measured diffracted intensity is a function of diffraction angle, which 

“compress” the 3D information contained in the diffraction data into one dimension, as can be seen in 

a XRD pattern (right side).  

By using a diffractometer the determination of the structure of crystalline materials can be 

done fast and easy (25). The sample is prepared by pressing it into a holder so it has a smooth 

surface, and placed in the sample chamber. The X-rays are generated from the bombardment 

of a metal (e.g. copper or cobalt) with high-energy photons, and by using a goniometer the 

instrument scans the sample between desired starting and ending angle. A simple illustration 

of the inside design can be seen in Fig.6. The X-ray beam, sample and detector are positioned 

by the instrument in such a way so that proper conditions for satisfying of Bragg’s equation 

are maintained.  

 

 

Fig.6 (28): A simple illustration of the internal design of a diffractometer, were the X-ray hits the 

sample with a certain angles. The diffracted beams are then measured by a detector.  
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3.3. Surface Area Calculation  

Nanoscale particles have unique properties compared to their bulk counterparts, mostly due to 

the nanoparticles large surface area (29). The surface area of solids can be determined by first 

preparing the sample by applying a combination of heat, vacuum and/or flowing gas to 

remove adsorbed contaminants acquired from atmospheric exposure. The solid sample is then 

cooled under vacuum, usually to cryogenic temperature (77 K). An adsorptive gas, most 

commonly nitrogen, is introduced to the solid in controlled, steadily increasing doses. The 

pressure is allowed to equilibrate after each dose, and the quantity of gas adsorbed is 

calculated. The volume of gas adsorbed at each pressure and at one constant temperature 

expresses an adsorption isotherm, which allows determination of the quantity of gas required 

to form a monolayer over the external surface of the solid and its pores. When the area 

covered by each adsorbed gas molecule is known the surface area of the solid sample can be 

calculated. There are different data reduction methods; one of them is the Brunauer, Emmet, 

and Teller (BET) method, which determines specific surface area (SSA) on a model of 

adsorption which incorporates multilayer coverage of the solid surface by the adsorptive. 

When the area of the interface between two phases is proportional to the mass of one of the 

phases (e.g. for a solid adsorbent), dividing the surface area by the mass of the relevant phase 

gives the SSA area. 

3.4. Dynamic Light Scattering  

The dynamic light-scattering (DLS) technique enables the study and characterization of 

particles, emulsions or molecules dispersed or dissolved in a liquid, by interpreting the 

distribution and precise nature of scattered light from the particles, emulsions or molecules 

(30,31). The dynamic light scattering (also called quasi-elastic light scattering or photon 

correlation spectroscopy) method can be used for measurement of size and size distribution of 

molecules and particles in the submicron region. The apparatus uses a coherent and 

monochromatic light, usually a laser. The incident light contributes to time-dependent 

fluctuations in the scattered light, which arises from the random Brownian motion of the 

particles. Analysis of these intensity fluctuations allows the calculation of the particle size by 

using the Stokes-Einstein relationship (Eq. 4): 

 

𝐷 = 
𝑘𝑏 ∙ 𝑇

6𝜋 ∙ 𝜂 ∙ 𝑅
 (4) 

 

where D the particle translational diffusion coefficient, kB is Boltzmann's constant, T the 

absolute temperature η the solvent viscosity, and R the characteristic dimension for particles 

in solution. A parameter often used in DLS is called the Z-average, which is also known as 

the cumulants mean (32). The Z-average is a hydrodynamic parameter and is thus only valid to 

particles in dispersion or molecules in solution. The value given for the Z-average is sensitive 

to small changes in  the sample, and the z-average will only be comparable with the size 
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measured by other techniques if the sample is monomodal (i.e. only one peak), have spherical 

or near-spherical shape and is monodisperse (i.e. very narrow width of distribution). 
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4. MATERIALS AND METHODS 

The three different synthetic routes and the solar cell assembly procedure used in this study 

are described below. The synthesized CuO nanoparticles were characterized with the methods 

described in chapter 3, which are summarized in Table 3 along with instrument specification 

and sample preparation procedures.   

Table 3: Summary of the four instruments/techniques used for the particle characterization, 

including a description of the required sample preparation for each instruments/technique. 

Instrument/method Type of 

characterization 

Apparatus Sample preparation 

Scanning electron 

microscope  

Analyze 

morphology, size, 

composition and 

surface structure.  

ZEISS SUPRA™ 

40VP Field Emission 

Scanning Electron 

Microscope 

Dissolved in water and 

applied on thin piece of 

muscovite mica (V4, 

Electron Microscopy 

Sciences). Carbon tape used 

to stick the mica upon 

sample stage. After drying, 

the sample was sputter 

coated with a layer of 

Au/Pd using Polaron 

SC7620 (Thermo VG 

Scientific). 

X-ray diffraction  Determine the 

structure of 

crystalline 

materials 

Bruker D2 PHASER 

powder diffractometer 

(using X-rays from 

Co)  

 

DIFFRAC.EVA 

software for phase 

analysis 

No extensive preparation 

was needed; simply 

pressing powder in a 

sample holder is enough. 

Some samples were first 

grinded with mortar and 

pestle to obtain a finer 

powder. 

Specific surface 

area according to 

Brunauer–

Emmett–Teller 

model 

 

Calculate the 

surface area 

Micromeritics Gemini 

V, surface area and 

pore size analyzer 

Atmospheric contaminants 

removed at 120˚C using 

FlowPrep™ 060 

(Micrometrics) 

Dynamic light 

scattering  

Determine the size 

distribution profile 

Malvern Zetasizer 

Nano, particle size 

and zeta potential 

analyzer 

 

Dissolved in water, 

sonicated to improve 

dispersion. Disposable 

cuvettes used for the 

analysis. 
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4.1. Synthesis Method #1: Solution-Based Chemical Precipitation  

In a work written by Li et al. a solution-based method for synthesizing CuO nanocrystals with 

flower-like morphology is presented (33). The method uses Fehling solutions and is according 

to the authors a facile and scalable procedure. The obtained particles showed good results in 

terms of surface area and photocurrent density when evaluated for the performance for 

photochemical (PEC) water splitting. Therefore it was interesting to see what potential this 

kind of structure can have in the DSSC.  

4.1.1. Experimental Procedure  

Two stock solutions were prepared; A0 and B0. For stock solution A0, 249 mg 

copper(II)sulfate pentahydrate (CuSO4 · 5H2O, Aldrich) was dissolved in 50 ml H20, giving a 

concentration of 20mM. Stock solution B0 was prepared by dissolving 1693 mg potassium 

sodium tartrate tetrahydrate (C4H4KNaO6 · 4H2O, Fluka) in 50 ml H20 resulting in a 

concentration of 120 mM. From these stock solutions two diluted solutions, A1 and B1, were 

prepared by transferring 15 ml of respective stock solution to two separate flasks. For A1 the 

solution was diluted with 150ml H20, for solution B1 2.1 ml 1M NaOH were added before 

dilution with 150 ml H20. Solution A1 and B1 were mixed under magnetic stirring in a round-

bottom flask, resulting in a pale blue solution with final volume of 300 ml and concentrations 

of 1mM CuSO4 · 5H2O, 6 mM C4H4KNaO6 · 4H2O and 7 mM NaOH. The solution was 

heated using water bath at 95
◦
C for 3 hours. During this time the solution turned light brown, 

and small amounts of dark precipitate could be seen at the bottom of the flask. The product 

was collected by centrifugation and washed with ethanol (70%) three times (sonicated in 

between washings to disperse the product in solution). The obtained precipitate was dried in 

an oven at 60
˚
C in vacuum for 2 hours. The product was lastly annealed in a furnace at 400

˚
C 

for 2 hours.   

4.2. Synthesis Method #2: Solution-Based Precipitation Using 

Ultrasonication  

By using a simple, sonochemical method Raj et al. create spindle shaped and carambola fruit 

shaped CuO nanoparticles (34). The authors mention that these different morphologies of CuO 

nanostructures would be expected to have some promising potential for application in solar 

cells. Also different sizes were obtained; 80 and 100 nm for the spindle-like and 240–300 nm 

for the carambola fruit-like nanoparticles. Since it is desirable to obtain small particle it is 

more interesting to attempt the synthesis of spindle shaped nanostructures. 

4.2.1. Experimental Procedure  

A mixture of 6.97 g copper(II) nitrate hemipentahydrate (Cu(NO3)2 · 2.5H2O, Sigma-Aldrich) 

and 3.60 g urea (CH4N2O, Sigma) in 300 ml H2O was prepared in a round-bottom flask under 

continuous magnetic stirring, resulting in a pale light blue solution with respective 

concentrations of 1mM and 2 mM. The solutions pH is adjusted to 7.5 by dropwise addition 

of ammonium hydroxide (NH4OH, 23% solution, Sigma-Aldrich). While adding NH4OH 

white precipitates could be seen, resulting in an intense milky-light-blue solution. The 
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solution was sonicated in an ultrasonic bath for 3 hours. The product was collected by 

centrifugation and washed with ethanol (70%) three times to remove any impurities. The final 

product was dried and annealed in a furnace at 400
◦
C for 1 hour.  

4.3. Synthesis Method #3: Flame Spray Pyrolysis  

Producing nanoscale cupric oxide through the FSP route is rather uncommon, but a synthetic 

route using this technique has been described in a study written by Chiang et al (7). The 

authors aimed to evaluate how several parameters such as flame temperature, residence time, 

and precursor concentration can change the particle size and the size distribution. Using an 

aqueous solution of copper (II) nitrate and a mixed flame of methane, oxygen and nitrogen, 

nearly spherical CuO nanoparticles were obtained with primary particle sizes ranging from 

approximately 7 to 20 nm in diameter depending on the conditions used. These particles PEC 

properties were examined and showed quite good total conversion efficiency (1.48%). The 

FSP method used in the present thesis was inspired by the article by Chiang et al, but adjusted 

to the settings that can be achieved with the available FSP apparatus. The FSP apparatus at 

FHNW has earlier been used for synthesizing TiO2 nanoparticles and the documentation of 

these experiments (provided by Marcus Waser) were also used as base for the CuO 

nanoparticle synthesis.  

4.3.1. Experimental Procedure 

The principle FSP construction used in this study can be seen in Fig.7. The  nozzle that is 

placed at the bottom of the vertical chamber uses air with high pressure to spray the solution 

upwards. Surrounding the nozzle is a ring were propane and air flows out, creating the flame 

when ignited with a lighter. The particles are collected through a vacuum-assisted filtration 

(Busch vacuum pump), using a glass fiber filter. The system is cooled with water, and the gas 

flows to the flame can be controlled and measured with a flowmeter (Q-flow, Vöglin). A 

complete FSP setup normally allows adjustment of flame temperature, production rate, 

residence time of particles in the flame and more. However, the FSP used in this work has 

some limitations which make some of these adjustments hard or even impossible to 

implement. For example it is not equipped with a flowmeter for the air that goes through the 

nozzle, and also it is not possible to measure or control the flame temperature in the chamber 

during the process.  
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Fig.7: Illustration of the used FSP setup. The precursor is introduced to the flame, consisting of air 

and propane, through the nozzle with a HPLC pump. The compressed air shoots up the liquid which 

transforms into solid particles that are collected through vacuum-assisted filtration.  

The precursor used consisted of a 5w% copper nitrate in ethanol solution. The solution was 

prepared by dissolving 31 g copper (II) nitrate hemipentahydrate (Cu(NO3)2 · 2.5H2O, Sigma-

Aldrich) in 600 ml ethanol (≥99.8%,  Fluka). The precursor was fed into the flame with a flow 

of 2.5 ml/min using a HPLC pump (Merck-Hitachi L6200A Intelligent pump). The air and 

propane flows were set to 30 ml/min and 20 ml/min , respectively. The liquid was pushed 

upwards through the nozzle with air having a pressure of 4 bar. The apparatus was running in 

sets of 20 min, with a 5 min cool down between every run. This was due to the risk of 

overheating. When the liquid precursor was used up, the filter was removed and the particles 

were collected by carefully removing them from the filter with a spatula. The collected 

product was annealed in a furnace at 400˚C for 1 hour.  

4.4. Preparation and Measurement of P-Type Dye Sensitized Solar 

Cells  

The p-type DSSCs were prepared according to a simple, standard procedure used at Basel 

University for assembly of n-type DSSC with TiO2. The paste preparation was based on the 

procedure described by Ito et al. (35), that also originally was developed for TiO2 paste, but 

should be working with other semiconductors as well. The IV curves were measured under 

standard AM1.5G illumination from a sun simulator (Sun 2000 Sun Simulator, ABET 

technologies, AAB classification after ASTM E 927 standard) combined with a Keithley 2400 

Sourcemeter. For transmission measurements a Spe-Quest quantum efficiency setup from 
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Rera system was used, which was equipped with a 100 W halogen lamp, a λ300 grating 

monochromator from Lot Oriel and a SR830 lock-in amplifier from Stanford Research.   

 

4.4.1. Paste Preparation 

Two 10 weight% ethyl cellulose (EC) solutions in ethanol with different viscosities were 

prepared. The first one was prepared by dissolving 10 g of ethyl cellulose (5-15mPas, 

Aldrich) in 114 ml ethanol. The second solution was prepared similar with 10 g (30-50mPas, 

Aldrich) and 114 ml ethanol. The solutions were stirred overnight, so the EC was completely 

dissolved. In a round bottom flask, containing 3,6 g of the prepared CuO powder, 9.9 g of the 

first EC solution (5-15mPas), 7.1 g of the second EC solution (30-50mPas) and 14.6 g 

terpineol (Aldrich) were added while stirring. The solution was then diluted with 

approximately 18 ml ethanol (≥99.8%), stirred for about 10 minutes and then sonicated in an 

ultrasonic bath for approximately 10 minutes. The stirring and sonicating procedure was 

repeated two more times to achieve a fine dispersion. Using the rotary evaporator (Büchi) all 

solvent was removed, by evaporating at a temperature of 40
◦
C until a pressure of 10mbar was 

reached. The residue was milled once with a three-roll-mill (Exakt 50 I) to obtain the final 

paste.  

4.4.2. Preparation of the Working Electrode 

Glass coated with fluorine doped tin oxide (FTO) (TCO 22-7, Solaronix) was cut to the 

dimensions 1.5 x 2 cm. The conductive side (coated with FTO) of the substrate can be found 

by measuring the resistance; this side gives a reading between 10 – 100 Ω. The substrate was 

cleaned by sonication for 15 minutes in a detergent solution (Sonoswiss L2) 2% in H2O, then 

rinsed with pure water and ethanol. A template for applying paste was done by layering 6 

pieces of scotch tape on top of each other and punching out a hole in the middle with a 6 mm 

diameter. One piece of scotch tape gives approximately a 6 μm thick paste layer. The paste 

was applied on the substrate by using a blade in a downwards motion over the template 

(called doctorblading technique). Seven cells with CuO paste were made with two different 

sintering temperatures and layer thicknesses, see Table 4. As reference 4 cells with NiO paste 

(Solaronix) were made (Table 4). The reason for using different sintering temperatures was to 

investigate if any change in the conversion efficiency occurs when changing this parameter, 

as 500˚C is recommended for TiO2 cells but 300˚C for NiO cells. Using too low temperature 

can result in residues of the paste additives, while to high temperature can lead to bigger 

particles as they melt together.  
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Table 4: Type of paste used, thickness of paste layer and sintering temperatures for the 11 

working electrodes prepared are specified in this table.  

Cell number Paste Thickness  Sintering 

1 CuO ~ 6 μm 200˚C for 10 min → 350˚C for15 min → 

450˚C for 15 min 

2, 3 , 4 CuO ~ 12 μm 200˚C for 10 min → 350˚C for 15 min → 

450˚C for 15 min 

5, 6, 7 CuO ~ 12 μm 150˚C for 10 min → 300˚C for 30 min 

8 NiO ~ 6 μm 150˚C for 10 min → 300˚C for 30 min 

9, 10 , 11 NiO ~ 12 μm 150˚C for 10 min → 300˚C for 30 min 

 

The thinner layered photo electrodes were used for measuring the transmission of the cells, to 

determine the absorption differences between undyed and dyed semiconductor. These cells 

were first measured after sintering, before being immersed into sensitizer solution overnight. 

The other cells were also immersed into sensitizer solution, which was prepared by dissolving 

Ruthenizer 535-bistBA (Solaronix), also known as N719 (Fig.8), in ethanol. The 1mM N719 

solution was sonicated in an ultrasonic bath before use, to assure that the powder was 

completely dissolved. The thinner layered electrodes were measured again after being dyed, 

and no further assembly was done with these cells.   

 

 

Fig.8 (36): Molecular structure (inset) and UV–Vis absorption spectrum of the N719 dye in 1:1 

acetonitrile and tert-butanol. 
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4.4.3. Assembly of the Dye Sensitized Solar Cell  

Gaskets in circular shapes were cut out from Surlyn® foil with 60 μm thickness. For each cell 

one gasket with exterior diameter of 14 mm and interior diameter of 10 mm was made. Also 

two more gaskets for sealing the hole in the back electrode were prepared with a diameter of 

12 mm. Counter electrodes with the same dimensions as the working electrodes were used. 

The counter electrodes used had a pre-drilled hole at the FTO side (0.9 mm) protected by a 

scotch tape. The tape was removed, any residues left were carefully removed with a stronger 

solvent (Toulen), and finally the electrodes were rinsed with ethanol. A platinum precursor 

(Platisol T, Solarnoix) was spread on the counter electrodes, in total 20 μm on each electrode; 

first 10 μm, then air-died for a minute before applying 10 μm more. The electrodes were 

sintered at 400˚C for 15 min, and in the meantime the photo electrodes that had been dyed 

overnight were rinsed with ethanol and air-dried (the electrodes were protected from light 

while drying).  The cell was assembled by placing the counter electrodes on top of the 

working electrode, with the gasket in between, and heating it at 250˚C for approximately 35 s. 

The hole in the back electrode was sealed immediately after. The air in the cells was 

evacuated through a canula which was put into the hole in the back electrode, by three times 

applying vacuum followed by nitrogen flushing. The cells were then filled with iodide/tri-

iodide electrolyte (Solaronix) by vacuum back filling. This gave an active electrode area of 

0.28 cm
2
. Finally, the hole was sealed with sealing foil and a covering glass using heat.  
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5. RESULTS AND DISCUSSION 

This chapter begins with presentation and discussion of the results derived from the synthesis 

and characterization of the different CuO particles. Thereafter the results from the DSSCs 

measurement are reported.  

5.1. Characterization of the Cupric Oxide Nanostructures 

The compiled SEM pictures can be seen in Fig. 9, 10, 11 and 12. From synthesis method #1 

(Fig. 9) the particles obtained had primary sizes ranging from less than 20 nm up to 50 nm. 

The primary particles do however form larger agglomerates and possibly also aggregates. 

This is also the case with the particles gained from method #2 and #3. The SEM pictures of 

the particles from synthesis #2 (Fig. 10) show more inhomogeneous particle distribution, with 

primary particle size from 100 nm to 1 μm. Unfortunately, no flower-like or spindle-shaped 

morphology was achieved with the solution-based methods. This is probably due to the 

changes made from the original experimental procedures. The particles gained from method 

#3 (Fig.11) had primary particle sizes between 90 nm to 400 nm, while as prepared FSP 

particles (not annealed) had smaller sizes; 20 nm to 50 nm (Fig. 12).   

 

Fig.9: SEM images of CuO particles produced by method #1; 25K magnification (left) and 75K 

magnification (right) .Approximate primary particle sizes ranging from less than 20 nm to 50 nm. 
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Fig.10: SEM images of CuO particles produced by method #2; 25K magnification (left) and 75K 

magnification (right). Approximate primary particle sizes ranging from 100 nm to 1 μm. 

 

Fig.11: SEM images of the CuO particles obtained from method #3; 25K magnification (left) and 75K 

magnification (right). Approximate primary particle sizes ranging from 90 nm to 400 nm. 

 

 

Fig.12: SEM images of the CuO particles obtained method #3, before annealing in furnace. The left 

image shows the particles synthesized at a nozzle air pressure of ~ 2 bar, the right one at 4 bar. 

Approximate primary particle sizes ranging from less than 20 nm to 50 nm.  
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To produce flower-like particles according to Li et al., a sealed container was needed for the 

heating process that should have commenced in an electric oven. This was not available at the 

FHNW, however much smaller particles were achieved than described by Li et al. The small 

size probably gives rise to a large surface area, however due to the small size the collection of 

the product with centrifugation was very hard to perform. Thus only tiny amounts could be 

gained; roughly 13 mg. This constrained further analysis of these particles, as larger amounts 

were required for the XRD, BET and DLS analysis. At least by using the EDX detector in the 

SEM apparatus, an evaluation of these particles composition could be completed (Fig. 13 and 

Table 5). The EDX spectra showed clearly two peaks representing copper and oxygen, and 

the atom% values for copper and oxygen were very close, indicating that the particle 

composition is CuO. As Fehling solutions were used, the reactions involved in the particle 

formation should occur via formation of complexes with tartrate ions and copper (I). When 

heated, the complex reacts with hydroxide ions forming copper hydroxide (Cu(OH)2 ) which 

then decomposes to CuO by dehydration.  

 

 

 

 

Fig.13: EDX analysis of CuO particles made by method #1. The EDX measurement was executed in 

one point, marked in the picture named Base(5), which can be seen on the right side of the EDX 

pattern. The accelerating voltage was 5.0 kV and the magnification was 4000. Peaks other than 

copper and oxygen derive from the sample preparation procedure. 
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Table 5: Result data from the EDX analysis of CuO particles synthesized with method #1, 

were carbon (C), oxygen (O), aluminum (Al) and copper (Cu) are present. The letters K and L 

indicate from which electron shell the scattered X-rays derive from For each compound the 

number of net counts, calculated weight% and atom% (along with estimated errors) are given.  

 

Net Counts 

   C-K   O-K  Al-K  Cu-L 

Base(5)_pt1      96     839      87    1322 

Weight % 

   C-K   O-K  Al-K  Cu-L 

Base(5)_pt1    1.73   22.72    3.10   72.45 

Weight % Error (+/- 1 Sigma) 

   C-K   O-K  Al-K  Cu-L 

Base(5)_pt1 +/-0.32    +/-0.89    +/-0.50    +/-1.92    

Atom % 

   C-K   O-K  Al-K  Cu-L 

Base(5)_pt1    5.11   50.37    4.08   40.44 

Atom % Error (+/- 1 Sigma) 

   C-K   O-K  Al-K  Cu-L 

Base(5)_pt1 +/-0.96    +/-1.98    +/-0.66    +/-1.07    

 

 

The reason for not gaining the desired spindle shape is most probably due to low frequencies 

used in method #2. Using an ultrasonic bath failed to deliver the frequency needed (probably 

around 5-10 kHz), were an ultrasonic horn or similar would give higher frequencies and 

probably better results. The precipitation received was not dark intense blue as described by 

Raj et al., but milky light blue. This is most probably due the formation of copper hydroxide, 

which then decomposed to CuO when annealed:  

𝐶𝑢+2(𝑎𝑞) + 2𝑂𝐻−(𝑎𝑞) → 𝐶𝑢(𝑂𝐻)2(𝑠) 

𝐶𝑢(𝑂𝐻)2(𝑠)
400℃
→    𝐶𝑢𝑂 (𝑠) + 𝐻2𝑂(𝑔) 

Thus, the sonochemical method was actually a thermal conversion process of the Cu(OH)2 

precursor. An amount of approximately 1.6 g after calcination was achieved. According to the 

XRD data presented in Fig.14, another side reaction also took place giving cuprous oxide 

(Cu2O). The SSA for the particles gained from method #2 was estimated to be 1.4856 ± 

0.0194 m²/g by the BET analysis.  
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Fig.14: XRD analysis of the particles gained from method #2. The inset shows the powders XRD 

pattern, while the blue lines correspond to CuO and the green lines to Cu2O patterns obtained from 

the database. 

The XRD analysis was also made for the particles produced by method #3 before (Fig.15) and 

after calcination (Fig.16). The FSP method should normally yield CuO without any post 

treatment, but the green powder obtained (Fig.14a) when using 4 bar nozzle pressure was 

composed of copper nitrate hydroxide (Cu2(OH)3NO3). A lower pressure was tested 

(approximately 2 bar) to increase the residence time of the particles in the flame. The dark 

green powder obtained now showed a mixture of CuO and Cu2(OH)3NO3. Therefore the 

particles were annealed, giving only the CuO phase. The drawback of this after treatment is 

that the particles get sintered together forming bigger particle sizes, as can be seen in SEM 

images (Fig.11 and 12). This also affects the surface area; the BET analysis gave a SSA of 

4.7520 ± 0.1347 m²/g for the as prepared particles and 3.5718 ± 0.0634 m²/g for the annealed 

particles. 
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Fig.15: XRD analysis of the particles gained from method #3 before annealing at (a) 4 bar pressure 

and (b) 2 bar pressure. The inset shows the powders XRD pattern, while the blue lines correspond to 

Cu2(OH)3NO3 and the green lines to CuO patterns obtained from the database.  

(a) 

(b) 
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Fig.16: XRD analysis of the particles gained from method #3. The inset shows the powders XRD 

pattern, while the blue lines correspond to the CuO pattern obtained from the database.  

By using the FSP method large amounts of powder could be collected; ~ 7.1 g after 

calcination (~11 g before calcination, using 4 bar pressure). The reactions involved using FSP 

are proposed below: 

2𝐶𝑢2+(𝑎𝑞) + 3𝑂𝐻−(𝑎𝑞) + 𝑁𝑂3
−(𝑎𝑞)

∆
→ 𝐶𝑢2(𝑂𝐻)3𝑁𝑂3(𝑠) 

4 𝐶𝑢2(𝑂𝐻)3𝑁𝑂3(𝑠)
400℃
→    8 𝐶𝑢𝑂 (𝑠) + 4 𝑁𝑂2(𝑔) + 𝑂2 (𝑔) + 6𝐻2𝑂 (𝑔) 

.  

To attain particles with CuO phase without any after treatment would possibly require higher 

temperatures in the casket and larger distance between the burner and filter so that the 

residence time in the flame can be prolonged. Also using other flame compositions, like 

adding oxygen, could increase the CuO yield, as well as trying other precursors such as metal 

alkoxides or carboxylates. This could increase the particle formation via gas-to-particle route, 

giving more homogenous particles. 

Using the dynamic light scattering technique, several attempts to obtain a particle distribution 

profile for the particles synthesized by method #2 and #3 were made. The average diameters 

gained are listed in Table 6,  however it was hard to get reliable results due dispersion and 

sedimation problems.The results give somewhat large values compared to what can be seen in 

the SEM pictures for #3, which can be due to agglomerates. When the agglomerates are much 

larger than the primary particles it is possible that the latter ones do not get detected. Also, the 

#2 particles were not near spherical according to the SEM pictures which makes the data 

more complicated to interpret. Therefore the SEM pictures give more reliable results then the 

DLS data. Fig.17 shows the distibution size graph for the annealed particles from method #3. 
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This graph illustrates the problems mentioned before,which can be seen by the precence of 

broad and multiple peaks. The distribution graphs looked similar for all of the analyzed 

particles.  

Table 6: The average diameter gained for 3 different particles. The #3 at 4 bar before 

annealing was excluded because of bad result quality according to the software. 

Particles from method nr Z-Average diameter (nm) 

#2 458.4 

#3 at 2 bar before anneling 378.1 

#3 after anneling 491.6 

 

 

Fig.17: DLS size distribution graph for particles synthesized by method #3.  

5.2. Evaluation of the Prepared P-Type Dye Sensitized Solar Cells 

As the paste preparation required a lot of material, only the particles synthesized via FSP were 

used and tested for the DSSC application. These were also the only particles having a pure 

CuO phase according to the XRD analysis. The thinner layered solar cells transmission 

spectra before and after dye sensitizing can be seen in Fig.18. The transmission values for the 

NiO cells became lower after it was sensitized, showing that the dye enhances the photo 

electrodes ability to absorb sunlight. For the CuO cell, almost no difference could be observed 

before and after being sensitized. This is probably due the fact that CuO by itself has high 

absorption of solar spectrum, and the dyes potential difference between the HOMO and 

LUMO is most likely larger the bandgap potential for CuO. Therefore they cannot expand the 

photoactive spectrum of the CuO electrode. Although, using a dye with lower potential 

differences could theoretically still enhance the photocurrent. The transmission spectrum for 
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NiO is however a bit uncertain, as the dye should not affect the transmission after 700-800 nm 

because this is beyond the dyes absorption range. These results can be due to some defects in 

the NiO layer, or some other factor that somehow changed the NiO cell before and after 

dyeing.   

 

 

Fig. 18: Transmission spectra for the NiO electrode and CuO electrode. The black lines represents 

undyed electrode and the red lines represents the dyed electrode.  

The IV measurements were performed in the dark and under illumination (100 mW/cm
2
). As 

the cells showed a very slow response time, the illumination measurements were carried out 

after the cells had been irradiated for approximately 15 minutes, allowing them to equilibrate. 

Also, the sample stage was cooled with a peltier element to 25˚C. Using a low sampling rate 

of 0.2 Hz, the IV curves were obtained and three of these can be seen in Fig.19, 20 and 21. 

From the IV curves the Jsc, Voc, ff and ƞ values could be calculated, and are listed in Table 7. 

The nickel oxide cells presented low power output and showed very low efficiencies. This is 

maybe due to unsuitable dye, as well as other component factors not being optimized. A too 
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thick layer can be a reason for the slow response time; however a too thin layer can result in 

less absorption.  

 

Fig.19: IV curve for the NiO reference cell nr 2. MMP stands for the maximum power point.  

 

 

 

Fig.20: IV curve for the CuO cell nr 3, sintered at 450˚C. MMP stands for the maximum power point.  
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Fig.21: IV curve for the CuO cell nr 6, sintered at 300˚C. MMP stands for the maximum power point.  

 

Table 7: Solar cell parameters for each cell obtained from IV measurements. 

Cell name Voc (mV) Jsc (μA/cm
2
) ff ƞ (%) 

NiO#2 65.0308 -89.219 0.302 0.00175 

NiO#3 29.520 -67.0302 0.311 0.000620 

NiO#4 31.539 -83.565 0.289 0.000760 

CuO#2 -603.186 128.404 0.375 0.0290 

CuO#3 -743.445 117.330 0.345 0.0301 

CuO#4 -469.336 127.591 0.339 0.0203 

CuO#5 -421.626 106.909 0.339 0.0154 

CuO#6 -457.842 112.759 0.393 0.0203 

CuO#7 -456.424 108.600 0.402 0.0199 
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The CuO cells showed completely different behavior, as the voltage showed large negative 

values in contrast with the NiO cells, which showed positive values. Also the currents were 

positively charged instead of negatively charged, showing that an anodic current was 

generated instead of a cathodic current. This implies that side reactions, such as the ones 

described in Fig.3 in chapter 1.3, were dominating in the CuO cell and not the hole injection 

mechanism. Is it possible that the converted current arises due to excitation of the 

semiconductor, leading to a converted flow of electrons and hole injections inside the cell. 

The semiconductors excited electrons could thus be the ones going out to the external circuit. 

The results were the similar for the CuO cells sintered at 300
˚
C and the ones sintered at 

450˚C.  

5.3. Process Analysis 

The start and planning phase in this project was quite prolonged, as the project final concept 

was not decided before the 14th of April. Regardless, the established time plan was followed 

closely through the execution phase and acted as an important guideline. However, two of the 

deliverables, Flower-like CuO nanocrystals and Spindle shaped CuO nanostructures, were not 

obtained precisely as expected. Still, nanoparticles from all three methods used were gained 

and could be evaluated. As the time was limited to only 6 weeks, the possibility of optimizing 

each method and solar cell assembly was in principle nonexistent, thus only few method 

parameters were investigated. This also led to only having one type of particle for the solar 

cell application, but the most important part is that a DSSC assembly could be made. The 

project could be directed more towards optimization of one method, or even exclude the 

DSSC test application. However, having the opportunity to follow the whole process - from 

synthesis to application – is a valuable experience. Also, trying out different methods for 

synthesis and characterization contributed to a wider perspective on the topic.  

6. CONCLUSIONS AND FUTURE OUTLOOK 

Using three synthetic routes CuO nanostructures were synthesized with various sizes and 

structures. Comparing the three methods used, it can be concluded that they all had easy 

experimental procedures; however using the solution-based method did not give the desired 

composition and structure. The SEM images from method #1 still showed promising 

properties, as small sized particles (primary particle sizes between ~20 and 50 nm) often 

inhibit a large surface area. The small amounts received with this method (13 mg) could 

maybe be solved by changing method parameters to give more time for particle formation, but 

essentially using more powerful centrifugation instruments (or other collection technique) 

would be necessary. Method #3 turned out to not be a sonochemical procedure but a solid-

state thermal conversion of CuO precursor, yielding quite good material amount (1.6 g) but 

less attractive particle properties compared to method #1 and method #3. The particles 

showed large variations in size (ranging from ~100 to 1000 nm, with a SSA of 1.49 m²/g), and 

a mixed composition of CuO and Cu2O according to the XRD analysis. The FSP method 

requires special apparatus and is more energy intensive, however optimizing this kind of 
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apparatus can give large amounts of material (11 g before annealing and 7.1g after annealing 

was obtained) with small primary particle sizes (~20 - 50 nm before and ~90 - 400 nm after 

annealing). In summary, there is a lot of room for improving all of the techniques used. Using 

more optimized methods could probably yield more homogenous nanostructures, with smaller 

particle sizes and larger surface areas.   

 

Considering that the synthesized CuO particles by FSP did not show a quite small surface 

area (3.57 m²/g), the expectations for gaining a DSSC which good efficiency were quite low 

from the beginning. However it was not expected that the CuO cells would give rise to a 

reverse current, although having a narrow band gap makes CuO more vulnerable for photo 

excitation. Also the CuO layers absorption is an obstacle when designing p-type DSSCs for 

use in n/p tandem cells, as they give the same current as the n-type DSSC, which already have 

a much more developed technology and larger efficiencies. Applying some kind of blocking 

layer between the p-SC and FTO glass could maybe hinder excited p-SC electrons from going 

to the external circuit, however the problem with recombination and other side reactions in 

the cell still remain. It cannot be said that it is the CuO layer alone that contributes to the 

undesired side reactions, as the combination with dye and electrolyte is crucial for a working 

cell. The N917 dye is commonly used for n-type DSSCs, although the low efficiencies of the 

NiO cells show that this dye is probably not suitable for these p-type cells. The low NiO 

efficiency could also be due to other factors, such as layer uniformness and thickness as well 

as how well it works with the electrolyte.  

 

As a final point, it can be concluded that CuO can probably work as p-SC under the right, 

optimized conditions. However the slow response and narrow bandgap are obstacles when 

trying to develop more efficient p-type DSSCs. As the DSSC preparation originally was 

adapted to TiO2 cells there is a large probability that this standard procedure does not suit the 

NiO and CuO cells. The great potential for developing synthesis routes for CuO that are 

simple, non-toxic, low-cost  and scalable contribute to CuO being attractive MOs; although it 

is still a challenge to gain uniform-size, well-dispersed and high quality particles. 

Investigating how doping, combination with other nanomaterials or surface coating affect the 

CuO nanostructures properties could lead to discoveries of CuO materials with enhanced 

performance as p-SC in DSSCs. There still is much room for research, both in the synthesis 

and DSSC area, which increases the future possibilities for gaining well working CuO DSSCs 

with higher efficiencies. 

 

 

 

  



~ 35 ~ 

 

REFRENCES 

1.  Ye M, Wen X, Wang M, Iocozzia J, Zhang N, Lin C, et al. Recent advances in dye-sensitized 

solar cells: from photoanodes, sensitizers and electrolytes to counter electrodes. Mater Today. 

Elsevier Ltd.; 2015;18(3):155–62. 

2.  Myers A. Photovoltaic cells [Internet]. Salem Press Encyclopedia of Science. Salem Press; 

2015 [cited 2015 Apr 14]. Available from: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=ers

&AN=89474825&site=eds-live 

3.  Odobel F, Le Pleux L, Pellegrin Y, Blart E. New photovoltaic devices based on the 

sensitization of p-type semiconductors: Challenges and opportunities. Acc Chem Res. 

2010;43(8):1063–71.  

4.  McEvoy AJ, Castañer L, Markvart T. Solar cells: materials, manufacture and operation, 

second edition. [Internet]. Waltham, Mass. : Elsevier, 2013; 2013 [cited 20115 May 12]. 

Available from: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=cat

00115a&AN=lkp.746684&site=eds-live 

5.  Zhang Q, Zhang K, Xu D, Yang G, Huang H, Nie F, et al. CuO nanostructures: Synthesis, 

characterization, growth mechanisms, fundamental properties, and applications. Prog Mater 

Sci. Elsevier Ltd; 2014;60(1):208–37. 

6.  Muñoz-García AB, Pavone M. Structure and energy level alignment at the dye–electrode 

interface in p-type DSSCs: new hints on the role of anchoring modes from ab initio 

calculations. Phys Chem Chem Phys. 2015;(3):12238–46.  

7.  Chiang C-Y, Aroh K, Ehrman SH. Copper oxide nanoparticle made by flame spray pyrolysis 

for photoelectrochemical water splitting – Part I. CuO nanoparticle preparation. Int J 

Hydrogen Energy. Elsevier Ltd; 2012;37(6):4871–9.  

8.  Wongpisutpaisan N, Charoonsuk P, Vittayakorn N, Pecharapa W. Sonochemical Synthesis and 

Characterization of Copper Oxide Nanoparticles. Energy Procedia. 2011;9:404–9.  

9.  Hatanaka SI. Sonoluminescence, sonochemistry and bubble dynamics of single bubble 

cavitation. AIP Conf Proc. 2012;1474(1):163–6.  

10.  Walter D. Primary Particles - Agglomerates - Aggregates. Nanomaterials. 2013;9–24.  

11.  Thiébaut B. Flame spray pyrolysis: A unique facility for the production of nanopowders. Platin 

Met Rev. 2011;55(2):149–51.  

12.  Teoh WY, Amal R, Mädler L. Flame spray pyrolysis: An enabling technology for 

nanoparticles design and fabrication. Nanoscale. 2010;2(8):1324–47.  

13.  Kozhukharov S, Tchaoushev S. Spray pyrolysis equipment for various applications. J Chem 

Technol Metall. 2013;48(1):111–8.  



~ 36 ~ 

 

14.  Günzburger G. Nanoscale Characterization of Dye Sensitized Solar Cells - Kelvin Probe Force 

Microscopy in Liquid [dissertation]. Basel; Universität Basel; 2015.   

15.  Perkowitz S. Hole [Internet]. In Encyclopedia Britannica Online; Chicago, IL: Britannica 

Online, 1994-. [cited 2015 May 5] Available from: 

http://academic.eb.com/EBchecked/topic/269197/hole 

16.  Odobel F, Pellegrin Y, Gibson E a., Hagfeldt A, Smeigh AL, Hammarström L. Recent 

advances and future directions to optimize the performances of p-type dye-sensitized solar 

cells. Coord Chem Rev. Elsevier B.V.; 2012;256(21-22):2414–23.  

17.  Qin P. The Study of Organic Dyes for p-Type Dye- Sensitized Solar Cells [dissertation on 

Internet]. Stockholm; Kungliga Tekniska Högskolan; 2010 [cited 2015 May 28]. Avalible 

from: http://www.diva-portal.org/smash/get/diva2:349533/FULLTEXT01.pdf  

18.  Sumikura S, Mori S, Shimizu S, Usami H, Suzuki E. Photoelectrochemical characteristics of 

cells with dyed and undyed nanoporous p-type semiconductor CuO electrodes. J Photochem 

Photobiol A Chem. 2008;194(2-3):143–7.  

19.  Anandan S, Wen X, Yang S. Room temperature growth of CuO nanorod arrays on copper and 

their application as a cathode in dye-sensitized solar cells. Mater Chem Phys. 2005;93(1):35–

40.  

20.  Boehlke PR. Scanning Electron Microscopy [Internet]. Salem Press Encyclopedia of Science. 

Salem Press; 2015. Available from [cited 15 Apr 2015]: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=ers

&AN=89317200&site=eds-live 

21.  Wolfe SL. Transmission electron microscopy [Internet]. Salem Press Encyclopedia of Science. 

Salem Press; 2015. Available from [cited 15 Apr 2015]: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=ers

&AN=89317260&site=eds-live 

22.  Savile Bradbury, Brian J. Ford DCJ. Scanning electron microscope (SEM) [Internet]. In 

Encyclopedia Britannica Online; Chicago, IL: Britannica Online, 1994-. [cited 2015 Apr 15]. 

Available from: http://academic.eb.com/EBchecked/topic/526571/scanning-electron-

microscope 

23.  LaGoo L. Energy-dispersive x-ray spectroscopy (EDS) [Internet]. Salem Press Encyclopedia of 

Science. Salem Press; 2015. Available from [cited 27 Apr 2015]: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=ers

&AN=89312139&site=eds-live 

24.  Warren BE, Dahl LF. X-ray diffraction [Internet]. AccessScience. New York, N.Y.: McGraw-

Hill, 2000 – [cited 2015 Apr 27]. Available from: 

http://www.accessscience.com.e.bibl.liu.se/content/x-ray-diffraction/750600 

25.  Dahl LF. X-ray crystallography [Internet]. AccessScience. New York, N.Y.: McGraw-Hill, 

2000 – [cited 2015 Apr 27]. Available from: 

http://www.accessscience.com.e.bibl.liu.se/content/x-ray-crystallography/750500 



~ 37 ~ 

 

26.  Bruce DW, O’Hare D, Walton RI. Structure from diffraction methods. [Internet]. West Sussex, 

England : John Wiley & Sons, Ltd., 2014.; 2014 [cited 2015 Apr 27]. Available from: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=cat

00115a&AN=lkp.793860&site=eds-live 

27.  Lumsden DN. X-Ray powder diffraction [Internet]. Salem Press Encyclopedia of Science. 

Salem Press; 2013. Available from [cited 27 Apr 2015]: 

https://login.e.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=ers

&AN=88806811&site=eds-live 

28.  Bruker AXS. D2 PHASER [Internet brochure]. Avaliable from [cited 27 Apr 2015]: 

http://chemistry.harvard.edu/files/chemistry/files/d2_phaser_doc-b88-exs017_en_high.pdf 

29.  Micromeritics. Gas sorption Analysis [Internet brochure]. Avalible from [cited 5 May 2015] : 

http://www.micromeritics.com/Repository/Files/Gas_Sorption.pdf 

30.  Pecora R. Quasielastic Light Scattering [Internet]. AccessScience. New York, N.Y.: McGraw-

Hill, 2000 – [cited 2015 Apr 15].  Available from: 

http://www.accessscience.com.e.bibl.liu.se/content/quasielastic-light-scattering/564000. 

31.  Micromeritics. Particle Size: Instruments solution [Internet brochure]. [cited 2015 May 11] 

Avalible from: 

http://www.micromeritics.com/Repository/Files/ParticleSize_Fixed_2015_PRINT_v2.pdf  

32.  Malvern Instruments. Dynamic Light Scattering: Common Terms Defined [Internet]. 2011;1–6. 

[cited 2015 May 11] Avalible from: http://www.biophysics.bioc.cam.ac.uk/wp-

content/uploads/2011/02/DLS_Terms_defined_Malvern.pdf 

33.  Li S-K, Pan Y-Y, Wu M, Huang F-Z, Li C-H, Shen Y-H. Large-scale and green synthesis of 

octahedral flower-like cupric oxide nanocrystals with enhanced photochemical properties. 

Appl Surf Sci. 2014;315:169–77.  

34.  Raj DMA, Dhayal Raj a., Irudayaraj a. A, Josephine RL, Senthil Kumar M, Thambidurai M. 

One step synthesis, optimization and growth mechanism carambola fruit shaped CuO 

nanostructures: electrochromic performance. J Mater Sci Mater Electron. 2014;26(2):659–65.  

35.  Ito S, Murakami TN, Comte P, Liska P, Grätzel C, Nazeeruddin MK, et al. Fabrication of thin 

film dye sensitized solar cells with solar to electric power conversion efficiency over 10%. Thin 

Solid Films. 2008 May;516(14):4613–9. 

36.  Wang Z-S, Kawauchi H, Kashima T, Arakawa H. Significant influence of TiO2 photoelectrode 

morphology on the energy conversion efficiency of N719 dye-sensitized solar cell. Coord Chem 

Rev. 2004 Jul;248(13-14):1381–9.  

  



~ 38 ~ 

 

APPENDIX A 

Time schedule  

 

 

Week

Nr 1 2 3 4 5 6 7 8 9 10 + 11

1

2

Write concept 

Establish time schedule

3

Method development

Synthesis of flower-like particles

Synthesis of spherical particles (using FSP)

4 DSSC measurements

Manufacture solar cells and mesure their efficiency

5 Write project report

 18 May

Send in final version to examiner 14 June

6 Oral presentation

Preparation

Presentation at FHNW 28 May

Presentation at LiU 1 or 2 June

Activities

Task description

Information retrivial

Project planning

Synthesis and characterization 

Synthesis of spindle/carambola fruit-like particles

Characterization 

Look into preparation of CuO for the DSSCs

Make first draft 

Try to manufacture standard DSSC (titania) for practice 


