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This dissertation has two intersecting foci; firstly, the discovery of a new methodology 

for the growth of high surface area cuprous oxide (Cu2O) substrates. Secondly, the synthesis and 

characterization of electron-accepting molecules, and their incorporation into excitonic solar 

cells (XSCs) using the Cu2O substrates as electrodes. Increasing the surface area of the 

semiconductor creates more locations for charge transfer to occur thus increasing the overall 

efficiency of the device. Zinc oxide (ZnO) has been widely studied, and can be easily grown into 

many different films with high surface area morphologies. The ZnO films serve as sacrificial 

templates that allow us to electrochemically grow new semiconductors with the same high 

surface area morphologies but composed of a material having more desirable electronic 

properties. A polymer can be applied over the surface of the ZnO nanorod films before etching 

the ZnO with a weak acid, thereby leaving a polymer nanopore membrane. Cathodic 

electrodeposition of Cu2O into the membrane nanopores gives Cu2O nanorods. Electron-

accepting dyes are designed with tethers that allow for direct attachment to metal oxide 

semiconductors. After soaking, the semiconductor is coated with a monolayer of a dye and then 

the coated semiconductor films were made into various dye-sensitized solar cells (DSCs). These 

cells were studied to determine the electron transport properties at the 

semiconductor/sensitizer/electrolyte interface. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Most energy in the United States is currently derived from coal, oil, and natural gas. In 

2013, renewable resources supplied only about 13% of the energy in the United States while less 

than 1% was from solar power.1 The world’s energy demand is projected to increase 37% by 

2040. Renewables are expected to account for half of this growth and to be a larger source of 

energy than coal by this point with energy generation from wind and photovoltaics expected to 

quadruple.2 Strain caused by an ever increasing need of energy sources is due to increasing world 

population and to developing countries adopting new technologies that require more energy.3,4 In 

the United States, generation of electricity accounted for 32% of the greenhouse emissions in 

2012. This is over 2,000 metric tons of CO2 that was generated that year.5 With the trend of 

increasing energy demand we can expect even more emissions while non-renewable resources 

are exploited as main sources of energy. 

Figure 1.1. Energy generated in the United States from 1949 to 2013 in quadrillion Btu. 

Consumption of non-renewables is increasing while renewable energy growth is slow.1 

It is understandable that renewable sources like solar are not widely used today due to 

production costs, but after looking at the resource potential of all our energy sources it becomes 
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apparent that we should be focusing on this resource by investing into technology that takes 

advantage of its natural abundance. Exergy is a term used when quantifying the potential energy 

of resource reservoirs for comparison.6 Exergy is emitted through natural events and then can go 

through four different processes: natural energy destruction, flux, human consumption, and 

accumulation. Human consumption is the final event in which the energy is harvested. 

Accumulation is the process which occurs to create non-renewable resources like coal and oil. 

Natural energy destruction is natural events which consume energy like atmospheric absorption 

of sunlight, and flux is the dissociation of energy into different forms.7 It is important to note that 

a large quantity of solar radiation is not actually available for utilization by photovoltaics due to 

atmospheric reflection, atmospheric absorption, evaporation, and surface heating. Even with this 

loss there is still approximately 23,000 TW/year of energy available from solar radiation.8 
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Figure 1.2. Calculated reservoirs and deformation of exergy on our planet given various 

processes.7 The largest source of energy on our planet is from solar radiation yet it is one of the 

least utilized forms for electricity. 

There is no simple approach to resolving the energy and greenhouse gas issues, but 

reducing the cost of photovoltaics is a promising way to shift our energy sources away from non-

renewables. If solar is to become an economically competitive source of energy, new technology 

needs to be developed which utilizes cheaper materials. The research discussed within this 

dissertation investigates a novel method for creating nanotemplated cuprous oxide at a much 

lower cost than current methods. Also, all the organic dyes used can be synthesized at a large 

scale and relatively low cost. Investigation of the photophysical and electrochemical properties 

of these materials has led us to a deeper understanding of their electronic behavior and how they 

can be optimized. 

1.2 Excitonic Solar Cells 

The term excitonic solar cells (XSCs) encompasses several types of devices which rely 

on exciton formation when irradiated with light to produce photocurrent. The absorption of light 

creates a mobile excited state commonly known as a Frenkel exciton. This tightly bound 

electron-hole pair is able to travel through the semiconductor material until it hits a trap site or 

heterointerface where it can dissociate into a free electron in one material and a hole in the 

other.9 The collection of these positive and negative charges by opposite electrodes creates a 

charge gradient and the generation of electrical current. 
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Figure 1.3. Shows the general process that occurs in excitonic solar cells. The first step involves 

the absorption of light by a material to push an electron to its excited state. Next, the excited 

electron is collected into the aluminum electrode; this process leaves a hole in the HOMO that 

can be filled by an electron from the indium tin oxide (ITO) electrode generating photocurrent.10 

There are several types of excitonic solar cells depending on the properties of the 

materials used to construct them. One of the most simple is the bilayer organic solar cell which 

consists of two different organic semiconductors which are sandwiched between electrodes. The 

first heterojunction device was developed by C. W. Tang in 1986 and consisted of copper 

phthalocyanine and a perylene tetracarboxylic derivative. This device only approached 1% 

efficiency given its simple architecture.11 The materials in these devices have a planar interface 

and must be thin films to allow for exciton diffusion through the material. Bulk-heterojunction 

devices have a blend of a polymer and organic molecules which allows for easier charge 

separation by increasing the area of heterojunction for exciton dissociation. Both of these devices 

are classified as organic solar cells (OSCs) because the active layer consists of organic materials. 

Hiramoto made the first bulk-heterojunction device by co-subliming a perylene tetracarboxylic 

derivative and metal‐free phthalocyanine. The increase in heterojunction doubled the 
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photocurrent of his device compared to the previously reported bilayer device.12 In 1993 

Sariciftci designed the first polymer/fullerene bulk heterojunction device leading the way for 

many future designs incorporating polymer and fullerene blends.10 Hybrid solar cells are a third 

type of excitonic solar cell which have inorganic and organic components. One example would 

be using an inorganic semiconductor with an organic polymer. A more common example of a 

hybrid device is an inorganic semiconductor that is coupled with a sensitizer dye. These devices 

are called dye-sensitized solar cells because the surface of the inorganic semiconductor is 

sensitized by a monolayer of dye molecules. The molecules are designed with a tethering 

functional group that can bind directly to the surface of the semiconductor. Electrolytes are also 

necessary for charge transfer between electrodes. 

Figure 1.4. Shows the three major types of XSCs.13 

Dye-sensitized solar cells (DSCs) can be split into two categories based on the nature of 

the semiconductor used. N-type devices use a semiconductor wherein electrons are the majority 

charge carrier and move through the conduction band, and p-type DSCs utilize a semiconductor 

wherein holes are the majority charge carrier and move through the valence band. In the field of 

dye-sensitized solar cells titanium dioxide (TiO2) is one of the most used semiconductors. It is an 

n-type metal-oxide semiconductor that can easily be annealed, from nanoparticle colloids, into 

very high surface area mesoporous films for device fabrication. Michael Grätzel is one of the 
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pioneers of this field who showed that very efficient devices can be made by coupling 

mesoporous titanium dioxide with ruthenium based sensitizer dyes.14,15 These devices are an 

example of n-type DSCs because anatase TiO2 has a band gap of 3.2 eV and functions as an 

electron acceptor.16 DSCs can be made by using p-type semiconductors which function as 

electron donors. In these devices electron flow is reversed as the photoexcited sensitizer dye 

injects a hole into the valence band of the p-type semiconductor.  

Currently, n-type DSCs are more commonly investigated due to increased device 

performance, but two things can be done to shift focus toward p-type DSCs: (1) Develop a 

nanostructured p-type semiconductor material which can be used as a testing scaffold for p-type 

dye-sensitized solar cells because current p-type devices rely on the partial calcination of nickel 

hydroxide to form p-type nickel oxide (NiO) which leads to poor reproducibility. Cuprous oxide 

can be electrodeposited and leads to reliable and inexpensive films, but a new methodology to 

create high surface area Cu2O needs to be investigated. (2) Synthesis of exemplary molecules as 

sensitizers for p-type DSCs. Fine tuning electronic and optical properties of these dyes can lead 

to efficient devices which would increase interest in the investigation of p-type DSCs. 

1.3 Research Overview  

The synthesis of novel sensitizer dyes is an important aspect of this research. The dyes 

function as semiconductor sensitizers that help facilitate charge separation from the electrolyte 

and semiconductor electrode. All dyes must be synthesized with a tether for easy attachment to 

the semiconductor. Soaking the metal oxide semiconductor in a dye solution allows for the 

attachment of a monolayer of the dye molecules for sensitization. The dye must also exhibit n-

type semiconductor behavior to be coupled with the p-type cuprous oxide films. Novel dyes 
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synthesized in our lab, alongside common dyes, were studied to compare their electrochemical 

and optical properties.  

Porphyrins are typically used as electron donors in DSCs and zinc porphyrins are the 

most commonly studied due to the fact that they usually have decent photocurrents; their 

LUMOs are usually higher than the conduction band of TiO2 and their HOMOs are generally 

lower than the redox couple of the electrolyte.17 This allows for efficient injection into the n-type 

semiconductor and dye regeneration from the electrolyte, but when modified with groups at the 

meso-positions the LUMO and HOMO levels are able to be pushed down enough for the 

molecule to be used as an acceptor in p-type DSCs.18 Dioxoporphyrins and Dioxime ether 

porphyrins are two molecules which were originally thought to be useful in p-type DSCs for this 

reason and were investigated as potential dyes. The synthesis and characterization of these 

porphyrin dyes is described in chapter 2. 

 Cyclopenta[hi]aceanthrylene (CPAA) derivatives function as electron acceptors and can 

be easily reduced via the formation of two aromatically stabilized benzocyclopentadienyl 

anions.19 Cyclopenta[hi]aceanthrylenes are thought to be suitable replacements for fullerene 

molecules because they have continuous conjugation throughout the entire molecule while 

fullerenes have to be functionalized via addition reactions which break conjugation in the 

molecule; this break in conjugation makes the fine-tuning of the electronic properties of fullerene 

analogs difficult.20 CPAA derivatives also have red absorption, so cuprous oxide will not be an 

optical filter in devices with CPAA sensitization as electrodeposited cuprous oxide does not 

absorb in the red region.21 The synthesis and application of CPAA molecules is yet to be widely 

studied while fullerenes have been exhaustively studied and optimized for use in organic 
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electronics. Characterization and synthesis of 2,7-disubstituted cyclopenta[hi]aceanthrylenes is 

discussed in chapter 3. 

Nickel oxide is the most studied p-type semiconductor electrode for DSCs because it is 

easily prepared into high surface area mesoporous electrodes. One problem with this material is 

that its preparation relies on the incomplete calcination of Ni(OH)2.
22 Completely calcined nickel 

hydroxide would create stoichiometric NiO which is a Mott insulator,23 so the preparation of 

NiO electrodes for p-type DSCs creates device to device variability. The absorption of light by 

nickel oxide does not lead to photocurrent while cuprous oxide can be photoexcited along with a 

dye-sensitizers. 

Cuprous oxide (Cu2O) is a promising p-type semiconductor for DSCs given its band gap 

of 2.17 eV;24 copper vacancies in the cuprous oxide semiconductor give it p-type conductivity.25-

27 Cuprous oxide has applications in photovoltaics,28-31 photoelectrochemical cells,32,33 

chemosensing,34,35 photocatalysis,36,37 and Li-ion batteries.38,39 Technical challenges in the 

research and application of Cu2O include the reliable preparation of nanostructured Cu2O 

materials. Making high surface area nanorod films of this material is a difficult task. Previously, 

the only known method to make cuprous oxide nanorods is to first make an anodic aluminum 

oxide (AAO) membrane by multilayer sputtering followed by anodic etching. This process 

leaves a neatly organized honeycomb structure in which cuprous oxide can be electrochemically 

grown. Upon growth, the aluminum must be etched leaving free-standing, cylindrical, Cu2O 

nanorods.40 Chapter 4 describes our research on developing a novel method that uses polymer 

templating to copy the morphology of a material. This has allowed us to electrochemically grow 

Cu2O nanorods from a porous polymer membrane. 



9 

 

The electrolyte selection is important for multiple reasons. If the energy level isn’t 

optimal it will function as an insulator and fail to accept electrons from the sensitizer dye or 

semiconductor electrode. The electrolyte concentration can also affect the cell due to an optical 

filtering effect. For example, methyl viologen has a radical cation with strong absorbance in the 

visible region. Decreasing this optical filtering effect allows for increased light absorption by 

cuprous oxide and sensitizer dyes which can increase overall performance of the device. The 

electrolyte selection for photoelectrochemical and DCSs is described in chapter 5. 

Photoelectrochemical cells are fabricated with a platinized fluorine-doped tin oxide (Pt/F-

SnO2) counter electrode. This electrode is transparent and allows for light to enter the device 

given that the cuprous oxide can sometimes be thick enough to completely block light. The 

nanostructured cuprous oxide electrode can be loaded with a monolayer of sensitizer dyes and 

assembled into a device with electrolyte. These solar cells are tested on incident photon to 

converted electron (IPCE) to see which wavelengths are absorbing light and achieving the best 

quantum efficiencies. The fill factor and efficiency can be obtained by doing current-voltage 

sweeps while radiating with AM1.5 light. A xenon arc lamp that has been calibrated to simulate 

sunlight over the equator on a clear day provides consistent data regardless of location or 

weather conditions. The best solar cells will have broad absorption in the visible region, a good 

fill factor, and reasonable efficiencies. 
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Figure 1.5. Sensitizer dyes used in the cuprous oxide dye-sensitized solar cells. 

Device data for cuprous oxide dye-sensitized solar cells using the above sensitizers is in 

chapter 5 alongside Cu2O photoelectrochemical device data. We have obtained the highest 

reported photocurrent for electrodeposited Cu2O in a non-aqueous photoelectrochemical cell. 

Device data from preliminary DSCs have open circuit currents in the milliamp regime which 

suggests that efficient devices can be obtained with further optimization of the electrolyte, Cu2O 

morphology, and sensitizer dyes. 
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CHAPTER 2 

SYNTHESIS OF PORPHYRIN DYES 

2.1 Introduction 

Dye-sensitized solar cells (DSCs) are very promising alternatives to silicon-based 

photovoltaics given their potential to be manufactured at a drastically lower price due to their 

ease of construction and low cost of materials. Ruthenium dyes have been efficient in early 

generation DSCs, but there has been a push away from using these dyes due to the cost and 

limited availability of ruthenium. Porphyrins usually incorporate abundant metals, and have been 

able to recently achieve energy conversion efficiencies around 13%.1,2 When porphyrins are used 

in dye-sensitized solar cells, they are typically functioning as electron donors which are 

sensitized onto the surface of an n-type semiconductor or as part of a donor-acceptor dyad.3-6  

Zinc porphyrins are most studied due to their stability to light and heat, long singlet 

excited states (usually > 1 ns), and tunable energy levels.7 Zinc porphyrins generally yield higher 

photocurrents than metal-free analogs due to their higher energy excited states which allow for 

more efficient injection into the conduction band of TiO2. Zinc porphyrins usually have HOMOs 

which are lower than the redox potential of the electrolyte which allows for efficient charge 

regeneration from the electrolyte. When synthesizing porphyrins, the metalation reaction to form 

zinc porphyrins from their free-base counter-parts is also very easy and usually occurs with 

quantitative yields. Zinc is a cheap and non-toxic metal which has provided some of the most 

efficient porphyrin sensitizers to date. Meso-substituted porphyrins are generally more efficient 

sensitizers than β–substituted,8-10 and they can be easily prepared with moderate yields.11 
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Figure 2.1. Shows the 4 meso-positions and eight β-positions of a porphyrin ring.5 

The addition of electron-withdrawing groups to the meso-positions of the porphyrin 

allows for the tuning of the energy levels; specifically, the more electron-withdrawing the lower 

the HOMO and LUMO energy levels of the sensitizer.12,13
. When tuning the energy levels of the 

sensitizer on metal oxide semiconductors it is important to make sure that the HOMO and 

LUMO are correctly aligned with the conduction band of the semiconductor and redox potentials 

of the electrolyte.14 When sensitizing cuprous oxide, it is important that the HOMO of the 

sensitizer is below the valence band of the semiconductor and that the LUMO is below the 

conduction band. This ensures that electron transfer is from the cuprous oxide to the sensitizer 

which is functioning as an electron-acceptor. Also, the reduction potential of the sensitizer must 

be negative of the redox couple in solution. 

Dioxoporphyrins have two carbonyl groups at meso-positions which pull electron density 

from the rest of the pi-conjugated macrocycle and/or metal center and drive down the energy 

levels of the sensitizer-dye. Dioxoporphyrins and dioxime ether porphyrins have not been 

investigated as potential electron acceptors in DSCs yet, so in the following section we 

investigate the properties of these novel porphyrins to see if they are suitable candidates for 

sensitization in p-type DSCs. Porphyrins are useful as donor dyes in cuprous oxide systems 
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where the photoexcited dye (dye*) is able to donate an electron to the electrolyte generating the 

dye+ species which can then accept an electron from the p-type cuprous oxide.  

 

Figure 2.2. Shows the porphyrins synthesized and characterized in this chapter. 2a is an electron 

donor while 2b and 2c should function as electron acceptors. 

2.2 Synthesis of Meso-Substituted Zinc(II) Porphyrins 

The synthesis of meso-substituted porphyrin derivatives has been well studied to provide 

reactions with increased yield, simpler purification due to statistical production of fewer 

byproducts, and lower reaction temperatures.11,15-17 The synthesis of several porphyrins are 

detailed in this section which all use 2,2-dipyrromethane (DPM) as a starting material. Using 

DPM instead of pyrrole as a starting material ensures that only trans-A2-porphyrins are formed; 

this decreases the number of statistical byproducts and increases yield of the desired 

porphyrins.18 Pyrrole is the solvent used in this reaction and is therefore in large excess 

compared to the aldehyde.  
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Figure 2.3. Reaction to form 2,2-dipyrromethane (DPM). 

Coupling DPM with the appropriate aldehydes allows for cyclization into trans-A2-

substituted porphyrins with moderate yields. Two equivalents of methyl-4-formylbenzoate are 

reacted with two equivalents of DPM with trifluoroacetic acid as a catalyst. 2,3-Dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) is used to oxidize the porphyrinogen to a porphyrin, and 

triethylamine (TEA) is added last to neutralize the acidic hydroquinone. Monitoring the reaction 

for maximum porphyrinogen formation before adding DDQ will allow for increased yields of the 

porphyrin product.19 This can be done by preparing a 0.01 M DDQ solution in toluene and taking 

small reaction aliquots every 5 minutes to be reacted with 0.3 mL of the DDQ solution. Each 

sample is checked on UV-vis, and the peak around 420 nm is monitored; when growth of this 

peak stops, then the maximum amount of porphyrinogen is present and DDQ should be added to 

generate the porphyrin species at optimal yields. 

 

Figure 2.4. Reaction to synthesize 5,15-bis(4-methyl benzoate)porphyrin. 

javascript:popupOBO('CHEBI:36321','B009088N','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36321')
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This porphyrin has two groups which can easily be hydrolyzed into carboxylic acid 

anchors for dye-sensitization. The 5,15-bis(4-methyl benzoate)porphyrin is next metallated with 

zinc by stirring in an methanol/dichloromethane mixture with excess zinc acetate overnight. The 

addition usually occurs with 100% conversion to the Zn(II) porphyrin species. The porphyrin 

will turn from a dark purple to a cherry red color upon reaction completion. 

 

Figure 2.5. Zinc metalation reaction to form Zn(II) 5,15-bis(4-methyl benzoate)porphyrin. 9% 

yield starting from porphyrin forming reaction. 

 A small quantity of this porphyrin was hydrolyzed without being converted to the 

dioxoporphyrin. The synthesis and characterization of Zn(II) 5,15-bis(4-carboxylphenyl) 

porphyrin has already been reported.20 This porphyrin has two anchoring groups which will 

allow for easy attachment to metal oxide semiconductors and will function as an electron donor 

with energy levels suitable for TiO2. 

 

Figure 2.6. Hydrolysis reaction to form Zn(II) 5,15-bis(4-carboxylphenyl) porphyrin 2a. 
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Figure 2.7. UV-vis spectrum of Zn(II) 5,15-bis(4-carboxylphenyl)porphyrin 2a. 

 

Figure 2.8. 1H NMR spectra of hydrolyzed porphyrin 2a. 

The reaction of mesitaldehyde with DPM allows for the controlled synthesis of 5,15-

dimesitylporphyrin in moderate yields. The reaction conditions are similar to previously 

described, but trifluoroacetic acid was changed to boron trifluoride diethyl etherate BF3
.OEt2 

which slightly improves reaction yield.21 Switching to BF3
.OEt2 as an acid-catalyst improves 



20 

 

yield because it prevents porphyrin scrambling that occurs with other acid-catalysis like TFA. 

Scrambling is greatly reduced by using DPM which should only give trans-porphyrins, but TFA 

allows for polypyrrolic rearrangement reactions which can lead to cis-porphyrin byproducts.22 

 

Figure 2.9. Reaction to form 5,15-dimesitylporphyrin. 

This porphyrin is then dissolved in a mixture of methanol and dichloromethane with 

excess zinc acetate to form Zn(II) 5,15-dimesitylporphyrin. To reduce purification steps, the 

crude reaction mixture from the porphyrin-forming reaction is usually metalated before being 

purified via column chromatography. 

 

Figure 2.10. Synthesis of Zn(II) 5,15-dimesitylporphyrin. 40% yield including DPM reaction. 

2.3 Synthesis and Properties of Dioxoporphyrins 

The synthesis of dioxoporphyrins has been described,23-25 but the fluorescence properties 

of these compounds have yet to be investigated. The synthesis of novel dioxoporphyrins and 

characterization of their optical properties is included in the following section. Zinc porphyrins 

are thermally stable and can be heated at 100oC for several hours without decomposition, but the 
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meso-oxidation conditions cause slow decomposition of the porphyrin reducing reaction yield. 

Following the recent synthetic procedure by Shen et al.,26 we were able to synthesize 

dioxoporphyrins at low yields.  

 

Figure 2.11. Shows the meso-oxidation of Zn(II) 5,15-bis(4-methyl benzoate)porphyrin to form 

Zn(II) 5,15-bis(4-methyl benzoate)-10,20-dioxoporphyrin.  

To study the optical properties of dioxoporphyrins, the Zn(II) 5,15-dimesitylporphyrin 

from the previous section was oxidized and characterized with UV-vis and fluorescence. 

Dioxoporphyrin 2b will have very similar optical properties to the dioxoporphyrin with anchors, 

but it is unable to be attached to metal oxide semiconductors. Zn(II) 5,15-bis(4-methyl 

benzoate)-10,20-dioxoporphyrin can be modified via acid hydrolysis to provide a 

dioxoporphyrin with anchoring groups for sensitization in DSCs. 

 

Figure 2.12. Synthesis of Zn(II) 5,15-dimesityl-10,20-dioxoporphyrin 2b used in fluorescence 

studies. 

It was found that dioxoporphyrin yield could be slightly increased by optimizing the 

reaction conditions. The reaction was monitored with thin layer chromatography (TLC), it was 
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found that decreasing the reaction temperature to 100oC and increasing reaction time reduced 

decomposition and increased dioxoporphyrin yield to 19%. 

 

Figure 2.13. 1H NMR spectra of Zn(II) 5,15-dimesityl-10,20-dioxoporphyrin 2b. 

 

Figure 2.14. UV-vis spectrum for the dioxoporphyrin 2b. 
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Figure 2.15. Fluorescence spectrum of the dioxoporphyrin 2b. 

The extremely weak fluorescence was not expected, and the slit of the fluorometer had to 

be opened to detect any fluorescence. It was found that meso-substitution breaks the conjugation 

on the porphyrin ring and allows the transition from a planar, fluorescent, molecule to a saddled 

configuration. This loss in fluorescence means that the dioxoporphyrin is a poor candidate for 

DSCs; the porphyrin needs to be able to donate electrons to the electrolyte, but when 

photoexcited it will simply relax from its photoexcited state. While the dioxoporphyrins have 

energy levels which make them candidates for DSCs, their lack of fluorescence means that they 

are probably not useful as sensitizer-dyes. 
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Figure 2.16. Dioxoporphyrin drawn in PC Model. The molecule is no longer flat at the meso-

substitution has caused the porphyrin to take a saddle configuration.  

Evidence of saddling in dioxoporphyrins has also been found crystallographically. It has 

been shown that the meso-oxygens have an out-of-plane symmetry in the crystal structure of 

Zinc(II) 2,3,7,8,12,13,17,18-Octaethyl-5,15-dioxoporphyrin.27 Converting the carbonyl of the 

dioxoporphyrin to an oxime ether was hypothesized to make the porphyrin more fluorescent by 

increasing its planarity. The dioxime ether porphyrin also has electron withdrawing groups at its 

meso-positions which will help push down the HOMO and LUMO energy levels, so it will have 

electronic properties which are similar to the dioxoporphyrin. 

2.4 Synthesis of Dioxime Ether Porphyrins 

 Using oxime ethers at the meso-positions instead of dioxoporphyrins leads to molecules 

which are nearly planar and should be more fluorescent; we used PC Model to simulate the 

geometry of these porphyrins, and we found that they are only slightly twisted as opposed to the 

saddled dioxoporphyrins. We hypothesized that the molecule should have electron accepting 
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properties and be more fluorescent than the previously synthesized zinc dioxoporphyrins which 

would make it a good candidate as a sensitizer dye. 

 

Figure 2.17. Shows the near-planar geometry of the dioxime ether porphyrin as simulated in PC 

Model. 

 

Figure 2.18. Reaction of the dioxoporphyrin to form the dioxime ether porphyrin. 

 The reaction to form the dioxime ether porphyrin was completed on a small scale and 

only about 1.5 mg of product was recovered. Given the UV-vis spectrum and increase in Rf, it is 
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likely that we isolated the dioxime ether porphyrin. The identity of this molecule has not been 

verified on NMR due to the limited quantity of compound.  

 

Figure 2.19. Fluorescence spectrum for the dioxime ether porphyrin 2c. 
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Figure 2.20. UV-vis spectrum for the dioxime ether porphyrin 2c. 

The isolated product is slightly more fluorescent, but it still undergoing quenching as 

detected by its greatly reduced fluorescence when compared to standard zinc porphyrins. Given 

the limited fluorescence of the suspected product, a larger scale synthesis was deemed 

unnecessary. 

When doing meso-substitution reactions on porphyrins it appears that breaking the 

conjugation inside the porphyrin leads to molecules which are less rigid and more prone to 

fluorescence quenching via bending. Doing substitution reactions which do not break this 

conjugation and have inductive effects on the porphyrin macrocycle should also be able to push 

down the HOMO and LUMO energy levels without reducing fluorescence. Further investigation 

of these porphyrins was stopped and focus was shifted to synthesizing 2,7-disubstituted 

cyclopenta[hi]aceanthrylene derivaties as electron acceptors (Chapter 3). 

Bis(dipyrrinato)zinc complexes with very similar electronic structures have been shown 

to be very fluorescent by reducing torsional rotation at the meso-positions.28 The addition of 

mesityl groups at these positions reduces quenching due to torsional rotation. Dioxoporphyrin 2b 

has mesityl groups which are similar to the 5,5-dimesityl-bis(dipyrrinato)zinc complex, but is 

drastically less fluorescent. 

2.5 Experimental Section 

Synthesis of 2,2-dipyrromethane (DPM) 

To a 250 mL round-bottom flask with stir bar, 0.600 g paraformaldehyde was added followed by 

139 mL pyrrole (2.00 mol). The reaction mixture was purged with argon for 10 minutes before 

being heated to 55oC under slow argon flow. The reaction will become colorless after 10 
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minutes, 0.450 g InCl3 (2.00 mmol) was added and the solution was allowed to stir for 2.5 hours. 

The reaction mixture was cooled to room temperature and 2.40 g NaOH was added; the solution 

was then stirred for 1 hour. Solid polymeric waste from the reaction was removed via vacuum 

filtration and the reaction mixture was dried to a solid before being purified by column 

chromatography with 7:2:1 (Hexanes:Dichloromethane:Ethyl Acetate) (Rf = 0.5, silica). The 

product is visible on TLC via bromine stain; pure product is a tan solid. (1.25 g, 0.34 mmol, 

yield ~ 1%); 400 MHz 1H NMR (CDCl3) δ 3.96 (s, 2H), 6.17 (s, 2H), 6.30 (m, 2H) 6.65 (m, 2H) 

7.53 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 26.31, 106.60, 108.26, 117.51, 129.23. 

Synthesis of Zn(II) 5,15-bis(methyl 4-benzoate)porphyrin 

To a 250 mL round-bottom flask with stir bar 0.200 g dipyrromethane (1.38 mmol) was added 

followed by 0.227 g methyl 4-formylbenzoate (1.38 mmol). 138 mL DCM was added and the 

reaction mixture was purged with rapid argon flow for 20 minutes before 0.198 mL 

trifluoroacetic acid was added. The reaction was allowed to stir under argon for 42 minutes 

before 0.443 g DDQ (1.95 mmol) was added and solution was stirred for 1 hour. 0.887 mL of 

TEA (6.36 mmols) was added and reaction was stirred for another 30 minutes. Reaction mixture 

was dried to a solid and ran through a pad of silica using DCM with 1% methanol. Mixture was 

first subjected to zinc metalation reaction before column chromatography. About 50 mg of 

impure 5,15-bis(methyl 4-benzoate)porphyrin was added to a 100 mL round-bottom flask along 

with 40 mL DCM and 10 mL methanol. An excess of zinc acetate (~20 eq) was added and the 

solution was allowed to stir overnight. The solution was dried to about 5 mL, ran through a glass 

wool filter, and then completely dried before column chromatography with 99:1 

(Dichloromethane:methanol) (Rf = 0.4, silica). Cherry red product recovered (40 mg, 9% yield). 
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500 MHz 1H NMR (CDCl3) δ 10.21 (s, 2H); 9.35 (d, J = 4.5 Hz, 4H); 8.98 (d, J = 4.0 Hz, 4H); 

8.42 (d, J = 8.0 Hz, 4H); 8.30 (d, J = 8.0 Hz, 4H); 4.09 (s, 6H).29 

Synthesis of Zn(II) 5,15-bis(methyl 4-benzoate)-10,20-dioxoporphyrin 

To a vial with stir bar, 40.0 mg (63.7 mmol) Zn(II) 5,15-bis(methyl 4-benzoate)porphyrin was 

added followed by 172 mg FeCl3
.6H2O (637 mmol). 10 mL DMF was added and the reaction 

was heated to 130oC. After 5 hours the reaction completed and it was cooled to room 

temperature before extraction with ethyl acetate and water. Ethyl acetate was dried with sodium 

sulfate before being filtered and dried to a solid. The solid was dissolved in a minima of DCM 

before being injected onto a silica column (DCM with 5% ethyl acetate: Rf = 0.5) 400 MHz 1H 

NMR (CDCl3) δ 8.27 (d, 4H), 7.61 (d, 4H), 7.48 (d, 4H), 7.08 (d, 4H), 4.02 (s, 6H) 

Synthesis of Zn(II) 5,15-bis(4-carboxylphenyl)porphyrin 2a 

To a vial with stir bar, 28.0 mg Zn(II) 5,15-bis(methyl 4-benzoate)porphyrin was added. 1 mL 

ethanol and 1 mL THF were added before 1 mL 20 wt% NaOH (aq). The vial was assembled 

with a reflux condenser and allowed to reflux overnight. The reaction was cooled and carefully 

acidified with TFA to prevent removal of zinc metal from porphyrin. The reaction was dried to a 

solid and triturated with water before being dissolved in acetone and dried over sodium sulfate. 

The solution was filtered and dried to a solid to obtain 23 mg Zinc(II) 5,15-bis(4-

carboxylphenyl)porphyrin. (86% yield) 400 MHz 1H NMR (CDCl3) δ 12.46 (s, 2H), 9.59 (s, 2H), 

8.71 (d, 4H), 8.12 (d, 4H), 7.58 (d, 4H), 7.52 (d, 4H). 

Synthesis of Zn(II) 5,15-Dimesitylporphyrin 

To a 500 mL round-bottom flask, 474 mg (3.00 mmol) DPM was added along with stir bar 

before being capped with septum. 300 mL chloroform was added along with 0.443 mL (3.00 
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mmol) mesitaldehyde. The reaction mixture was purged with argon for 10 minutes before the 

addition of 0.210 mL (3.30 mM) BF3
.(OEt)2 and stirred for 30 minutes. The septum was then 

removed and 1.02 g of DDQ was added to the reaction flask. The solution was allowed to stir for 

an hour before 0.230 mL TEA was slowly added and allowed to sit for 30 minutes. The crude 

reaction mixture was ran through a pad of silica with chloroform and dried to a solid. 464 mg (5 

eq.) zinc acetate in 5 mL methanol and 50 mL chloroform was added and allowed to mix 

overnight with stirring. The solid was dissolved in a minima of carbon disulfide before being 

injected onto a silica column (1:1 DCM:hexane, Rf = 0.75) 0.365 g product obtained (40% yield) 

400 MHz 1H NMR (CDCl3) δ 10.21 (s, 2H), 9.36 (d, 4H), 8.94 (d, 4H), 7.32 (s, 4H), 2.67 (s, 

6H), 1.83 (s, 12H). 

Synthesis of Zn(II) 5,15-dimesityl-10,20-dioxoporphyrin 2b 

In a vial with stir bar, 193 mg 5,15-dimesitylporphyrin (0.320 mmol) was added along with 20 

mL DMF. Then 0.443 g FeCl3
.6H2O (1.6 mmol) was added and the vial was placed on an oil 

bath at 100oC. The reaction was ran for 11 hours before being cooled to room temperature. The 

product was extracted with ethyl acetate from water and dried over sodium sulfate before being 

filtered and dried to a solid. A silica column (1:9 ethyl acetate:CHCl3, Rf ~ 0.6)  was run to 

collect 39 mg of a dark brown solid (19% yield) 1H NMR δ 7.01 (s, 4H), 6.99 (d, 4H), 6.32 (d, 

4H), 2.36 (s, 6H), 2.17 (s, 12H). 

Synthesis of Zn(II) 5,15-dimesityl-10,20-bis(o-ethyloxime)porphyrin 2c 

To a vial with stir bar, 8.20 mg Zn(II) 5,15-dimesityl-10,20-dioxoporphyrin 2b was added 

followed by 8 mL ethanol. To this vial, 25.0 mg o-ethylhydroxylamine HCl (20 eq.) was added. 

The vial was attached to a reflux condenser and sealed with septum. The reaction vessel was 
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flushed with argon for 10 minutes before being heated to 65oC. The reaction was allowed to run 

overnight before being cooled to room temperature. The product was extracted with ethyl acetate 

from water and dried to a solid before being ran through a silica column with chloroform. The 

product band (Rf = 0.7) provided 1.5 mg (16% yield) of what we expect is the dioxime ether 

porphryin given UV-vis and fluorescence data. 
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CHAPTER 3 

SYNTHESIS OF CYCLOPENTA[HI]ACEANTHRYLENE DERIVATIVES 

6.1 Introduction 

Functionalized fullerenes are commonly used as electron-acceptor molecules due to their 

stability and ability to be easily reduced.1 Cyclopenta[hi]aceanthrylene (CPAA) has gained 

attention as a possible replacement for fullerenes as an electron-acceptor molecule in organic 

electronics.2-4 One reason is that fullerenes have very low solubility and are difficult to purify 

while CPAA can be purified using silica gel and has greater solubility due to its drastically lower 

molecular weight. Also, functionalizing fullerenes decreases the electron-accepting ability by 

breaking conjugation while CPAA can be functionalized with groups that allow for continuous 

conjugation throughout the entire molecule; gaps in the conjugation brought on by 

functionalizing fullerenes and the lack of resonance effects make it difficult to tune the redox 

behavior of these molecules.5  
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Figure 3.1. Shows how CPAA is able to accept two electrons by forming a stable aromatic 

intermediate.2 

Cyclopenta[hi]aceanthrylene is stabilized by the two electron reduction to form two 

benzocyclopentadienyl anions which leads to a LUMO similar to the commonly used fullerene 

derivative [6,6]-Phenyl C61 butyric acid methyl ester (PCBM).6 Another desirable characteristic 

of these molecules is that they typically have red absorption. Cuprous oxide has light absorption 

in the blue region and will not act as an optical filter when sensitized with CPAA derivatives.7 

This will lead to devices which have wide optical absorption and higher efficiencies when 

sensitized with CPAA derivatives. 

 

Figure 3.2. (left) 2,7-Bis(pentane-2,4-dione-3-yl)cyclopenta[hi]aceanthrylene (right) 2,7-bis(4-

ethynylbenzoic acid)cyclopenta[hi]aceanthrylene 



37 

 

The target CPAA derivatives above both have anchoring groups which will allow for the 

attachment to metal oxide semiconductors. The extended conjugation of these molecules should 

red-shift their absorption even further into the red/near-IR. When sensitized on cuprous oxide, 

these molecules will allow for very broad absorption which will lead to increased device 

performance. 

Cyclopenta[hi]aceanthrylene block copolymers have been synthesized and shown to be 

suitable for use in organic field effect transistors and organic photovoltaics due to their low 

bandgap and ability to easily accept electrons.3 CPAA has been incorporated into materials for 

P3HT-based bulk heterojunction devices with efficiencies around 3%,8 and when blended with 

P3HT and PCBM, efficiencies over 4% have been reported.9 Phthalocyanine-based CPAA 

derivatives have also been synthesized and characterized,10 but CPAAs have yet to be 

incorporated into DSCs as an acceptor-sensitizer. These molecules are particularity interesting 

for use in p-type Cu2O dye-sensitized solar cells. 

6.2 Synthesis of 2,7-disubstituted cyclopenta[hi]aceanthrylenes 

In the synthesis of 2,7-Bis(trimethylsilyl)cyclopenta[hi]aceanthrylene from 9,10 

dibromoanthracene, several known byproducts are produced which can be purified by column 

chromatography and recrystallization.11 The desired product needs to have two fused cyclopenta 

rings for the molecule to function as an electron-acceptor, so they were only characterized to 

confirm their structures. 



38 

 

 

Figure 3.3. Route for the novel synthesis of 2,7-bis(pentane-2,4-dione-3-

yl)cyclopenta[hi]aceanthrylene. 

 In the reaction of 9,10-dibromoanthracene to form 2,7-

bis(trimethylsilyl)cyclopenta[hi]aceanthrylene, the product is formed in low yield (17%) along 

with 2 major byproducts. The crystal structure of the product changes depending on the solvent 

used for recrystallization. As shown below, ethanol leads to a staggered stacking pattern while 

recrystallization in DCM leads to a disordered structure oriented around the solvent molecules. 



39 

 

 

Figure 3.4. shows the alternate stacking pattern of 2,7-

bis(trimethylsilyl)cyclopenta[hi]aceanthrylene recrystallized in ethanol (left) and crystal 

structure of single molecule (right) as determined by single crystal XRD. 

Table 3.1. (below) crystallographic data from single crystal XRD of 2,7-Bis(trimethylsilyl) 

cyclopenta[hi]aceanthrylene recrystallized in ethanol. 

Empirical formula  C24 H26 Si2 

Formula weight  370.63 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 7.1762(6) Å  

α = 108.6900(10)°. 

b = 10.3421(8) Å  

β = 98.7080(10)°. 
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c = 15.0760(12) Å  

γ = 91.5600(10)°. 

Volume 1044.24(15) Å3 

Z 2 

Density (calculated) 1.179 Mg/m3 

Absorption coefficient 0.175 mm-1 

F(000) 396 

Crystal size 0.28 x 0.12 x 0.01 mm3 

Theta range for data collection 2.09 to 27.15°. 

Index ranges -9<=h<=9, -13<=k<=13, -19<=l<=19 

Reflections collected 14313 

Independent reflections 4633 [R(int) = 0.0233] 

Completeness to theta = 27.15° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9979 and 0.9521 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4633 / 0 / 241 

Goodness-of-fit on F2 1.028 

Final R indices [I>2sigma(I)] R1 = 0.0335, wR2 = 0.0896 

R indices (all data) R1 = 0.0422, wR2 = 0.0952 

Largest diff. peak and hole 0.361 and -0.231 e.Å-3 
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Figure 3.5. Reported crystal structure of 2,7-bis(trimethylsilyl)cyclopenta[hi]aceanthrylene when 

recrtsytallized in dichloromethane as previously reported.12 

 In the reaction to form 2,7-bis(trimethylsilyl)cyclopenta[hi]aceanthrylene, there is a large 

quantity of 1-trimethylsilyl-6-trimethylsilyl(ethynyl)aceanthrylene which is easily isolated. This 

byproduct can be recrystallized in ethanol and purified via vacuum filtration. The crystal 

structure of this molecule was investigated by single crystal XRD. 
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Figure 3.6. Crystal structure of a partially annulated byproduct from the reaction to form 1-

trimethylsilyl-6-trimethylsilyl(ethynyl)aceanthrylene. 

Table 3.2. (below) shows the crystallographic data from the recrystallization of 1-trimethylsilyl-

6-trimethylsilyl(ethynyl)aceanthrylene. 

Empirical formula  C24 H26 Si2 

Formula weight  370.63 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 14.8025(10) Å  

α = 90°. 

b = 11.9871(8) Å  

β = 91.2690(10)°. 

c = 13.1590(9) Å  
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γ = 90°. 

Volume 2334.3(3) Å3 

Z 4 

Density (calculated) 1.055 Mg/m3 

Absorption coefficient 0.156 mm-1 

F(000) 792 

Crystal size 0.21 x 0.20 x 0.13 mm3 

Theta range for data collection 2.19 to 26.02°. 

Index ranges -18<=h<=18, -14<=k<=14, -16<=l<=16 

Reflections collected 27907 

Independent reflections 4583 [R(int) = 0.0409] 

Completeness to theta = 26.02° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9801 and 0.9675 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4583 / 0 / 235 

Goodness-of-fit on F2 1.056 

Final R indices [I>2sigma(I)] R1 = 0.0889, wR2 = 0.2266 

R indices (all data) R1 = 0.1130, wR2 = 0.2492 

Largest diff. peak and hole 1.062 and -1.040 e.Å-3 
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The synthesis of 2,7-bis(4-ethynylbenzoic acid)cyclopenta[hi]aceanthrylene is a future 

synthetic project which will provide a dye that is a strong red-absorber and efficient electron-

acceptor. The alkyne used for Sonogashira Coupling was prepared as previously reported,13 and 

must be protected by stirring overnight in tert-butyl(chloro)diphenylsilane.  

 

Figure 3.7. Protection of alkyne with tert-butyldiphenylsilane. 

 

Figure 3.8. Reaction to form 2,7-bis(4-ethynylbenzoic acid)cyclopenta[hi]aceanthrylene. 
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 Suitable reaction conditions for this Sonogashira Coupling reaction are described in a 

paper by Wagner et al. where porphyrins coupled to create dimers.14 Their synthetic procedure 

should provide moderate yields, and it’s important to note that the carboxylic acid will be 

protected before being subjected to the coupling conditions and can be easily deprotected with 

tetra-n-butylammonium fluoride before being acidified back to a carboxylic acid, but it was 

found that the carboxylic acid was deprotected during the Sonogashira reaction. 

6.3 Experimental Section 

Synthesis of 2,7-Bis(trimethylsilyl)cyclopenta[hi]aceanthrylene 

9,10-dibromoanthracene (0.667 g, 2.00 mmol), Pd(PPh3)2Cl2 (63.0 mg, 9.00 mol) and 

PPh3 (0.123 g, 0.470 mmol) were added to an oven-dried pressure vessel with a magnetic stir bar 

and capped with septum. Through the septum 1.1 mL trimethylsilylacetylene (7.90 mmol), 2 mL 

TEA, and 5 mL benzene were added. The reaction mixture was purged with argon for 15 minutes 

before being transferred to a glovebox where the septum was removed and the pressure vessel 

was sealed with a Teflon cap. The pressure vessel was removed from the glove box and heated 

on an oil bath at 110oC for 23 hours. The reaction mixture was cooled at room temperature then 

ran through a filter with hexanes before being dried to a solid. The product was purified by 

column chromatography with hexanes (Rf = 0.33, silica). The product was crystallized from 

ethanol and filtered to give small black crystals (0.126 g, 0.340 mmol, yield = 17%); 400 MHz 

1H NMR (CDCl3) δ 0.46 (s, 18H), 7.66 (t, 2H), 7.73 (s, 2H), 7.83 (d, 2H), 8.18 (d, 2H). 

Synthesis of 2,7-dibromocyclopenta[hi]aceanthrylene 

 To a small vial with stir bar 2,7-bis(trimethylsilyl)cyclopenta[hi]aceanthrylene (77.0 mg, 

0.208 mmol) and 8 mL dry THF were added before being sealed with a cap and chilled to 0oC on 
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an ice bath. NBS (0.081 g, 0.46 mmol) was added before the vial was capped and allowed to stir 

overnight. Reaction mixture was dried to a solid before being ran through a short column in 

hexanes (Rf = 0.4, silica). 15.0 mg of a dark green solid was recovered (3.90 mol, yield = 19%); 

400 MHz 1H NMR (CDCl3) δ 7.57 (s, 2H), 7.72 (t, 2H), 7.80 (d, 2H), 8.15 (d, 2H). 

Synthesis of tert-butyldiphenylsilyl-4-ethynylbenzoic acid 

 To a 50 mL round-bottom flask with stir bar p-ethynylbenzoic acid (0.176 g, 1.20 mmol) 

and 10 mL dry DCM were added before being sealed with a septum. 0.335 mL (2.40 mmol). 

Reaction was allowed to stir overnight before removing solvent and running through a short 

column with a mixture of 2:3 (EtOAc:Hexane). Product has a Rf of 0.88, and 289 mg of product 

was recovered and dried to a viscous gel. (0.752 mol, yield = 63%); 400 MHz 1H NMR 

(CDCl3) δ 8.10 (d, 2H), 7.75 (d, 4H), 7.60 (d, 2H), 7.42 (m, 6H), 3.25 (s, 1H), 1.21 (s, 9H). 

Synthesis of 2,7-Bis(pentane-2,4-dione-3-yl)cyclopenta[hi]aceanthrylene 

 To a small vial with a stir bar 2,7-dibromocyclopenta[hi]aceanthrylene (15.0 mg, 39.0 

mol) and 5 mL dry DMSO were added before being sealed with a cap. 32.0 L (0.310 mmol) 

pentane-2,4-dione was added along with 8.00 mg (0.310 mmols) NaH. The reaction was heated 

to 100oC on an oil bath and allowed to heat under constant stirring for 20 hours. Reaction 

mixture was dried to a solid and triturated with deionized water to remove residual DMSO. In a 

mixture of 1:1 (DCM:Methanol) a spot runs with an Rf of 0.6 on silica TLC, but upon 

purification no aromatic signals are present for the CP-PAH ring structure. UV-vis gives no 

unique signals and provides evidence of polymeric products. No product was obtained. 
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CHAPTER 4 

METAL OXIDE NANOMATERIALS 

4.1 Introduction 

Zinc oxide (ZnO) nanorods have been widely studied and can be hydrothermally grown 

to be many different sizes and morphologies.1-3 Zinc oxide is an n-type semiconductor with a 

band gap of 3.37 eV.4 While ZnO nanorods have been thoroughly investigated in photovoltaic 

devices,5,6 it is not a useful material when sensitized with n-type dyes. Cuprous oxide (Cu2O), on 

the other hand, has a band gap of 2.17 eV7 and can be improved by sensitization with electron 

acceptor molecules which help facilitate charge separation from the film and electron transfer to 

the electrolyte. Cuprous oxide has been used in photovoltaics,8-11 photoelectrochemical cells,12,13 

chemosensing,14,15 photocatalysis,16,17 and Li-ion batteries.18,19 While it has been used in 

photovoltaics, it has yet to be thoroughly investigated in p-type dye-sensitized devices as nickel 

oxide is currently the most studied due to easy fabrication of mesoporous films by annealing of 

colloidal NiO pastes.20,21 Cuprous oxide is not thermally stable in air at temperatures required for 

annealing and is converted to cupric oxide,22 so creating high surface area films of Cu2O is 

challenging. 

Previously, creating nanorod films of Cu2O has been time and energy intensive; one 

method uses an anodic aluminum oxide (AAO) membrane which must first be fabricated using 

metal sputtering.23 This requires ultra-high vacuum with multiple depositions before anodic 

anodization to create nanopores in which Cu2O can be electrochemically grown. This process 

ultimately creates Cu2O nanorods with high surface areas, but increases the cost of the final 

device. A tungsten barrier layer is required along with a titanium layer to prevent delamination of 

the AAO membrane from the conductive glass substrate.24 The tungsten layer stops corrosion at 
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the Al/W interface while the titanium layer prevents delamination of the AAO film from the 

conductive glass substrate. These layers remain on the final nanorod films and prevent direct 

contact of the cuprous oxide with the transparent conductive oxide (TCO) substrate. 

 

Figure 4.1. Image of AAO membrane deposited on ITO (left), and Cu2O nanorods grown from 

the AAO template after template etching (right).24 

Block polymer templating is a second method that can be used to grow cuprous oxide 

nanorods.25 Block copolymers can be designed to self-assemble into porous materials with 

nanochannels of various size and shape depending on the copolymer. These channels provide a 

template for the growth of cuprous oxide and can produce highly-ordered cuprous oxide 

nanowires. Block copolymers are not as stable to temperature and are difficult to design with 

controlled pore size. It is possible to grow nanorods in the copolymer, but the nanorods lack 

electrical contact to a substrate.26 AAO membranes are currently the most common template for 

growing Cu2O nanorods for these reasons. 

Polymer templating is a cheap and simple alternative to these methods which allows for 

the electrochemical growth of cuprous oxide nanorods using the morphology of a sacrificial 

film.27 Zinc oxide nanorod films work well as sacrificial templates because they can be etched in 
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mildly acidic solutions. A polymer is spun over the surface of the ZnO film and allowed to dry. 

The film is then soaked in a mild acid to dissolve the ZnO under the polymer before being 

transferred to a second container of water to remove residual acid. Once dry, the polymer 

membrane has a morphology that is complementary to the original sacrificial ZnO film. This 

polymer template forces the electrochemical growth of another material to obey the template and 

copy morphology under the correct electrolysis conditions. Once electrochemical growth is 

completed, the film can be soaked in an organic solvent to remove the polymer template leaving 

the electrochemically grown cuprous oxide. 

 

Figure 4.2. Shows the conservation of morphology between (A) ZnO nanorods and (B) template 

grown Cu2O at pH 9.27 

 Electrochemical growth of nanorods by polymer templating been successfully completed 

with copper metal and cuprous oxide thus far to leave vertically aligned, free-standing, nanorods 

that have direct contact with the underlying fluorine-doped tin oxide (F-SnO2) substrate. These 

Cu2O films conserve the morphology of the original ZnO film allowing for several different 

morphologies and sizes to potentially be grown by using different templates. Bulk electrolysis of 

other materials beyond copper metal and cuprous oxide were not investigated in the interest of 
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time, but other materials should be easily grown into the polymer template under the correct 

electrochemical conditions. 

4.2 Hydrothermal Growth of Zinc Oxide Nanorods 

Zinc oxide nanorods with a diameter of 50-500 nm can easily be hydrothermally grown 

from a seeded TCO substrate.28 The substrate is activated with either manganese oxide hydroxide 

(MnOOH) or ZnO nanoparticles which act as nucleation sites for nanorod growth. Butyl alcohol 

is used to expedite the formation of MnOOH seeds; this process occurs slowly in solution 

generating nanoparticles which attach to the surface of the TCO. Metals will catalyze the 

oxidation of the manganese oxide hydroxide seeds, so when seeding a metal substrate, instead of 

a TCO, shorter seeding times are needed. Increasing the seeding time allows for greater 

nanoparticle density and increases the surface area of the final ZnO film, but films that are too 

densely seeded will have fused nanorods. 

The seeded film is masked and submerged into an aqueous ethanolamine-based growth 

solution with a zinc salt and ammonium hydroxide. The size of the final nanorods can be 

controlled by the type and concentration of zinc salt used. While the diameter and height change 

give different growth conditions, the nanorods always have a hexagonal morphology. Depending 

on the concentration of ammonium hydroxide the growth can take 30 minutes to an hour in an 

oven at 90oC. Once hydrothermal growth is completed, the film is rinsed with deionized water 

and placed in an oven at 450oC for 30 minutes to remove organics and tape residue from 

masking. 
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Figure 4.3. Effect of various zinc salts on the hydrothermal growth of ZnO nanorods.28 

 Hydrothermal growth conditions have been optimized to give high surface area films for 

each type of zinc salt. Zinc sulfate has been optimized to give nanorods which are about 2 

microns in height while zinc nitrate and zinc acetate give nanorods around 300 nm in height. By 

decreasing the nanorod diameter we can increase the density thus increasing surface area. Using 

zinc oxide nanoparticles as a seed layer allows for the growth of nanowires with drastically 

higher surface areas. These different film morphologies allow for template variation in the 

electrochemical growth of cuprous oxide. 
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Figure 4.4. Three hydrothermal growth methods optimized to give nanorods of different sizes; 

zinc sulfate with MnOOH seeding (top left), zinc acetate with MnOOH seeding (top right), and 

zinc nitrate with ZnO nanorod seeding (bottom). 

4.3 Fabricating Porous Polymer Membranes 

A sacrificial film of zinc oxide nanorods is first grown on a conductive substrate for 

polymer templating as previously described. A polymer is then spun over the surface of the ZnO 

nanorod film to cast its morphology. Nitrocellulose and polylactic acid have both been 
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successfully used at 1.5-2 wt% while polylactic acid requires a heat treatment at 200oC to ensure 

penetration to the base of the TCO substrate. The effect of heat treatment can be observed in the 

figure below where nitrocellulose is shown to require no treatment to completely cover the 

nanorod template. Image (B) shows how the polylactic acid (PLA) coating can cover the film 

like a blanket if not heated. If this film was etched and electrochemically grown into, the 

resulting film would have random template-free morphology, and the polymer template would be 

prone to delamination during acid etching. Image (C) shows how the heat treatment of PLA 

allows for a uniform polymer coating of ZnO nanorods.27  

 

Figure 4.5. (A) One polymer coating using 1-2 wt% nitrocellulose; (B) One polymer coating of 

1.5 wt% polylactic acid; (C) two coats of 1.5 wt% polylactic acid with heat treatment at 200oC 

for 3 minutes after each coat.27 

Nitrocellulose is the preferred polymer for templating due to its easy preparation with 

1,2-dichloroethane and acetone. Acetone is required to stabilize the nitrocellulose polymer in 

solution while 1,2 dichloroethane has a higher boiling point which prevents film cracking while 

drying. Film cracking is observed when only acetone is used and is the result of rapid film 

drying. Polylactic acid is not very soluble in 1,2-dichloroethane and requires heating and 
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sonicating to reduce the amount of time it takes to dissolve. After depositing PLA, the heat 

treatment can cause variations if not done correctly because the polymer might not completely 

infiltrate the film preventing the conservation of the original film morphology during 

electrochemical growth. Polylactic acid is the preferred polymer when working in very basic 

conditions where nitrocellulose is unstable. It was originally adapted to attempt pH 12 growth 

conditions where electrochemically grown cuprous oxide is shown to be higher quality than pH 

9.29 Growth under these conditions was too rapid and resulted in the formation of large cubic 

Cu2O crystals, so nitrocellulose was adopted as the standard templating polymer. 

CH3

O

CH3

O

CH3

n

            

Figure 4.6. Structure for Polylactic acid (left) and Nitrocellulose (right) 

Retail fingernail polish was diluted to 1.5% solution (v/v) in 1,2-dichloroethane/acetone 

(1:1). Fingernail polish is typically 13-22 wt% nitrocellulose, so the final nitrocellulose solution 

for spin-casting is estimated at 1-2 wt% nitrocellulose.30 Alternatively, polylactic acid can be 

dissolved from solid to 1.5 wt% in 1,2-dichloroethane/acetone (9:1). The resulting solution was 

used for spin-coating of ZnO nanorod films using a commercial spin-coater set to 2000 rpm and 

run for 2 min. Polymer-coated slides were then immersed in an aqueous solution of phosphoric 

acid (0.5 M) or boric acid (0.5 M) and left for 5 min or overnight, respectively. Etch removal of 

the ZnO nanorods is apparent by the loss of light scattering in the film, with the milky-white 
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ZnO films turning to a clear translucent film for the polymer membrane without ZnO. The 

porous polymer membrane is very fragile and can be easily damaged, so it must be handled 

carefully. 

4.4 Electrochemical Growth of Cuprous Oxide Nanorods 

Cuprous oxide can be grown easily at low temperatures from a pH 5-12 using aqueous 

cupric sulfate electrolytes.31,32 Control of the bath temperature is very important as grain size and 

growth speed change at different temperatures. Below 30oC, current is very low and consistent 

growth is hard to achieve. As temperature increases the grain size tends to decrease with an 

observed increase in growth rate.33 As pH increases, the crystal orientation shifts from (100) to 

(111), and crystal growth becomes cubic as shown below.29 

 

Figure 4.7. (A) template free growth of Cu2O at pH 9 (B) template free growth at pH 12; both 

were grown from a bare F-SnO2 electrode at 30oC and -400mV vs SCE.29 

 For Cu2O bulk electrolysis at pH 9, potentiostatic growth must be used to ensure p-type 

cuprous oxide is being electrochemically grown. As pH decreases the potential needed to grow 

bulk copper also decreases. At a pH of 4 bulk copper is grown at the same potential as Cu2O at a 
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pH of 9. The growth bath can be damaging to gel and aqueous reference electrodes, so a copper 

wire was used instead to ensure that the potential wouldn’t drift as the reference electrode sat in 

the electrolyte solution. Small deviations in temperature have a drastic effect on current density 

during bulk electrolysis, so the entire cell was submerged into a water bath to control the 

temperature during growth. Temperature control is very important when electrochemically 

growing cuprous oxide as reproducible growth was not possible until we started using a water 

bath to ensure a minimum temperature of 30oC. 

 

Figure 4.8. Shows two competing processes at pH 9; as the potential is made more negative, 

copper content increases until only copper metal is being deposited.31 

The polymer membrane is assembled into the electrochemical cell where the F-SnO2 

electrode functions as the working electrode for bulk electrolysis. Growth of cuprous oxide can 

be guided by the polymer template at pH 9-10, but under more basic conditions electrolysis tends 

to disobey the template and grow cubic crystals that have the same morphology as the template-
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free cuprous oxide. Controlled Cu2O growth has been very successful into different template 

morphologies using a copper reference and working electrode with a cupric sulfate based 

electrolyte at 30-60oC. Depending on the growth rate and duration of bulk electrolysis we can 

control the height of cuprous oxide films and also the film color. 

 

Figure 4.9. Shows the process for Cu2O nanorods fabrication (1) is the growth of ZnO nanorods; 

(2) polymer spin coating step; (3) acid etching step; (4) Cu2O bulk electrolysis step; (5) 

dissolving polymer membrane to leave Cu2O nanorods.27 

This porous polymer membrane controls the electrochemical growth of cuprous oxide to 

conform to the template thus conserving the morphology of the original film. Conditions have 

been optimized for templating multiple high surface area morphologies and electrochemically 

growing cuprous oxide. So far, electrochemical growth of cuprous oxide has been possible from 

zinc acetate and zinc sulfate based polymer membranes. Controlled cuprous oxide growth into 

ZnO nanowire (zinc nitrate based) membranes has been unsuccessful due to either the ZnO base 

layer, which is a product of the ZnO nanoparticle seeding, or the size of the nanowire being too 
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small for templating. It has been observed that increasing the nanoparticle size of cuprous oxide 

causes the appearance of cuprous oxide to shift from yellow to red.34 This trend is useful in 

determining if the film has nanorods which have been grown completely into the membrane 

before using scanning electron microscopy to verify. 

 

Figure 4.10. Two different Cu2O nanorod films. (A) was grown to a height of 400 nm while (B) 

was grown to 1,900 nm. Both are using zinc sulfate based templates which are about 2 microns 

on height in average. 

Once the film has achieved optimal height of about 2 microns, electrochemical growth is 

stopped leaving an orange-red film of hexagonal nanorods trapped in a polymer membrane. The 

film is carefully rinsed with water before being soaked in a chlorinated solvent like methylene 

chloride to remove the PLA membrane or acetone to remove nitrocellulose. This leaves the 

freestanding cuprous oxide nanorods which are attached directly to the conductive substrate from 

which they were electrochemically grown. 
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Figure 4.11. (A) Zinc Oxide nanorods hydrothermally grown using zinc sulfate. (B) Cuprous 

oxide nanorods grown from a polylactic acid template that used zinc sulfate nanorods as the 

sacrificial template. (C) XRD of electrochemically grown cuprous oxide.27 

 If the pH is adjusted to 4 the equilibrium is shifted toward the growth of copper metal 

instead of cuprous oxide. At this pH the polymer membrane is stable and can support the growth 

of copper nanorods, but reproducibility is more difficult for two reasons. Firstly, growth is faster 

and more likely to destroy the membrane or grow beyond it. Also, uniform growth is an issue if 

the current is reduced to slow growth because copper will grow easier from itself than from the 

F-SnO2 electrode. Secondly, the crystal lattice for copper metal and F-SnO2 do not match, so 
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delamination of the copper film from the F-SnO2 surface is common. It was originally thought 

that growing copper metal and oxidizing the surface to cuprous oxide would be the best way to 

make cuprous oxide nanorods for devices given the short exciton diffusion lengths of Cu2O (10-

100nm)35, but the surface of the copper is instantly oxidized to a mixture of cupric and cuprous 

oxide when removed from the growth bath. 

 

Figure 4.12. Copper nanorods grown from a polymer template on F-SnO2. 

Copper nanorods can be grown under the correct electrochemical conditions. Bulk copper 

can be easily grown at an acidic pH of 4 and a potential of -400mV.24 Under these conditions 

copper nanorods can also be grown into a polymer template. To prevent delamination, a thin 

layer of cuprous oxide can first be grown at pH 9 before switching to a pH 4 solution for growth 

of copper metal. It is more desirable to have direct contact of the copper nanorod to the 

underlying F-SnO2 electrode. One way to keep the direct contact is to grow from a gold or 

copper electrode instead of a transparent conductive substrate.36 We were able to grow copper 

metal nanorods on gold substrates and delamination was no longer a problem due to better lattice 
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matching. Nucleation was also more uniform because we were growing a less conductive metal 

on the surface, but electrode transparency was lost. We found that the surface of these copper 

nanorods is rapidly oxidized to a mixture of cuprous and cupric oxide. It is for these reasons we 

decided to utilize the electrochemical growth of cuprous oxide nanorods for device fabrication 

instead of copper metal followed by thermal or surface oxidation. 

4.5 Hydrothermal Growth of Zinc Oxide Nanowires 

Zinc oxide nanowires can be grown by using a very thin layer of ZnO nanoparticles as 

seeds. Using a hydrothermal growth bath of zinc nitrate and hexamethylenetetramine we are able 

to grow dense films of ZnO nanowires.37 These nanowires have a higher surface area than their 

nanorod counterparts and are therefore a more desirable sacrificial template for the 

electrochemical growth of cuprous oxide. 

Zinc oxide colloidal films are made from a stock solution of ZnO nanoparticles. This 

solution is diluted from its original concentration to 10 wt% in n-hexanol and spun over the 

surface of an F-SnO2 slide before being slowly annealed to 450oC for 30 minutes. Very thin 

films were prepared to reduce the thickness of the ZnO nanoparticle layer. These thin films are 

used as a seed layer to hydrothermally grow zinc oxide nanowires which have increased density 

and surface area over manganese oxide seeded zinc oxide nanorods.  
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Figure 4.13. SEM image of the ZnO colloid showing nanoparticle size of nanoparticles used for 

seeding and polymer templating. 

 

Figure 4.14. ZnO nanowires grown from ZnO nanoparticle seeds. 
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4.6 Experimental Section 

F-SnO2 Substrate Activation 

The conductive substrate must first be thoroughly cleaned before seeding. This is 

achieved by sonicating the film in water, acetone, and ethanol for 10 minutes each before ozone 

cleaning for 15 minutes. F-SnO2 was used as the conductive substrate. The substrates were 

submerged into an aqueous seeding solution of 5 mM KMnO4 and 27 mM n-butanol for 20 

minutes. This is considered a single seeding, but for a denser seed layer, double seeding, or times 

up to 40 minutes can be used to slightly increase seeding density. Once seeded, the slides are 

removed from the seeding solution and dipped into 10 different baths of deionized water to 

ensure that only attached MnOOH nanoparticle seeds remain on the substrate. Seeded slides are 

then placed in a laminar flow hood to dry. 

Zinc oxide nanoparticle seeding was also used for the hydrothermal growth of ZnO 

nanowires. A stock solution of 40 wt% ZnO nanoparticles in ethanol (<140 nm in diameter) was 

diluted to 10% by volume in hexanol and spun over cleaned F-SnO2 slides at 6,000 rpm before 

being annealed in an oven with slow ramp to 450oC. This creates a thin, uniform, film of ZnO 

nanoparticles that can be used as an activated substrate for the uniform growth of ZnO nanowire 

films using the zinc nitrate bath conditions. 

Zinc Oxide Nanorods 2 microns in height  

The aqueous growth solution is prepared by first mixing three separate solutions. 

Solution A is 10 mL of a 1.0 M aqueous ZnSO4 solution. Solution B is 15 mL of a 3.2 M 

aqueous solution of a NH4OH, and solution C is 20 mL of 8.3 M aqueous ethanolamine solution. 

Three 40 mL Nalgene cups were used for the hydrothermal growth of nanorods, and 16.5 mL 

deionized water was placed into each cup followed by 3 mL solution A, 4.5 mL solution B, and 6 
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mL solution C. Each cup was shaken well before the single seeded MnOOH seeded substrates 

were added and placed in an oven set to 90oC. Hydrothermal growth usually takes 50 minutes to 

complete as the solution inside the cup becomes opaque with the formation of zinc oxide. Once 

growth has completed the slides are removed and rinsed well with deionized water. Once dry, the 

slides are placed inside an oven and set to anneal at 450oC for 30 minutes to remove residual 

organics or tape residue from masking. 

Zinc Oxide Nanorods 300 nm in height 

The aqueous growth solution was prepared by making three different solutions. Solution 

A is 10 mL of a 0.2 M zinc acetate solution, solution B is 15 mL of a 0.64 M ammonium 

hydroxide solution, and solution C is 20 mL of a 4.15 M ethanolamine solution. Three 40 mL 

Nalgene cups were used for the hydrothermal growth of nanorods, and 16.5 mL deionized water 

was placed into each cup followed by 3 mL solution A, 4.5 mL solution B, and 6 mL solution C. 

The cup was capped and shaken well before adding the double seeded MnOOH seeded substrates 

and placing in an over at 90oC for 30 minutes. Upon completion, the solution will become murky 

as the ZnO has precipitated out creating a colloid. The slides were removed and rinsed well with 

deionized water before being annealed in an oven at 450oC for 30 minutes. 

ZnO Nanowires 300 nm in height  

To a 40 mL Nalgene cup with lid, 30 mL of Millipore H2O was added along with 0.223 g 

Zn(NO3)2 before being capped and shaken to dissolve. Hexamethylenetetramine was added, 

0.103g, to make the solution 25 mM of both the zinc salt and amine. Once dissolved, the ZnO 

nanoparticle seeded slides were placed in the cup which was capped and placed in an oven at 
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93oC for 2 hours. At the end of growth the solution turns murky and the slides are removed, 

rinsed well with DI water, and annealed in an oven at 450oC for 30 minutes. 

Fabricating Porous Polymer Membranes 

Retail fingernail polish Maybelline Color Show Clear 440 was diluted to 15% solution 

(v/v) in 1,2-dichloroethane/acetone (1:1). Fingernail polish is typically 13-22 wt% nitrocellulose, 

so the final nitrocellulose solution for spin-casting is estimated at 1-2 wt% nitrocellulose.30 

Alternatively, polylactic acid can be dissolved from solid to 1.5 wt% in 1,2-dichloroethane. The 

resulting solution was used for spin-coating of ZnO nanorod films using a commercial spin-

coater set to 2,000 rpm and run for 2 min. PLA slides were heated at 165oC after each coat to 

ensure polymer penetration to the film base; 2 spin coating and heating steps to form membrane. 

Polymer-coated slides were then immersed in an aqueous solution of phosphoric acid (0.5 M) or 

boric acid (0.5 M) and left for 5 min or overnight, respectively before being submerged in a 

water bath to remove residual acid. Films were then removed and placed in a laminar flow hood 

to dry before use. 

Electrochemical Growth of Cuprous Oxide 

Lactic acid 85 wt% purchased from Acros Organics. An aqueous solution of 0.4 M cupric 

sulfate with 3 M lactic acid was prepared and adjusted to a pH of 9 using sodium hydroxide. This 

solution changed from a light blue color to a very dark blue when basic. The working electrode 

(polymer/F-SnO2) is very fragile, so electrolyte should be added carefully to ensure the polymer 

is not damaged. The working electrode was clamped to the bottom of a glass chamber which was 

filled with electrolyte. A copper reference and counter electrode were inserted into a septum and 

submerged in the electrolyte. A needle in the septum helps prevent pressure buildup which can 
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cause electrolyte leakage. Once the working electrode is clamped it can be submerged in the 

water bath and allowed to equilibrate to the correct temperature for 30 minutes before 

electrodeposition. 

A potential of -400 mV for 10-15 hours at 30oC, pH 9, will usually be sufficient to fill the 

membrane formed from the 2 micron ZnO nanorods. Growth at -500mV, pH 10, and 40oC takes 

about 2-3 hours but is less reproducible given the larger current and faster growth rate. As the 

film is depositing, current should gradually decrease until it is near zero. At this point the Cu2O 

has reached the top of the template; if a drastic increase in current is observed this is usually the 

result of template-free growth where the template was either destroyed or grown beyond.  

Electrochemical Growth of Copper 

 A base layer of cuprous oxide is first applied using the same concentration as above at pH 

9, 30oC, into a polymer membrane. This is done by applying a potential of -400 mV for 10 

minutes. After this point the voltage is stepped to -800 mV and ran for about a minute to 

complete growth. Conditions have not been optimized, but this procedure has produced copper 

nanorods and can be modified to increase reproducibility. 

Figures used with permission from Reference 27. Research contributions from authors 

were as follows; Collin Perry helped prepare ZnO nanorod films to be used as templates. 

Marlene Rivas helped optimize Cu2O quality by attempting growths at pH 12 and increased 

temperatures. Dr. Teresa Golden provided advice on the electrochemical growth and ran XRD of 

electrochemically grown Cu2O. Antony Bazan and Dr. Maria Quintana, Juan Rodriguez, and 

Walter Estrada provided ZnO nanowire films to be used as templates. Dr. Nesterov provided 

single crystal X-ray diffraction data and solved the crystal structure of methyl viologen. Seare 
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Berhe helped with the optimization of ZnO nanorod growth. Dr. JustinYoungblood was the PI 

for this project and supplied funding via UNT start-up funding and NSF-REU support of 

Marlene Rivas. 
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CHAPTER 5 

CUPROUS OXIDE DEVICES 

5.1 Introduction 

Cuprous oxide (Cu2O) is an instrinsic semiconductor (band gap ~ 2.2 eV) usually having 

p-type conductivity due to copper vacancies in the crystal lattice.1-4 Cu2O has applications in 

chemosensing,5,6 photocatalysis,7,8 photovoltaics,9-11 and photoelectrochemical solar cells.12-14 

Technical challenges in the research and application of Cu2O include the reliable preparation of 

nanostructured Cu2O materials, the susceptibility of Cu2O to photocorrosion,15,16 and the 

adventitious formation of Cu° interlayers at p-n heterojunctions.17,18 Toward the preparation of 

nanostructured Cu2O, the electrodeposition of Cu2O thin films allows the greatest control over 

morphology (film thickness, crystal grain size and orientation)19-22 and conductivity (p/n-type, 

dopant concentration, flat band potential, carrier mobility)23-28, although electrodeposited Cu2O 

exhibits much lower conductivity compared to samples prepared by thermal oxidation.29 Recent 

measurement of the carrier diffusion length in electrodeposited Cu2O suggests that 

nanostructured Cu2O would offer improved performance over planar films in 

photoelectrochemical applications.27 Chemical bath conditions for epitaxial growth of Cu2O 

nanorods from surfaces have not yet been discovered, and the annealing of Cu2O nanoparticles 

into sintered mesoporous films is impractical because of the tendency of Cu2O to oxidize to CuO 

when heated under ambient atmosphere,22 or disproportionate to CuO/Cu° when heated under 

vacuum or inert atmosphere.30,31 

Cuprous oxide has been recognized as a potential semiconductor for use in photovoltaics 

since 1920.32 Today, cuprous oxide still remains widely unexplored as a potential semiconductor 
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for photovoltaics, and only a hand full of publications have been published which use Cu2O as an 

electrode in DSCs. In the next two sections we explore the use of cuprous oxide nanorods in 

photoelectrochemical and dye-sensitized solar cells. Without optimization we are able to achieve 

photocurrents in the milliamp regime which suggests Cu2O has the potential to be a decent 

semiconductor for p-type DSCs. The current record for DSC efficiency using p-type Cu2O is 

around 0.4%33 while heterojunction devices incorporating Cu2O are easily over 2%.34,35 Initial 

studies of Cu2O based dye-sensitized solar cells show the promise of this semiconductor, but 

further optimization of the sensitizer dyes, electrolyte, and Cu2O morphology need to be 

conducted to further boost the efficiency of these devices. 

 

Figure 5.1. Shows a Cu2O-DSC utilizing a porphyrin sensitizer and methyl viologen electrolyte. 

Sunlight entering the device excites the cuprous oxide and sensitizer allowing for electron 

transport to the electrolyte. 
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5.2 Cuprous Oxide Photoelectrochemical Cells 

Cuprous oxide nanorod arrays have been prepared via a novel templated 

electrodeposition process and were characterized for their photocatalytic behavior in nonaqueous 

photoelectrochemical cells. Zinc oxide (ZnO) nanorod films serve as sacrificial templates for the 

in situ formation of polymer nanopore membranes on transparent conductive oxide substrates. 

Nitrocellulose and polylactic acid are effective membrane-forming polymers that exhibit 

different modes of template-formation, with nitrocellulose forming conformal coatings on the 

ZnO surface while polylactic acid acts as an amorphous pore-filling material. Robust template 

formation is sensitive to the seeding method used to prepare the precursor ZnO nanorod films. 

Photoelectrochemical cells prepared from electrodeposited Cu2O films cells using methyl 

viologen as a redox shuttle in acetonitrile electrolyte exhibit significant charge recombination 

that can be partially suppressed by a combination of surface passivation methods. Surface-

passivated nanostructured Cu2O films show enhanced photocurrent relative to planar 

electrodeposited Cu2O films of similar thickness. We have obtained the highest photocurrent 

ever reported for electrodeposited Cu2O in a nonaqueous photoelectrochemical cell. 

We have discovered a convenient method for the preparation of vertically-aligned 

nanorod arrays of Cu2O from pre-formed electrode substrates such as transparent conductive F-

SnO2 electrodes. The results and experimental conditions for the electrochemical growth of 

cuprous oxide nanorods is in chapter 4. A major advantage of this nano-templating procedure is 

that it does not require any low-pressure deposition step (e.g., thermal evaporation, sputtering, 

etc.), and uses only an oven or water bath, a spin coater and potentiostat.  

We assembled photoelectrochemical cells with the Cu2O nanorods and with planar films 

of electrodeposited Cu2O to interrogate their electrical contact to the underlying F-SnO2 
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electrode. We first attempted to use decamethylcobaltocene and its radical cation as the redox 

pair in acetonitrile, based on a report by Lewis and coworkers that demonstrated impressive 

photovoltage with this electrolyte. However, we could not get more than 1-2 microamps of 

photocurrent. Cu2O is known to have surface defects that act as charge traps,36,37 and we 

speculate that the polycrystalline electrodeposited Cu2O prepared by our method is likely to have 

a much higher density of surface defects compared to the thermally-prepared Cu2O of their 

report. Such surface defects may collect electrons at electrochemical potentials below the formal 

conduction band edge, as known for other oxide semiconductors such as TiO2,
38 and/or some 

traps may collect holes at potentials above the formal valence band edge. If surface trap states 

allow conduction band electrons to thermalize to more than 230 mV below the conduction band 

edge (-1.7 vs. SCE)12 then electron transfer to decamethylcobaltocenium (-1.47 vs. SCE)39 will 

be endothermic. Evaluation of the photocells using an electron shuttle with much lower redox 

potential still serves to make a preliminary assessment of the photocatalytic activity of the Cu2O 

nanorod films, although we may not have determined their maximum photoelectrochemical 

potential. Previous reports have suggested that the iodide/triiodide redox couple can give good 

photovoltage and photocurrents with Cu2O photocathodes. This is curious given that the redox 

potential of iodide/triiodide (+0.1 vs. SCE)40 is nearly isoenergetic to the Fermi level in p-type 

Cu2O (+0.16 vs. SCE).1,12 It should not be possible to generate significant photocurrent with an 

iodide/triiodide electrolyte. Unfortunately, we were unable to adequately test this premise, as we 

observed instantaneous corrosion of Cu2O films upon addition of an electrolyte composed of 0.5 

M LiI and 50 mM I2 in acetonitrile. The same result occurred with the tris(4,4′-di-tert-

butylbipyridyl)cobalt (II/III) redox pair, which is ~50 mV positive of I-/I3
-.41 We chose methyl 
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viologen to assess the photoactivity of the Cu2O nanorods because it has a redox potential of -0.4 

vs. SCE and has been shown to be photoreduced in the presence of illuminated Cu2O.12,14,42 

 

Figure 5.2. Crystal structure of methyl viologen tetrafluoroborate, as determined by single-

crystal X-ray diffraction. The two halves of the viologen dication, as well as the two BF4 anions, 

are equivalent through a center of symmetry. 

We have found that the tetrafluoroborate (BF4) salt of methyl viologen can be prepared 

by simple addition of aq. HBF4 to a suspension of the undissolved viologen dichloride salt in 

deionized water. This avoids the previously-reported use of transition metal reagents such as 

AgBF4 or CuBF4 for salt exchange from the dichloride,43,44 or the use of trimethyloxonium BF4 

to prepare the salt from 4,4′-bipyridine.45 The heterogeneous salt exchange appears to be rapid 

upon addition of aq. HBF4 as judged by color change of the solid component of the mixture. 

Single-crystal X-ray diffraction of the water-recrystallized product indicates that no water is 

included in the crystal structure (Figure 5.2), which matches to a previous report of this 



78 

 

compound, although we were able to obtain higher quality crystal data. To prepare a redox pair 

electrolyte based on methyl viologen, 0.5 molar equivalents of decamethylcobaltocene was 

added to a 50 mM solution of the dication viologen salt in acetonitrile with 0.1 M LiClO4. Upon 

the slow dissolution of the decamethylcobaltocene, the electrolyte turned a deep blue color 

(Figure 5.3, inset photo). No corrosion of the Cu2O films was observed with this electrolyte, 

either upon initial loading into the photocells, or as a result of illumination. 

 

Figure 5.3. Clockwise from upper left: Incident photon conversion to electron (IPCE) efficiency 

of a photoelectrochemical cell made from a 1.2 m film of Cu2O nanorods on FTO glass with 50 
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mM methyl viologen tetrafluoroborate and 25 mM decamethylcobaltocene (cell shown in inset 

photo with front side up); absorbance spectrum (black) and Tauc plot (blue) for the Cu2O 

nanorods film, measured prior to photocell assembly; current-voltage behavior of the 

photoelectrochemical cell, illuminated through the Cu2O (front side) and through the electrolyte 

(backside) under AM 1.5G light; absorbance spectrum of methyl viologen radical cation, adapted 

from reference 42 with permission. 

The as-grown Cu2O nanostructures exhibit an optical band gap of approximately 2.3 eV 

(Figure 5.3, top right). The photocells assembled with methyl viologen/decamethcobaltocene 

generate cathodic photocurrent, indicating that the Cu2O has p-type conductivity. The external 

quantum efficiency measurement under back side illumination shows prominent photocurrent in 

a limited region from 400-550 nm due to the optical filtering effect of the methyl viologen 

radical cation in the electrolyte in the green and UV regions of the spectrum (Figure 5.3, left top 

and bottom).42 Front side illumination, through the Cu2O-bearing electrode, shows greater 

efficiency only in portions of the spectrum where the Cu2O absorption is weaker (500-600 nm), 

suggesting that the Cu2O that is farther from the electrolyte interface acts as an optical filter. 

Photoinduced charge separation within the Cu2O that occurs away from the semiconductor 

interface leads to recombination rather than steady photocurrent. Although nanorod morphology 

for some semiconductors can be optimized by keeping the rod diameter wider than the depletion 

width but narrower than the carrier transport length,46 we note that electrodeposited Cu2O is not 

amenable to this tuning because its depletion width (~3 microns) is much greater than its electron 

transport length (110 nm).47,48 Although the morphology of Cu2O nanorods prepared in this study 

does not minimize the diameter down to the carrier transport length, this may not sufficiently 
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explain the loss of photocurrent due to recombination, because significant back electron transfer 

may occur at the Cu2O/electrolyte and F-SnO2/electrolyte interfaces (Figure 5.4).  

 

Figure 5.4. Interfacial recombination processes within Cu2O photoelectrochemical cells. Solid 

arrows indicate forward electron transfer. Dotted arrows indicate recombination pathways. MV++ 

is the methyl viologen dication; MV+• is the methyl viologen radical cation (reduced form). (A) 

nonpassivated cells have semiconductor/electrolyte and F-SnO2/electrolyte recombination 

interfaces; (B) cells passivated by cathodic grafting of arenediazonium salts have significant 

surface coverage of F-SnO2 and possibly some Cu2O coverage, but electron transfer is only 

mildly suppressed; (C) cells passivated with amorphous TiO2 films should have suppressed 

recombination involving electrolyte, however severe recombination is expected at the TiO2/F-

SnO2 interface; (D) Films passivated first by arenediazonium grafting and then by TiO2 coating 

should suppress both the semiconductor/electrolyte and TiO2/F-SnO2 recombination pathways. 

Figure 5.4. shows the interfacial electron transfer processes in photocells using bare Cu2O 

nanorods as well as for electrodes we passivated by cathodic grafting of arenediazonium salts 

and/or the deposition of a thin layer of amorphous TiO2.
49,50 Surface coatings of nitrobenzene 

can be grafted onto electrodes using nitrobenzenediazonium tetrafluoroborate at mild cathodic 

potentials (-0.4–0 V vs. Ag/AgCl) that should lie within the band gap of Cu2O. The grafting 
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mechanism is by electron transfer from the F-SnO2 electrode to soluble arenediazonium species, 

liberating N2 and creating reactive aryl radicals that then can bind to the F-SnO2 surface. The 

grafting is self-limiting to only a few layers (< 3 nm) because the carbonaceous coating is 

insufficiently conductive to facilitate the electron transfer reaction beyond a few layers of 

oligomerization. Although it is possible for some aryl radical molecules generated near the F-

SnO2 surface to migrate and bind to areas of the Cu2O surface, this is unlikely due to the high 

reactivity of the aryl radical species. Cu2O is known to react with diazonium reagents through 

Sandmeyer chemistry, and native oxide layers of Cu2O on Cu metal have been passivated under 

applied potential.51 The reduced photocurrent for a Cu2O nanorods film subjected to diazonium 

grafting (Figure 5.5.) suggests that some portion of the Cu2O may be passivated in addition to the 

F-SnO2 surface. We interpret the lack of improvement in photovoltage for diazonium-passivated 

cells as an indication that the oligo-aryl coatings do not significantly suppress recombination at 

the electrolyte/F-SnO2 interface. The planar Cu2O films pack very densely on the surface,19,20 

occluding the F-SnO2 surface, and photocells made from planar Cu2O films showed better 

photovoltage under each of the preparation conditions compared to the Cu2O nanorod films. 
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Figure 5.5. Current-voltage graphs of Cu2O photoelectrochemical cells under simulated AM 

1.5G illumination. Data is shown for back side illumination. 

We next attempted to suppress the Cu2O/electrolyte recombination by passivating the 

Cu2O surface with a thin layer of TiO2, following a report by Gratzel and coworkers that showed 

improvement in the water reduction at TiO2-passivated Cu2O films.52 Whereas the earlier report 

utilized atomic layer deposition to deposit TiO2 as an surface coating, we have exploited the 

liquid phase deposition of a TiO2 coating via the hydrolytic decomposition of ammonium 

hexafluorotitanate in aqueous boric acid.50 Boric acid acts as a fluoride scavenger to drive the 

hydrolysis of the hexafluorotitanate to TiO2, and the nascent metal oxide clusters/nanoparticles 

that form in the aqueous solution are attracted to high dielectric surfaces. TiO2 precipitation in 

solution is not observed. TiO2-coated Cu2O appears by visual observation to have a colorless 

coating, however the coating was too thin for the TiO2 to be detected in XRD analysis of a 

coated film. Unfortunately, in covering both the Cu2O and the F-SnO2 surfaces, the TiO2 coating 

creates a recombination pathway between the two, replacing the Cu2O/electrolyte and F-
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SnO2/electrolyte recombination interfaces with a TiO2/F-SnO2 interface. Thus the TiO2 coating 

on the Cu2O nanorods film shows barely any improvement in photocurrent and a loss of 

photovoltage. The planar Cu2O film, which has very little exposed F-SnO2 surface, is greatly 

enhanced by the TiO2 coating, showing that this Cu2O/TiO2 surface bilayer does improve the 

balance of forward/backward electron transfer at the semiconductor/electrolyte interface in the 

absence of other recombination avenues.  

 Since the TiO2 coating occurs at high dielectric surfaces, we attempted to selectively coat 

the Cu2O by first passivating the F-SnO2 via the diazonium grafting to render those sites 

hydrophobic and prevent TiO2 deposition. This dual passivation provides a six-fold increase in 

photocurrent for passivated vs. bare Cu2O nanorod devices, reaching 240 mA/cm2 at short 

circuit. Although some areas of the Cu2O are likely passivated by the diazonium grafting as well, 

the improved photocurrent indicates that the selective coating of the TiO2 over only the Cu2O 

surface is effective in suppressing recombination at the Cu2O/electrolyte interface without 

providing a new TiO2/F-SnO2 recombination pathway. In contrast, the planar Cu2O film was 

hindered by the dual passivation: since there are few exposed F-SnO2 surfaces, selective TiO2 

coating is not important to the overall forward/backward electron transfer, so the partial 

passivation of the Cu2O surface does some harm to the device performance, with no concomitant 

benefit. Here we see that the higher surface area of the nanorods morphology can enable 

increased photocurrent. Photovoltage in the planar films is still better than even the dual-

passivated nanorods device, which shows that interfacial recombination is still a significant 

limiting factor on device performance for Cu2O nanorod films, and more effective passivation 

methods are needed to further enhance the photoelectrochemical behavior. 

5.3 Cuprous Oxide Dye-Sensitized Solar Cells 
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The sensitization of nanostructured films of cuprous oxide with electroactive molecules 

results in a strong enhancement of photoelectrochemical performance in nonaqueous photocells, 

with photocurrent density increasing up to an order of magnitude, well into the milliamp/cm2 

regime. A strong variance of photoelectrochemical behavior is observed with changes in the 

molecular structure of the sensitizer, associated with differences in the reorganization energy and 

molecular size, which are interpreted to enhance forward electron transport and impede 

electrolyte/photocathode recombination, respectively. These results in this section demonstrate 

that nanostructured cuprous oxide is a promising cathode material for p-type dye-sensitized solar 

cells.  

 

Figure 5.6. Electron transfer in dye-sensitized Cu2O solar cells. FTO = F-SnO2; VB = valence 

band; CB = conduction band; S = sensitizer; EF = Fermi level; electrochemical potentials vs. 

saturated calomel electrode are drawn from references 12 and 42. 
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Steady-state electron transfer behavior of molecularly sensitized Cu2O films was gauged 

by assembling them into photoelectrochemical cells prepared with anhydrous acetonitrile 

electrolyte containing 0.1 M LiClO4 and 50 mM methyl viologen. Decamethylcobaltocene (25 

mM) was added to generate a balanced methyl viologen dication/radical cation redox couple. 

Photoelectrochemical data is shown in Figure 5.10., and structures of the sensitizers are shown in 

Figure 5.9.; two sensitizers are considered as electron acceptors (C60M-A and NcQ-A), and 

three as electron donors (ZnP-A, C343 and N3), although in principle none has a reduction 

potential negative of the Cu2O conduction band edge (-1.7 vs. SCE)68 nor an oxidation potential 

negative of the valence band edge (+0.3 vs. SCE), so each should be capable of hole transfer to 

Cu2O upon photoexcitation of either the oxide or the sensitizer. With the notable exception of the 

N3 dye, all the sensitizers had a dramatic effect of increasing photocurrent density in the cells. 

 

Figure 5.7. Current-voltage behavior of a photoelectrochemical cell wherein the Cu2O nanorod 

film was sensitized with 1-adamantanecarboxylic acid (from EtOH soln, for 24 h) prior to cell 
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assembly. The decreased photocurrent relative to bare Cu2O nanorods suggest that forward 

electron transport to the methyl viologen has been inhibited by the adamantyl sensitization. 

 

Figure 5.8. External quantum efficiency behavior of a photoelectrochemical cell wherein the 

Cu2O nanorod film was sensitized with 1-adamantanecarboxylic acid (from ethanol solution for 

24 h) prior to cell assembly.  

Cuprous oxide sensitization by 1-adamantanecarboxylic acid, in contrast, gave impaired 

photocurrent relative to bare Cu2O, indicating that the electroactive nature of the chosen 

sensitizers is critical to the enhancement of forward electron transfer at the Cu2O/electrolyte 

interface. 
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Figure 5.9. Molecular sensitizers used in DSCs. 

For sensitized photocathodes, front-side illumination of the cells (at the Cu2O electrode) 

gave roughly doubled photocurrent densities compared to back-side illumination, whereas for 

bare electrodes the difference is marginal and within the limits of device reproducibility. 

Significant optical filtering occurs for illumination in either direction, as shown by the shapes of 

the IPCE spectra.73 Back-side illumination is attenuated by photoabsorption of the methyl 

viologen radical cation. Front-side illumination is attenuated by Cu2O itself, as photogeneration 

of carriers far from the oxide surface reduces light transmittance without contribution to 

photocurrent due to charge recombination. The greater photocurrent densities for front-side 
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illumination indicate that the optical filter effect of the Cu2O itself has been diminished, meaning 

that carriers generated at a greater average distance from the surface are harvested before they 

can recombine within the photocathode. Sensitizer molecules, due to their greater local 

concentration at the Cu2O surface, are more efficient than the solution-phase redox couple at 

harvesting photoexcited electrons from Cu2O, making the electron cascade pathway more 

significant for forward interfacial electron transport than the direct Cu2O/methyl viologen 

electron transfer (Figure 5.6, green arrows). This result also suggests the sensitizer/Cu2O 

recombination rate is at least slower than the internal recombination within the oxide.  

Figure 5.10. Current-voltage and external quantum efficiency data for photoelectrochemical cells 

employing bare and sensitized Cu2O photocathodes with methyl viologen redox shuttle. IPCE = 

Incident photons converted to electrons. 
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IPCE spectra for the sensitized photocathodes do not show detectable contribution from 

the sensitizers, with the possible exception of ZnP-A under front-side illumination (Figure 

5.10.c), which shows a shoulder around 430 nm that could correspond to the porphyrin’s Soret 

band.74 The weakness of this feature precludes its definitive assignment to the sensitizer. Strong 

light absorption by the sensitizer requires a very high surface area for the semiconductor film. 

Treating the Cu2O nanorods as cylinders of ~2 m height and 350 nm diameter, and considering 

the density of nanorods per unit area through examination of SEM characterization, these 

nanorod films have just ~11 times the surface area of a planar film. Visible absorption by the 

chosen sensitizers was not measurable against the background of strong light absorption by the 

Cu2O films. 

Photovoltages among the molecularly-sensitized Cu2O photocells track well with 

photocurrent densities, suggesting that both characteristics are governed by changes in the 

equilibrium between forward/backward electron transfer events at the semiconductor/electrolyte 

interface. The trends do not match any progression of known oxidation/reduction potentials of 

the sensitizers, as for example, ZnP-A has the highest photocurrent and photovoltage but has 

redox potentials that are intermediary of the other sensitizers.75-79 Factors that should influence 

the forward and backward electron transport equilibrium include the reorganization energies of 

the molecular sensitizers and the heights of the monolayers that they form on Cu2O, respectively.  

These are shown in Table 5.1. Low reorganization energies for electron transfer to/from the 

sensitizer monolayer would aid the forward transport from Cu2O to the methyl viologen redox 

shuttle via an electron cascade. Porphyrins and fullerenes have lower reorganization energies 

than coumarin and quinone compounds. Among the sensitizers, ZnP-A would generate the 
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tallest monolayers (19 Å), resulting in significant distance between the redox shuttle and Cu2O 

and thereby impeding back electron transfer from the methyl viologen to the photocathode. 

Sensitizer Reorganization 

Energy (eV) 

Diameter (Å) 

ZnP-A 0.14a 19 

C60M-A 0.06b 11 

C343 0.2c 12 

NcQ-A 0.4d 15 

N3 0.03e 11 

Table 5.1. Inner sphere reorganization energies and molecular diameters of the sensitizers. afrom 

reference 80; bvalue is for C60, from references 81 and 82; cfrom reference 83; dvalue is for 

anthraquinone, from reference 84; efrom reference 85. 

N3–sensitized Cu2O shows higher external quantum efficiency than bare Cu2O in the low 

intensity light of IPCE characterization; however, the N3-coated photocathode gives the lowest 

photocurrent density of all the tested photocells under AM1.5G illumination. Cu2O nanorod 

films soaked in the N3 staining bath have a pitted appearance with pinholes visible to the naked 

eye. None of the other dye baths caused the same change in appearance. Scanning electron 

micrograph (SEM) images of Cu2O films soaked in the N3 staining bath (in the dark) show 

significant corrosion of the oxide film (Figure 5.11.). None of the other dye baths caused such 

corrosion, even after 24 h of soaking. Cu2O is known to etch in glacial acetic acid and in aqueous 

mineral acids.86 Still, we are uncertain as to why the N3 dye causes more rapid etching than other 

dyes, as all the dye soaking baths were within a narrow range of low concentration (1-3 mM), 

and the pKa of isonicotinic acid is higher than that of acetic acid and benzoic acid, and much 

higher than the acrylic acid binding group of the ZnP-A. Further study is needed into the etching 
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of Cu2O by molecular binding groups. We note that Cu2O that has corroded during 

photocatalytic water splitting shows reduced photocurrent,16,87 and that in at least one instance a 

ruthenium complex very similar in structure to N3 (Z907 dye) was shown to be unable to 

photocatalytically transfer electrons via the radical anion state.88 Either or both of these issues 

may be involved in the impaired function of the N3-sensitized Cu2O photocathodes. 

Figure 5.11. SEM images of dye-soaked Cu2O nanorod films. (A) Nanorods appear unetched 

after 24 h of soaking in DMF containing C60M-A; (B) Significant etching occurs within 6 h of 

soaking in CH3CN containing N3; (C) Severe etching results from 24 h soaking in the 

N3/CH3CN bath. 

5.4 Experimental Section 

Devices were characterized using incident photon to converted electron (IPCE) and 

current voltage sweeps in the dark and under AM 1.5G illumination. UV-vis absorbance data 

was also collected for the semiconductor films, sensitizer dyes, and electrolytes used in devices. 

Films were characterized with a Veeco Dektak 150 profilometer and FEI Quanta 200 ESEM to 

determine film height and morphology. Characterization of each dye and film is important in 

understanding the basic photophysical properties of the final devices. 

Passivation of Cu2O/F-SnO2 electrodes 
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Passivation with 4-nitrobenzenediazonium tetrafluoroborate was conducted as previously 

described.49 Each Cu2O/F-SnO2 electrode was employed as the working electrode in a three-

electrode cell with a platinum wire counterelectrode and a Ag/AgCl quasi-reference electrode. 

The electrolyte was a solution of the diazonium salt (10 mM) with added tetrabutylammonium 

hexafluorophosphate (0.1 M) in dry acetonitrile. The cell was voltammetrically cycled between 

0.2 and -0.45 V vs. Ag/AgCl (quasi reference electrode in satd KCl solution) at 0.2 V/s for 20 

cycles. The cell was then disassembled and the Cu2O/F-SnO2 electrode was rinsed with 

acetonitrile, followed by ethanol, and allowed to dry in air. Passivation with TiO2 was also 

conducted as previously described.50 A solution of (NH4)2TiF6 (50 mM) was prepared in aq boric 

acid (150 mM) and the Cu2O/F-SnO2 electrode was placed in the solution for 1 h. After the 1 h 

incubation time, the electrode was removed and rinsed with deionized water and allowed to dry 

in air. For electrodes subjected to both passivations, the diazonium passivation was done first. 

Several passivation methods have been utilized to reduce or block recombination. With 

no passivation the methyl viologen radical cation (reduced electrolyte) is able to recombine with 

the Cu2O semiconductor or directly exposed F-SnO2. Passivation can prevent recombination of 

electrons at these interfaces and greatly increasing device performance. The three methods of 

passivation used are: polymer passivation, TiO2 passivation, and Cu2O passivation. 

Polymer passivation can be completed with either 4-nitrobenzenediazonium 

tetrafluorophosphate49 or 2-allylphenol. Both methods use cyclic voltammetry to graft bare F-

SnO2 with a layer of insulating molecules to block recombination sites.  

A thin layer of TiO2 can be applied to the surface of the F-SnO2 and/or Cu2O nanorods to 

block recombination from the reduced electrolyte.89 If polymer passivation is done first the 

passivated F-SnO2 will be hydrophobic preventing the deposition of TiO2 on its surface, but 
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nanorods will be covered with a thin layer. The deposited TiO2 is amorphous unless heated 

above 400oC. Heat treatment was avoided because cuprous oxide will oxidize to cupric oxide 

under these conditions. TiO2 thickness was controlled by deposition time and limited to ensure 

only a thin coat was deposited.  

The bare F-SnO2 can also be passivated by applying a thin layer of cuprous oxide on 

remaining F-SnO2 surfaces. Using the bulk electrolysis conditions previously described,90 a 

short growth of 15 minutes passivates conductive locations of recombination while barely 

growing on existing Cu2O structures. This method ensures that the entire electrode is cuprous 

oxide and that and recombination can no longer occur at the F-SnO2 interface. 

Preparation and testing of photoelectrochemical cells 

 Cells were assembled by melt-adhesion of a thin film of Surlyn® polymer between the 

Cu2O/F-SnO2 electrode and a platinized F-SnO2 counterelectrode.91 The cells were filled by 

capillary action with an electrolyte composed of 0.1 M LiClO4, 50 mM methyl viologen 

tetrafluoroborate, and 25 mM decamethylcobaltocene. After filling the cells with electrolyte, the 

entry/exit ports were sealed with Hysol 1C epoxy. Current-voltage measurements were done 

with a Keithley 2400 sourcemeter and solar simulator (SolarLight, Inc.). IPCE spectra were 

measured against a calibrated silicon photodiode using monochromatic light from a Xenon lamp 

(PV Measurements QEX7). 

Synthesis of 1,1′-Dimethyl-4,4′-bipyridine bis(tetrafluoroborate) 

Methyl viologen dichloride (1.08 g, 4.2 mmol) was added to 1.0 mL of water, and HBF4 

(1.60 mL of 48 wt% aq soln, 12.6 mmol) was added dropwise to the heterogeneous mixture. 

Upon addition of the acid, the beige solid turned white, and the mixture was stirred for 20 min, 
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and then filtered. The solid material was redissolved in hot water (5 mL), allowed to cool to 

room temperature, and stored overnight in a refrigerator at 12°C. Colorless crystals were formed 

that were suitable for single-crystal X-ray diffraction. The crystals were filtered from the mother 

liquor, washed twice with cold ethanol, and dried in vacuo (416 mg, 28%). Analytical data, 

including crystal diffraction data, were consistent with previous results.44,45 

Synthesis of Sensitizer Dyes 

The syntheses of NcQ-A, C60M-A, and ZnP-A have been reported elsewhere.74,92-94 

C343 and 1-adamantanecarboxylic acid were obtained commercially (Aldrich), as was the N3 

dye (Solaronix) and all were used as received. 

Fabrication of Cu2O Nanorods 

Cu2O nanorod films were prepared as previously described in chapter 4,73 with changes 

that included passivation of bare F-SnO2 areas of the conductive glass substrate, as well as 

slightly elevated temperature and pH for Cu2O deposition. The elevation of pH and temperature 

was observed to improve the reproducibility of Cu2O nanorod growth. ZnO nanorods that were 

hydrothermally grown on F-SnO2/glass substrates pre-seeded with MnOOH nanoparticles in an 

aqueous bath of ZnSO4, ethanolamine and NH4OH at 90°C were then subjected to anodic 

passivation of bare F-SnO2 via graft polymerization of poly(phenylene oxide).95,96 Retail 

fingernail polish, diluted to 15% solution (v/v) in 1,2-dichloroethane/acetone (1:1) was 

spincoated over the ZnO nanorod films at 2000 rpm for 2 min. Fingernail polish is typically 13-

22 wt% nitrocellulose, so the final nitrocellulose solution for spin-casting is estimated at 1-2 

wt% nitrocellulose. Polymer-coated slides were then immersed in an aqueous solution of 

phosphoric acid (0.5 M) or boric acid (0.5 M) and left for 5 min or overnight, respectively. 

Nanopore membrane-coated substrates were subjected to electrodeposition using the F-
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SnO2/glass substrate as a working electrode, and fitting a glass joint with an o-ring over the 

substrate with a clamp to make a seal. The glass vessel was filled with an aqueous solution 

containing lactic acid and CuSO4, adjusted to pH 10 with 1 M NaOH (aq). A platinum 

counterelectrode and Ag/AgCl quasi reference electrode were each fitted into the vessel and 

wired through a septum used to seal the vessel. The electrolyte was purged with argon through 

the septum. The vessel was immersed in a water bath at 40°C and electrodeposition was 

performed cathodically at constant potential (400–600 mV).19  

Sensitization of the Cu2O films 

Sensitizers were dissolved in anhydrous CH3CN (N3, C343) or anhydrous DMF (C60M-

A, ZnP-A, NcQ-A) to 1-3 mM concentration, and allowed to soak for 24 h. SEM images were 

collected before and after soaking (vide infra). Upon observation of etching by the N3 dye, an 

additional film was soaked for just 6 h to assess the etching at shorter time. 

Preparation and testing of photoelectrochemical cells 

Cells were assembled by melt-adhesion of a thin film of Surlyn® polymer between the 

Cu2O/F-SnO2 electrode and a platinized F-SnO2 counterelectrode.91 The cells were filled by 

capillary action with an electrolyte composed of 0.1 M LiClO4, 50 mM methyl viologen 

tetrafluoroborate, and 25 mM decamethylcobaltocene. After filling the cells with electrolyte, the 

entry/exit ports were sealed with Hysol 1C epoxy. Current-voltage measurements were done 

with a Keithley 2400 sourcemeter and solar simulator (SolarLight, Inc.). IPCE spectra were 

measured against a calibrated silicon photodiode using monochromatic light from a Xenon lamp 

(PV Measurements QEX7). 

5.5 Conclusion 
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We have observed the highest photocurrent ever reported for an electrodeposited Cu2O 

film in a nonaqueous photoelectrochemical cell. This result supports the premise that the higher 

surface area of nanostructured materials can enhance interfacial electron transfer for this p-type 

semiconductor. Results from attempts to passivate the electrolyte interfaces indicate that further 

enhancements in photocurrent and photovoltage are possible for nanostructured Cu2O films, and 

changes in the morphology of the ZnO nanorod template can enable the preparation of 

morphology with diameters closer to the electron diffusion length to minimize the internal 

charge recombination in the semiconductor. There is a need for a different electrolyte with redox 

potential that is less positive of the TiO2 conduction band edge and has weaker light absorption 

in the visible spectrum.  

As an alternative to passivating the Cu2O surface with an n-type metal oxide 

semiconductor, molecular dyes, especially those that absorb light in the red portion of the visible 

spectrum, may suppress the back electron transfer at the Cu2O electrolyte while also contributing 

to photocurrent. The field of p-type dye-sensitized solar cells is still greatly in need of new 

nanostructured intrinsic p-type semiconductor photocathode materials.100 The general method we 

have reported herein for templating the preparation of epitaxially-oriented Cu2O nanorods from 

ZnO precursor films may also serve for the electrodeposition of films of other materials on 

preformed electrode substrates that are difficult to prepare in this morphology. 

Construction of the photodiode allows for optimization before incorporating dyes in more 

complex systems. The increased surface are of the nanorods allowed for more sites of electron 

transfer between the Cu2O and electrolyte, but also created recombination pathways that reduced 

device performance. These recombination pathways were suppressed with the passivation of the 

bare F-SnO2 with a polymer before depositing TiO2 on the surface of the Cu2O nanorods. The 
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combination of these passivation methods allowed for the creation of non-aqueous 

photoelectrochemical cells with the highest reported photocurrent using electrochemically grown 

Cu2O. Films with smaller nanoparticle sizes would further increase device efficiency along with 

a change to an electrolyte without optical filtering properties and a redox potential less positive 

of the TiO2 conduction band edge. Devices using the Cu2O passivation method could also 

improve photocurrent by blocking the F-SnO2 recombination sites while adding working areas of 

semiconductor electrode. 

The ZnP-A-sensitized Cu2O photocell under front side illumination gave a short-circuit 

current of 1.8 mA/cm2, an open-circuit voltage of 197 mV, a fill factor of 27%, and an overall 

efficiency of 0.1%. The attainment of photocurrent densities in the regime of milliamps per 

square centimeter despite the much lower surface area of these Cu2O nanorod films compared to 

mesoporous films of other oxides and the opacity of the methyl viologen electrolyte is a strong 

indicator that molecularly-sensitized Cu2O p-type solar cells have great potential to outperform 

other p-type metal oxide semiconductor in DSCs. Further studies are needed to realize the full 

potential of sensitized Cu2O in nonaqueous photocells. Further enhancement in photocurrent 

density will require preparation and sensitization of films of nanostructured Cu2O having smaller 

domain size and greater overall surface area.  
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CHAPTER 6 

CONCLUSION AND FUTURE RESEARCH 

6.1 Future Research 

We have shown that photoelectrochemical cells created with cuprous oxide nanorod films 

have higher photocurrents than planar devices. Further increasing the surface area for dye-

sensitization should allow for the fabrication of even more efficient devices. In a previous 

experiment, we were able to partially etch cuprous oxide nanorods in an aqueous solution of 

boric acid for a week to produce pitted films. These etched films are more transparent and have 

higher surface areas than non-etched films. Devices have yet to be made with partially etched 

films, but they should have higher photocurrents due to increased dye loading. The etching 

process is very slow and can be easily monitored by checking the film color, so porous cuprous 

oxide nanorod films should be incorporated into dye-sensitized solar cells and compared to 

previous results reported in Chapter 5 to see if there is an increase in photocurrent. 

 

 

 

Figure 6.1. (left) Cuprous oxide nanorod etching in boric acid. (right) SEM image on right shows 

pitting effect on a cuprous oxide nanorod film after etching for one week.  
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Since random etching occurs in cuprous oxide nanorods it should also occur with planar 

films. A simple test would be to grow a planar film of Cu2O and subject it to etching in boric 

acid until it turns from red to yellow. This signals that the cuprous oxide has been etched and 

now has smaller features due to pitting. These films can be checked on SEM to determine if the 

etching creates a mesoporous film. If dye-sensitized solar cells made from etched planar films 

have higher efficiencies, then the procedure to prepare high surface area Cu2O films can be 

greatly simplified. 

 A second method to optimize the cuprous oxide nanorods is by starting with a sacrificial 

ZnO film which has smaller nanorods. The growth of ZnO nanowires from ZnO nanoparticle 

seeds is described in chapter 4. These ZnO nanowires have very high seeding densities and are 

about 50-100 nm in diameter compared to the previous films used to make templates which are 

400-500 nm in diameter. As of now, attempts to grow cuprous oxide into nitrocellulose templates 

made from ZnO nanowires of 50-100 nm diameter have been unsuccessful. Careful optimization 

of PLA coatings to provide a more durable polymer template might prevent uncontrolled growth. 

Changing the electrodeposition method from potentiostatic to galvanostatic should allow for 

slower growth rates which may also prevent destruction of the polymer membrane. Attempting 

to grow cuprous oxide nanowires from these templates is worthwhile and would provide films 

with very high surface areas. 

Methyl viologen is a dark blue color when reduced to its radical anion species; this is a 

problem because the electrolyte acts as an optical filter and has strong absorption of UV and 

green light. The synthesis of 2,6-di-tert-butylnaphthoquinone has already been reported.1-3 

Naphthalene can undergo multiple Friedel-Crafts reactions using two equivalents of tert-butyl 

chloride and aluminum chloride to synthesize 2,6-di-tert-butylnapthalene in moderate yields. 
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This bulky naphthalene can then undergo a chromium oxidation to create the naphthoquinone 

product. 

 

Figure 6.2. Reaction scheme for the synthesis of 2,6-di-tert-butylnaphthoquinone. 

This naphthoquinone can be reacted with decamethylcobaltocene, a strong reducing 

agent, to create a transparent electrolyte with a redox potential ≥ - 0.6 vs. SCE.4 The more 

negative redox potential of this electrolyte should boost the photovoltage of devices. Also, the 

bulkiness of the tert-butyl groups will reduce radical-radical recombination of the electrolyte. 

Synthesis of 2,6-di-tert-butylnaphthoquinone should be completed and devices comparing this 

redox couple with the previously reported methyl viologen electrolyte should be investigated to 

see if changing the redox couple can increase device efficiency. 

Synthesizing dyes which absorb beyond 600 nm should boost photocurrent when coupled 

with cuprous oxide. Once anchored to the cuprous oxide, the second tethering group will still be 

exposed and can be used to attach nanoparticles of another metal oxide semiconductor. In 

chapter 5, simple Cu2O photodiodes are constructed with titanium dioxide (TiO2) coatings. 

Another approach would be to attach TiO2 nanoparticles to the untethered anchoring groups and 

use the CPAA molecule to facilitate charge transfer from the Cu2O to the TiO2 nanoparticle. The 

study of these novel systems is a part of future work that will be completed after the defense of 

this dissertation. 

6.2 Conclusion 
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Meso-quinoidal porphyrins were shown to be saddled and non-fluorescent. Reported 

crystal structures support this claim and show that the oxygens have an out-of-plane symmetry,5 

and attempts to synthesize planar analogs exhibiting fluorescence were unsuccessful. The 

dioxime ether porphyrin and dioxoporphyrins are expected to have lower HOMO and LUMO 

energy levels due to the inductive effect of the meso-substituents which pull electron density 

from the porphyrin macrocycle. The lower energy levels make them more electron accepting and 

improve their performance in p-type cuprous oxide DSCs. The synthesis and study of fluorescent 

porphyrins which function as electron acceptors could greatly increase the efficiency of Cu2O 

devices. 

Cyclopenta[hi]aceanthrylenes function as electron acceptors due to aromatic stabilization; 

CPAA is able to accept two electrons to form a species with two aromatic benzocyclopentadienyl 

anions. CPAAs can be functionalized with tethers for the attachment to cuprous oxide films, and 

further extension of the -system in 2,7-disubstituted CPAAs allows for absorbance in the near 

IR.6 This is beneficial because it allows for broad absorption by decreasing overlap between the 

absorption of Cu2O and CPAA. When compared to fullerenes, these molecules are generally 

more soluble, tunable (optically and electronically), and stable. It is for these reasons that 2,7-

disubstituted CPAAs are excellent candidates for the sensitization of cuprous oxide. 

The development of our novel templating method allowed for the growth of free-standing 

cuprous oxide nanorods without the assistance of an AAO membrane. This method greatly 

reduces the cost to produce Cu2O nanorods, and it can potentially be used to electrochemically 

grow many different semiconductors under the right conditions. Devices made with cuprous 

oxide nanorods generally had higher efficiencies than planar devices, but the surface area can be 
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further increased to boost efficiencies in the near future by using nanowire templates or 

optimizing the boric acid etching of cuprous oxide nanorods.  

This dissertation investigated the synthesis of organic dyes for application in DSCs along 

with the preparation of nanostructured cuprous oxide using a novel templating method. The 

investigation of photoelectrochemical and dye-sensitized solar cells using electrodeposited 

cuprous oxide nanorods was also reported with devices reaching current densities in the 

milliamp/cm2 regime. The scope of this project is too broad to be completed by one person, but 

the preliminary results will hopefully show promise for cuprous oxide as a p-type semiconductor 

in DSCs and encourage future research optimizing the many facets of this project. 
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